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Foreword

The Office of Climate Observation is pleased to present the 2004 Annual Report on the Sate of
the Ocean and Ocean Observing System for Climate. This effort is intended to be primarily an
internal management tool but it is hoped that the Annual Report may develop over the next few
years into an authoritative public record of the progress of the globa observing system and its
effectiveness in documenting the ocean’ s contribution to climate variability and change.

Many people have contributed to this report either directly or indirectly, including scientists,
researchers, teachers, post-docs, and students at laboratories, universities, and oceanographic and
atmospheric centers and institutions. The officers, crew, and volunteers on board vessels where
the fieldwork occurred played a major role as well. This document is a collaborative effort
produced by ateam of individuals focused on learning more about the influences of our oceans on
climate.

The plan for the global ocean observing system has been developed and we have taken great
strides as a community to fulfill the long-term goals set forth internationally to achieve this effort.
We are proud to be part of the NOAA community that has worked closely with partners from
more than 60 nations to bring the global observing system thisfar.

During FY 2004 the ocean observing system for climate was advanced by 3% (from 45% to 48%
complete) and plans are in the works to reach 53% completion by the end of FY 2005. In
addition to the scientific activities completed by the project managers and researchersin FY 2004
(as outlined in Chapter 3), their accomplishments in the service arena were equally impressive.
Principal investigators and project leaders served the scientific community through more than 127
appointments to science and implementation panels, science teams, advisory boards, as
committee members, officers, and steering committee members. Our observationalists presented
at or attended 183 conferences and workshops. On 15 occasions scientists contributed their time
and talent through outreach during presssmediainterviews, public lectures, and school visits.

The Office of Climate Observation sincerely believes that the accomplishments outlined within
this document will help the global community understand more clearly the role of the oceans in
our climate across Earth. We look forward to the future as we unravel the mystery of our oceans
together. It iswith great pleasure that we present this work.

Mike Johnson
Director, Office of Climate Observation
March 2005
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ANNUAL REPORT ON THE STATE OF THE OCEAN AND THE
OCEAN OBSERVING SYSTEM FOR CLIMATE

Executive Summary

This Annual Report is a compilation of articles, progress reports, and references focused on the
current state of the ocean and the status of the ocean observing system for climate in fiscal year
(FY) 2004. The report synthesizes observations integrated with models and scientific expertise to
provide products to decision makers, the science community, and the public. This reporting
framework establishes a forma mechanism for implementing a “user-driven” observing system
and for reporting on the system’s performance in meeting the requirements of operational forecast
centers, international research programs, and major scientific assessments. Stakeholders are
invited and encouraged to provide formal recommendations for system improvement and
evolution.

Chapter 1 provides an introductory overview of the ocean and its role in climate with an
explanation of the ocean’s physical parameters that contribute to Earth’s changing climate.
Ocean-atmosphere interactions are addressed along with the impacts of climate change on seaice
extent and sea level. Connections are made between ocean observations and economic and
societal impacts.

Chapter 2 includes a series of summaries focused on ocean climate from FY 2004 placed in
historical context, reasons why it is increasingly important to monitor climate variables,
accompanying climate applications, and how the observing system needs to be enhanced to
improve ocean analysis and product development. Chapter 2 focuses on the products linked with
the observing system, specificaly sea level, ocean carbon, sea surface temperature, surface
currents, air-sea exchanges of heat, momentum, and fresh water, heat content variations, and sea
ice.

Chapter 3 focuses on the observing system and provides a compilation of all FY 2004 progress
reports and work plans written by the project managers. These projects are focused on the
mission of the Office of Climate Observation, namely, documenting long-term trends in sea level
change, ocean carbon sources and sinks, the ocean’s storage and global transport of heat and fresh
water, and the ocean-atmosphere exchange of heat and fresh water, along with accompanying
parameters.

Chapter 4 contains selected abstracts from refereed publications, and a bibliography of science
articles and publications written by the scientific community during FY 2004 treating the global
observation of ocean heat, carbon, fresh water, and sea level change.

The State of the Ocean in 2004*

Global Sea Level Rise—L . Miller and B. C. Douglas

Satellite altimeter observations since 1993 show global sealevel has risen amost steadily at arate
of 2.8 0.4 mm yr* (Fig. 1). This trend is significantly higher than the 20" century rate of 1.8
+0.3 mm yr' determined from tide gauge observations made over the past 50 to 100 years
(Douglas 1997; Peltier 2001; Miller and Douglas 2004; Church et a. 2004; Holgate and
Woodworth 2004; White et al. 2005). However, it is unclear whether the increased rate observed



by satellite atimeters reflects a long-term change with respect to the historical rate, or some
manifestation of inter-decadal variability.

A map of the altimeter-measured trends (Fig. 2) shows that all of the ocean basins experienced
rising sea levels over the past decade, but large regiona variations are also evident. The tropical
western Pacific and Southern Oceans exhibited large positive trends (>10 mm yr™), while the
Northern Pacific was distinctly negative. The geographical pattern of trends was roughly similar
to that observed in the change in upper ocean heat content as determined from in situ
hydrographic measurements (Cabanes et al. 2001) suggesting that, at least on decadal time scales,
regiona sealevel trends have been largely controlled by thermal processes. Mean warming of the
upper 750 m of the water column in all ocean basins can account for 1.6 +0.2 mm yr™ of global
sea level change between 1993 and 2003 (Willis et al. 2004). This contrasts sharply with the
average 20™ century contribution to sea level rise from thermal expansion, estimated to be about
0.5 mm yr* (Antonov et al. 2002). The remaining portion of the total trend for the past decade,
roughly 1.2 mm yr*, was likely due to the melting of grounded ice on Greenland and/or
Antarctica and, to a lesser extent, from mountain glaciers, which is a result consistent with the
average 20" century mass contribution to sealevel rise estimated by Miller and Douglas (2004).

oo Figure 1. Global mean sea level variations
Lk L determined using altimeter measurements

inparted brceneia appied ol A from the TOPEX (1993-2002) and Jason-1
P! s (since 2002) satellites. (Source:
http://sealevel.colorado.edu; Leuliette et al.

2004).
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Sea Surface Temperatures—R. W. Reynolds

Sea surface temperature (SST) variability during 2004 was examined using the weekly optimum
interpolation (Ol) analysis of Reynolds et al. (2002). This analysis combines in situ SST data
(i.e., ship and buoy data) with satellite SST retrievals from the infrared (IR) channels of the
Advanced Very High Resolution Radiometer (AVHRR). To clearly demonstrate the overall
changes between 2004 and other years, atime series of the mean monthly Ol SST anomaly from



75°S to 75°N was constructed for the entire period of record (Fig. 3). The general change over
this period has been a slow warming with severa large fluctuations of 1-3 years. The
climatological base period used is 1971-2000 (Xue et a. 2003), so the overall warming tends to
favor positive over negative anomalies toward the end of the record. Fluctuations of 1-3 years are
usually due to the warm and cold SST anomalies in the tropical Pacific associated with strong El
Nifio and large La Nifia events, respectively. Impacts from these events often influence the
tropical Indian SST anomalies and may influence the tropical Atlantic SST anomalies, but the
“phase” of the SST relationship appears to have varied. For example, the El Nifio event of 1982-
83 occurred along with cold tropical Atlantic SST anomalies, while the El Nifio event of 1997-98
occurred along with warm tropical Atlantic SST anomalies. However, the SST anomaly curve
was relatively flat from 2001 through 2004, which suggests that overall warming trends were
small over this period and that no large El Nifio or La Nifia events occurred during thistime.

The mean and standard deviation of the weekly anomaly for 2004 is shown in Figure 4. The mean
anomalies in the upper panel show positive SST anomalies in the central Pacific, the North
Atlantic and to a weaker extent, the tropical Indian Ocean and the western Indian Ocean near
35°S. The standard deviation of the anomaly (Fig. 4, lower panel) shows the strongest variability
between roughly 30°N and 70°N, and in the eastern tropical Pecific. In addition, there was more
modest variability along the equator in the eastern Pacific, and between 30°S and 50°S east of
South America, and both east and west of the Cape of Good Hope near the southern tip of Africa.

The most important signal observed in 2004 associated with extra-tropical SST variability, which
also occurred in 2003, was between the 60°N to 70°N latitude band. These positive SST
anomalies between August and October were the oceanic response to large and warm summer
and fall air masses, and their associated positive land surface air temperatures anomalies found
along this same latitude band.

Figure 3. Time series of average monthly
03 sea-surface temperature (SST) anomalies
between 75°S and 75°N for the period
[, November 1981 through December 2004.
€ o0 ‘ ' The anomalies were computed relative to a
< -0 1971-2000 base period.
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SST ANOMALY
07JAN2004 to 29DEC2004
Anomaly Mean

Figure 4. Weekly SST anomalies for the
period 7 January 2004 through 29 December
2004: top) mean, and bottom) standard
deviation. The anomalies were computed
relative to a 1971-2000 base period. The

contour interval used is 0.3°C, and the 0°C
— 7 m— contour is not shown.
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Ocean Heat and Fresh Water Content and Transports—L. Talley

Operational products of subsurface temperature and salinity fields are produced for the Atlantic
basin, and the subsurface temperature field only for the North Pacific basin. Water temperature
changes in the upper ocean had important regional variations in 2004, with warming in the
subtropics and highest polar latitudes, and cooling at sub-polar latitudes in the northern
hemisphere (both in the North Pecific and North Atlantic). Global ocean heat content cal cul ated
from combined data sets increased monotonically from 1993 to 2003 (Fig. 5), and since 1999 in
the tropics.

Freshening of upper ocean waters around the high latitude North Atlantic has been reported over
the past several decades (Dickson et al. 2003; Curry et a. 2003). The observed salinity decreases
persisted into 2004 (not shown), along with continued thinning of Arctic sea ice. Freshening of
surface and intermediate water north of the Antarctic Circumpolar Current, and increased salinity
in surface waters south of the current over the past decade have al so been observed.

NCEP/NCAR Reonalysis (A)
in Temperature(SST) (C) C

Figure 5. Total oceanic heat content (in J x
10%) integrated over the tropics (green line)
and the globe (red line). The figure was
adapted from Willis et a. (2004).
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Evolution of the 2004 El Nifio—M . J. M cPhaden

A weak El Nifio developed in the second half of 2004 in the equatorial Pacific Ocean. Anomalous
warming of the ocean mixed-layer and surface conditions was, for the most part, centered near
the International Date Line, with near normal SSTs in the equatoria cold-tongue of the eastern
Pacific and along the west coast of South America. SST anomalies in the Nifio 3.4 index region
(5°N-5°S, 120°-170°W) were approximately 0.8°C above average from August to December
2004. The Southern Oscillation Index (SOI) was consistently negative during the latter half of
2004 (-0.6 average index value during August-December), which is indicative of the warm phase
of the El Nifio/Southern Oscillation (ENSO). The near-equatoria trade winds were unusually
weak west of the date line, associated with the elevated central and western Pacific SSTs and
negative SOI values. In contrast, the trade winds in the eastern Pacific were near- to above-
normal throughout much of 2004.

The 2004 El Nifio event was unusual in that it followed the moderate amplitude 2002-03 El Nifio
by only one year (McPhaden 2004). Factors contributing to the development of the 2004 El Nifio
so quickly after the termination of the previous event are not fully understood. However, it is
noteworthy that the 2002-03 El Nifio was followed by an extended period of excess warm water
volume (i.e., heat content) in the eguatorial zone, which was atypica of conditions following
most previous El Nifios. It is likely that the presence of weak, positive heat content anomalies
following the 2002-03 El Nifio generated large-scale conditions favorable for the recurrence of
another warm event earlier than would otherwise have been expected. Episodic westerly wind
forcing (i.e., westerly wind bursts) in the boreal spring and summer of 2004 (Fig. 6) may have
served as the stimulus for the development of the observed warm anomalies by displacing the
western Pacific warm pool towards the east (e.g., Kessler et al. 1995).

Five Day TAO/TRITON Anomalies 2°S to 2°N Average Figure 6. Five—day average anomalies of
o ) ST 2“2“:’“), zonal wind, SST, and 20°C depth (which
o corresponds to the depth of the thermocline)
relative to the mean seasona cycle. The data
were averaged over the 2°N-2°S region, and
based on TAO/TRITON moored time series
data. Tick marks on the horizontal axis
indicate those longitudes sampled at the start
(top) and end (bottom) of record.

2003

2004

-8 -4 0 4 8 -2 -1 0 1 2

Global Ocean Carbon Cycle: Inventories, Sources and Sinks—R. A. Feely and R.
Wanninkhof

As aresult of the measurements during the global CO, survey in the 1990s, and current i mproved
methods of quantifying the anthropogenic CO, signal above the large natural background, the
first measurement-based inventory of anthropogenic CO, in the ocean is now available (Fig. 7).

Anthropogenic CO, is unevenly distributed throughout the oceans, and the highest vertically
integrated concentrations are found in the North Atlantic. The Southern Ocean south of 50°S has
very low vertically integrated anthropogenic CO, concentrations. Approximately 60% of the total
oceanic anthropogenic CO, inventory is stored in the Southern Hemisphere oceans, roughly in
proportion to the larger ocean area of this hemisphere. Approximately 30% of the anthropogenic
CO, isfound shallower than 200 m and nearly 50% above 400 m depth. The global average depth
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of the 5 pmol kg™ contour is approximately 1000 m. Therefore, the majority of the anthropogenic
CO, in the ocean is confined to the thermocline region.

From cruises in the North Pacific, the difference between the Repeat Hydrography measurements
in 2004 and those from the World Ocean Circulation Experiment (WOCE) in 1994 quantitatively
document changes of natural and anthropogenic CO, over the past decade. Significant increasesin
dissolved inorganic carbon (DIC) of up to 35 umol kg* were observed in surface waters and in
intermediate depths ranging from 200-1000 m. The increases are due to uptake of anthropogenic
CO,, changes in the strength of ventilation and biological processes, and the influence of eddies
in the region. On average, mixed layer DIC increases of 1.5 + 0.2 umol kg™ yr* were observed in
the sub-tropical waters of the North Pacific over the past decade, indicating that the oceanic
uptake of CO, in this part of the globa oceans has been faster than the rate of growth of CO, in
the atmosphere.

Figure 7. Column inventory of
anthropogenic CO, in the ocean. High
inventories are associated with deep water
formation in the North Atlantic, and
intermediate i nventories with mode water
formation between 30°-50°S. Total
inventory of shaded regionsis 106+17 Pg C
(Sabine et a. 2004b).

Surface Current Observations—P. Niiler and N. Maximenko

The “Global Drifter Program” produces instrumental data records of the near surface velocity of
the global oceans (Niiler 2001), which are maintained at NOAA’s Atlantic Oceanographic and
Meteorological Laboratory (AOML) for al drifters (8049 as of July 2004).

The western tropical Pacific circulation injects significant surface water from the Philippine Sea
to the South China Sea through the Luzon Strait (Centurioni et al. 2004) during the October-
December periods of the northeast monsoon. Drifters have observed significant inter-annual
changes of the patterns of this inflow. A comparison of the 2003 and 2004 drifter tracks during
this monsoon period (Fig. 8) shows that the inflow in 2004 was much broader to the west, and
stronger than observed in 2003. These changes were consistent with the altimeter observations of
the differences of the sealevel patterns in the Philippine Sea and the South China Sea.

Xiv



r\'Driﬂ.er Tracks (Sep. 2003 - Jan. 2004)

Figure 8. September-January tracks of Argos

drifters that were released in the vicinity of

the Luzon Strait in 2003-2004 (upper panel;

. 77 drifters — processed data) and in 2004-

,' 2005 (lower panel; 85 drifters — raw data).
Note that significant interannual differences
occurred in the north- south extent of the
westward circulation in the South China

i Sea.
1088 110E 1128 114E  116E  118E 12'05:‘12‘29.
23 Drifter Tracks (Sep. 2004 - Jan. 2005)
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Sea | ce Extent and Thickness—I. G. Rigor and J. Richter—Menge

The annual average extent of Arctic seaice has decreased by 8% over the past 30 years, and these
decreases were larger (15-20%) during summer (ACIA 2004). The decline of Arctic Ocean sea
ice has been attributed to the warmer air temperatures observed in the basin (e.g., Rigor et al.
2000; Jones et a. 1999), which may have thinned and decreased the extent of sea ice (ACIA
2004). However, there is also some evidence that changes in the circulation of sea ice on the
Arctic Ocean driven by changes in winds over the Northern Hemisphere are important in
explaining the recent minimain summer seaice extent.

The last three summers have exhibited record low sea ice extent on the Arctic Ocean. The
summer of 2002 set the record minimum for the Northern Hemisphere, while the summer of 2004
(Fig. 9; NSIDC 2004) had reduced sea ice over the Arctic Ocean than in 2002, but more seaice
was observed in the Canadian Archipelago and in the Laptev Sea. The age and thickness of sea
ice explains more than half of the variance of the observed summer sea ice extent. The younger
and thinner state of most of the sea ice on the Arctic Ocean persisted through 2004 (NSIDC
2004).
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Figure 9. Seaice concentration anomaliesin
September 2004 over the Arctic basin. The
2004 anomalies were estimated as the
difference in sea ice concentration in 2004
with respect to the 1979-2000 base period.
The pink line indicates the 1979-2000
median September ice edge. Anomalies are
not calculated north of the circle centered
over the pole (shown as light green) where
satellite coverage prior to 1988 is
unavailable. (Source: the National Snow and
Ice Data Center, University of Colorado,
Boulder;

http://nsidc.org/news/press/20041004_declin
e.html).

Sea Ice Concentration Anomaly (percent)

The State of the Global Ocean Observing System for Climate in 2004 — M. Johnson

The observing system being put in place to meet climate requirements al so supports global
weather prediction, marine services, military applications, global and coastal ocean prediction,
marine hazard warning systems (e.g., tsunami warning), and marine environmental monitoring,
among other things. Many non-climate users also depend on the baseline composite system that
isnominally referred to as the global ocean observing system for climate.

NOAA's Climate Observation Program provides a mgjor part of the globa component of the U.S.
Integrated Ocean Observing System (I00S) and the ocean baseline of the Global Earth
Observation System of Systems (GEOSS). The global ocean observing system for climateis
composed of moored and drifting buoys, Argo profiling floats, tide gauge stations, trans-oceanic
ship lines, data and assimilation subsystems, and continuous satellite missions. The Climate
Observation Program focuses on advancing thein situ networks and associated data and modeling
components. The goal of the Program isto build and sustain a global observing system that will
respond to the long-term observational requirements of the operational forecast centers,
international research programs, and major scientific assessments.

The overarching priority is to achieve global coverage. In 2004 incremental advances were
accomplished across al of the observing system networks. The system advanced from 45%
completein FY 2003 to 48% completein FY 2004 (Fig. 10).

NOAA's contributions to implementation of the global ocean observing system are managed by
19 distributed centers of expertise at the NOAA Labs, Centers, Joint Institutes, universities and
with business partners. These include AOML, PMEL, ETL, JMAR (University of Hawaii),
JMO (Scripps Institution of Oceanography), CICOR (Woods Hole Oceanographic Institution),
JSAO (University of Washington), CIMAS (University of Miami), CICAR (Columbia
University), NCDC, NODC, CO-OPS, AMC, PMC, NDBC, NCEP, FSU (Florida State
University), and SAI (Service Argos Inc.). The “System” is centrally managed at the Office of
Climate Observation (OCO), aproject office within the NOAA Climate Program Office.
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Now 48% complete.

observing  system  representing  48% . e
completion. The ten smal icons 3
surrounding the map represent the array of ;
instruments and platforms  enabling
monitoring of our global ocean.

International and interagency partnerships are central to the NOAA climate observing system
implementation strategy. All of NOAA’s contributions to global observation are managed in
cooperation internationally with the Joint WMO/IOC Technical Commission for Oceanography
and Marine Meteorology (JCOMM), and nationally with the U.S. Integrated Ocean Observing
System (100S). NSF has initiated their Ocean Observatories Initiative (OOI), which will
potentially provide significant infrastructure in support of ocean climate observation, beginning in
FY 2006. Commencement of an ongoing NSF-NOAA cooperative project for CLIVAR-carbon
ocean surveys has proved to be an interagency-international-interdisciplinary success. ONR
maintains a GODAE data server at Monterey that needs to be sustained after the experiment
period (2003-2007) as permanent international infrastructure. NOAA ships and the UNOLS fleet
provide ship support for ocean operations and NASA's development of remote sensing
techniquesisvital.

The observing system delivers “up front” information to the forecast centers, research programs,
and assessments. In 2004, the first Annual Report on the State of the Ocean and the Ocean
Observing System for Climate for fiscal year 2003 was produced as a demonstration project; it
proved highly successful; the project will be continued documenting the state of the ocean and
reporting on observing system progress annually. The annual reports include sections targeted for
three audiences: 1) decision-makers and non-scientist, 2) scientists, 3) observing system
managers.

The second Annual System Review was conducted April 13-15 in Silver Spring, Maryland. This
meeting brought together project managers to discuss system-wide issues and engage in program
strategic planning. It also provided the annually scheduled forum for observing system users to
provide feedback and discuss their requirements and recommendations for system evolution with
the project managers. Review of the NDBC and PMEL plan for transition of TAO operations
from PMEL to NDBC was a major topic of discussion during the 2004 Annual Review. The
issue of the gap in delivery of ocean analyses as an end product of ocean observations was also a
major part of the strategic discussions. The Climate Observation Program in FY 2005 will begin
aprogram of ocean analysis work to ensure that this gap getsfilled.

In cooperation with the international GCOS program office in Geneva, the OCO developed a
special web page in support of the GCOS Implementation Plan for the Global Observing System
for Climate in Support of the UNFCCC (GCOS-92). The OCO web page,
WWW.0c0.nosa.gov/page_status_reports_global.jsp, provides up-to date global maps and
summary statistics from JCOMMOPS and other observing system partners contributing to
international implementation of GCOS-92.
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A demonstration project was initiated at OCO in cooperation with the GOOS Program Office at
UNESCO and JCOMMOPS in Toulouse, to routinely report on progress of the observing system
and contributions by countries. A consolidated report is now available on the OCO web site,
accessible via the international portal at www.jcommops.org/network_status, which lists the 64
countries and the European Union that maintain elements of the composite ocean observing
system and the number of platforms and expendables contributed by each country. This report
allows tracking of progress toward international implementation of the ocean system specified in
GCOSs-92.

* References cited in the State of the Ocean in 2004 section of this Executive Summary can be
found at the end of each expanded article in Chapter 2 of this Annua Report.
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CHAPTER 1
THE ROLE OF THE OCEAN IN CLIMATE

Kevin E. Trenberth, Ph.D.
National Center for Atmospheric Research’

1. Introduction

The oceans cover about 71% of the Earth's surface and contain 97% of the Earth’s water.
Through their fluid motions, their high heat capacity, and their ecosystems, the oceans play a
central role in shaping the Earth’s climate and its variability. Changes in sea level have major
impacts on coastal regions. Accordingly, it is vital to monitor and understand changes in the
oceans and their effects on climate, and improve the verisimilitude of model ocean simulations.
Much of the following is adapted from Trenberth (2001).

The most important characteristic of the oceans is that they are wet and, while obvious, this is
sometimes overlooked. Water vapor, evaporated from the ocean surface, provides latent heat
energy to the atmosphere during the precipitation process. In units of 10° km® per year,
evaporation E over the oceans (436) exceeds precipitation P (399), leaving a net of 37 units of
moisture transported onto land as water vapor. On average, this flow must be balanced by areturn
flow over and beneath the ground through river and stream flows, and subsurface ground water
flow. The average precipitation rate over the oceans exceeds that over land by 72% (allowing for
the differences in areas), and precipitation exceeds evapotranspiration over land by this same
amount (37) (Dai and Trenberth 2002). This flow into the oceans occurs mainly in river mouths
and is a substantial factor in the salinity of the oceans, thus affecting ocean density and currents.
A simple calculation of the volume of the oceans of about 1330x10° km?® and the through-flow
fluxes of E and P implies an average residence time of water in the ocean of over 3,000 years.

Changes in phase of water, from ice to liquid to water vapor, affect the storage of heat. However,
even ignoring these complexities, many facets of the climate can be deduced simply by
considering the heat capacity of the different components of the climate system. The total heat
capacity considers the mass involved as well as its capacity for holding heat, as measured by the
specific heat of each substance.

The atmosphere does not have much capability to store heat. The heat capacity of the global
atmosphere corresponds to that of only a 3.5 m layer of the ocean. However, the depth of ocean
actively involved in climate is much greater than that. The specific heat of dry land is roughly a
factor of 4.5 less than that of sea water (for moist land the factor is probably closer to 2).
Moreover, heat penetration into land is limited by the low thermal conductivity of the land
surface; as a result only the top two meters or so of the land typically play an active role in heat
storage and release (e.g., as the depth for most of the variations over annua time scales).
Accordingly, land plays a much smaller role than the ocean in the storage of heat and in providing
a memory for the climate system. Major ice sheets, like those over Antarctica and Greenland,
have a large mass but, like land, the penetration of heat occurs primarily through conduction so
that the mass experiencing temperature changes from year to year is small. Hence, ice sheets and
glaciers do not play astrong role in heat capacity, while seaice isimportant where it forms.

! The National Center for Atmospheric Research is sponsored by the National Science Foundation.



The seasonal variations in heating penetrate into the ocean through a combination of radiation,
convective overturning (in which cooled surface waters sink while warmer more buoyant waters
below rise) and mechanical stirring by winds. These processes mix heat through the mixed layer,
which, on average, involves about the upper 90 m of ocean. The thermal inertia of a 90 m layer
can add a delay of about 6 years to the temperature response to an instantaneous change (thistime
corresponds to an exponentia time constant in which there is a 63% response toward a new
equilibrium value following an abrupt change). As a result, actual changes in climate tend to be
gradual. With its mean depth of about 3800 m, the total ocean would add a delay of 230 years to
the response if rapidly mixed. However, mixing is not a rapid process for most of the ocean so
that in reality the response depends on the rate of ventilation of water between the well-mixed
upper layers of the ocean and the deeper, more isolated layers that are separated by the
thermocline (the ocean layer exhibiting a strong vertical temperature gradient). The rate of such
mixing is not well established and varies greatly geographically. An overall estimate of the delay
in surface temperature response caused by the oceans is 10-100 years. The slowest response
should be in high latitudes where deep mixing and convection occur, and the fastest response is
expected in the tropics. Consequently, the oceans are a great moderating effect on climate
changes.

Wind blowing on the sea surface drives the large-scale ocean circulation in its upper layers. The
oceans move heat around through convection and advection (in which the heat is carried by the
currents, whether small-scale short-lived eddies or large-scale currents). Hence ocean currents
carry heat and salt along with the fresh water around the globe. The oceans therefore store heat,
absorbed at the surface, for varying durations and release it in different places; thereby
ameliorating temperature changes over nearby land and contributing substantially to variability of
climate on many time scales.

The ocean thermohaline circulation (THC), which is the circulation driven by changes in sea
water density arising from temperature (thermal) and salt (haline) effects, allows water from the
surface to be carried into the deep ocean, where it is isolated from atmospheric influence and
hence it may sequester heat for periods of a thousand years or more. The oceans also absorb
carbon dioxide and other gases and exchange them with the atmosphere in ways that change with
ocean circulation and climate change. In addition, it is likely that marine biotic responses to
climate change will result in subsequent changes that may have further ramifications, for instance
by changing ocean color and penetration of sunlight into the ocean.

2. An example: Theannual cycle

In the subtropics, the oceans typically take up in excess of 100 W m in the winter months and
giveit to the atmosphere in summer mostly in the form of evaporation of moisture. This cools the
ocean while eventually warming the atmosphere when released as latent heat in precipitation
(Trenberth and Stepaniak 2003). In mid-latitudes, air coming off the ocean is warmer than the
land in winter and cooler in summer, giving rise to refreshing sea breezes and moderating
temperatures. Regions influenced by the ocean in this way are referred to as having maritime
climates.

An example of the role of the oceans in moderating temperature variations is the contrast in the
mean annua cycle of surface temperature between the northern hemisphere (NH) (60.7% water)
and southern hemisphere (SH) (80.9% water). The amplitude of the 12-month cycle between 40
and 60° latitude ranges from <3°C in the SH to about 12°C in the NH. Similarly, in mid-latitudes
from 22.5-67.5° latitude, the average lag in temperature response relative to peak solar radiation



is 32.9 daysin the NH versus 43.5 days in the SH (Trenberth 1983), reflecting the differences in
thermal inertia

3. The oceans and sea ice

Seaiceis an active component of the climate system and varies greatly in areal extent with the
seasons, but only at higher latitudes. In the Arctic where seaice is confined by the surrounding
continents, mean sea ice thickness is 3-4m thick and multi-year ice can be present. Around
Antarctica the sea ice is unimpeded and spreads out extensively, but as a result the mean
thickness is typically 1-2 m. Sea ice caps the ocean and interferes with ocean-atmosphere
exchanges of heat, moisture, and other gases. Melting sea ice freshens the ocean and diminishes
the density. However, its greatest impact is through changes in abedo of the surface, the much
darker ocean surface absorbs more solar radiation, further warms the ocean and leads to the ice-
albedo positive feedback that amplifies initial perturbations. Diminished sea ice also increases
moisture fluxes into the atmosphere, which may increase fog and low cloud, adding further
complexity to the net albedo change. Ocean currents transport sea ice, which is also subject to
stresses from surface wind.

4. Coupled ocean-atmosphere interactions

Understanding the climate system becomes more complex as the components interact. El Nifio
events are a striking example of a phenomenon that would not occur without interactions between
the atmosphere and ocean. El Nifio eventsinvolve awarming of the surface waters of the tropical
Pecific. Ocean warming takes place from the International Dateline to the west coast of South
America and results in changes in the local and regiona ecology. Historically, El Nifio events
have occurred about every 3—7 years and alternated with the opposite phases of below average
temperatures in the tropical Pacific, dubbed La Nifia. In the atmosphere, a pattern of change
called the Southern Oscillation is closely linked with these ocean changes, so that scientists refer
to the total phenomenon as ENSO. Then El Nifio is the warm phase of ENSO and La Nifiais the
cold phase.

The strong sea surface temperature (SST) gradient from the warm pool in the western tropical
Pecific to the cold tongue in the eastern equatorial Pacific is maintained by the westward-flowing
trade winds, which drive the surface ocean currents and determine the pattern of upwelling of
cold nutrient-rich waters in the east. Because of the Earth’s rotation, easterly winds along the
equator deflect currents to the right in the NH and to the left in the SH and thus away from the
equator, creating upwelling along the equator. Low sea level pressures are set up over the warmer
waters while higher pressures occur over the cooler regions in the tropics and subtropics. The
moisture-laden winds tend to blow toward low pressure so that the air converges, resulting in
organized patterns of heavy rainfall and a large-scale overturning along the equator called the
Walker Circulation. Because convection and thunderstorms preferentially occur over warmer
waters, the pattern of SSTs determines the distribution of rainfall in the tropics, and thisin turn
determines the atmospheric heating patterns through the release of latent heat. The heating drives
the large-scale monsoonal-type circulations in the tropics, and consequently determines the
winds. If the Pacific trade winds relax, the ocean currents and upwelling change, causing
temperatures to increase in the east, which decreases the surface pressure and temperature
gradients along the equator, and so reduces the winds further. This positive feedback leads to the
El Nifio warming persisting for a year or so, but the ocean changes aso sow the seeds of the
event’s demise. The changes in the ocean currents and internal waves in the ocean lead to a
progression of colder waters from the west that may terminate the El Nifio and lead to the cold
phase La Nifia in the tropical Pacific. The El Nifio develops as a coupled ocean—atmosphere



phenomenon and, because the amount of warm water in the tropics is redistributed, depleted and
restored during an ENSO cycle, a magjor part of the onset and evolution of the events is
determined by the history of what has occurred one to two years previously. This means that the
future evolution is potentially predictable for severa seasonsin advance.

5. Sea level

Another mgjor role of oceans in climate that has major impacts on multi-decadal time-scales is
sea level rise. Climate models estimate that there is a current radiative imbalance at the top-of-
the-atmosphere of about 0.5 to 1 W m? (Hansen et al. 2002) owing to increases of greenhouse
gases, notably carbon dioxide, in the atmosphere. This has increased from avery small imbalance
only 40 years ago. Where isthis heat going? Some heat melts glaciers and ice, contributing to sea
level rise (Levitus et a. 2001). Recently a number of studies have highlighted changes in
salinity. Changes in the freshwater balance of the Atlantic Ocean over the past four decades
have been revealed by Dickson et a. (2002) and Curry et al. (2003). They find a freshening in
the North Atlantic and aso south of 25°S, while salinity has increased in the tropics and
subtropics, especialy in the upper 500 m. The implication is that there have been substantial
increases in moisture transport by the atmosphere from the subtropics to higher latitudes, perhaps
in association with changes in atmospheric circulation, such as the North Atlantic Oscillation
(NAO). If thisis the main process of importance then it has small effects on globa mean sea level
as fresh water is redistributed. However, Antonov et al. (2002) suggest that there is a secular
decrease in overall ocean salinity, raising questions about the role of melting glaciersin sea level
rise. Wadhams and Munk (2004) suggested that the 20™ century eustatic rise (from added mass) is
0.6 mm/yr.

However, the main candidate for a heat sink is the oceans, leading to thermal expansion and sea
level rise. Levitus et a. (2000) estimated that the heat content of the oceans increased on average
by about 0.3 W m over the past few decades, but in a somewhat irregular fashion. Sea level has
risen throughout the twentieth century by 1.5+0.5 mm/year (IPCC 2001) but the rate appears to
have accelerated in the 1990s when accurate global measurements of sea level from
TOPEX/Poseiden and Jason dtimetry are available (Church et al. 2004). Nevertheless,
controversy remains about longer-term sealevel rise (Munk 2003) and there is evidence of biasin
the historical sealevel station network (Cabanes et al. 2001).

Recent estimates of sea level rise are 3.1 mm/year for 1993-2002, of which 0.3 mm/year is from
isostatic rebound, and with the suggestion that most of this is thermosteric (i.e., from thermal
expansion) (Cabanes et a. 2001; Cazenave and Nerem 2004). However, they suggest that there
is strong observational evidence for a significant eustatic contribution of order 1 mm/yr during
this period. That isto say that melting of glaciers and ice sheets has added mass to the oceans at
this rate (see e.g., Meier and Byurgerov 2002).  Estimates of other contributions (e.g., Cazenave
et a. 2000) find that increased storage of water on land in reservoirs and dams accounts for
—1.0£0.2 mm/yr, irrigation accounts for another —0.56+0.06 mm/yr but these are compensated for
by ground water mining, urbanization, and deforestation effects so that the net sum of land effects
is 0.9£0.5 mm/yr. Other small contributions aso exist but there has been a reasonable
accounting for the observed changes. In this case, the steric contribution from thermal expansion
is based mostly on the analysis of the historical record of Levitus et a. (2000, 2001). Yet that
record is based on sub-surface ocean measurements which are inadequate in many areas; for
instance little or no sampling over many parts of the southern oceans to even determine the mean,
let alone the variations with time. Moreover, other recent estimates for the past decade place only
1.6 mm/year of the total sea level rise as being the thermosteric contribution, corresponding to



0.86+0.2 W m? into the ocean (Willis et al. 2005), or in terms of energy about 0.6 W m?
globaly. Clearly this is one area where sampling by ARGO floats will have an enormous
positive impact. Future sealevel rise, and whether or not the rate is increasing are vital issues for
climate change and impacts on small island states and coastal regions.

6. Why are we observing the ocean?

The above describes the critical role of the oceansin climate. Oceans take up heat in the summer
half year and release it in winter, playing a major role in moderating climate. The oceans play a
crucia rolein ENSO. However, the enormous heat capacity of the oceans means that the oceans
also play a key role on decadal and longer timescales. The exact role of the oceans in the North
Atlantic Oscillation is being explored. Variations in the ocean affect ecosystems, including
fisheries, which are of direct importance for food and the economy. It is therefore important to
track the changes in ocean heat storage, as well as the uptake and release of heat in the oceans
through the surface fluxes. Salinity effects on ocean density are also important but have been
poorly measured, although ARGO profiles will help enormously. It is essential to be able to
attribute changes in ocean heat content and the mass of the ocean to causes (such as changing
atmospheric composition), perhaps using models. Climate models suggest that the THC could
slow down as global warming progresses, resulting in counter-intuitive regional cooling in the
North Atlantic region on multi-decadal time-scales.

It is vital to establish a baseline of the current state of the ocean as a reference for future
assessments.  Monitoring of the top 500 m of the tropical Pacific Ocean has been established
because of ENSO. It is an excellent start. The World Ocean Circulation Experiment (WOCE)
has paved the way. Increasing attention will be devoted to measurements of the biogeochemistry
of the oceans and especially the carbon cycle, and possible feedbacks on carbon dioxide levelsin
the atmosphere. Relationships of physical ocean changes to ecosystems and fish stocks will
enable improved fishery management. Observing technologies are evolving, and plans are
already underway for an initial ocean observing system, but it has yet to be fully implemented.
The observing system must evolve in ways that protects the integrity and continuity of the climate
record. Such a system must be linked to comprehensive analysis capabilities of not only the
ocean, but aso the atmosphere, sea ice, radiation, precipitation, and other ingredients in the
climate system. From time to time it is expected that reanalyses of the past ocean and climate
record will be desirable as improvements are made in models and data assimilation systems.
Tracking the performance of the observing system to ensure that it is meeting needs is another
necessary component (Trenberth et a. 2002). With such information, good models will be
enabled to make skilful predictions of climate on timescales ranging from weeks, to interannual
(ENSO), to decades. However, good ocean observations are also essential for developing better
models.

Ongoing assessments are therefore required of the continually changing state of the ocean, as well
as our ability to observe it and assess what is going on. It is therefore appropriate for NOAA to
carry out an annual assessment of both the state of the ocean and the state of the observing
system, examine how well needs are being met, and find timely remedies for inadeguacies. It is
also vital to ensure that the observations are analyzed, and products generated to begin to address
the issues outlined above. This synthesis phase is important for scientists, but it is essentia to
justify the ongoing costs of the observing system to taxpayers. Indeed, the increased knowledge
and benefits in improved decision making will surely grestly exceed the costs.
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CHAPTER 2

THE STATE OF THE OCEAN

This chapter includes an overview of the current state of knowledge about ocean climate in FY
2004, placed in historical context. Expert scientists who monitor, observe, and analyze the ocean
products described in this chapter (e.g., sea level, ocean carbon, SST) have produced concise
summaries describing why it is important to monitor these variables. Climate applications are
presented along with an explanation of how the observing system needs to be enhanced to
improve ocean analysis and reduce present uncertainties. This chapter focuses primarily on
decision makers and non-scientists interested in, and concerned about, ocean research.

The short articles presented in this chapter describe the products listed in Table 2.1 and are the
result of ocean projects funded, in whole or in part, by NOAA’s Office of Climate Observation.

Table 2.1. Products
2.1 Global sealevel riseto identify changes resulting from climate variability — Laury Miller and
Bruce Douglas

2.2 Sea surface temperature to identify significant patterns of climate variability — Richard
Reynolds

2.3 Ocean heat and fresh water content and transports to identify where anomalies enter the
ocean, how they move and are transformed, and where they re-emerge to interact with the
atmosphere. Identify the essential aspects of thermohaline circulation and the subsurface
expressions of the patterns of climate variability — Lynne Talley

2.4 Evolution of the 2004 El Nifio and heat content variations — Michagel McPhaden

2.5 Global ocean carbon cycle: inventories, sources and sinks — Richard Feely and Rik
Wanninkhof

2.6 Surface current observations to identify significant patterns of climate variability — Peter
Niiler and Nikolai Maximenko

2.7 Air-sea exchange of heat, fresh water, momentum to identify changesin forcing functions
driving ocean conditions and atmospheric conditions — Robert Weller

2.8 Seaice extent and thickness — Ignatius Rigor and Jackie Richter-Menge



2.1 GLOBAL SEA LEVEL RISE
by Laury Miller*, Bruce C. Douglas?

! aboratory for Satellite Altimetry, NOAA/Lab for Satellite Altimetry, Silver Spring, MD
“Florida International University/Lab for Coastal Research, Miami, FL

Satellite altimeter observations since 1993 show global sea level rising amost steadily at rate of
2.8 +/-0.4 mm/year (Fig. 1). Thistrend is significantly higher than the 20" century rate of 1.8 +/-
0.3 mm/year determined from tide gauge observations made over the past 50 to 100 years
(Douglas 1997; Peltier 2001; Miller and Douglas 2004; Church et a. 2004; Holgate and
Woodworth 2004; White et al. 2005). However, it is unclear whether the increased rate observed
by satellite atimeters reflects a long-term change with respect to the historical rate or some
manifestation of decadal variability.
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Figure 1. Global mean sea level variations determined from TOPEX and Jason-1 satellite
altimeter observations.

A map of the altimeter-measured trends (Fig. 2) shows that all of the ocean basins experienced
rising levels over the past decade, but large regiona variations are also evident. The tropical
western Pacific and Southern Oceans exhibit high positive trends (>10 mm/year), while the
Northern Pacific is distinctly negative. The geographical pattern of trends is roughly similar to
that observed in upper ocean heat content change as determined from in-situ hydrographic
measurements (Cabanes et al. 2001) suggesting that, at least on decadal time scales, regiona sea
level trends are largely controlled by thermal processes. Global mean warming of the upper 750
m of the water column can account for 1.6 +/-0.2 mm/yr of global sealevel change between 1993
and 2003 (Willis et al. 2004). This contrasts sharply with the average 20™ century contribution to
sea level rise from thermal expansion, estimated to be about 0.5 mm/yr (Antonov et al. 2002).
The remaining portion of the total trend for the past decade, roughly 1.2 mm/year, is likely to
have come from the melting of grounded ice on Greenland and/or Antarctica and, to a lesser
extent, from mountain glaciers, aresult consistent with the average 20" century mass contribution
to sea level rise estimated by Miller and Douglas (2004). The true significance of the recent
increased thermosteric contribution to sea level rise can only be determined by continuing
atimetric and in-situ (e.g., ARGO) observations.
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Figure 2. Sea level trends over 1993-2004 determined from TOPEX and Jason-1 satellite
atimeter observations. The global mean of this map gives the 2.8 mm/yr value shown in Fig. 1.

References
Antonov, J.I., S. Levitus, and T.P. Boyer, 2002: Steric sea level variations during 1957-1994:
Importance of sainity, J. Geophys. Res., 107, C12, 8103, doi:10.1029/2001JC000964.

Cabanes, C., A. Cazenave, and C. LeProvost, 2001: Sea level rise during the past 40 years
determined from satellite and in-situ observations, Science, 294, 840-842.

Church, JA., N.J. White, R. Coleman, K. Lambeck, and J.X. Mitrovica, 2004: Estimates of the
regional distribution of sealevel rise over the 1950-2000 period, J. Climate, 17, 2609-2624.

Douglas, B.C., 1997: Global searise: A redetermination, Surveys in Geophys., 18, 279-292.

Holgate, S.J., and P.L. Woodworth, 2004: Evidence for enhanced coastal sealevel rise during the
1990’s, Geophys. Res. Lett., 31, doi:10.1029/2004GL019626.

Miller, L., and B.C. Douglas, 2004: Mass and volume contributions to 20"-century global sea
level rise, Nature, 428, 406-4009.

Peltier, W.R., 2001: Global glacial isostatic adjustment and modern instrumenta records of
relative sea level history, in Sea Level Rise, History and Consequences, edited by B.C. Douglas,
M.S. Kearney, and S.P. Leatherman, 65-95, Academic, San Diego, Calif.

White, N.J., JA. Church, and JM. Gregory, 2005: Coastal and global averaged sea level rise for
1950 to 2000, Geophys. Res. Lett., 32, L01601.

Willis, J.K., D. Roemmich, and B. Cornuelle, 2004: Interannual variability in upper ocean heat

content, temperature, and thermosteric expansion on global scales, J. Geophys. Res., 109,
C12036.

11



2.2 SEA SURFACE TEMPERATURES N 2004
by Richard W. Reynolds, National Climatic Data Center, Asheville, North Carolina

The purpose of this section is to discuss sea surface temperatures for 2004. This will include
comparisons to other years, primarily 2000-2003. The analysis used is the weekly optimum
interpolation (Ol) analyses of Reynolds et a. (2002). The analysis uses ship and buoy in situ SST
data as well as satellite SST retrievals from the infrared (IR) Advanced Very High Resolution
Radiometer (AVHRR). The AVHRR was first available in November 1981, so the analysis
begins in that month. The results will be shown as anomalies which are the defined as differences
from a 1971-2002 climatological base period using methods described by Xue et al. (2003).
Anomalies are used to best separate climate signals from the annual mean and seasonal cycle. In
many of the figures which follow, monthly fields are used. The monthly fields are derived by
interpolating the weekly fields to the day of the month and then averaging the daily valuesin the
appropriate month. This was done to smooth the results so that the climate signal can more easily
be extracted from the weekly variability.

To best demonstrate the overall changes between 2004 and other years, time series of the average
monthly Ol SST anomaly from 75°Sto 75°N is shown for the entire period of record (Fig. 1).

Figurel. Time seriesof average monthly SST anomalies between 75°S and 75°N for the period
November 1981 through December 2004. The anomalies are computed relative to a 1971-2000
base period.

The general change over this period is a slow warming with some large fluctuations of 1 to 3
years. Please recall that the climatological base period is 1971-2000 so the overall warming tends
to favor positive over negative anomalies toward the end of the record. The 1 to 3 year
fluctuations are usually due to the warm and cold SST anomalies in the tropical Pacific due to
large El Nifio and large La Nifia events, respectively. The impacts of these events often influence
the tropical Indian SST anomalies and may influence the tropical Atlantic SST anomalies. For
example, the El Nifio event of 1982-83 occurred along with cold tropical Atlantic SST anomalies
while the El Nifio event of 1997-98 occurred along with warm tropical Atlantic SST anomalies.
However, the SST anomaly curveisrelatively flat from 2001 through 2004. This suggests overall
warming trends were small over this period and that no large El Nifio or La Nifia events occurred.
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To now focus on the changes during 2004, the mean and standard deviation of the weekly
anomaly for 2004 is shown in Figure 2. The mean anomalies in the upper panel show warm
anomalies in the Centra Pacific, the North Atlantic and to a weaker extent, the tropical Indian
Ocean and the western Indian Ocean near 35°S. The standard deviation of the anomaly in the
lower panel shows the strongest variability between roughly 30°N and 70°N and in the eastern

SST ANOMALY
07JAN2004 to 29DEC2004
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Figure2. Mean and standard deviation of weekly SST anomalies for the period 7 January 2004
through 29 December 2004. The anomalies are computed relative to a 1971-2000 base period.
The contour interva is 0.3°C; the O contour is not shown.

Tropical Pacific. In addition, there is more modest variability along the equator in the eastern
Pacific and between 30°S and 50°S east of South America and both east and west of the Cape of
Good Hope. To determine the similarity between 2003 and 2004, the 2003 weekly mean and
standard deviation is shown in Figure 3. The figures show that the 2003 and 2004 standard
deviations (lower panels) are very similar. The anomaly patterns (upper panels) are aso similar
with important differences in the eastern Pacific near 40°N and in the South Atlantic especially
near 20°S.

It would be useful to also consider climate indices. However, the North Atlantic Oscillation, the
Arctic Oscillation, the Pacific North American Pattern and the Antarctica Oscillation are
expressed in terms of sea level pressure and these patterns are not confined to oceanic regions
(see "teleconnections' on

http://www.cpc.ncep.noaa.gov/products/precip/ CWIink/M JO/climwx.shtml

and http://www.ncdc.noaa.gov/oa/climate/research/tel econnect/tel econnect.html).
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Figure3. Mean and standard deviation of weekly SST anomalies for the period 1 January 2003
through 31 December 2003. The anomalies are computed relative to a 1971-2000 base period.
The contour interva is0.3°C; the O contour is not shown.

Thus, SSTs alone cannot define these indices. The relationship between sea level pressure and
SST is better defined for El Nifio and La Nifa events. However, that will be discussed elsewhere
in this report. The Pacific Decadal Oscillation (PDO) is defined in terms of SST (see
http://tao.atmos.washington.edu/pdo/ and Mantua, et al, 1997). The PDO needs to be measured on
annual and longer scales. A plot of the annual PDO for 1982 through 2004 (not shown) is noisy
with a PDO value for 2004 is 0.11 which too close to zero to be significant.

To investigate the variations in 2004, the zonal monthly anomalies are examined for two
longitude bands with large anomalies as suggested by Figure 2. The first zonal band is for the
central Pacific (160°E to 120°W) and is shown in Figure 4 for 2000-2004. The region with the
highest variability occurs along 60°N. There the anomalies are near normal from January 2000
until June 2002. For almost al of the remaining period (July 2002 through December 2004) the
anomalies are above norma with especially strong anomalies for two periods of about 5 months
each which are centered on July 2003 and July 2004. (Please note that the region of high
variability near 65°N, Bering Strait, is due to the limited ocean area for the average.) The other
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Figure4. Zona mean SST anomalies averaged between 160°E and 120°W (the Central Pacific)
for the period January 2000 through December 2004. The anomalies are computed relativeto a
1971-2000 base period. The contour interval is 0.3°C; the 0 contour is not shown.

region with high variability occurs along the equator where the end of a La Nifa event is evident
in early 2000. This event is followed by an El Nifio event in 2002-2003 and the beginning of a
new El Nifio event in the second half of 2004. The large positive anomaly (Fig. 2) centered near
40°S and 160°W is not strongly evident here even though it persisted through both 2003 and
2004. This was because it was often offset by nearby negative anomalies along the same latitude

(Fig. 2).

The second zona band is for the Atlantic (80°W- 0°) for 2000-2004 (Fig. 5). Here the band of
highest variability is centered on about 60°N. It tends be above normal for the entire period with a
tendency of peak warming during August through September. The size of these peaks becomes
largest in 2003 and 2004 closely matching the variability found in the North Pacific aong this
same latitude band. The remaining features are less coherent. The warm anomaly in 2004 near
20°N and 20°W (Fig. 2) was primarily for the second half of 2004 and is suggested by the Fig. 5.
However, it appears weaker because the zonal average is for the entire Atlantic while the anomaly
is confined to the eastern half of the Atlantic.

The most important extra tropical SST variability for 2004 occurs in both 2003 and 2004 along
60°N and with larger values between August and October. This is shown in Fig. 6 by the time
series of the average weekly Ol SST anomaly from 50°N to 70°N for 2003 and 2004. These
summer and fall warm SST anomalies are the oceanic response to large summer and fall warm
land surface air temperatures anomalies found along this same latitude band (see
http://www.ncdc.noaa.gov/oalclimate/research/monitoring.html).
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Figure5. Zona mean SST anomalies averaged between 80°W and 0° (the Atlantic) for the
period January 2000 through December 2004. The anomalies are computed relativeto a 1971-
2000 base period. The contour interval is 0.3°C; the 0 contour is not shown.

Figure6. Time series of average weekly SST anomalies between 50°N and 70°N for the period
1 January 2003 through 29 December 2004. The anomalies are computed relative to a 1971-2000
base period.
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2.3 OCEAN HEAT AND FRESH WATER CONTENT AND TRANSPORTS
by Lynne Talley, Scripps Institution of Oceanography, La Jolla, Caifornia

2.3.1Introduction

Heat and freshwater transport changes as well as changes in local air-sea exchange are recorded
in variations in ocean temperature and salinity distributions. Highlighted results are given in
section 2.3.2.

Global fields and anomalies of SST for 2004 are shown in Section 2.3.3. No global surface
salinity products are available for 2004, although the data sets that could be used to produce them
are accruing.

Section 2.3.4 summarizes changes in the upper ocean through 2004, including variations in the
tropical Atlantic and Indian Oceans, and Pacific Decadal Oscillation and North Atlantic
Oscillation variations in the Pacific and Atlantic.

Section 2.3.5 describes temperature, salinity and transport variations in waters affected by the
global overturning circulation. Variations in deep and bottom waters formed in the Antarctic are
also described. In section 2.3.6, a new analysis of heat content change from 1993 to 2003 is
reviewed.

2.3.2 Some highlights

(1) Sea surface temperature in 2004 was higher than the long-term mean (1968-1996) over most
of the globe, with the greatest increases in the Arctic. Alternating cooling and warming regions
occupy the far southern hemisphere. Temperature increases in most of the oceans are less than
0.5°C, but are much greater in the polar latitudes (> 4°C). A large cooled patch south of Africa
also had relatively large departures from the mean (more than 2°C colder than the mean).

(2) Heat content calculated from combined data sets increased monotonically from 1993 to 2003.
(3) Freshening in the high latitude North Atlantic continued into 2004.

2.3.3 Global upper ocean temperature and salinity

Annua mean and monthly anomalies of sea surface temperatures for 2004 are shown in Figure 1
(NCEP/NCAR reanalysis). Seasurface salinity analyses are much more difficult to find; the EU's
Coriolis project produces maps for the Atlantic based on profiling ARGO data, but there is no
global product. The U.K. Met Office globa Forecasting Ocean Assimilation Model (FOAM)
also produces surface salinity maps, but accessis no longer available without charge.

Surface temperature is higher than the long-term mean (1968-1996) over most of the northern
hemisphere and tropics. In most ocean basins, the excess is less than 0.5°C. The greatest
extremes are found at polar latitudes. In the Arctic, the temperature is more than 4°C higher than
the mean along the northern coast of Alaska and eastern Siberia, and around Greenland eastward
to Svalbard and Russia. Magjor regions of cooler temperatures are restricted to the southern
hemisphere, with the largest cooled region in a large patch of the Antarctic south of Africa
Alternating patches of warmed and cooled water are found around Antarctica, with warming in
the Weddell Sea, along Queen Adelie Land, and in the northern Ross Sea.  Within the southern
hemisphere ocean basins, al three oceans show cooling in the east and warming in the west,
which is consistent with an increase in strength of the subtropical gyres.
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Globa maps of upper ocean heat content and subsurface temperature anomalies for 2004 are
apparently not publicly available. (Products from JEDAC that were used for the State of the
Ocean 2003 report were discontinued in 2004.) New global heat content maps (Willis et al. 2004)
showing decadal trends are presented in section 2.3.7.
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Figure 1. (@) Annual mean sea surface temperature and (b) anomaly from the 1968-2000 mean,
for 2004 (NCEP/NCAR reanalysis). (http://www.cdc.noaa.gov/Composites/) (c) Monthly SST
anomalies for 2004 from the 1971-2000 mean (Reynolds et a. 2002)
(http://wvww.emc.ncep.noaa.gov/research/cmby/sst_analysis/)

Subsurface temperature is monitored through the XBT program (since the 1970s) and more
recently from the ARGO profiling float program, with underwent rapid expansion in 2004 (Fig.
2). All non ice-covered basins are now instrumented with ARGO floats, although many regions
are still undersampled. Implementation grew to the 50% level in late 2004. Operational products
of subsurface temperature and salinity fields are being produced for the Atlantic (examples of
salinity mapsin Fig. 3), and of subsurface temperature for the North Pacific (examplesin Fig. 5).
Anomaly maps are apparently not yet available.

No operational global maps of surface or upper ocean salinity anomalies for 2004 are available.
Salinity maps for the Atlantic Ocean are now being produced by the European Union's Coriolis
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project (Fig. 3) using ARGO data, but this is a fledgling effort as of now, covering neither the
globe nor including salinity anomalies.

Because salinity impacts decadal and longer climate variability, and because of the use of salinity
as a signature of such climate variability, it is imperative that regular salinity products be
compiled and made publicly available as soon as possible. To be most useful, both the observed
and anomaly fields should be shown. A fast turnaround taxes the ability to calibrate salinity
observationsin near real-time, and so products with some lag time would clearly be desirable.
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Figure2. ARGO floatsin December 2003 and December 2004 (http://www.jcommops.org).
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Salinity analysis (P.S.U) - Depth 10 m - 28-Jan-2004

Salinity analysis (P.S.U) - Depth 300 m - 28-Jan-2004
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Figure 3. Salinity at 10m and 300 m in late January 2004 and January 2005, based on ARGO
float data, from the Coriolis operational oceanography
(http://www.corialis.eu.org/coriolis/cdc/atlantic_area.htm). Maps are available at other depths, as

are temperature maps.

2.3.4 Basin-scale upper ocean variations

Upper ocean variations in temperature, salinity and circulation are strongly associated with the
natural modes of variability, variously identified as El Nino Southern Oscillation (ENSO), the
Pacific Decadal Oscillation (PDO) (section 2.3.4.1), the tropical Atlantic dipole, the Indian dipole
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(both in 2.3.4.2), the Southern Annular Mode (SAM) (including the Antarctic Circumpolar Wave
or Antarctic Dipole Mode) (2.3.4.3), and the North Atlantic Oscillation (NAO) and Arctic
Oscillation (AO) (or Northern Annular Mode) (2.3.4.4). The ocean response in 2004 to the
modesisreviewed in this section.

2.3.4.1. Upper ocean property variations in the mid-latitude Pacific and mid-latitude
southern hemisphere

The extratropical Pacific and subtropical regions of the southern hemisphere respond to severa
identified climate modes. The Pacific Decadal Oscillation (PDO) (Fig. 4) (Zhang et al. 1997;
Mantua et a. 1997) is aredlization of the dominant Pacific mode, although recently it has been
suggested that it is a combination of ENSO and the PNA mode (Aleutian Low strength)
(Schneider and Cornuelle 2004). The PDO is meridionaly symmetric about the equator. When
the index is high, the tropical Pacific is warm and the high latitude Pacific is cold, and vice versa.
A high PDO index is also associated with high pressure in the tropical Pacific and low pressure in
the higher latitudes (deep Aleutian low). The PDO spatial pattern is similar to that of ENSO, but
without the very large peak in amplitude in the tropics. The PDO thus modulates the strength of
ENSO; when the PDO index is high, ENSO is especialy pronounced. Boundary regions
bordering continents are especially impacted by PDO-variations in the ocean, with impacts on
marine-based economics (fisheries) and coastal climate. When the PDO index is high, circulation
in the Gulf of Alaska is stronger and less subpolar water enters the California Current. The
Oyashio is also strong during high PDO.

The PDO was high in 2004, continuing from mid-2002. This followed a short period of low PDO
(1998-2002), preceded by a prolonged period of high PDO, which began in 1976. Because of the
relatively long duration in any particular phase and because of the widespread ecological impacts
of the PDO, much attention has been focused on identifying "regime shifts' such as that in 1976
as they happen, although atrue shift can only be defined several (5 to 10) years after the fact.

monthly values for the PDO index: January 1900—August 2004
4 AR prosssRaconsa ................................... ...... ............................ ........

-4 i i i i i
1900 1920 1940 1960 1980 2000
Figure4. Pacific Decada Oscillation index (http://tao.atmos.washington.edu/pdo/).

SST anomalies in 2004 (Fig. 1) generaly showed the warm PDO phase, with warm eastern
tropical waters and colder mid-latitude centers. The pattern also matches that of ENSO; the year
2004 continued a weak ENSO. The ENSO changes are apparent in the sample North Pacific
temperature maps constructed from ARGO and XBT data (Fig. 5), with warmer equatorial waters
at the end of 2004 and an eastward shift of the warmest water at 100 m to the central Pacific.
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Figure 5. Examples of monthly sub-surface temperature analysis (available from surface down to
400 m), for December 2003 and December 2004, at 100 and 400 m, from the Japan
Meteorological Agency, incorporating ARGO and XBT data

(http://argo.kishou.go.jp/index.html).

A detailed repeated hydrographic section from east to west across the mid-latitude North Pacific
occupied in summer 2004, as part of the U.S. Repeat Hydrography program for CLIVAR/CO,
showed warming through the subtropical gyre, down into the thermocline (Robbins, personal

communication) (Fig. 6).
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Figure 6. (&) Temperature change, (b) station locations, and (c) integrated temperature, salinity
and potential density change, for hydrographic section occupied in 2004 minus another in 1994.
(Robbins, personal communication).

2.3.4.2. Tropical Atlantic and I ndian Oceans

The tropical regions of the Atlantic and Indian Ocean are influenced by upper ocean variations
that might be separate from ENSO, although lagged ENSO response is also apparent. The
tropical Atlantic experiences variability that has been described in terms of either a cross-
equatoria dipole or as nearly independent modes north and south of the equator. There is no
regularly produced index of a dipole or gradient mode. The Climate Diagnostics Center and
Climate Diagnostics Bulletin (CDB) report separate Tropical North Atlantic (TNA) and Tropical
South Atlantic (TSA) modeindices (Fig. 7).

The North and tropical Atlantic and the tropical Indian Ocean were anomalously warm

throughout 2004 relative to a 1968-1996 mean (Fig. 1). The Atlantic warmth is reflected in
continuing positive values of the TNA through 2004 (Fig. 6).
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Figure 7. (a) Tropical North Atlantic (TNA - heavy) and Tropical South Atlantic (TSA - light)
indices, including 2004. From the NOAA Climate Diagnostics Center
(http://www.cdc.noaa.gov/Climatel ndices/Analysis/).

High density XBT sections are occupied across al oceans approximately seasonally, with
profiling to more than 800 m depth and close station spacing to produce the highest quality
volume transport estimates. As years of data accumulate, it will be possible to track interannual
and then decadal variations in upper ocean temperature structure using these data. The Atlantic
high density network maintained by NOAA is shown in Figure 8, with a sample section from line
AX8.
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Figure 8. (a) High density XBT network maintained by NOAA AOML, with sections 4 times
per year. (b) Sample section along AX8 (November 2004).
(http://www.aoml.noaa.gov/phod/hdenxbt/)

Indian Ocean variability has been described in terms of a dipole mode (Sgji et a. 1999) (Fig. 9),
athough Indian variability is also heavily influenced by ENSO.
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Figure9. Indian Dipole Index, based on OLR (Sgji et al. 1999)
(http:/iwww.jamstec.go.j p/frsgc/research/dl/iod/dmi.html).

2.3.4.3. Southern Hemisphere Annular Mode

The Southern Hemisphere Annular Mode (SAM) or Antarctic Oscillation (AAO) is the major
decadal mode of climate variation in the southern ocean (Thompson and Wallace 2001). When
the SAM index is high, the westerly winds are shifted to the south and are stronger; that is, the
polar vortex is spun up. The associated Antarctic temperature changes are a colder interior of the
continent and warmer region in the Antarctic Peninsula and ocean in the area of the Subantarctic
Front. The AAQ istracked by the Climate Prediction Center (Fig. 10).
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Figure 10. (a) AAO index based on monthly values from the Climate Prediction Center (thick:
annual average; medium: JAS average; thin: monthly); (b) Seaice index
(http://nsidc.org/data/seaice_index/) (Fetterer and Knowles 2002, updated 2004); (c) and (d) Ice
concentration anomaly in March and September 2004
(http://nsidc.org/data/seaice_index/archives/).

In 2004, the annual average AAO (SAM) was rising. The monthly SST maps (Fig. 1) do not
show a simple polar vortex response, instead showing a version of the wavenumber 2 pattern that
usually dominates. In the mean in 2004, this pattern included a cold region south of Africa, and a
weak cold region in the eastern Ross Sea. Warm patches appeared in the western Ross Sea and
Weddell Sea.

In winter (September) 2004, seaice (Fig. 10d) matched the SST pattern, with increasing sea ice
concentration in the cold region south of Africa, and in the eastern South Pacific. The total sea
ice cover (Fig. 10b) continued along-term but very noisy upward trend around Antarctica.

2.3.4.4. North Atlantic Oscillation

The northern North Atlantic (subpolar region and adjacent Nordic Seas, including the Greenland,
Iceland and Norwegian Seas) receives specia attention because of its role in global overturning
circulation and proximity of the affected surface currents to western Europe and the eastern U.S.
The overturning culminating in deep and intermediate water formation in the Nordic and
Labrador Seas is sometimes called the ocean "conveyor”, and is global in extent.

A particular scenario that has received attention is the possibility of freshening of the surface
layer of the northern North Atlantic, as aresult of ice melt and/or changed precipitation patterns.
Such freshening is clearly being observed (section 2.3.5 below). Historically and in models, a
freshened surface layer reduces or stops the convection that connects the surface to the
intermediate layers in the Greenland and Labrador Seas. Freshwater from the Arctic impacts the
Greenland Sea through the East Greenland Current, and impacts the Labrador Sea through Davis
Strait.
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Northern North Atlantic climate variability is strongly associated with the North Atlantic
Oscillation (NAO) and its parent climate pattern, the Arctic Oscillation (AO) or Northern Annular
Mode (NAM), which have quasi-decadal time scales. The NAO index measures the meridional
atmospheric pressure gradient driving the westerlies. When the NAO index is high, the westerlies
arein anorthern position and strengthened, and vice versa.

The NAO index in 2004 continued to be close to neutral based on several available products (Fig.
11).
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Figure 11. NAO index. (a) Winter Lisbon-Reykjavik SLP difference: values from
http://www.cgd.ucar.edu/~jhurrell/nao.stat.winter.html

(b) Gibraltar-Reykjavik pressure difference: image from
http://www.cru.uea.ac.uk/cru/climon/data/nao/ (Climate Monitor Online 2005).

Temperature anomalies along the zonal subtropical section crossing the North Atlantic at 24°N
show an approximately 20-year signal (Fig. 12).
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Figure 12. Surface temperature variations from BT and continuing XBT observations along
24°N showing an approximately decadal signal. Annua cycle and long-term trend were
removed, and the data were filtered with a 3-year running mean (Baringer/AOML, personal
communication).

2.3.5 Global overturning circulation

Deep overturn is affected by surface properties, particularly salinity and the presence and strength
of a near-surface halocline. It is also affected by the overall stratification, hence properties,
especialy salinity, in and below the thermocline. A strong halocline supports surface cooling
even to freezing without deep convection, whereas a weak halocline can permit deep overturn.
Surface layer sdlinity is a function of regional precipitation and runoff and export of freshwater
from winter ice-covered regions. Changes in freshwater content and sea ice extent thus have
impacts on the thermohaline circulation, and are reviewed here.

The two sites that dominate thermohaline circulation of the global ocean are the deep and
intermediate water formation sites in the northern North Atlantic, and at sites distributed around
Antarctica. The waters from these two regions fill the globa ocean, mixing with each other and
with overlying thermocline waters. Upwelling occurs in many regions; this component of the
thermohaline circulation is not yet well understood, but most likely involves a large amount of
upwelling in the tropics and in the southern ocean. The North Pacific participates only weakly in
thermohaline circulation because it is relatively fresh compared with the North Atlantic and
Antarctic, and is not reviewed herein, although a section could be added on the North Pacific in
future reports.

Major changes in thermohaline circulation are associated with glacial-interglacial changes in
climate, with paleoclimate observations showing a weakening of the North Atlantic overturning
and shift to shallower densities during the glacia periods. Variations in North Atlantic
overturning are implicated in models of climate change, especially recent concepts of abrupt
climate change (e.g., Alley et al. 2003). Southern Ocean overturning changes are the other end of
the variability - models of thermohaline circulation variations often show alternating strength of
overturn in the North Atlantic and Southern Ocean, with the implication that the present climate
state is of strong North Atlantic overturn and relatively weak Southern Ocean overturn.

Change in thermohaline circulation result from changes in the temperature - salinity distribution
and less importantly from changes in air-sea flux. A saltier basin provides the greater and denser

31



overturn. Changes in the circulation are a response to a buildup over many years, athough the
actual changeis predicted to be quite sudden at some phases of the climate cycle.

2.3.5.1 North Atlantic overturn

The components of North Atlantic Deep Water sink from the surface at convection sites in the
Nordic Seas, the Labrador Sea and the Mediterranean Sea. Within the North Atlantic and tropical
Atlantic, these three source waters are readily distinguishable. Variations in their properties
could be well defined by the completed ARGO network. Future summaries will draw effectively
from this source (e.g., Figs. 2 and 3). Current projects that regularly produce subsurface
temperature maps do not include the deepest surfaces needed to characterize these water mass
changes.

The source water for the sinking in the northern North Atlantic is upper ocean water that enters
the North Atlantic from the southern hemisphere and from the Arctic. The Arctic source includes
a fresh surface layer associated with continental runoff and the sea ice cycle. Mgjor melting of
Arctic sea ice was reported in 2002 and continued in 2003 (Figure 13). These fresh waters are
exported to the North Atlantic in the East Greenland Current and through Davis Strait into the
Labrador Sea. Freshening of upper ocean waters around the northern North Atlantic has been
reported over the past several decades (Dickson et al. 2002, 2004; Curry et a. 2004) (Fig. 16). If
continued, the freshening could initiate a weakening of the North Atlantic overturn.
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Figure 13. Arctic seaice: concentration in (a) March 2004 and (b) September 2004.
(http://nsidc.org/data/seaice_index/archives/) and (c) Multi-year time series of extent.
(http://nsidc.org/data/seaice_index/).

A time series of salinity in the central Labrador Sea shows major freshening of the Labrador Sea
Water (very thick near-surface layer) in the mid-1990s associated with vigorous deep convection
brought on by high NAO (Fig. 14), continuing in a weaker way to the present. Time series of
salinity from various locations around the northern North Atlantic shown by Dickson et a. (2002,
2003) show first the broad spatial scale of freshening. The important freshening trends emerge
only with several decades of data and multi-year averaging.
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Figure 14. Time series of (a) salinity and (b) potential temperature in the central Labrador Sea.
(Y ashayaev, personal communication).

The Deep Western Boundary Current (DWBC) in the subtropical North Atlantic carries the
various component of the new North Atlantic Deep Water southward. As noted above, these
include waters from the Labrador Sea at about 1500-2000 meters and from the Nordic Seas below
this.  Ongoing observations of the DWBC (Molinari et a. 1998; Baringer personal
communication) have shown the arrival of the extreme form of Labrador Sea Water that was
formed in thel990s in the Labrador Sea. As of 2002, continuing into 2003, freshening of the
whole repeated section crossing the DWBC was apparent.
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Figure 15. Hydrographic observations crossing the Deep Western Boundary Current east of
Abaco at 26.5°N. Shown here are potential temperature and salinity at potential density o,=
34.67 (depth ~ 1500-1700 meters), showing the arrival of cold, fresh Labrador Sea Water after
1995 (from M. Baringer, NOAA/AOML).

Overall, the Atlantic has been becoming fresher and colder at high latitudes and more saline and
warmer in subtropical latitudes (Curry et al. 2004) (Fig. 16). This suggests an increase in the
strength of the hydrological cycle. The high latitude freshening could impact dense water
formation adversely.
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Figure 16. Changes in salinity and temperaIUre of the major water masses in the Atlantic Ocean,
along a section from south to north (Curry et al. 2004).

35



2.3.5.2. Southern Ocean overturn

Bottom waters are formed around Antarctica through brine rejection in polynyas near the coast.
Deep waters are formed by deep convection in the Weddell and Ross Seas. The global
overturning circulation also has an important upward limb in the Circumpolar Current system
located north of the winter ice edge northward through the Subantarctic Front, where deep waters,
formed in the North Atlantic and modified in the deep Indian and deep Pacific Oceans, upwell.

Sea ice extent around Antarctica in 2004 was illustrated in section 2.3.4.3 and in Figure 10. The
densest waters in the world are formed in polynyas in the coastal regions of Antarctica, over the
continental shelves. With increasing sea ice production, as has been occurring in the Antarctic
over the past severa decades (noisy increase seen in Fig. 10), denser shelf waters and hence
denser bottom waters can be formed. With a decrease in summer ice melt (or smaller contrast
between winter and summer ice extent), the freshwater surface layer inhibiting surface mixing
would weaken, which also increases density and production of dense waters. Thus the changing
sea ice conditions around Antarctica would appear to favor an increase in dense water production
and density.

Variations in upper ocean temperature and salinity in the Australian sector of the Southern Ocean
(Aoki et a. submitted) (Fig. 17) bear out this potential for increased dense water production. The
surface waters in the south are becoming more saline while those at subtropical latitudes are
becoming fresher. Theincreased salinity in the south could alow higher density convection.
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Figure 17. A summary of the meridional water mass changes from south of the ACC to mid-
latitudes, between 30E and 160E (Aoki et a. 2005).

2.3.6. Heat and freshwater transport variations based on in situ data

Ocean heat and freshwater transports are calculated from either their air-sea fluxes or directly
from in situ ocean observations of temperature, salinity and velocity. Annua global and full
water column data sets of in situ properties, with requisite velocity analysis, are not possible.
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Willis et a. (2004) have pioneered a mapping of ocean heat content from a combination of in situ
measurements (ARGO and XBT profiles), altimetric sea surface height, and data assimilation.
Using data through mid-2003, they show that the global heat content of the ocean has been rising
since 1993 (onset of atimetry observations) (Fig. 18). Their analysis excludes the Arctic and
southern ocean, and so the actua rise is likely larger, given the much larger SST increases
observed in the Arctic than in the mid-latitude oceans (Fig. 1 and section 2.3.3).
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Figure 18. Ocean heat content: (a) mapped changes from 1993 to 2003 in terms of surface heat
flux (W/m?), and (b) total heat content (Joules) integrated over the globe (Willis et al. 2004).
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2.4 EVOLUTION OF THE 2004 EL NINO
by Michael J. McPhaden, Pacific Marine Environmental Laboratory, Seattle, Washington

A weak El Nifio developed in the second half of 2004 in the eguatorial Pacific. Anomalous
warming was for the most part centered around the international date line, with near normal
temperatures in the equatorial cold tongue of the eastern Pacific and along the west coast of South
America. SST anomalies in the NINO3.4 index region (5°N-5°S, 120°-170°W) were
approximately 0.8°C on average from August to December 2004. The Southern Oscillation Index
(SOl), which is the normalized surface air pressure difference between Darwin, Australia and
Tahiti, French Polynesia, was consistently negative during the latter half of 2004 (-0.6 on average
for August-December) indicative of warm phase El Nifio/Southern Oscilllation (ENSO)
conditions. The trade winds were unusualy weak west of the date line associated with the
elevated central and western Pacific SSTs and negative SOI values. Conversely, trade winds in
the eastern Pacific were near to or even slightly stronger than normal throughout much of 2004.

The 2004 El Nifio was characterized by significant month-to-month variability, much of which
was associated with the atmospheric Madden-Julian Oscillation (MJO). Individua MJO events
were initiated by convective flare-ups over the Indian Ocean and subsequently propagated
eastward into the western Pacific. The westerly phase of the MJO was linked to 2-3 week long
westerly wind bursts in the western Pacific, which forced eastward propagating downwelling
intraseasonal equatorial Kelvin waves (Fig. 1). These waves deepened the thermocline in the
eastern Pacific by 20-30 m, but apparently had little impact on eastern Pacific SSTs.
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Figure 1. Five-day average anomalies of zona wind, SST, and 20°C depth (an index for the
depth of the thermocline) relative to the mean seasona cycle averaged 2°N-2°S based on
TAO/TRITON moored time series data. Ticks on the horizontal axis indicate longitudes sampled
at the start (top) and end (bottom) of record.

Intraseasonal variability in convection was also pronounced in the western Pacific, but persistent

anomalous atmospheric convection failed to develop over the elevated SSTs near the date line
during the latter half of 2004. Thus, the ocean and the atmosphere did not appear to be as
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strongly coupled as in previous El Nifio events. Lack of persistent anomalous deep convection in
the western and central Pacific limited the impact of the El Nifio on the global atmospheric
circulation and teleconnections to higher latitudes in 2004. Likewise, the failure of persistent El
Nifio-related warm SST anomalies to develop in the eastern equatorial Pacific and along the west
coasts of the Americas limited the effects of this El Nifio on marine ecosystems and commercial
fisheriesin those regions.

The 2004 El Nifio was unusual in that it followed the moderate amplitude 2002-03 El Nifio
(McPhaden 2004) by only one year. This rapid sequencing of El Nifios is analogous to what
transpired in the early 1990s when the moderate amplitude 1991-92 El Nifio was followed by a
weak warm event in 1993. Factors contributing to the development of the 2004 El Nifio so soon
after the termination of the previous event are not fully understood. However, it is noteworthy
that the 2002-03 El Nifio was followed by an extended period of excess warm water volume (or
equivalently heat content) in the equatorial zone, which is atypical of conditions following most
El Nifios (Fig. 2). According to the recharge oscillator theory for ENSO (Jin 1997), El Nifio is
supposed to purge the tropical Pacific of excess heat leaving a deficit that must be replenished
before the next El Nifio can occur. The presence of weak positive heat content anomalies
following the 2002-03 El Nifio created |arge-scal e conditions favorable the recurrence of another
warm event earlier than would otherwise have been expected. Episodic westerly wind forcing in
boreal spring and summer 2004 (Fig. 1) may have served as the stimulus for the development of
anomalous warming by displacing the western Pacific warm pool towards the east (Kessler et al.
1995).
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Figure 2. Monthly anomalies of warm water volume (5°N-5°S, 80°W-120°E above the 20°C
isotherm) and NINO3.4 SST (5°N-5°S, 120°W-170°W) from January 1980 to December 2004.
Warm water volume is based on a blended analysis of TAO/TRITON moored time series data
and ship-of-opportunity expendable bathythermograph (XBT) data. Time series have been
smoothed with a 5-month running mean filter for display.

Another unusual feature of the 2004 El Nifio was the concentration of warm equatorial SST
anomalies near the date line. A similar pattern was evident during the 2002-03 El Nifio (see for
example the start of the SST anomaly time series in Figure 1). In contrast, for most previous El
Nifios, eastern Pacific SST anomalies were much more pronounced. It is unclear what factors
were responsible for this SST anomaly pattern. One possibility is that the Pacific has gone
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through a decadal regime shift in the late 1990s towards stronger trades and colder cold tongue
SSTs (McPhaden and Zhang 2004). Such a decadal change in background state could favor
weaker cold tongue SSTs during El Nifio, but other processes may be at work as well.

Statistical and dynamical ENSO forecast models suggest that El Nifio conditions will persist
through the boreal spring of 2005 (http://iri.|deo.columbia.edu/pred/). Afterwards, the models
indicate a genera tendency for continued warm SST anomalies with only slightly diminished
amplitudes. However, forecasts through the “spring predictability barrier” are generaly less
reliable than those made up to and including the spring season, so there is greater uncertainty in
El Nifio forecasts for mid-2005 and beyond.
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25 THE GLOBAL OCEAN CARBON CYCLE: INVENTORIES, SOURCES AND SINKS
by Richard Feely' and Rik Wanninkhof?

'Pacific Marine Environmental Laboratory, Seattle, Washington
“Atlantic Oceanographic and Meteorological Laboratory, Miami, Florida

Abstract

The ocean plays a magjor role in the globa carbon cycle as it is a vast reservoir of carbon,
naturally exchanges carbon with the atmosphere, and consequently takes up a substantial portion
of anthropogenic carbon from the atmosphere. In response to the need for an integrated
investigation of the carbon cycle in the oceans, the CLIVAR/CO, Repeat Hydrography and
NOAA Underway pCO, Measurements Programs were established to document the trends in
carbon uptake and transport in the global oceans. The CLIVAR/CO, Repeat Hydrography
Program consists of a systematic re-occupation of select hydrographic sections to quantify global
changes in storage and transport of heat, fresh water, carbon dioxide (CO,), chlorofluorocarbon
tracers and related parameters. Three North Atlantic cruises in 2003 marked the beginning of the
US effort by reoccupying selected hydrographic sections on decada time-scales. Early results
from these cruises showed significant changes in oxygen and carbon dioxide and severa other
measurable parameters since the last globa survey in the 1990s. The increases of DIC in the
Subtropical Mode waters (STMW) are greater than expected from invasion of anthropogenic CO,
from the atmosphere and may be the result of decadal changesin thelocal circulation in the North
Atlantic.

2.5.1 The Global Carbon Cycle: Inventories, Sources and Sinks

The global utilization of fossil fuels for energy by mankind is rapidly changing the trace gas
composition of the Earth’s atmosphere, causing the greenhouse warming from excess CO, along
with other trace gas species such as water vapor, chlorofluorocarbons (CFCs), methane, and
nitrous oxide. These anthropogenic “greenhouse gases’ play a critica role in controlling the
earth’s climate because they increase the infrared opacity of the atmosphere, causing the
planetary surface to warm. Carbon dioxide is one of the major greenhouse gases, contributing
about 60% of the total change in radiative forcing due to human perturbations. The release of CO,
from fossil fuels and deforestation processes contributes approximately 6.3 + 0.4 Pg C per year
(Sabine et a. 2004a) to the atmosphere. Of this amount, approximately 3 Pg C of this so-called
“anthropogenic CO,” accumulates in the atmosphere and causes the atmospheric CO, levels to
increase. The remaining 4 Pg C is sequestered by the terrestrial biosphere and global oceans.
Where and how these two major sink regions vary in their uptake of CO, from year to year is the
subject of much scientific research (Houghton et al. 2001).

The ocean plays a mgjor role in the globa carbon cycle as it is a vast reservoir of carbon,
naturally exchanges carbon with the atmosphere, and consequently takes up a substantial portion
of anthropogenic carbon from the atmosphere. Current estimates of anthropogenic CO, uptake by
the oceans in the 1990s are about 1.9 + 0.7 Pg C yr* (Figure 1; Sabine et al. 2004a). Future
decisions on regulating emissions of greenhouse gases should be based on more accurate models
of CO, sources and sinks that have been adequately tested against a well-designed system of
measurements. The construction of a believable present-day carbon budget is essential for the
reliable prediction of atmospheric CO, and global temperatures from available emission
scenarios.

Our current understanding of the fate of the anthropogenic CO, released to the atmosphere is
based on model's; atmospheric observations of CO,, carbon isotopes and small decreasesin
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Figure 1. Cartoon of fluxes (arrows) and inventories (number in boxes) of the labile components
of the global carbon system for the 1980ties. The red arrows are the perturbation fluxes resulting
from emissions of anthropogenic CO, (Sabine et al. 20044).

oxygen levels; terrestrial measurement of biomass inventories and primary productivity; and
oceanic measurements of CO, inventories and fluxes between air and ocean. Less than a decade
ago there were significant discrepancies between estimates leading to the popular notion of the
"missing carbon sink" there now is a broad agreement that the "missing sink" is uptake by the
terrestrial ecosystems based on disparate methods as summarized in Table 1. As the table
indicates, our level of confidence in different observations ranges from a general good knowledge
of the annual changes in some reservoirs, to highly uncertain estimates in others. Annual releases
due to fossil fuel burning and cement production, and annual atmospheric CO, increases are the
most constrained. Decadal changes in the ocean carbon inventory have recently been established
with reasonable confidence. Changes in the terrestrial biosphere have been more difficult to
pinpoint. From avariety of observations we now have a reasonable estimate of the partitioning of
the fossil fuel carbon between reservoirs over the last two centuries with roughly 50% ending up
in the ocean. The terrestrial systems released CO, over this same period. Over the last two
decades, however, the terrestrial systems appear to have taken up CO, but the magnitude, cause,
and particularly the longevity of this sink remains in great doubt. Significant efforts, such as
those proposed in the North American Carbon Plan (NACP), are underway to directly determine
CO, sources and sinks in the terrestrial system. However, in the foreseeable future the best
approach for constraining the net terrestrial flux will be from the difference between atmospheric
and oceanic observations and model calculations.
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Table 1. Global inventory of anthropogenic CO, for the past 200 and 20 years

CO, Sources 1800-1994 1980-1999
[Pg CJ* [Pg CJ°

Constrained sources and sinks

(1) Emissions from fossil fuel and cement production 244 © + 20 11745

(2) Storage in the atmosphere -165 © + 4 -65+1

(3) Uptake and storage in the ocean -118@ + 19 -3748
Inferred net terrestrial balance

(4) Net terrestrial balance = [-(1)-(2)-(3)] 39 + 28 -1519
Terrestrial balance

(5) Emissions from land use change 100 to180® 24+12

(6) Terrestrial biosphere sink = [-(1)-(2)-(3)]-(5) -61to-141 -39+18

(From Sabine et a. 2004a)

The need for an integrated investigation of the carbon cycle has been well articulated in the US
Carbon Cycle Science Plan (Sarmiento and Wofsy 1999). Through efforts of the Interagency
Carbon Working Group and the Scientific Advisory Committee, science and implementation
plans have been devel oped for subcomponents of the program including the NACP Science Plan,
the NACP Implementation Strategy, the Ocean Carbon and Climate Change Implementation
Strategy, and the Large Scale Carbon Observing Plan (LSCOP) (Bender et a. 2002). The
LSCOP plan in particular focuses on the implementation and justification for sustained ocean
observations. All of the plans address the central tenets of the Carbon Cycle Science Plan, which
focuses on the "excess carbon", that is the carbon produced by fossil fuel burning and other
activities of mankind releasing CO, such as land use change:

*  Where has the excess carbon gone to over the last two centuries?

*  Where will the excess carbon go to in the future?

*  What processes areinvolved in sequestration of the excess carbon?
» Can the future sinks be managed and increased?

Because of the sensitivity of the global economy to terrestrial and oceanic ecosystems, and
regiona climate, the issue of carbon accounting transgresses the usual stakeholders of scientific
information. Like emissions of pollutants, carbon emissions now have an economic value. A
number $40 per metric ton carbon sequestered is often used in estimates. Improved constraints
on the carbon sources and sinks can now be directly translated into a currency equivalent. For
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instance the global uptake of carbon by the ocean of about 1.6 Pg C yr* (Table 2) translates into a
$64 billion service to the global economy. Asshown in Table 2, the uncertainty in the ocean sink
is significant transglating into an uncertainty in the value of this commodity. Knowledge of the
future sink strength of the ocean isthus a critical from scientific and economic perspective.

Table?2
Summary of estimated global CO, fluxes using different gas transfer velocities but the same
ApCO, climatology

Parameterization Uptake (Pg Clyr)
Wanninkhof, 1992 -1.6
Wanninkhof&McGillis, 1999 -1.9
Nightingale, 2000 -1.2
Lissand Merlivat, 1983 -1.0

All these values were obtained using the ApCO, climatology of Takahashi et a. 2002 and 41-year
climatological 6-hour winds from the NCAR/NCEP reanalysis project. The divergence of values
illustrates that besides determining seasonal ApCO, fields the gas transfer velocity needs to be
better constrained.

The Sustained Ocean Component of the Carbon Cycle Science Plan The oceanic carbon-
observing program addresses two important subcomponents of the determination of the fate of the
excess CO, in the ocean:

» Determining oceanic carbon inventories and attributing the cause of the variations in
inventories over time
»  Quantifying the air-sea CO, fluxes and creating of seasonal flux maps

Ocean inventories

As a result of the measurements during the globa CO, survey in the 1990s and improved
methods of quantifying the anthropogenic CO, signal above the large natural background, we
now have the first measurement based inventory of anthropogenic CO, in the ocean (Fig. 2). The
excess CO, has been gridded at 1 degree spacing and 33 levels so it can be compared directly
with model outputs. Anthropogenic CO, is unevenly distributed throughout the oceans. The
highest vertically integrated concentrations are found in the North Atlantic, leading this ocean
basin to store 23% of the global oceanic anthropogenic CO,, despite covering only 15% of the
global ocean area. The Southern Ocean south of 50°S has very low vertically integrated
anthropogenic CO, concentrations, containing only 9% of the global inventory. Approximately
60% of the total oceanic anthropogenic CO, inventory is stored in the Southern Hemisphere
oceans, roughly in proportion to the larger ocean area of this hemisphere. Characteristic cross
sections for the Atlantic, Indian and Pacific basins are shown in Figure 3. The distribution closely
follows the known ventilation pathways of the ocean with deep penetration in the North Atlantic
and storage of much of the carbon in the mid-latitude convergence zones. The total uptake over
the past 200 years shown in Table 1 validates the model estimates. The total inventory is similar
to models but the regional inventory is quite different suggesting that most of the models do not
adequately capture the processes responsible for uptake at regional scales.

45



moles m-2

Figure 2. Column inventory of anthropogenic CO, in the ocean. High inventories are associated
with Deep Water formation in the North Atlantic and Intermediate and Mode Water formation
between 30°-50°S. Total inventory of shaded regionsis 10617 Pg C (after Sabine et al. 2004b).

Approximately 30% of the anthropogenic CO, is found shallower than 200 m and nearly 50%
above 400 m depth (Fig. 3). The global average depth of the 5umol kg™ contour is approximately
1000 m. The majority of the anthropogenic CO, in the ocean is, therefore, confined to the
thermocline, i.e., the region of the upper ocean, where temperature changes rapidly with depth.
The deepest penetrations are associated with convergence zones at temperate latitudes where
water that has recently been in contact with the atmosphere can be transported into the ocean
interior. Low vertical penetration is generally observed in regions of upwelling, such as the
Equatorial Pacific, where intermediate depth waters, low in anthropogenic CO,, are transported
toward the surface.

Decadal inventory changes

The measurement based total inventory of anthropogenic carbon in the ocean is a critical
constraint for models and for our understanding of the role of the ocean in the sequestration of
excess carbon. However, information on shorter timescales is essential to determine any
feedbacks of oceanic carbon sequestration due to climate change, and to determine the role of
natural variability on the oceanic carbon system. Therefore the COSP has started, in
collaboration with NSF and NASA, a CLIVAR/CO, Repeat Hydrography Program. The main
objective of the repeat hydrography component of the sustained ocean observing system for
climate is to document long-term trends in carbon storage and transport in the global oceans.
This program will provide composite global ocean observing system large-scal e observations that
include: 1) detailed basin-wide observations of CO,, hydrography, and tracer measurements; and
2) data delivery and management. This repeat hydrography program will provide the critical and
timely information needed for climate research and assessments, as well as long-term, climate
quality, and global data sets.
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Much of the penetration of anthropogenic carbon into the ocean follow isopycnal surfaces. From
Sabine et a. 2004b.
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The first three cruises of the Repeat Hydrography Program in 2003 marked the beginning of a
large effort to document long-term trends in carbon storage and transport in the global oceans by
reoccupying selected hydrographic sections on decadal time-scales. Early results from this work
showed significant changes in oxygen and carbon dioxide and several other measurable
parameters since the last global survey in the 1990s.

The initia highlights are that the ventilation pattern/circulation in the North Atlantic thermocline
has changed based on a significant change in oxygen content. Also, we have been able to
unambiguously determine an increase in total carbon content in the upper ocean over 6 to 10
years suggesting that uptake of anthropogenic CO, continues unabated and that we can detect
anthropogenic carbon increase in the ocean on decadal timescales (Fig. 4). The data indicate
significant increases of DIC in the shallow waters masses over the depth range of 100-1200m
between the last occupation of these stations during the WOCE era (1993) and the 2003
occupation. For example, in the 0-1400m depth range, DIC increases on the order of 2-25 umol
kg™ were observed over the 10 year period between the two cruises. In contrast, the DIC at depths
>1500m showed very little change.

A16N (2003-1993) DIC (umol/kg)
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Figure 4. Difference of the dissolved inorganic carbon (DIC in umol/kg) between 2003 and 1993
as afunction of latitude and depth along the A16N cruise track in the North Atlantic.

Similar increases in DIC and AOU were also observed between 100-1200m for the A22/A20
cruises in the western North Atlantic. The increases of DIC in the Subtropica Mode waters
(STMW) are greater than expected from invasion of anthropogenic CO, from the atmosphere and
may be the result of decadal changesin the local circulation in the North Atlantic, and/or changes
in new production and remineralization of organic matter along the flow path. As we continue to
process the physical and biogeochemical data from these cruises, we should be able to attribute
the large-scale changes in the carbon content of the Atlantic Ocean.

2.5.2 Atmosphere-Ocean CO, Fluxes
Changes in carbon inventory are the most robust means of assessing sources and sinks but for the

oceans these methods are limited to changes over decadal timescales. On average the total
dissolved inorganic carbon content (DIC) of the surface ocean increases by about 1.2 pmol kg™
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per year or about 0.05 % over the background. While the accuracy of DIC measurements is about
2 umol kg* making detection of the anthropogenic signal in principle possible on shorter time
scales, the surface ocean DIC changes by 20 to 50 umol kg™ seasonally masking changes less
than 5 to 10 pmol kg™

To assess changes in exchanges between reservoirs on sub-decadal timescale we have to
determine the fluxes. The fluxes can be determined from measuring the partial pressure
differences of CO, between surface ocean and lower atmosphere, A pCO,, and a quantity referred
to asthe gas transfer velocity that isrelated to physical forcing and often parameterized with wind
speed. Thus, if ApCO, fields can be determined and used in combination with wind fields,
regional fluxes can be obtained.

Creation of flux maps

This approach has been applied successfully using a global climatology of ApCO, painstakingly
developed based on 40-years of ApCO, data from many investigators (Takahashi et a. 2002).
Uptakes based on this climatology range from 1 to 1.9 Pg C yr* depending on the relationship
between gas exchange velocity and wind speed (Table 2). This approach will be used to quantify
regiona fluxes on seasonal timescale. The implementation will require a significant increase in
ApCO, observations, development of methods to interpolate ApCO, in time and space, and
improvement of algorithms to quantify the gas transfer from wind or other relevant parameters,
such as surface roughness, that can be directly observed from remote sensing.

Following a recommendation in the LSCOP plan a surface ocean flux observing system is being
put in place with autonomous instrumentation on volunteer observing ships VOS, research ships,
and buoys. The LSCOP plan lays out an observing strategy based on scaling analysis that
involves sampling of the ocean roughly at 10 degree spacing and monthly intervals. By
coordinating efforts with international and national partners this goal will be attainable in the next
decade for the North Atlantic, North Pacific and Equatoria Pacific, particularly if we develop
methods to increase time and space scales of observation through use of remotely sensed
observations. The scheme of implementing such a system utilizing in situ and remotely sensed
dataisoutlined in Figure 5.

Determining and attributing changesin ApCO,

The approach of utilizing remote sensing, algorithms of ApCO, and gas exchange with remotely
sensed products has been utilized in test beds in the Equatoria Pacific and Caribbean Sea
(Figures 6 and 7). For the Equatorial Pacific work the algorithms are used in a retrospective
fashion to determine the large variations in air-sea flux due to the ENSO cycle.

Limited time series records of surface water pCO, levels have shown that for much of the ocean
the surface water pCO, rises roughly at the same rate as the atmospheric increase implying that
the global air-sea flux remains the same. However, changes in the rate of increase are a sensitive
indicator of changes in the uptake of the ocean and perturbations in the biogeochemical cycles.
Using a historical database of ApCO, for the Equatorial Pacific Takahashi et a. (2003)
determined significantly slower increases in the 80-ties than in the 90-ties that were attributed to a
climatic re-organization in the North and Equatorial Pacific referred to as the Pacific Decadal
Oscillation (PDO).
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Producing Seasonal CO, Flux Maps

S
Fr—

M,

Shipboard sampling
pCO,, SST, SSS

Algorithm
development
pCO,=
f(SST, color)

-

Co-located satellite data

Remote sensing
pCO,, SST, color
& wind

Apply algorithm to
regional SST&
color fields to
obtain seasonal
pCO,maps

— Flux =k s ApCO,

Regional satellite

SST & color data

Wind data =P

Algorithm
development
Gas transfer, k =
£ (U,,SST)

hecember 95 m.l.’-m 01, Fluy

@ Flux maps

Figure5. Flow diagram of data and procedures to produce pCO, flux maps.

Future plans and milestones
The observational efforts to detect changes in water column inventories and to attribute the
causes, and the development of regional CO, flux maps are part of well documented and justified
integrated carbon plans. The CLIVAR/CO, Repeat Hydrography Program has a series of cruises
planned for the next decade that will yield sequential basin wide inventory changes for the
Atlantic, Pecific, Southern and Indian oceans. The cruise sequence is listed in Table 3.

NOAA/COSP has the lead on the cruises for A16S, A16N, P16N, P18 and 18.

NOAA

participants will perform DIC and pCO, measurements on all cruises. Operational Milestones are

provided in Table 4.
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Table 3. Sequence of CLIVAR/CO, Repeat Hydrography cruises in the oceans.

Schedule of US CLIVAR/CO2 Repeat Hydrography Lines

(as of 10/04)

Overall Coordinator:
Jim Swift, SIO

6/19/03-7/10/03 A16N,leg122  Reykjavik-Madeira 1 Bullister, NOAA/PMEL
7/15/03-8/11/03 A16N,leg228 Madeira- Natal, Brazil 1 Bullister, NOAA/PMEL
9/15/03-10/13/03 A20 29  WHOI - Port Of Spain 1 Toole, WHOI
10/16/03-11/07/03 A22 21  Port Of Spain- WHOI 1 Joyce, WHOI
6/13/04-7/23/04 P2,legl 41  Yokohama-Honolulu 2 Robhins, SIO
7/26/04-8/26/04 P2,leg2 32 Honolulu - San Diego 2 Swift, SIO
Wanninkhof/Doney;
1/11/05-2/24-05 A16S 45  PuntaArenas-Fortaeza 3 NOAA/AOML/WHOI
1/8/05-2/18/05 P16S 40  Tahiti-Wellington 3 Sloyan/Swift, WHOI/SIO
Feely/Sabine,
2006 P16N 57 Tahiti-Alaska 4 NOAA/PMEL
austral summer 07 SAP/P16S 255 Wellington-Perth 5
austral summer 07 25,5 Wadlington-Perth 5
Punta Arenas-Easter
2008 P18 32 Idand 6
2008 35 Easter Island- San Diego 6
2008 16S 42  Cape Town 6
2009 I7N 47 Port Louis/Muscat 7 future planning
2009 I18S 38  Perth- Perth 7 future planning
2009 9N 34  Perth- Calcutta 7 future planning
2010 15 43  Perth - Durban 8 future planning
2010 A135 62  Abidjan-Cape Town 8 future planning
2011 A5 30 Tenerife-Miami 9 future planning
2011 A21/SO4A 42  PuntaArenas-Cape Town 9 future planning
Rio de Janeiro-Cape
2012 A10 29 Town 10 future planning
Woods Hole-Port  of
2012 A20/A22 29  Spain-Woods Hole 10 future planning

Years 1-6 are funded.
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52



*{::3""

1

=
=1
: i ;|

Figure 7. Production of pCO, maps in the Caribbean. Empirical agorithms are being devel oped
with parameters that are measured at higher density/frequency (e.g. through remote sensing.).
The close correspondence of temperature (left panel) trends and pCO, (right panel) along the
cruise track (bottom) facilitates robust algorithms to extrapolate the pCO, to regional scales

(Olsen et al. 2004).

Table 4. Operationa milestones of the CLIVAR/CO, Repeat Hydrography Program

Summer 2003

Winter 2003/2004

Summer 2004
Winter 2004/2005

Winter 2004/2005

Winter 2004/2005
Spring 2006

Organize and complete the A16N cruise in the North Atlantic

and provide leadership (chief scientist), CTD, oxygen, nutrient,

total carbon and pCO, analysis.

Provide final CO,, oxygen, CTD datato the repeat hydrography data
center at Scripps.

Analyze total inorganic carbon on the P2 cruise.

Provide final total CO, datato the repeat hydrography data center

at Scripps.

Organize and complete the A16N cruise in the North Atlantic and
provide leadership (chief scientist), CTD, Oxygen, nutrient, total carbon
and pCO, analysis.

Analyze total inorganic carbon on the P16S cruise.

Organize and complete the P16N cruise in the Pacific and provide
leadership (chief scientist), CTD, Oxygen, nutrient, total carbon and
pCO, analysis.
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The COSP CO, flux map effort focuses on the ApCO, observations needed to create the seasonal
maps. The implementation schedule is presented in Table 5 with the italicized text that will be
proposed in FY 05. The effort is starting to incorporate time series on moorings that are critical
to determine the higher frequency (< 1-month) tempora variability. Particularly in the coastal
oceans and Equatorial Pacific large changes can occur on weekly timescales. The exact balance
and number of fixed pCO, observing sites vs. ship based (moving) observing platform has not
been firmly established. Analysis of the results of the initial surface pCO, observing system will
be used to optimize spacing, frequency, and mix of observing methods. Optimizing the observing
system requires inclusion of measurements of biogeochemical and physical parameters that
influence pCO, as well in order to investigate extrapolation routines. The added benefit will be
that these parameters yield mechanistic information that can be used in prognostic models and
interpolation schemes utilizing satellite data. An to end-to end iterative effort starting from
observations to interpretation and analysis feeding into improved observing system design and
assessing the state of the ocean carbon cycleis critical at this point and attainable within national
and international frameworks.

Table 5. Operational milestones pCO, project

Fall 2003 Complete installation of pCO, system on Skogafoss (I celand-
Norfolk) line AX2

Spring 2004 Complete installation of pCO, system and TSG system on
Columbus Waikato (Long Beach -New Zealand) line PX13

Summer 2004 Complete installation of pCO, system on Oleander (Bermuda
Norfolk)

Winter 2004/2005 Complete standardized data reduction and quality control scheme
for al ships
Start submitted datato LDEO on routine basis for contextual QC.

Spring 2005 Complete installation of pCO, system on Sealand
Express (Iceland-Norfolk)

Fall 2005 Complete installation of pCO, system on 24N line (Miami-
Gibraltar)

Winter 2005/2006 Install systemon VOS ship in North Pacific

Sporing 2006 Install systemon NOAA survey ships in Gulf of Mexico (Gunther)

and Bering Sea (Rainer)

Data for al projects will be distributed to the community at large through a Live Access Server
within two years after collecting the data.



National and Inter national linkages

The COSP carbon program is an integral part of national and international programs in carbon
cycle research. NOAA's contribution is unique as it is the only program that has the sustained
observational effort necessary to constrain sources and sinks and provide input for prognostic
models to predict future trends. The international connection for the repeat hydrography effort is
through WCRP/CLIVAR and the IGBP/IMBER programs. The former is focused on the physical
aspects of climate variability while the latter is geared to the ecological and biogeochemical
components. The flux map effort is connected to the SOLAS effort theme 3: Air-Sea Flux of CO,
and Other Long-Lived Radiatively-Active Gases. Internationa coordination for both aspects of
CO, COSP will occur through the International Ocean Carbon Co-ordination Project (I0CCP).
International ties between the ocean carbon programs and the atmospheric, terrestrial, and human
dimension carbon cycle research are provided through the IGBP/WCRP/IHDP Global Carbon
Project (GCP).

At anational level the CO, COSP effort is part of the US Carbon Cycle Science Plan. Its critical
role in the overall US ocean science effort is outlined in the multi-agency implementation plan,
the Ocean Carbon and Climate Change plan (Doney 2004). Information about the programs
linked to, or a part of, COSP-CO, can be found in Table 6.

Table 6. Web sites of the CO,/COSP program and program partners:

Datasites for pCO, data from ships:

AOML http://www.aoml.noaa.gov/ocd/gcc

PMEL http://www.pmel .noaa.gov/uwpco2/

LDEO http://www.ldeo.columbia.edu/res/pi/CO2/

Program sites

CLIVAR: Climate Variability and Predictability: www.clivar.org

SOLAS: Surface-Ocean Lower Atmosphere Study: www.uea.ac.uk/env/solas/

|OCCP: International Ocean Carbon Coordination Project www.ioc.unesco.org/ioccp

IGBP: International Geosphere-Biosphere Project: www.igbp.kva.se/cgi-

bin/php/frameset.php

IMBER: Integrated Marine Biogeochemistry and Ecosystem Research
http://www.igbp.kva.se/cgibin/php/

WCRP: World Climate Research Program: www.wmo.ch/web/wcrp/wcrp-home.html

GCP: Global Carbon Project: http://www.global carbonproject.org/
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2.6 SURFACE CURRENT OBSERVATIONS FOR CLIMATE RESEARCH
by Peter Niiler* and Nikolai Maximenko?

!Scripps Ingtitution of Oceanography, La Jolla, California
?Internationa Pacific Research Center, Honolulu, Hawaii

Background

A principa scientific objective of the “Global Drifter Program” of the NOAA Ocean Climate
Observing System is to produce instrumental data records of the near surface velocity of the
global oceans (Niiler 2001). The velocity is derived from observing the motion of Argos satellite
located drifting buoys that are drogued to 15m depth. Velocity is computed from the six hourly
displacements of drifters and these observations are corrected for “slip” of the drogue through
water due to forces of wind (and waves) on the surface float and the tether that connects the float
to the drogue (Pazan and Niiler 2001). The Global Drifter Data Center at the Atlantic
Oceanographic and Meteorological Laboratory of NOAA produces and maintains data files from
all drifters (8049 up to July 2004) and a Bibliography of the research papers which have used
these data for understanding ocean circulation physics:
(http://www.aoml.noaa.gov/phod/dac/drifter_bibliography.html).

From 1992 to 2002 enough drifter velocity data was accumulated that a 10-year time-mean
circulation could be computed for about 80% of the surface of the globe. These time mean
circulation data, together with wind and satellite altimeter observations, were used to compute the
absolute sea level map of the world oceans for the 2003 Climate Observation Report (Niiler et al.
2003). This sea level distribution, or surface dynamic topography, has been assimilated in a
number of Ocean General Circulation Models (OGCMs) for climate studies. For the 2004 Report
we compute and discuss the seasonal mean and El Nifio and La Nifia anomaly circulation patterns
for the tropical Pacific. These circulation data are being used to verify the ocean surface current
patterns of the OGCMs, which are employed in the prediction of ENSO.

Tropical Pacific Seasonal Currents

Modern drifter observations in the ocean current systems of the tropical Pacific began in 1978
(Hansen and Paul 1984). Since 1988, an array of over 200 drifters has been maintained within 20
degrees latitude of the equator. The objective was to measure the basin scale seasonal currents so
the circulation anomalies during El Nifio and La Nifia could be determined. On Figure 1a the
mean of the 15m depth velocity is computed from the ensemble of 6 hourly observations within
2x5 degree boxes. All the major known current systems of the tropical Pecific are displayed with
an accuracy and degree of certainty that has not been possible from any other data source (Niiler
et al. 2004).

As an aid to sailing mariners, geographers have named the east-west components of the surface
currents on Figure 1a, from south to north, as: the South Equatorial Current, the North Equatorial
Countercurrent and the North Equatorial Current. Just as important for climate studies, however,
are the north-south components, whose strength and patterns were not known before drifter
velocity observations. These poleward flows are driven directly by the Trade Winds (Ralph and
Niiler 1999) and they are warmed by solar heating as they move away from the cold, up welled
zone on the equator. They then give back their thermal energy to the atmosphere in the center of
the Trades. This pattern of heat transfer can be seen by noting on Figure 1athe angle the currents
make with the SST distribution that underlies the circulation vectors. If the vector points toward
warm water the water parcels absorb heat from the atmosphere, toward cold water if the water
parcels give up heat to the atmosphere.
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Figure 1. () Mean current velocities at 15 m depth derived from Lagrangian drifters (vectors)
overlaid on mean COADS SST (colors). (b) Pairs of boreal seasons (colors), between which the
velocity demonstrate the largest differences (vectors). (c) Velocity differences between the
October-December averages over three El Nifio (1991, 1997 and 2002) and three La Nifia (1988,
1995 and 1999) events. Vectors that are smaller than 5, 15 and 20 cm/s, correspondingly, are
shown on panels (a), (b) and (c) in blue color.

The summary of the seasonal changes on Figure 1b display that the largest changes are zonally
oriented. These occur in the South Equatoria Current between January-March (W) and April-
June (Sp) periods and North Equatorial Countercurrent between April-June (Sp) and October-
December (F) periods. A more complete description and the dynamical causes for these seasonal
changes have not been fully complete, but could be in light of these robust data sets. Changes of
zonal currents in the tropics are related most strongly to the wind stress curl changes. A central
CLIVAR modeling objective is to understand the seasonal changes of ocean circulation and these
dataarevita to averification of this modeling activity.
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The El Nifio— La Nifia Anomalies

The seasons of October-December (F) 1991, 1997 and 2002 characterize the mature El Nifio
seasons and in 1988, 1995 and 1999 mature La Nifia seasons occur during the same months. The
largest differences of the ensemble averages of the October-December seasonal velocities for the
mature El Nifio and mature La Nifia years on Figure 1c occur across the entire 5 degree latitude
band of the equator. These equatorial La Nifia current can be are over 100 cm/sec more to the
west than El Nifio currents. These changes can be caused directly by reversal or collapse of the
Southeast Trade Winds (Ralph et a. 1997) in the western Pacific or equatorial Kelvin waves that
are a result of these wind changes. Kelvin waves travel eastward over the entire extent of the
equatorial basin so current changes can be remotely forces as well. These anomalous zonal
currents are thought to cause anomalous movements of warm water across the equatorial basin
(Picaut et a. 2001). Localy these velocity changes were observed with equatorial moorings
(Wang and M cPhaden 2000), but broad latitude and longitude extent of the changes of equatorial
circulation due to the Pacific ENSO were not known before basin scale drifter velocity
observations became available.

Future of Circulation Observations

Observations of the movement of drogued drifters will continue within the Global Drifter
Program. By June 2005 the global array of drifters will be increased to, and maintained for the
foreseeable future at, 1250 elements. Together with satellite altimeter and wind observations,
these drifter data will continue to provide valuable data sets for the study of the changing
circulation patterns of the global near surface circulation.
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2.7 AIR-SEA EXCHANGE OF HEAT, FRESH WATER, MOMENTUM
by Robert C. Weller, Woods Hole Oceanographic I nstitution, Woods Hole, Massachusetts

Abstract

Exchanges of heat, freshwater, and momentum between the ocean and the atmosphere play a key
role in determining the climate of the earth and its variability. Our present knowledge of these
fluxes is poor, which is evident when high quality time series observations of these air-sea fluxes
from a surface mooring are compared against climatological values and againgt fluxes from
models (Fig. 1). The NOAA Climate Observation Program is addressing the need for accurate
observations of the exchange of heat, freshwater, and momentum between the ocean and
atmosphere by working toward a global array of such high quality surface moorings, known as
Ocean Reference Stations. These moorings, together with Volunteer Observing Ships (VOS),
will provide the data critical to developing improved maps of the air-sea fluxes; a pilot project has
produced improved maps in the Atlantic (Fig. 2). In 2004 progress was made when athird Ocean
Reference Station was deployed and work to produce global maps of fluxes began.

The ocean has a distinct role in governing the variability of the earth's atmosphere, land, and
ocean. It carries heat poleward from the equatorial regions where the sun shines most strongly. It
releases heat and moisture into the lower atmosphere to drive weather patterns, storms and
hurricanes, and longer period climate variability that includes the El Nifio-Southern Oscillation.
The ocean, which covers 70% of the earth, can store 1100 times more heat than the atmosphere
due to the larger heat capacity and density of water. The upper 2.5 m of the ocean, when warmed
1°C, thus stores an amount of heat that would raise the entire column of air above it 1°C as well.
As a consequence, an anomalously warm region of the ocean has the potential of releasing
considerable energy to the atmosphere above and thus driving the weather on short time scales
and, if the release of heat persists, atering climate. Energy to drive the atmosphere is also
transferred from the ocean by evaporation, and the ocean's role as a source of moistureis critical
to understanding weather and climate as well as the global cycle of freshwater. The ocean stores
97% of the earth's water and plays a magjor role in the global cycle of freshwater that heavily
impacts agriculture and human activities; 86% of the evaporation and 78% of the precipitation
occur over the ocean. The third exchange between the ocean and atmosphere of interest is that of
momentum, the transfer of which determines how the surface winds drive the ocean currents and
how the ocean surface provides drag to the atmosphere. The shallow, wind-driven ocean currents
are of particular interest because of their role in transporting the surface waters that are warmed
and cooled by exchanges with the atmosphere.

One god of the NOAA Climate Observation Program is to collect long, accurate time series of
the air-sea exchanges of heat, freshwater, and momentum at key locations around the world's
ocean, aiming toward 16 such sites by 2006 and building to 51 of these sites, known as ocean
reference stations. A second goal is to use these accurate observations together with surface
meteorological and air-sea flux observations from Volunteer Observing Ships (VOS) to produce
daily maps of the air-sea fluxes over the global ocean.

What are the reasons for these goals? First, these maps will show where and how much heat and
freshwater are exchanged between the ocean and atmosphere, show how the winds drive the
surface currents, and thus quantify the exchanges between the ocean and atmosphere that play
important roles in weather, climate, and the global water cycle. With this information we would
be able to document the impact on climate of anomalous heat and freshwater loss to the
atmosphere by a region of the ocean and to search for the connections across the globe between
rainfall and temperature anomalies on land and where and how much heat and freshwater was
released from the ocean. At present, due to sparse observations and large uncertainties in the
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present estimates of the air-sea exchanges, we cannot (across time scales that range from
hurricanes to decadal) determine across the globe whether or not anomalous ocean conditions
cause or result from anomalous atmospheric conditions. We look to new, accurate flux maps
with good temporal and spatial resolution to show where and when change in the ocean leads or
lags change in the atmosphere and leads to climate variability on land; this information is key to
improved prediction of climate variability.

Second, the flux maps will provide the surface forcing for numerical ocean models used to
investigate oceanic variability and the ocean's role in climate; such models are now forced using
climatologica surface fluxes or other fields of fluxes that have large uncertainties, which in turn
add uncertainty to the results of the ocean modeling. The ocean, as pointed out above, has alarge
ability to store heat. It also has a three-dimensional circulation that is much slower than that of
the atmosphere, with the deep waters being exposed to the atmosphere only every 100 years or so.
Accurate surface forcing is needed as we look to improve the ability of these ocean models to
properly simulate the mixing, overturning, and decadal and longer term transport, storage, and
release back to the atmosphere of heat and freshwater.

Third, atmospheric models are now forced at the sea surface with sea surface temperature fields
and use their own parameterizations to develop surface fluxes of heat, fresh water, and
momentum. By comparison with data from the ocean reference stations that are being deployed
by the NOAA Climate Observation Program, the air-sea fluxes in these atmospheric models are
found often to have large differences from the actual fluxes. This needs to be addressed because
many ocean modelers use the atmospheric model flux fields as their surface forcing and also
because the role of the ocean in weather and climate variability in these atmospheric models and
in climate models that use the same or similar code may not be well represented. Moreover,
accurate fields of the surface exchanges are required for evaluation of the ability of coupled
ocean-atmosphere climate models, such as those used in IPCC (Intergovernmental Panel on
Climate Change) predictions of future climate change, to simulate present day climate. Such
evaluations are necessary if we are to have confidence in the future climate change scenarios
predicted by these models.

Fourth, surface flux fields are widely used in observational studies by the oceanographic research
community studying large scale ocean circulation and its impact on climate, in synthesis with
sub-surface measurements, to determine the transports of water and heat across basin scale ocean
sections. In particular, the fields of momentum flux are required to determine the wind-driven or
Ekman component of the ocean transport, and the fields of heat, fresh water, and momentum flux
are needed to provide surface forcing conditions for analyses of hydrographic (ocean temperature
and salinity) data which use inverse techniques to estimate the transports of water with different,
characteristic temperatures and salinities.

Finally, the accurate time series from the ocean reference stations serve severa key functions: 1)
provide accurate long time series of known accuracy at key locations which are of high value as
records of variability and change in the coupling of the ocean and atmosphere, 2) help to calibrate
and validate remote sensing, 3) provide the ability to examine the realism of the air-sea fluxesin
numerical weather and climate models, 4) provide accurate records of the surface forcing to be
used in studies of oceanic response to and interaction with the atmosphere, and 5) provide critical
points across the ocean basins to use as standards and anchor sites to develop the global air-sea
flux fields through the synthesis of data from the diverse sources needed to achieve daily, global
fields.
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The context for this element of the Climate Observation Program can be illustrated by Figure 1,
which compares time series of air-sea fluxes from a surface mooring of the type being deployed
at the Ocean Reference Stations. Monthly means of wind stress (momentum flux) and net heat
flux from two state of the art numerical weather models, one from the National Center for
Environmental Prediction (NCEP) and one from the European Centre for Medium Range
Weather Forecasts (ECMWF) are plotted against the monthly means from the buoy and monthly
means from flux fields developed at Southampton Oceanography Centre (SOC) from VOS
observations. Note not only how large the differences in net heat flux are between the NCEP and
ECMWF monthly means and those of the buoy but also that the NCEP heat fluxes have the
wrong sign during June and July. Indeed the ECMWF model indicates through the year about 50
W m |ess heat into the ocean than observed, and the NCEP has a negative bias of about 100 W
m?. Errors of this size have been seen at other sites. Yet, recent ongoing efforts to understand
the dynamics of the upper ocean and the ocean'srole in climate, such as the World Ocean
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Figure 1. Monthly mean wind stress (momentum exchange) (upper) and net heat flux (positive
into the ocean) at a mooring deployed in the northern Arabian Seafor one year.

Circulation Experiment (WOCE), the Tropical Ocean-Global Atmosphere Program (TOGA), and
the Climate Variability (CLIVAR) Program have identified the need for monthly mean net heat
flux estimates to be available with accuracy of better than 10 W m2. Consistent accuracy targets
for precipitation and wind stress are 0.01 mm hr* and .01 N m?, respectively. These lead to
target accuracies for sea and air temperature of 0.1°C, for wind speed of better than 5%, for
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relative humidity of better than 3%, for incoming shortwave of better than 10 W m?, and for
incoming longwave of better than 5 W m. Some of the errors cancel, and these target accuracies
typically allow the 10 W m? goal in the net heat flux to be met at present. A more challenging
objective for the future of this effort motivated by the desire to better understand long term
climate change would be to resolve mean values of the net heat flux well enough to be able to
sense shifts in the surface radiation budget associated with changes in greenhouse gases and
aerosols, thus requiring the reduction of errorsin the net heat flux to approximately 4 W m?,

This element of the Climate Observation Program isin itsinitial phase. The goals are to deploy
and maintain the Ocean Reference Stations and, using these time series as the critical accurate
reference observations, to produce global maps of the air-sea fluxes of heat, freshwater, and
momentum. The challenge is a significant one, requiring cruises to deploy and maintain each
Ocean Reference Station once per year, requiring dedicated on the land and at sea calibration
efforts to obtain the sought after accuracies in these unattended surface moorings, and aso
requiring well-instrumented VOS that cross the ocean basins to obtain essential complementary
information about the spatial variability in the surface meteorological and air-sea fluxes and in the
differences between these observed fields and the model and remotely-sensed fields used to
synthesize global maps.

At present, one Ocean Reference Station is operating under the stratus clouds off the coast of
northern Chile (20°S, 85°W), one in the tropical western North Atlantic (15°N, 51°W), and one
north of Hawaii (23°N, 158°W). Near term plans are to complement the sensors on four existing
TAO-TRITON sites in the equatorial Pecific to qualify them as Ocean Reference Stations. A
pilot project has been conducted, using past buoy, model, and satellite data, to test and develop
the methodology of producing air-sea fluxes fields on basin scales. Figure 2 shows a comparison
of the long-term (1988 to 1997) mean sum of the latent and sensible heat flux components from a
new flux product developed by L. Yu at Woods Hole Oceanographic Institution (WHOI) with the
SOC climatology and mean fields from ECMWF and NCEP. The WHOI product produced by
data assimilation methodology compared the best against the buoy data available from this
period. This pilot project affirmed the approach being taken, and Yu is now developing global
flux fields.

As yet, the observations made under this component are sparse. The data are withheld and not
used in preparation of model fields by the operational weather and climate modeling centers.
This is done so that the Ocean Reference Station time series can serve as an independent
assessment of model performance and thus to stimulate the ongoing dialog that will motivate
improvements to these models. The sparse Ocean Reference Stations are building evidence of
biases and errors in the models at the few sites now occupied. A milestone for the project will be
when the deployed buoys cover many of the critical weather and climate regimes of the global
ocean and thus can be used to identify and fix problems in these models common to al sites as
well asto identify issues unique to specific regimes.

With sufficient funding and with new observatory technology to be developed under the Ocean
Observatory Initiative of the National Science Foundation, the deployment of the planned
numbers of Ocean Reference Stations is entirely feasible. Each site will require a regular, once
per year commitment of ship time and of on land and at sea calibration. Significant milestones
will be achieved when the Ocean Reference Stations in each basin provide time series from the
meteorological and air-sea regimes characteristic of those basins. When that is accomplished, the
time series from these moorings will provide compelling evidence to drive the process of
partnering with the atmospheric modeling community to improve the realism of those models and
to produce basin scale flux fields of the desired accuracy.
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Linkage to the climate and weather modeling communities is being actively pursued, as aretiesto
research programs seeking long time series. In part this is done through dialog with the NSF
Observatory Initiative. It is also done through the Partnership for Ocean Globa Observations
(POGO), through participation in planning for the Globa Earth Observing System, and through
participation in the World Climate Research Program Working Group on Surface Fluxes
(WGSF). The WGSF especially supports the ties between the Ocean Reference Stations and the
international climate and weather modeling efforts and the development of improved accuracies
in surface meteorological and air-sea flux measurements. The addition of attitude (pitch, roll,
heave, and mean tilts) measurements and of turbulent flux capabilities to the Ocean Reference
Stations are identified as next steps to be taken that would determine the comparability of the
radiation observations from the buoys with the land based observations of the Surface Radiation
Network and would improve flux accuracies in the low and high wind speeds where the bulk
formulae methods have remaining uncertainties.

These time series sites should be accompanied by accurate measurements from the ships that
deploy and recover the mooring to provide in-the-field calibration of the moored time series.
They should also be accompanied by improved measurements from selected VOS to obtain direct
observations of the spatial variability of the surface meteorological and air-sea flux fields.
Practical considerations require the implementation of a hierarchy of VOS observations systems.
The state of the art instrumentation of two to three long cross-basin ship lines (with preference for
the high resolution XBTs lines) in each ocean basin will provide estimates of high absolute
accuracy. A few hundred ships recruited under the VOSCIim program will have improved
instrumentation and sufficient documentation to allow any measurement biases to be quantified
and corrected through comparison with the Ocean Reference Stations. The majority of the
international VOS fleet (some six thousand ships) will continue to provide basic observations
over large areas of the world oceans which must be verified against the higher quality
observations from the specialy chosen ships and buoys. These observing efforts should be
accompanied by quality control efforts, by close interaction with the atmospheric modeling
centers and those working up remotely-sensed fields at the ocean surface, and by production of
global fields of the air-sea exchanges of hest, freshwater, and momentum that are made available
to the research and operational communities.
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Figure 2. Four maps of the long-term (1988-1997) sum of latent and sensible heat flux
components in the Atlantic basin. WHOI was produced by L. Yu at WHOI and validated against
buoy data. SOC is a climatological product based on VOS data; ECMWF and NCEP2 are
analyses based on those numerical weather prediction models.
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2.8 SEA ICE EXTENT AND THICKNESS
by Ignatius Rigor* and Jackie Richter-Menge?

'University of Washington, Seattle, WA
2 Cold Regions and Research Engineering Laboratory, Durham, New Hampshire

Abstract

Although the extent of sea ice is limited to the higher latitudes of the Arctic (Fig. 3) and
Antarctic, and covers only 7% of the global oceans, sea ice has a profound affect on the climate
of the mid-latitudes in which we live. Sea ice affects many aspects of the global climate system
through its role in maintaining global temperatures at |evels which make life on earth sustainable
and by its effect on the global thermohaline circulation which transports heat around the earth.

The extent and thickness of sea ice on the global ocean has been decreasing dramatically during
the last few decades, and the last three summers have exhibited record low seaice extent on the
Arctic Ocean. The summer of 2002 set the record minimum for the Northern Hemisphere, while
the summer of 2004 (Fig. 6) was very close to this record. The precipitous decline of seaice has
been attributed to the long-term effects of changes in wind, which have blown most of the older,
thicker sea ice out of the Arctic Ocean, and warmer temperatures melting seaice. These changes
have been associated with the increases in greenhouse gases in the atmosphere.

Introduction
Understanding the state of seaice on the global ocean is important since changes in seaice may
foreshadow changesin global climate and affect the global climate system.

The Arctic has been argued to be a harbinger of global climate change since globa climate
models predict that when the concentrations of CO, in the atmosphere doubles the Arctic would
warm by more than 5°C, compared to a warming of 2°C for subpolar regions (Manabe et al.
1991), thus the increases in global temperature can be detected in the Arctic sooner than in lower
latitudes. This enhanced warming of the Arctic was attributed to the ice-albedo feedback, a
process in which an anomal ous decrease in sea ice would increase the exposed area of the darker
ocean, increasing the amount of sun light absorbed, thus warming the ocean, melting more sea
ice, and amplifying theinitial perturbations.

Although the extent of seaice is limited to the higher latitudes of the Arctic and Antarctic, and
covers only 7% of the globa oceans, sea ice has a profound affect on the climate of the mid-
latitudes in which we live. Sea ice affects many aspects of the global climate system through its
role in maintaining global temperatures at levels, which make life on earth sustainable and by its
effect on the global thermohaline circulation which transports heat around the earth (Aagaard and
Carmack 1994).

Figure 1 shows some of the connections between the Arctic and the global climate system. Excess
heat from the sun absorbed at lower latitudes is transported poleward by the atmosphere and
ocean where it is radiated back out to space. Sea ice has a higher albedo (reflectivity) than the
darker ocean (Fig. 2), and hence its presence reduces the amount of sunlight absorbed by the sea
ice covered ocean, thus allowing the earth cool more efficiently. However, seaice also insulates

67



Figure 1. Schematic of Arctic connectionsto global climate. In the horizontal place, the extent of
sea ice in winter is shown by the shaded region and the mean surface circulation by arrows.
Sections of the North Pacific and the North Atlantic extend through Bering and Fram straits,
respectively. The subarctic front separates the salt-stratified upper waters of the arctic and the
subarctic oceans from the temperature-stratified upper waters of the subtropical oceans. The
components of the freshwater balance include runoff (R), precipitation (P), evaporation (E),
storage in the upper North Pacific (Fyp), and Arctic Ocean (F,o), and the North Atlantic (Fya),
and the horizontal freshwater fluxes (Q,, and Q,,). Shaded ovals indicate the present sites of
convection in the Greenland and | celand seas (from Aagaard and Carmack 1994).

Sea Ice Concentration Anomaly (percent)

e — ]
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Figure 2. The record minimum sea ice extent in the Northern Hemisphere in September 2002.
Image provided by National Aeronautic and Space Administration, http://www.nasa.gov.
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the colder atmosphere from the warmer ocean thus reducing the amount of heat lost to space.
These opposing processes underscore the complexity of the Arctic and global climate system.

Sea ice affects the global thermohaline circulation through its effect on the salt and fresh water
budget of the global ocean (Aagaard and Carmack 1994). As seaice grows, salt is expelled from
the seaice into the ocean. Since seaice primarily grows on the Arctic Ocean, it expels most of its
salt in this area. The fresher sea ice is then transported towards Fram Strait and the convective
regions in the Greenland and Labrador seas (North Atlantic, Figs. 1-3). The melting ice provides
a source of fresh water, which is less dense than sea water and may hinder the formation of deep
water, thereby slowing the globa thermohaline circulation, thus reducing the amount of heat
transported by the ocean from the tropics to the higher latitudes (Aagaard and Carmack 1994;
Kwok and Rothrock 1999; Belkin 2004).

Figure 3. Climatological mean sea ice extent and geography of the Arctic. The extent of seaice
varies by season and from year to year. The seasonal mean sea ice extent lines define the
boundary within which seaice has been observed during at least half the seasons on record (1901
—2002), the seasonal minimum lines define the boundary within which seaice has been observed
during all seasons, and seasonal maximum lines define the boundary within which sea ice has
been observed at least once (Rigor 2004).

Seaice also has a direct and significant impact on wildlife and people. Many species and cultures
depend on the sea ice for habitat and subsistence. The lack of seaice in an area along the coast
may expose the coast line to ocean waves which may threaten low lying coastal towns and
accelerate the rate of erosion (Lynch et a. 2003). And from a globa economic viewpoint, the
lack of sea ice during summer makes the Arctic more accessible for navigation; these shipping
routes are as much as 60% shorter from Europe to Asia and the west coast of America, compared
to the tradition routes through the Suez and Panama canals (ACIA 2004).
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Climatology of Sealce

The state of sea ice in the globa climate system can be summarized by its areal extent and
thickness, which vary with the seasons and from year-to-year. For the Arctic, the extent of seaice
can readily be estimated from the observational records from 1901 to 1999, compiled by Walsh
(1978, updated) and from passive microwave satellite data, which are available from 1979 to the
present (Comiso 1995, updated). The average extent of seaice estimated from these data varies
from 7.5 x 10° km? during the summer minimum in September (Fig. 3), when seaicein the Arctic
istypically only found in the interior of the Arctic Ocean and in the Greenland Sea, to 15.5 x 10°
km? during the winter maximum in March when ice in the Arctic extends south to cover the Sea
of Okhotsk, the northern reaches of the Bering Sea, Baffin Bay, the Labrador Sea and a part of
the North Atlantic.

For the Antarctic, long-term records of sea ice extent are limited to the satellite data. Sea ice
extent ranges from 3.8 x 10° km? during the Southern Hemisphere summer minimum in March to
19 x 10° km? during the winter maximum in September (Comiso 2003). In contrast to the Arctic,
most of the seaice in the Antarctic grows during winter and does not persist from year-to-year.

In comparison to observations of seaice extent, long-term records of sea ice thickness are limited
in space and time to data collected by occasiona submarine cruises under the sea ice and field
studies on the sea ice, by ice profiling sonars which are moored to the sea floor, and by buoys
drifting with the sea ice. However, using satellite altimeter data, which are available from 1993—
2001, Laxon et a. (2003) were able to estimate the climatology of Arctic sea ice thickness. They
show that the sea ice typically ranges from 1-5 m in thickness, depending on the region, season
and year. The ice is thickest along the Canadian Archipelago where sea ice tends to raft against
the coast, and thinnest north of Siberia and Alaska where the ice tends to drift away from the
coast.

In the Antarctic, Wadhams (1994) reported that sea ice in the Antarctic is typically less 0.6 m,
and large ridges of seaice are rare. The thinnest seaice is typically found on the periphery of the
seaice pack, which are at warmer latitudes, while the thickest sea adjacent to the continent where
the sea ice is sporadically compressed against the coast (Hass 2003). Since Antarctic sea ice is
much thinner than in the Arctic, this limits the reliability of satellite altimeters for estimating sea
ice thickness over the Southern Ocean.

Variationsin Sealce

The state of the Arctic seaice pack is determined by the effects of the atmosphere and ocean upon
the seaice on various time scales. As the seaice drifts over the Arctic Ocean, its motion is driven
primarily by the surface winds, which account for 70% of the day-to-day variance (Thorndike and
Colony 1982). On time scales of days to weeks, wind stresses from storms (Shy and Walsh 1996)
produce ridges, which thicken sea ice, and areas of open water, which quickly freeze up during
winter. Together, these changes act to increase the overall volume of sea ice within a specified
area. Ridging tends to occur preferentially during storms, when the wind stress is strong enough
to produce large deformations in the sea ice. The number of storms that any given parcel of ice
has experienced is cumulative, and hence the amount of ridged ice tends to increase with the age
of the ice. The thicker, ridged ice provides stronger insulation for the atmosphere, but a
significant amount of heat is still lost to the atmosphere through the cracks in which new seaice
may grow. During spring and summer, the presence of open water allows more solar energy to be
absorbed and stored in the ocean mixed layer, thereby prolonging the melt season, and further
increasing the annually integrated absorption of solar radiation.

Many of the changes in Arctic climate and sea ice on all time scales have been attributed to the
Arctic Oscillation (AO, Thompson and Wallace 1998), which has been identified as the primary
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mode of variability of Northern Hemisphere atmospheric circulation. Over the Arctic Ocean, the
AO explains more than 54% of the variance in sea level pressure during winter, and 36% during
winter and thus many of the changes in Arctic climate such as the increases in surface air
temperature and the decreases in seaice extent and thickness are highly correlated with variations
in the AO through the advection of heat and redistribution of sea ice by the wind (Rigor et a.
2002).

Dramatic changes in Arctic sea ice have been documented during the last few decades. Seaice
thickness has decreased by over 40% when the submarine ice profiling sonar records from the
19931997 are compared to the records from 1958-1976 (Rothrock et al. 1999). The annual
average extent of sea ice has decreased by 8% per decade, and these decreases are larger during
summer, 15-20% per decade over the past 30 years (ACIA 2004). Taken together, these studies
imply a precipitous decline in total volume of sea ice on the Arctic Ocean. The decline of Arctic
sea ice has been attributed to the warmer air temperatures that have been observed (e.g., Rigor et
al. 2000, and Jones et al. 1999), which may have thinned and decreased the area of seaice (ACIA
2004), but there is aso some evidence that changes in the circulation of sea ice on the Arctic
Ocean driven by changes in winds over the Northern Hemisphere are also important in explaining
the recent minima in summer sea ice extent. In contrast, the trends in Antarctic sea ice extent
from 1979 to 2000 are insignificant (Comiso 2003).

The last three summers have exhibited record low sea ice extent on the Arctic Ocean. The
summer of 2002 set the record minimum for the Northern Hemisphere, while the summer of 2004
was close to the record and had less sea ice over the Arctic Ocean than in 2002, but more seaice
was observed in the Canadian Archipelago and in the Laptev Sea. In Figure 4 we show the trends
in summer Arctic seaice concentration from 1979-2002 (Rigor and Wallace 2004). The strongest
trends are observed north of Alaska, and are typically associated with winds coming from
southeast, which carry warm continental air onto the Arctic Ocean, and also blow the sea ice
away from the coast towards the northwest (e.g., Drobot and Maslanik 2003). However, during
the summer of 2002, the air was actually colder over this area, and the winds came from the
northwest, which tended to blow the seaice towards the Alaskan coast and yet a record minimum
in seaice extent was observed.

To explain this apparent discrepancy between the atmospheric forcing and sea ice extent during
the summer of 2002, Rigor and Wallace (2004) hypothesized that there may have been a change
in the character of the sea ice drifting towards the Alaskan coast. Given the paucity of
observations of sea ice thickness, they used the drift of buoys to estimate the age of seaice as a
proxy for sea ice thickness (sea ice thickens with age). In this study, they showed that the area
covered by older, thicker sea ice decreased dramatically in the early 1990's with the step to high
Arctic Oscillation conditions. The winds during this period blew most of the older, thicker seaice
out of the Arctic Ocean, and new, thinner seaice grew in its place. Then during the recent years,
this younger, thinner sea ice was observed to drift towards the Alaska coast, where the extensive
decrease in sea ice extent was observed during the summer of 2002 and 2003, even though
temperatures were locally colder than normal. Rigor and Wallace (2004) argue that the sea ice
recirculating towards the Alaskan coast is simply not thick enough to survive the summer. The
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Figure 4. Trends in September sea ice concentration from 1979-2002. Adapted from Rigor and
Wallace (2004).

age and thickness of seaice explains more than half of the variance of summer seaice extent. The
younger, thinner state of most of the seaice on the Arctic Ocean persists through today.

Rigor and Wallace (2004) show that the recent minimain Arctic sea ice extent may be attributed
more to a change in atmospheric circulation sweeping most of the older, thicker seaice out of the
Arctic Ocean, rather than warmer temperatures melting seaice. However, this does not imply that
the decline of Arctic seaice is not related to the increase in greenhouse gases, since the changes
in atmospheric circulation have been attributed to the AO, and there is a growing amount of
evidence that greenhouse warming favors high AO conditions.
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Figure 5. Estimated age of seaice on the Arctic Ocean in 1987 & 2001. Adapted from Rigor and
Wallace (2004).
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CHAPTER 3
THE STATE OF THE OBSERVING SYSTEM

Project Summaries, FY 2004 Progress, FY 2005 Plans

This chapter is comprised of FY 2004 progress reports followed by FY 2005 plans submitted by
scientists funded by NOAA'’s Climate Observation Program. A request for annua progress
reports was issued in late August 2004 (see Appendix D). Excerpts from the submitted reports
are presented here summarizing efforts focused on enhancement of the global ocean observing
system for climate.

The chapter begins with a report describing the Office of Climate Observation’s Climate
Observation Program, the primary sponsor of the documented projects, followed by a table of
OCO-funded projects and their accompanying web sites. The reports that follow are in
alphabetical order based on the Principal Investigator’s last name.

PROGRAM OVERVIEW
FY 2004 PROGRESS

Office of Climate Observation, Climate Observation Program
by Mike Johnson, Office of Climate Observation, Silver Spring, MD

Introduction

This report provides an annua progress report and work plan for NOAA’s Climate Observation
Program. The program was initiated by the Office of Global Programs (OGP) with Climate and
Global Change (C&GC) funding in 1998. Since then the program has grown to include funding
accounted for within five separate budget lines. This report presents the composite Program as
managed through the Office of Climate Observation (OCO).

Program Description

Goal and Objectives:
The goa of the program is to build and sustain a globa climate observing system that will
respond to the long term observational requirements of the operational forecast centers,
international research programs, and major scientific assessments. The Climate Observation
Program focuses on building the ocean component. The program objectives are to:

» document long term trends in sealevel change;

document ocean carbon sources and sinks;
» document the ocean’s storage and global transport of heat and fresh water;
» document ocean-atmosphere exchange of heat and fresh water.

Specific issues, requirements, and customer need motivating the program:

The ocean is the memory of the climate system and is second only to the sun in effecting
variability in the seasons and long-term climate change. In order for NOAA to fulfill its climate
mission, the global ocean must be observed. At present, the Climate Observation Program is



arguably the world leader in supporting implementation of the in situ elements of the global
ocean climate observing system.

The Climate Goa via the Climate Observation Program provides the major part of NOAA’s
contribution to the global component of the U.S. Integrated Ocean Observing System (100S).
The observing system being put in place for climate requirements also supports global weather
prediction, marine services, military applications, globa and coastal ocean prediction, marine
hazard warning systems (e.g., tsunami warning), and marine environmental monitoring, among
other things. Many non-climate users also depend on the baseline composite system that is
nominaly referred to as the globa ocean climate observing system.

The ocean climate observing system needs to have the capability to deliver continuous
instrumental records and analyses accurately documenting:
» Sealevel toidentify changes resulting from climate variability.
»  Ocean carbon content every ten years and the air-sea exchange seasonally.
» Sea surface temperature and surface currents to identify significant patterns of climate
variability.
» Sea surface pressure and air-sea exchanges of heat, momentum, and fresh water to
identity changesin forcing function driving ocean conditions and atmospheric conditions.
* Ocean heat and fresh water content and transports to: 1) identify changes in the global
water cycle; 2) identify changed in thermohaline circulation and monitor for indications
of possible abrupt climate change; and 3) identify where anomalies enter the ocean, how
they move and are transformed, and where they re-emerge to interact with the
atmosphere.
* Seaicethickness and concentrations.

Present ocean observations are not adequate to deliver these products with confidence. The
fundamental deficiency is lack of global coverage by the in situ networks. Present international
efforts constitute only about 48% of what is needed in the ice-free oceans and 11% in the Arctic.
The Second Report on the Adequacy of the Global Observing System for Climate in Support of
the UNFCCC concludes that “the ocean networks lack global coverage and commitment to
sustained operations...Without urgent action to address these findings, the Parties will lack the
information necessary to effectively plan for and manage their response to climate change.” The
Strategic Plan for the U.S. Climate Change Science Program calls for “complete global coverage
of the oceans with moored, drifting, and ship-based networks.”

The 2003 Earth Observation Summit raised to the highest levels of governments the awareness of
the need for a global observation system. The climate question is high on the political agendas of
many nations and can be answered authoritatively only by sustained earth observation. The Earth
Observation Summit reaffirmed NOAA's leadership and commitment to fulfilling the need for
globa coverage and the Climate Observation Program is NOAA’s management tool for
implementing the ocean component.

In response to the Second Adequacy Report, international GCOS produce the Implementation
Plan for the Global Observing System for Climate in support of the UNFCCC (GCOS-92).
GCO0S-92 was published in October 2004. It has been endorsed by the UNFCCC; and it is
expected to be endorsed by the Earth Observation Summit Il in Brussels, in February 2005. In
particular:
1. The UNFCCC, Decision CP.10, “Encourages Parties to strengthen their efforts to address
the prioritiesidentified in the [GCOS] implementation plan, and to implement the priority
elements ...”
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2. Thedraft Global Earth Observation System of Systems (GEOSS) 10-Year |mplementation
Plan, 6-year targets include: “ Support implementation of actions called for in GCOS-92.”

OCO's Program Plan for Building a Sustained Ocean Observing System for Climate is in
complete accord with GCOS-92 and provides the framework for NOAA contributions to the
international effort. In particular 21 of the specific actions listed in the GCOS-92 ocean chapter
(pages 56-84) are being acted upon by the Climate Observation Program in cooperation with the
implementation panels of the Joint WMO/IOC Technical Commission for Oceanography and
Marine Meteorology (JCOMM), the International Ocean Carbon Coordination Project (IOCCP),
and the Climate Variability and Predictability (CLIVAR) Program. These specific GCOS-92
actions now provide an excellent roadmap to guide observing system work over the next five
years. GCOS-92 is accessible via link from the OCO web site: www.oco.noaa.gov -- click on
“Reports & Products.”

Partner ships:

The Climate Observation Program is managed as an inter-LO, interagency, and international
effort. The Climate Goal, through the Climate Observation Program, provides the backbone of
the Global Component of NOAA'’s Integrated Ocean Observing System (100S) project. The
work of 19 distributed centers of expertise and 151 people is supported through the Program.
Presently most NOAA contributions to the globa system are being implemented by the OAR
laboratories, joint ingtitutes, universities and business partners. NOS, NMFS, and NWS maintain
observational infrastructure for ecosystems, transportation, marine services and coastal
forecasting that do or have potential to contribute to climate observation. NOS sea level
measurements in particular provide one of the best and longest climate records existent. NESDIS
data centers are essential. NMAO ship operations are necessary for supporting ocean work.
NESDIS and NPOESS continuous satellite missions are needed to provide the remote sensing
that complements the in situ measurements.

International and interagency partnerships are central to the Climate Observation Program
implementation strategy. All of the Program’s contributionsto global observation are managed in
cooperation internationally with the Joint WMO/IOC Technical Commission for Oceanography
and Marine Meteorology (JCOMM), and nationally with the U.S. Integrated Ocean Observing
System (100S). NSF has initiated their Ocean Observatories Initiative (OOI), which will
potentially provide significant infrastructure in support of ocean climate observation, beginning in
FY 2006. The ongoing NSF-NOAA cooperative project for CLIVAR-carbon ocean surveys has
proved to be an interagency-international-interdisciplinary success. ONR maintains a GODAE
data server at Monterey that needs to be sustained after the experiment period (2003-2007) as
permanent international infrastructure. The UNOLS fleet provides ship support for ocean
operations. NASA'’s development of remote sensing techniquesis key.

Focus of the Program:

» Extending the in situ networks to achieve global coverage — moored and drifting buoys,
profiling floats, tide gauges stations, and repeated ship lines. The networks areillustrated
inFigure 1.

» Building associated data and assimilation subsystems.

» Building observing system management and product delivery infrastructure.

Linkageto NOAA strategic goals:
* NOAA's Mission Goal 2 — “Understand climate variability and change to enhance
society’s ability to plan and respond.”
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* NOAA Strategy — Monitor and Observe: “We will invest in high-quality, long-term
climate observations and will encourage other national and internationa investments to
provide a comprehensive observing system in support of climate assessments and
forecasts.”

Intended program outcomes and perfor mance measures:
* Qutcome -- A sustained global system of complementary in situ, satelite, data, and
modeling subsystems adequate to accurately document the state of the ocean and force
climate models.
*  Peformance Measures:
* Reducethe error in global measurement of sea surface temperature.
* Reducethe error in globa measurement of sealevel change
* Reduce the error in globa measurement of ocean carbon sources and sinks
* Reduce the error in global measurement of ocean heat content and transport

Global Ocean Observing System for Climate
Now 48% complete. Wi

Sea Surface Temperature, Sea
Surface Height, Surface

l Vector Wind, Sea ice, and
Ocean Color from Space

Tide Sauge Network
3%3° Argo Profiling Flog Array

58 Yhcomplete
52% complete

A
®

5%5° Surface Drifting Buoy Acray < 79 %complete
u]

Moored Buoy Existing o Flarned
Ocean Reference Station ¢ Exigting ¢ Plarned
High Resolution XBT and Flux Line  gem Existing = Plarned
Frequently Repeated XBT Line Existing Plarned
Carbon Irvertory & Deep Ocean Line g g Slobal Survey @ 10 years

Figurel

Schedule and milestones: “FY 2006 Current Program” contained in the Climate Goal
Program Plan.
Year 2003 2004 2005 2006 2007 2008 2009 2010
System % complete: 45 48 53 55 63 65 68 73

Communications plan for providing information to decision makers (government and non-
gover nment):

The observing system delivers the “up front” information to the forecast centers, research
programs, and assessments. In the past, the program has depended largely on these partner
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Climate Program Components to develop and deliver information products that are user-friendly
for management and policy decisions. During FY 2003, however, the need was identified for the
program to begin addressing the development of climate data records and analyses as first order
products in addition to depending on the forecast, research, and assessment partners for climate
product delivery. In 2004, the OCO produced the first Annual Report on the State of the Ocean
and the Ocean Observing System for Climate. This first report for the fiscal year 2003 was a
demonstration project; it proved highly successful; the project will be continued documenting the
state of the ocean and reporting on observing system progress annually. The annua reports
include sections targeted for three audiences: 1) decision-makers and non-scientist, 2) scientists,
3) observing system managers.

How implementation is being accomplished:

The “Networks” are managed by 19 distributed centers of expertise at the NOAA Labs, Centers,
Joint Institutes, universities and business partners. The “System” is centrally managed at the
Office of Climate Observation (OCO), a project office within the NOAA Climate Program
Office.

Whereit isbeing done (lab, university, joint institute):

AOML, PMEL, ETL, JMAR (University of Hawaii), JMO (Scripps Institution of
Oceanography), CICOR (Woods Hole Oceanographic Institution), JSAO (University of
Washington), CIMAS (University of Miami), CICAR (Columbia University), NCDC, NODC,
CO-OPS, AMC, PMC, NDBC, NCEP, FSU (Florida State University), SAl (Service Argos Inc.)
and OCO.

By whom (detail on number and type of personnel involved):
» 45Federa FTEs
* 103 non-Federal FTEs
e 2 Contract FTEs and 1 Federal seconded FTE at international coordination offices

Customers, NOAA and non-NOAA, served:
*  Operational forecast centers (e.g.,, NCEP, ECMWF, BoM, IMA)
* International research programs (e.g., CLIVAR, GEWEX, ASOF)
» Major scientific assessments — national and internationa (e.g., IPCC)

Potential benefits:

The Nations of the world will have the quantitative information necessary to: 1) forecast and
assess climate variability and change, and 2) effectively plan for and manage their response to
climate change.

FY 2004 Accomplishments:

Incremental advances were accomplished across al of the networks. These advancements are
documented in the individual progress reports that follow. The ocean system overall advanced
from 45% complete in FY 2003 to 48% complete in FY 2004.

The new Office of Climate Observation (OCO) was officially opened at 1100 Wayne Avenue,
Silver Spring, on April 14, 2004. Seven personnel were assigned to the OCO, six in Silver Spring
and one detailed to the IOC at UNESCO in Pearis to serve on the JCOMM secretariat. The OCO
staff consists of three Federal employees, one IPA scientist, two contracted technical experts, and
one program management intern detailed to the OCO from JAMSTEC. The OCO management
plan provides for development of system-wide services to:
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* Monitor the status of the globally distributed networks; report system statistics and
metrics routinely and on demand.

» Evauate the effectiveness of the system; recommend i mprovements.

* Advance the multi-year Program Plan; evolve the in situ networks through directed
funding;

» Focusintra-agency, interagency, and international coordination.

» Organize external review and user feedback.

* Produce annual reports on the state of the ocean and the adequacy of the observing
system for climate.

The second Annual System Review was conducted April 13-15 in Silver Spring. This meeting
brought together project managers to discuss system-wide issues and engage in program strategic
planning. It also provided the annually scheduled forum for observing system users to provide
feedback and discuss their requirements and recommendations for system evolution with the
project managers. Review of the NDBC and PMEL plan for transition of TAO operations from
PMEL to NDBC was a major topic of discussion during the 2004 Annual Review. The issue of
the gap in delivery of ocean analyses as an end product of ocean observations was also a mgjor
part of the strategic discussions. The Climate Observation Program in FY 2005 will begin a
program of ocean analysis work to ensure that this gap getsfilled.

During the Annua System Review, the OCO sponsored an external review of the NDBC/PMEL
TAO Transition Planning. The review panel consisted of the Climate Observing System Council
(COSC) members plus invited experts including international partners from JAMSTEC and the
IOC. Asaresult of the review the Transition Plan was modified to address recommendations of
the panel and then a second quick turn around review of the modified plan was conducted by the
COSC in September before the plan was presented to NOAA management for approval.

In cooperation with the international GCOS program office in Geneva, the OCO developed a
specia web page in support of the GCOS Implementation Plan for the Global Observing System
for Climate in Support of the UNFCCC (GCOS-92). The OCO web page,
WWW.0C0.noaa.gov/page_status reports global.jsp, provides up-to date globa maps and
summary statistics from JCOMMOPS and other observing system partners contributing to
international implementation of GCOS-92.

A demonstration project was initiated at OCO in cooperation with the GOOS Program Office at
UNESCO and JCOMMOPS in Toulouse, to routinely report on progress of the observing system
and contributions by countries. A consolidated report is now available on the OCO web site,
accessible via the international portal at www.jcommops.org/network_status, which lists the 64
countries and the European Union that maintain elements of the composite ocean observing
system and the number platforms and expendables contributed by each country. It isthe intent of
the OCO to develop a routine to update this report quarterly. This report allows tracking of
progress toward international implementation of the ocean system specified in GCOS-92.
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Table 3.1. Thistable provides names of Pls (in a phabetical order), the title of their funded
projects, and websites linked with their projects.

Office of Climate Observation — 2004 Funded Proj ects

Principal i
I nvestigator/ ii. Titleof Project Project Website
Co-Principal
I nvestigator (s)
Baringer, Molly Atlantic High Density XBT Lines | http://www.aoml.noaa.gov/phod/hdenxbt/

Goni, Gustavo
Garzoli, Silvia

Baringer, Molly
Johns, Elizabeth
Meinen,
Christopher
Garzoli, Silvia

Western Boundary Time Seriesin

the Atlantic Ocean

http://www.aoml.noaa.gov/phod/floridacurrent/

Bernard, Landry

The Tropical Atmosphere Ocean

(TAQO) Array

http://www.pmel.noaa.gov/tao/

Cook, Steven
Molinari, Robert

ENSO Observing System, XBT
component

http://seas.amverseas.noaa.gov/seas/goospl ots.ht
ml

Associated projects:

http://ww.jcommops.org
http://seas.amverseas.noaa.gov/seas
http://www-hrx.ucsd.edu
http://www.cmdl.noaa.gov
http://www://sahfos.org
http://www.aoml.noaa.gov/phod/benchmarks/ind
ex.html

Consortium on the Ocean’s Role in Climate (CORC)

Cayan, Daniel

Cornuelle, Bruce
Stammer, Detlef
Miller, Art

Davis, Russ

Niiler, Pearn

Roemmich, Dean

Rudnick, Daniel

Schmitt, Ray

1. CORC: Surface Fluxes and
Analysis

2. CORC: Four-Dimensional
Variational (ADVAR) Data
Assimilation in the Tropical
Pacific

3. CORC: Underwater Gliders
for Monitoring Ocean Climate

4. CORC: Drifter Observations

5. CORC: High Resolution
XBT/XCTD (HRX) Transects

6. CORC: Development of an
Underway CTD

7. CORC: Lagrangian Salinity
Profiling: Evaluation of Sensor
Performance

Data distributed by:
ftp://tenaya.ucsd.edu/pub

www.Spray.UCSD.edu

http://www-hrx.ucsd.edu
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Weller, Robert 8. CORC: Observations of Air- http://uop.whoi.edu/vos/

Bahr, Frank Sea Fluxes and the Surface of http://frodo.whoi.edu

Hosom, David the Ocean ftp.whoi.edu/pub/users/fbahr/V OS
Cronin, Meghan Flux Mooring for the North http://www.pmel.noaa.gov/keo

Meinig, Christian
Sabine, Christopher

Pacific’'s Western Boundary
Current: Kuroshio Extension
Observatory (KEO)

Fairal, Chris High Resolution Climate Data http://www.etl.noaa.gov/et6/air-seal
from Research and Volunteer
Observing Ships

Feely, Richard Global Repeat

Wanninkhof, Rik Hydrographic/CO,/Tracer

Sabine, Chris Surveysin Support of CLIVAR

Johnson, Gregory and Global Carbon Cycle

Baringer, Molly Objectives: Carbon Inventories

Bullister, John and Fluxes

Mordy, Calvin

Zhang, Jia-Zhong

Garzoli, Silvia
Molinari, Robert

Surface Drifter Program

www.aoml.noaa.gov/phod/dac/
http://www.aoml .noaa.gov/phod/trinanes/java.html

Gill, Stephen National Water Level Program http://tidesandcurrents.noaa.gov
Zervas, Chris Support Towards Building a http://www.co-
Sustained Ocean Observing 0ps.nos.noaa.gov/sltrends/sltrends.shtml
System for Climate
Hankin, Steve An End-to-End Data http://cdiac3.ornl .gov/underway/servl ets/dataset
Feely, Dick Management System for Ocean | http://mercury.ornl.gov/ocean/
Kozyr, Alex pCO, Measurements http://www ferret.noaa.gov/Ferret/LAS/CDIAC L

Peng, Tsung-Hung

AS

Harrison, Ed

Observing System Research
Studies

Kermond, John

Teachers at Sea

www.tas.noaa.gov

Kern, Kevin
Hankin, Steve

Progress Report for the
Observing System Monitoring
Center (OSMCQC)

http://osmc.noaa.gov/OSM C/

McPhaden, Michagl

An Indian Ocean Moored Buoy
Array for Climate

ftp://ftp.marine.csiro.au/pub/meyers/| mplementatio
n%20P| an/

McPhaden, Michagl

Pilot Research Moored Array in
the Tropical Atlantic (PIRATA)

http://www.pmel.noaa.gov/pirata/
http://www.pmel.noaa.gov/tao/

Merrifield, Mark The University of Hawaii Sea http://uhd c.soest.hawaii.edu
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.1a. Atlantic High Density XBT Lines
by Molly Baringer, Gustavo Goni and Silvia Garzoli

PROJECT SUMMARY

This program is designed to measure the upper ocean thermal structure in key regions of the
Atlantic Ocean (Figure 1). The seasona to interannual variability in upper ocean heat content
and transport is monitored to understand how the ocean responds to changes in atmospheric and
oceanic conditions and how the ocean response may feedback to the important climate
fluctuations such as the NAO. This increased understanding is crucial to improving climate
prediction models. Within this context, five XBT lines have been chosen to monitor propertiesin
the upper layers of the Atlantic Ocean. The continuation of AX07 and AX10 and the
implementation of AX08 and AX18 were recommended at the Meeting of the Ocean Observing
System for Climate held in St. Raphael in 1999.

Figure 1. Location of high density XBT lines AX07, AX08, AX10, AX18, and AX25.

The high-density line AX07 is located nominally along 30°N extending from the Straits of
Gibraltar in the eastern Atlantic to the east coast of the United States at Miami, Florida. This
latitude is ideal for monitoring heat flux variability in the Atlantic because it lies near the center
of the subtropical gyre, which has been shown to be the latitude of the maximum poleward heat
flux in the Atlantic Ocean.

The high-density line AX10 is located between the New York City and Puerto Rico. This line
closes off the United States eastern seaboard, where subtropical temperature anomalies could
have the greatest interaction with the atmosphere. This line was chosen to monitor the location of
the Gulf Stream and itslink to the NAO.

The high-density line AX08, part of the Tropical Atlantic Observing System, crosses the tropical
Atlantic in a NW-SE direction between North America and South Africa. Historical data along
AX08 and other historical temperature observations in the tropics exhibit decadal and multi-
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decadal signals. It has been hypothesized that this large time scale signal may cause atmospheric
variability. Given the importance of the tropical Atlantic in climate variability, and the scarcity
of observations in this region, data obtained from the measurements along this line are key to
improve our understanding of the ocean and ability of climate forecast. Temperature profiles
obtained from this line will help to monitor the main zonal currents and undercurrents in the
tropical Atlantic and to investigate their spatial and temporal variability.

The high-density XBT line AX18, which runs between Cape Town and South America
(Montevideo, Uruguay, or Buenos Aires, Argentina) is geared towards improving the current
climate observing system in the South Atlantic, a region of poor data coverage. The main
objective of this line is to monitor the meridional mass and hesat transport in the upper 800 m
across 30S. Given the importance of the South Atlantic and the scarcity of observations in this
region, data obtained from the measurements along this line will be used to investigate the role of
the South Atlantic in improving climate forecasts.

The AX25 line was implemented to measure changes in the variability in the upper layer
interocean exchanges between South Africa and Antarctica on seasonal and interannua time
scales. In addition, by exploiting the relationship between upper ocean temperature and dynamic
height, XBTs can be used to infer velocities even in the Southern Ocean where salinity changes
are important. In this way XBT sections can be used to measure changes in oceanic heat
transport.

The global atmospheric and oceanic data from Ships of Opportunity (SOOP) have been the
foundation for understanding long-term changes in marine climate. This program is a direct
component of the NOAA's Program Plan for building a sustained Ocean Observing System for
Climate and directly addresses one of its milestones:

« Occupy 41 volunteer observing ship (VOS) lines for high accuracy upper ocean and
surface meteorological observations, by 2007 (Figure 2).

Global Ocean Observing System
for Climate and Marine Services
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Figure2. NOAA's Gl obal Observmg System for Cllmate
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The Global Ocean Observing System (GOOS) Center and its integral components, the Global
Drifter Program (GDP) and Voluntary Observing Ship (VOS) XBT Program are both
participating members of JCOMM and JCOMMOPS. The VOS XBT program is represented
annually at the WMO/IOC Ship Observations Team (SOT) meeting. AOML presently Chair the
Ship of Opportunity Implementation Panel (SOOPIP).

Responsible institutions:

NOAA/AOML is solely responsible for managing al aspects of this project. International
partners collaborate in maintaining these lines: The Hydrographic Naval Office (SHN) of
Argentina, the University of Cape Town, and the South African Weather Service are currently
collaborating with this program.

Project web site:
http://www.aoml.noaa.gov/phod/hdenxbt/

I nteragency and international partnerships:

Several agencies are currently collaborating with this project. The Argentine Hydrographic
Office (SHN) provides the personnel to deploy the XBTs in AX18. The South African
Meteorological Service is our contact in Cape Town and Durban to store the equipment in
between transects and to provide ship riders.

Relation to the Ten Climate Monitoring Principles:

High-density line AX07 and AX10 have been maintained since 1994 and 1996, respectively,
providing a homogeneous data set for ailmost a decade. Sustained observations from these and
the other two high-density lines are required to have observations with adequate spatial and
temporal resolution for climate studies. High-density observations in AX08, AX18, and AX25
provide data in poorly surveyed regions. Data are of easy access, interpretation and visualization.
AOML has the facilities, personnel and infrastructure to maintain a stable, long-term commitment
to these observations.

FY 2004 PROGRESS

I nstrument/platform acquisitionsfor FY 2004 and locations wher e XBTs wer e deployed:

Line Number XBTslaunched
AXO07 1173®

AX08 1189@

AX10 425

AX18 7250

AX25 188

(1) Includes 143 XBTs deployed during September 2003, which were not included in last year’'s
report. (2) Includes an estimate number of 300 XBTs from a recently finished transect that has
not been processed yet. (3) Includes an estimate number of 180 XBTs from an underway transect.

The exact locations of XBT deployments are shown on the web page corresponding to each line
(Figure 3).
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AX8 XBT Positions AX7 XBT Positions Ax10 XBT Positions

AX18 XBT Positions AX25 XBT Positions
I 10'S

15'S
20°S
25°'S
30°S
35°S

3 l 40°'S
45'S

60'W 40'W 20'W 0 20'E

» B B B B B WBBDD DB O
S— —— ——_—

Figure 3. Location of XBT deployment for XBT lines
AX07, AX08, AX10, AX18 and AX25

Data:

The temperature profiles specifications include depths from 0 to 750 m., although sometimes
temperatures can be recorded as deep as 800 m. Data are stored on the computer system on the
ships on which we have installed Shipboard Environmental data Acquisition (SEAS) Systems.
The real-time data are transmitted via Standard C and are distributed on the GTS and the delayed
mode or full resolution data are stored at the National Oceanographic Data Center (NODC). Data
are also kept at AOML and provided through a web page approximately two weeks after each
transect is finished.

Project Costs:
Please refer to the Proposed Budgets for information on anticipated and unanticipated project
costs.

Ships of Opportunity:

These transects are occupied by ships of opportunity. The AX07, AX08, AX10, AX18, and
AX25 transects last, in average, approximately 10, 17, 3, 11, and 15 days. We aso provide
information to them on how the data obtained from these high density cruises are used to improve
weather and climate forecast.

The search for ships of opportunity remains an issue as ships constantly change routes. A major

effort is required to contact Shipping Lines that cover the transects. The coordination necessary
among multiple groups using ship facilitiesis handled by high-density personnel.
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Resear ch Highlights:

High density XBT data allows us to compute statistical information about the independent spatial
scales that is necessary for data assimilation and mapping. Below is an example (Figure 4) of the
decorrelation length scale determined along AXO07 indicating that the spatial scales are depth

dependent.
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Figure 4. Decorrelation length scale (in km) as a function of depth for AX07. The solid line is
the mean and the dotted line is the standard deviation.

The long time series available along some of the high density XBT lines allows us to examine
decadal trends in subsurface (and surface) temperature anomalies. Below we show an example
from AX10 of the temperature anomalies at 150 meters smoothed using a three-year running

mean (Figure5).

Figure5. Seasurface temperature anomalies along AX10 showing along time (decadal) signal.
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Temperature sections from the AX08 transect are used to investigate the location, geostrophic
transport and their variability of the main zonal upper ocean currents in the tropical Atlantic
(Tablel).

Title:

{Gori&Barninger. pdf)

Croatar

{PEcnpts.dil ersion 5.2}
(e Tt

Tris EPS pictura wars nal saved
with & pressiew inchuded inik
Commeant

This EP'S pictura wall print %o a
PostSonpl prinker, but nol o
ather types of primiers.

Table 1. Upper ocean currentsin the tropical Atlantic during the first three AX08 transects.

Data from the AX18 transect is currently being used to estimate the transport of the major
western boundary currents (Brazil and Agulhas) and of rings shed by these current systems
(Figure 6). These values are being compared with altimeter-based estimates.
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Figure 6. (8) Theintegrated water mass transport from west to east is computed for the July 2002
AX18 transect. The contribution from 5 layers from the surface to 100, 200, 300, 500, and 700 m
relative to a zero flow at 800 m are shown.
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.2a. Western Boundary Time Seriesin the Atlantic Ocean
Project Managers: Molly Baringer and Silvia Garzoli
Scientists Involved: Molly Baringer, Christopher Meinen, Silvia Garzoli, and Elizabeth Johns

PROJECT SUMMARY

This program is included in one of the eleven components of the NOAA Global Ocean Observing
System: Ocean reference stations. This project consists of two components to monitor the western
boundary currents in the subtropical Atlantic: Task 1: Florida Current transport measurements
using a submarine telephone cable plus calibration cruises, Task 2: Deep Western Boundary
Current transport and property measurements using dedicated research ship time and moored
instruments.

Scientific Rationale:

In the subtropical North Atlantic, the meridional overturning circulation consists primarily of two
western boundary components: the northward flowing Gulf Stream and the southward flowing
Deep Western Boundary Current. The Gulf Stream is the strong surface intensified flow along
the east coast of the United States that brings warm waters of tropical origin northward aong the
eastern seaboard of the United States. The Gulf Stream also brings with it carbon, nutrients and
tropical fish. It supplies warm waters along the coast that impact a multitude of important climate
phenomena including hurricane intensification, winter storm formation and moderate European
weather. The Gulf Stream includes the bulk of what we call the upper limb of the thermohaline
circulation in the subtropical Atlantic, in addition to a strong wind-driven flow. As the Gulf
Stream flows northward, it loses heat to the atmosphere until eventually in the subpolar North
Atlantic some of it becomes cold enough to sink to the bottom of the ocean. This cold deep water
then returns southward along the continental slope of the eastern United States as the Deep
Western Boundary Current, continuing the circuit of the overturning circulation.

Off the coast of Florida, the Gulf Stream is referred to as the Florida Current and is fortuitously
confined within the limited geographic channel between Florida and the Bahamas Islands, thus
making along-term observing system cost effective and sustainable. Similarly, the Deep Western
Boundary Current is located within several hundred miles to the east of the Abaco Island, Grand
Bahamas. The convenient geometry of the Bahamas Island chain thus allows an effective choke
point for establishing a long term monitoring program of this deep limb of the overturning
circulation.

Task 1: Transport of the Florida Current

This project maintains NOAA's well-established and climatically significant Florida Current
volume transport time series. Over 20 years of daily mean voltage-derived transports have been
obtained for the Florida Current using out-of-service and in-use cables spanning the Straits of
Florida. The cable voltages can be converted to physically meaningful transport estimates, i.e.
intensity of the flow, using electromagnetic induction theory and data from calibration sections.
These transport measurements contain decadal changes on the order of 10-25% of the long-term
mean transport and these decadal changes track the North Atlantic Oscillation Index. The strong
corrdlation of Florida Current transport variability with the North Atlantic Oscillation by
extension indicates a correlation with the large-scale sea-surface temperature patterns associated
with the North Atlantic Oscillation. This suggests connections to tropical Atlantic variability on
climatically significant time scales, and links with the numerous socially significant weather and
climate phenomena that are thought to be related through large scale ocean-atmosphere patterns
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in the Atlantic, including decadal and interdecadal variations in fisheries, rainfall, and hurricane
activity.

Funding provides for continuous collection of cable voltages (every minute) and automated
processing of simple geomagnetic corrections. In addition to the cable measurements, quarterly
calibration cruises are required for this project's success. These measurements complement a
related project that measures the upper ocean thermal structure in the Atlantic through high-
density VOS XBT observations. Funding provides for four two-day small charter boat calibration
cruisesonthe R/V F. G. WALTON SMITH each year.

Task 2: Deep Western Boundary Current Time Series

Over the past 20 years a variety of snapshot sections and time series moorings have been placed
along the continental slope east of Abaco Island, Grand Bahamas, in order to monitor variability
of the transport carried by the Deep Western Boundary Current. The Abaco time series began in
August 1984 when the NOAA Subtropical Atlantic Climate Studies Program extended its Straits
of Florida program to include measurements of western boundary current transports and water
mass properties east of Abaco Island, Grand Bahamas. Since 1986, over 20 hydrographic
sections have been completed east of Abaco, most including direct velocity observations, and
salinity and oxygen bottle samples. Many sections have also included carbon,
chloroflourocarbon, and other tracers.

The repeated hydrographic and tracer sampling a Abaco has established a high-temporal-
resol ution record of water mass propertiesin the Deep Western Boundary Current at 26°N. Events
such as the intense convection period in the Labrador Sea and the renewal of classical Labrador
Sea Water in the 1980's are clearly reflected in the cooling and freshening of the Deep Western
Boundary Current waters off Abaco, and the arrival of a strong chlorofluorocarbon pulse
approximately 10 years later. This data set is uniquein that it is not just a single time series site
but a transport section, of which very few are available in the ocean that approach a decade in
length.

This task includes annual cruises across the DWBC to measure the water mass properties and
transports and seeks to develop a cost effective method for long-term continuous monitoring of
this flow. In a previous test project, from October 1995 to June 1997 three Inverted Echo
Sounders (IES) were deployed adjacent to the sites of current meter moorings deployed by
scientists from RSMASUM (Johns et al. 2004). The objective of the IES deployments was to
study the possibility of establishing a low cost monitoring system to replace the current meter
moorings and to extrapolate the hydrographic data over the spans between cruises. Analysis of
the data (Meinen et a. 2004), demonstrated that through a combination of |1ES, pressure gauges
and hydrographic data, the DWBC transport and the Antilles Current can be accurately
monitored. Based on these results, 3 PIES (PIES: IESs additionally equipped with bottom
pressure gauges) funded by OCO (one also equipped with a current meter, a C-PIES) were
deployed along the Abaco line. These instruments are designed so that the data can be collected
via acoustic telemetry from a passing ship without recovering the instruments. It is expected that
the data will be collected every 6 to 12 months, depending on the number of cruises. In addition
to the PIES funded by OCO, 2 additiona instruments (one IES and 1 PIES) were deployed. These
instruments do not have the acoustic telemetry capability; funding permitting the instruments may
be upgraded in the future. This project is part of an interagency and international partnership,
RAPID/MOCHA, and over the next four years the combination of RAPID/MOCHA aong with
the NOAA funded WBTS project will allow usto visit our new moorings sites twice each year.
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These continued time series observations at Abaco are seen as serving three main purposes for
climate variability studies:

* Monitoring of the DWBC for water mass and transport signatures related to changes in
the strengths and regions of high latitude water mass formation in the North Atlantic for
the ultimate purpose of assessing rapid climate change.

* Serving as a western boundary endpoint of an international subtropical meridional
overturning circulation (MOC)/heat flux monitoring system designed to measure the
interior dynamic height difference across the entire Atlantic basin and its associated
baroclinic heat transport.

* Monitoring the intensity of the Antilles Current as an index (together with the Florida
Current) of interannual variability in the strength of the subtropical gyre.

How this project addresses NOAA's Program Plan for Building a Sustained Ocean
Observing System for Climate:
The program plan for “Building a Sustained Ocean Observing System for Climate” includes the
objectives of:

1) Documenting the heat uptake, transport, and rel ease by the ocean; and

2) Documenting the air-sea exchange of water and the ocean’ s overturning circulation.
This project is one component of the “Ocean Reference Station” at approximately 26°N in the
Atlantic Ocean that specifically addresses these goals by providing long-term measures of two
components of the global thermohaline (overturning) circulation. Long-term monitoring of key
choke points, such as the boundary currents along the continents including the Gulf Stream and
the Deep Western Boundary Current, will provide a measurement of the primary routes of ocean
heat, and mass transport and hence include the bulk of the Meridional Overturning Circulation.

How this project is managed in cooperation with the international implementation panels,
in particular the JCOMM panels:

This program is managed under the AOML Globa Ocean Observing System (GOOS) Center,
created in cooperation with national and international steering committees to provide an
administrative umbrella that coordinates several operational oceanographic data collection
networks. As part of GOOS, this program falls within the Observations Program Area of the
Joint Technica Commission for Oceanography and Marine Meteorology (JCOMM) where the
AOML GOOQOS center is a participant.

Responsible institutionsfor all aspects of project:
NOAA/AOML isresponsible for this project.

Project web site URL and pertinent web sites for your project and associated proj ects:
http://www.aoml.noaa.gov/phod/floridacurrent/

I nteragency and international partnerships:

This project provides the cornerstone observations required for a national and international pilot
program to develop an observing system to monitor the intensity and heat transport of the
overturning circulation at 26°N in the Atlantic. NOAA provides the essential Florida Current
component of the monitoring system, direct hydrographic observations of the DWBC and its
history since 1984 east of Abaco Island, Grand Bahamas, repeated high density lines at a nearby
latitude, plus ship time that doubles the tempora sampling for both programs. Partners in this
project include the National Science Foundation sponsored Meridional Overturning, Circulation
and Heat transport Array (MOCHA) proposal to the University of Miami, the United Kingdom’s
National Environmental Research Council (NERC) sponsored Rapid Climate Change Program
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proposal to the University of Southampton (England) and the Woods Hole Oceanographic
Institution.

Project management and the Ten Climate Monitoring Principles:

This program is managed in accordance with the Ten Climate Monitoring Principles (Program
Plan, Mike Johnson 2003). This time series contains severa gaps in the continuous record due to
logistical requirements, funding shortfalls and, more recently, to instrument failure. To assure an
adequate climate record, parallel testing and parallel measurements would be required to assure
continuity of the time series without gaps. ‘Data quality and continuity’, principle 4 of the ten
climate monitoring principles, and ‘data and metadata access’, principle 10, have suffered as a
direct result. We request additional funds in “Budget Justification” to address these deficiencies
and assure a better research quality time series.

FY 2004 PROGRESS
Instrument/platform acquisitions for fiscal year and where equipment was deployed:

Task 1: Continuous transport of the Florida Current

Recording instruments are located at Eight Mile Rock, Grand Bahamas Island. At Eight Mile
Rock and in West Palm Beach, Florida, electrode equipment is in place, securing a stable
reference voltage (i.e. grounds) at either end of the submerged tel ephone cable owned by AT&T.
The monitored cable can be
seen in Figure 1, stretching
across the Florida Straits.
Data acquisition has
continued without incident
until August 31, 2004 when
Hurricane Frances and then
Hurricane Jeanne
substantially damaged
infrastructure to the Bahamas
including telephone service
and electricity. The building
with the recording equipment
lost its roof and the
equipment appears to have
been shorted out by excess
water. As a result of this
dramatic occurrence, some
data are likdy to be

go'wW BE'W  BO'W  75'W

2B°N

iy 26N

- 24N
unrecoverable. An
upcoming trip to the
Bahamas will ascertain the _/ :’4_?\}5
extent of the damage. This e Havana
FY has seen considerable Bo"W ?a'w
progress in quality control of Figure 1: Location of submarlne telephone cables (solid
the calibration section data black) and nine stations (red) occupied during calibration
and the cable transport data cruises.

including de-tiding cable
transports and section data
and preliminary analysis of geomagnetic signal removal. Cable voltages are recorded every
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minute, hourly averaged and post processed to form daily transport estimate. The Table 1 below
shows the number of hourly averaged voltage measurements.

FY 2004 FY 2003 FY 2002
7632 Hours 87% Return 7755 Hours 89% Return 6264 Hours 72% Return®

Table 1: Datareturn from continuous cable voltages (% Return based on the maximum number
of hours possiblein oneyear: e.g. 8760 for non-leap years and 8784 for leap years like 2004).

Planned | FY 2004 FY 2003 FY 2002
Cruise
1 9-Dec-2003 - clearance | - weather problems
problems
2 16-Dec-2003 - clearance | Dec 14, 2001
problems
3 9-Jan-2004 - equipment | Mar 12, 2002
problems
4 13-Jan-2004 — GPS failure on | 18-Mar-03 Mar 18, 2002
two stations
5 7-May-2004 June 7, 2003 - | June3, 2002
dropsonde failure
6 24-May-2004 - no dropsonde June 6, 2002
7 Jun 7, 2004 - no dropsonde Aug 23, 2002 — dropsonde
8 Jun 11, 2004 - nodropsonde | lost
9 Aug 24, 2004
10 1-Sep-2004 - GPS antenna
failure
80% successful? 13% successful® 63% successful

Table 2: Cruise dates for 1-day small boat calibration cruises using dropsonde instrument.

Small charter boat calibration trips

A total of ten 1-day surveys were conducted using a dropsonde profiler. Typically eight cruises
are scheduled per year, but additional cruises were carried out this year due to scheduling and
equipment problems from last FY. Measurements are taken at nine stations (shown in Figure 1)
and include vertically averaged horizontal velocity, surface velocity and expendable temperature
probes (XBTs). The cruise dates are shown in Table 2.

New equipment was purchased by AOML base funds this FY to build a new dropsonde after the
loss of the previous dropsonde on August 23, 2002. The new purchases included a self-recording
conductivity, temperature depth (CTD) recorder, GPS, radio transmitter, glass pressure housing,
batteries and antennae.

! Note old recording system failed in FY 2002.
2 Two additional cruiseswere planned for FY 04 due to dropsonde failuresin FY 03.
3 Sections missing due to: dropsonde failure (4) and clearance problems (2).
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Full Water Column calibration cruises:

Four 2-day cruises on RV Walton Smith were conducted. All cruises include nine stations with
full water column CTD, lowered ADCP, and continuous shipboard ADCP. The station locations
are the same as those shown in Figure 1. Table 3 below includes the cruise dates and number of
water samples taken for oxygen concentration (O,) and salinity (S).

New equipment acquired this FY included the fabrication of asmall CTD frame.

FY 2004 FY 2003

Date Water Samples Date Water Samples
Jan 8-9, 2003 5502,46 S Nov 20, 2002 4302,44 S
May 6-7, 2004 4702,43 S Mar 22, 2003 5902,49 S
July 4-5, 2004 5602,46 S July 16, 2003 56 02,46 S
Aug 27-28, 2004 5502,42 S Oct 2-3, 2003 5702,43S
100% of Planned Cruises 100% of Planned Cruises

Table 3: Cruise dates for 2-day calibration cruises on the RV Walton Smith.

Task 2: Deep Western Boundary Current time series

A full water column cruise of CTD, Lowered ADCP on the NOAA Ship RONALD H. BROWN
(one per year scheduled) was conducted within the Florida Straits and east of Abaco Island,
Bahamas. At each station, a package consisting of a Seabird Electronics Model 9/11+ CTD O,
system, RDI Lowered Acoustic Doppler Current Profilers, and 24 ten-liter Niskin bottles, was
lowered to the bottom. This provided profiles of velocity, pressure, sainity (conductivity),
temperature, and dissolved oxygen concentration. Water samples were collected at various
depths and analyzed for salinity and oxygen concentration to aid with CTD calibration.

The hydrographic cruise this year took place on the NOAA Ship RONALD H. BROWN from
September 21 to October 3, 2004. A total of 41 stations were occupied at the locations shown in
Figure 2. Table 4 lists the cruise dates and bottle samples taken compared to previous years.
Five inverted echo sounders (IES) were deployed as shown in Figure 2 including: one IES, three
|ES with pressure sensors (PIES) and one |ES with pressure sensor and bottom current meter (C-
PIES). A new shipping container (10 feet by 10 feet by 8 feet) was acquired to aid in equipment
storage and delivery to the ship.

FY Date Stations | Bottle Samples | Comments

2004 | Sep, 2004 | 42 634 02,629 S 5 IES mooring deployments

2003 | Feb, 2003 | 54 844 02,843 S 3 IES Mooring recoveries, Short Seabeam
in Florida Straits

2002 | June2002 |57 924 02,924 S Extended Seabeam survey east of Abaco
Island, SF6 samples.

2001 | 2001 33 607 02, 659 S 4 | ES mooring deployments

Table 4: Cruise dates and water samples taken for Large Vessel full water column surveys of the
Deep Western Boundary Current.
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Figure 2: Locations of full water column hydrographic stations sampled on the NOAA Ship
Ronald H. Brown cruise in FY 2004. Red circles denote CTD sites. Blue and green triangles
denote PIES and | ES moorings respectively, while the pink square denotes a C-PIES mooring.

Wheredata are stored, data distribution, availability and accessto data:

All data are stored at AOML and are available upon request. Cable data are collected and stored
on a computer in the Bahamas and downloaded daily to AOML. Preliminary cable data are
available via web interface upon request and will be more freely available once the new
calibration system is operational. CTD data will be distributed to NODC and the WOCE
hydrographic program office when final calibration is complete.

How data are currently being used and shared:

Small boat calibration data are processed to supply atotal transport of the Florida Current and are
used to check the cable voltage measurements. Water bottle sample data are used to calibrate
CTD data, to compute property fluxes within the Deep Western Boundary Current and Florida
Current. Water properties of the Deep Western Boundary Current are used to infer time scales of
deep-water renewal and monitor the intensity of the thermohaline circulation. All data are stored
at AOML and are freely available upon reguest.

Task 1, Continuous cable voltage recording: Unanticipated costs included substantial processing
time to quality control the voltage data to produce transport numbers. See “Budget Justification”
for further details. Recent equipment damage may result in additional unanticipated costs.

Task 1, Calibration cruises: Additional unanticipated and unfunded costs included the loss of the
dropsonde equipment in 2003 that required a replacement, purchased by AOML. We have been
borrowing the University of Miami’s CTD package, frame, rosette and bottles because our large
frame is too big for the RV Walton Smith. This year we began the process of building our own
small CTD frame.

Task |11, DWBC Time Series: No additional costs incurred.
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Problems encounter ed:

Task 1, Continuous cable voltage recording: Problems include only the recent loss of electricity
and phone service in the Bahamas after the passage of Hurricanes Frances and Jeanne. The
equipment may have been damaged when the building lost its roof. An upcoming visit will
ascertain the extent of the damage and determine what repairs are necessary.

Task 1, Calibration cruises: Problems included the failure of the new dropsonde to accurately
record GPS positions in August. We suspect this was due to a new antenna design and the
increasing sea-state due to the approach of Hurricane Frances.

Task I, DWBC Time Series: Hurricane Jeanne cut short several stations within the Florida Strait
and along the eastern most end of the DWBC section. The NOAA Ship Ronald H. Brown
delayed departure from Charleston for 34 hours due to engineering and staffing issues that
resulted in fewer Sea Days than requested assigned to the project.

Logical considerations (e.g., ship time utilized):

» Clearances to do technical work in the Bahamas to the recording equipment are necessary
and very difficult to obtain.

» Blanket clearances are necessary to work on calibration cruises due to the short lead-time
for scheduling the cruises.

» Bahamian clearances for the large ship Deep Western Boundary Current cruises are also
necessary.

e This work would not be possible without the considerable help of BattelCo, the
Bahamian telephone company, for the use of their facilities to store our equipment, install
phone lines and to instrument their telephone submerged cable.

»  Ship days required:

Ship Seadays | Trips Total Seadays
per trip | per year (including weather days)
NOAA Ship Ronald H. Brown 14 1 16
RV Walton Smith 2 4 10
Charter Fishing Boat 1 8 10

Resear ch highlights:

Task 1. Continuous transport of the Florida Current

Voltage estimates recorded from the submarine cable were corrected for geomagnetic variations
due to the changing ionosphere and then adjusted using the transfer function that relates voltages
to total flow through the Florida Straits (Larsen, 1992). Preliminary estimates of the flow are
shown in Figure 3 and are available on the project web site. Several features of note appear to be
related to the failure of the reference electrode at Eight Mile Rock, Grand Bahamas. Data gapsin
the record will remain until personnel become available to recover the data.
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Florida Current transport since 2000
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Figure 3: Daily estimates of Florida Current transport determined by voltages induced on a
submarine telephone cable. Transports are given in Sv (1 Sv = 10° m® s%). Symbols with error
bars represent calibration cruises from: small charter boats (blue sguares) and full water column
surveys (magentatriangles).
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Figure 4: Full water column calibration cruises show the complex vertical structure of the
Florida Current.

Task 1. Florida Current calibration cruises

Calibration cruises show transports of the Florida current varying from 26.9 to 30.8 Sv. Note that, the
current is not always monotonically northward. A subsurface southward flow between 150 to 500
meters deep along the western side of the Strait can be seen in several of the full water column
sections.

Task 2. Deep Western Boundary Current Time Series

Full water column Deep Western Boundary Current CTD/LADCP sections show the arrival of newly
formed Labrador Sea water in the center of the subtropical gyre (T<3.7°C, S < 34.98) beginning in
late 1994 (Figure 5). Since its first arrival, the Labrador Sea Water is seen to become progressively
colder and fresher and itsinfluence isfelt further and further offshore.

In preparation for the inverted echo sounder deploymentsin FY 2004, a preliminary test of the use of
PIES for measuring the variability of the Deep Western Boundary Current and the Antilles Current
utilizing three inverted echo sounder records (IES) and two bottom pressure records (BPR) from
1996-1997 was completed. Comparisons are shown between transports estimates derived from the
IES and BPR (Figure 6) showing excellent agreement with the more expensive and traditional current
meter moorings (Meinen et al. 2004).
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fresh Labrador Sea Water in late 1994, which steadily extends offshore through the 2003 cruise.
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moored alongside the current meters, utilizing the same bottom pressure sensors for the
barotropic reference as were used with the |ES data. Current meter and dynamic height mooring
estimates are dotted after February 1997 because the mooring at site B lost its top portion at that
time. Unitsarein Sverdrups (1 Sv =10°m? s%).
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.3a. The Tropical Atmosphere Ocean (TAO) Array
by Landry J. Bernard, |11 and Daniel J. Laurent

PROJECT SUMMARY

This continuation proposal requests funds to maintain the Tropical Atmosphere Ocean (TAQ)
array as part of NOAA's effort to “Build a Sustained Ocean Observing System for Climate”. TAO
is the U.S. contribution to the TAO/TRITON array, a network of moored buoys spanning the
tropical Pacific Ocean maintained in partnership with the Japan Marine Science and Technology
Center (JAMSTEC). TAO/TRITON supports NOAA's strategic plan goal to "Understand
Climate Variability and Change to Enhance Society's Ability to Plan and Respond." It also
underpins Climate Variability and Predictability (CLIVAR) research efforts on El Nifio/Southern
Oscillation (ENSO). Management of the array is consistent with the "Ten Climate Monitoring
Principles’. Program oversight at the internationa level is through the CLIVAR/JCOMM
Tropical Moored Buoy Implementation Panel (TIP). A web site containing comprehensive
information on both programs can be found at http://www.pmel.noaa.gov/tao/.

FY 2004 PROGRESS

TAO/TRITON Array

Background:

FY 2004 was the fourth full year of the combined TAO/TRITON array and the partnership with
JAMSTEC is working well. NOAA maintains the portion of the array between 95°W and 165°E,
while JAMSTEC maintains sites between 156°E to 138°W. JAMSTEC added three moorings
along 130°E for its own purposes in FY 2002, though these moorings complement those of the
TAO/TRITON array proper. Basic measurements from ATLAS and TRITON buoys are
transmitted on the GTS and are merged into a unified data set available on the World Wide Web
at PMEL (http://www.pmel.noaa.gov/tao/) and a mirror sitein Japan
(http:/iwww.jamstec.go.jp/jamstec/ TRITON).

TAO Project Highlights:

At present, TAO/TRITON data indicate the development of weak El Nifio conditions in the
tropical Pacific. Forecast models, many of which depend heavily on TAO/TRITON data for
initialization, suggest that warming will continue into early 2005. As a conseguence, weather
patterns in the US and elsewhere around the world are likely to be affected as El Nifio-related
atmospheric tel econnections emanate from the tropical Pacific to affect the general circulation of
the atmosphere. Pacific marine ecosystems and commercia fisheries may likewise be affected.

In December 2003, the TAO Project Office was awarded the 2003 Grace Hopper Government
Technology Award (“Gracie Award”) for “Leadership in the innovative application of
information technology that contributes to the advancement of scientific knowledge and its
application.” The Grace Hopper Government Technology Leadership Awards are sponsored by
Government Executive magazine and selected by a panel comprised of leading experts on the
federal government’s use of technology, drawn from government, prominent federal contractors
and the academic community.
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The TAO Project was highlighted on the cover of the May issue of the BA”S‘ o~
Bulletin of the American Meteorological Society. The cover story, v
authored by the Project Director, highlighted how far we have come, and
how far we have yet to go, in our ability to understand and predict El
Nifio. The importance of sustained observations in the tropical Pacific
was a central theme of the article.

Fieldwork:

PMEL is responsible for maintaining 55 ATLAS sites at and east of 165°E. At four of these sites
(165°E, 170°W, 140°W, 110°W aong the equator) current meters are attached to the ATLAS
mooring lines and a nearby subsurface ADCP mooring is deployed. An ADCP mooring is
maintained by JAMSTEC at 0°, 147°E. During the past year, the TAO Project deployed 63
ATLAS moorings and 4 subsurface ADCP current meter moorings in the tropical Pacific. The
number of ATLAS deployments exceeds the number of ATLAS sites in the array because of
mooring system failures or losses during the year, because some sites (like the equatoria current
meter mooring sites at 110°W and 140°W) are turned around regularly on a 6-month rather than
12-month schedule and because cruise schedules are such that some moorings are deployed for
slightly shorter than their 12-month design lifetime. There was al'so one ATLAS deployment for
engineering development purposes included in these totals. For comparison, in FY 2003, 71
ATLAS (including 3 for EPIC) and 5 subsurface current meter moorings were deployed in the
TAO array.

Ship Timeand Sea Time:

In FY 2004, 264 days at sea were required to support the TAO portion of the TAO/TRITON array
(221 days on the Ka imimoana and 43 on the Ron Brown) atotal of 688 PMEL person days at sea
(number of people times days at sea) in support of TAO field work were required during FY
2003. For comparison, 267 days at sea (232 days on the Ka' imimoana and 35 on the Ron Brown)
and a total of 658 PMEL person days at sea in support of TAO fieldwork were required during
FY 2003. The increase in person daysin FY 2004 was due mainly to PMEL sending the TAO
Field Operations Manager to interact with NDBC personnel performing DART work from a TAO
cruise.

Real-time Data Return:
Percentage real time data return for primary TAO variables integrated over all 55 sites for FY
2004 was as follows:

AIRT SST T(Z) WIND RH ALL
FY 2004 88 88 89 76 89 88
FY 2003 90 88 85 75 88 85

Real time data return for the entire TAO/TRITON array (including JAMSTEC TRITON
moorings) was 86% for primary variables. Data return from the most recently recovered PMEL
ADCPs in FY 2004 was effectively 100% at the four equatorial sites. For comparison, ATLAS
data return from FY 2003 is shown in the above table. The returns for surface sensors are
comparable, with relatively insignificant changes of <2%. Subsurface temperature data returns
improved significantly (4%) in FY 2004, due to improvements in inductive telemetry hardware.
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Subsurface temperature data comprise more than 70% of primary data, thus the increase in their
data return resulted in a significant (3%) increase in overall data return.

After mooring recovery, data recorded on board the buoy are available and may augment data not
available in real time. For this reason, combined delayed mode and real time data return for
primary TAO sensorsin FY 2003 was 92%, representing an increase over real time alone of 7%.
Not al internally recorded data have been recovered yet for FY 2004. However, a partia
accounting indicates an increase to the database of about 3% so far, for an overall data return of
91%. Thisnumber may further increase once a full accounting is possible.

Wind data return is lower than that for other sensors due to two factors. First, the sensor's
placement at the top of the mooring exposes it to increased vandalism potential. Secondly, the
wind sensors have a higher failure rate compared to other instruments. The failure is mainly in
the vane circuitry and has been isolated to a single component. Consultation with the
manufacturer has suggested that the grounding the sensor may improve reliability. Redesign and
testing of the ATLAS wind system to provide grounding was completed in FY 2003 and all new
mooring deploymentsin FY 2004 will have ground wind sensors.

In addition to primary ATLAS variables, additional measurements were made as part of research
efforts supported by other programs. These measurements include ocean velocities, rain rate,
salinity, shortwave and longwave radiation, and barometric pressure. These data are distributed
via TAO web pages. TRITON sites aso measure rain rate, shortwave radiation, and ocean
velocity (at 10 m).

Shipboard M easurements:

CTD casts, and underway ADCP and thermosalinograph measurements, are conducted from
mooring servicing cruises on the Kaimimoana and Ron Brown. These data are an integral part of
the TAO Project, providing in situ calibration checks on mooring sensor performance. They also
provide hydrographic and current field information that helps to put the moored time series
measurements into a broad scale hydrodynamic context. The data are a valuable resource for
climate model development and climate analyses, and are frequently used together with moored
times series datain scientific publications.

A total of 400 CTD casts (338 on the Kaimimoana and 62 on the Ron Brown) were made on
TAO cruises in FY 2004, which was a small increase over FY 2003 (383, with 338 from the
Kaimimoana and 45 from the Ron Brown). The shipboard ADCP data are forwarded to,
processed, archived, and distributed by Eric Firing and colleagues at the University of Hawaii.
Underway sea surface salinity measurements are processed at PMEL, then forwarded regularly to
the IRD laboratory in Noumea for distribution (by CD-ROM) with other sea surface salinity data
(http://www.ird.nc/ECOP/siteecopuk/cadres.htm).

Problems with the shipboard ADCP data quality from the NOAA Ship Kaimimoana identified by
Eric Firing and colleagues in FY 2003 were addressed by the installation of a new 75 kHz RDI
Ocean Surveyor ADCP and a POS/MV attitude sensor in FY 2004. Initial analysis of the data by
the University of Hawaii indicates that the new system is working well and data quality has
improved.

Engineering Tests:

There was one ATLAS deployment for engineering development purposes at 5°N, 140°W in
September 2003. This mooring was deployed to test two types of sonic anemometers for possible
replacement of the RM Young propeller and vane assembly, namely the Handar WS425
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Ultrasonic and the Gill model Windsonic. The system also included a KVH C100 compass, as a
possible replacement for an older model KVH which has been problematic on some ATLAS
systems. The field test also includes a standard wind RM Young wind sensor for comparison.
Preliminary results were encouraging and were reported at the OCO Annual System Review and
the 2nd High-Resolution Marine Meteorology (HRMM) Workshop, both in April 2004 in Silver
Spring, MD. The mooring was recovered in May 2004 and analysis of high temporal resolution
data from the system is planned. Sonic anemometers and new compasses require significantly
more power than the present ATLAS system. Inclusion of these sensors into a 3 generation
ATLAS system may include increased battery packs, conversion from alkaline to lithium
batteries, and/or reduction in sampling frequency or duration.

Another engineering effort to improve wind data return was to ground the existing R.M. Young
anemometers. This required new connectors, modification of the ATLAS system mast, internal
wiring and top section cable. Several modified systems were deployed in FY 2004 including
reinstrumentation of the test mooring at 5°N, 140°W and deployment of a second test mooring at
2°N, 140°W. Wind data from the test systems were comparable to that from the non-grounded
systems, and no vane circuitry failures (as noted in 2.5 above) occurred. Based on these results,
the decision to ground all systems deployed in FY 2005 was made.

The Project participated with the University of Washington and Aeromet, Inc., to compare several
precipitation gauges on Kwajalein Atoll. The experiment, which began in July 2003 and
continued through December 2003, compared the sensor used on TAO and PIRATA moorings
(R.M. Young model 50203-34, modified for use with the ATLAS system) with other gauges
(Tipping bucket, Hasse, Disdrometer). Results of the intercomparison were presented at the
Eighth International Conference on Precipitation in Vancouver B.C. in August 2004, by Dr.
Sandra Y uter of the University of Washington. The conclusions included the fact that all sensors
yielded similar results when daily accumulations were greater than or equal to 10mm.

PMEL is aso testing a modified TAO rain gauge designed to decrease spiking found in the
present version gauge. Preliminary results indicate that the modifications have improved the
sensor performance. Testing and analysis of modified systems will continuein FY 2005.

We investigated the feasibility of measuring a high vertical resolution current profile in the upper
50m from an ATLAS mooring. Initial results indicate that the presence of fish around a surface
mooring will significantly bias the data. While disappointing, this result will factor significantly
into plans for other research investigations such as PUMP. Use of high vertical resolution current
profilers from other mooring systems may still be considered.

Guest Investigator Research Projects Using TAO Mooringsand TAO Cruises:

One of the primary missions of the TAO/TRITON array is to provide real-time data for improved
detection, understanding, and prediction of El Nifio and La Nifia. The primary function of the
NOAA Ship Ka'imimoana is to service buoys of the TAO/TRITON array. However, the TAO
Project Office actively promotes use of the Ka'imimoana and, when it is used for TAO cruises,
the Ron Brown for other meritorious scientific investigations that are of relevance to NOAA’s
mission. These projects are developed, funded, and lead by investigators from NOAA
laboratories, other national research laboratories, and academia. Two categories of ancillary
projects are described which are (a) ongoing and (b) one-time. An ongoing project is either
planned or has been onboard aready for more than one year. A list of Pls, their institutions and
project titles are itemized below. The name of the ship from which the work is done (KA or
BROWN) isindicated in parentheses.
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a. Ongoing ancillary projects on TAO cruises for FY 2004:

Project, Principal Investigator, Institution (Ship)

Underway CO,, Richard Feely, NOAA/PMEL (KA and BROWN)

Turbulent flux measurements and wind profiler, Chris Fairal and Jeff Hare, NOAA/ETL

(BROWN)

Atmospheric monitoring, balloon radiosonde profiles, Nick Bond, NOAA/PMEL (BROWN)

Barnacle Project, Cynthia Venn, Bloomsburg University (KA and BROWN)

Carbon cycle, Michael Bender, Princeton University (BROWN)

Dissolved Inorganic Carbon (DIC) Anaysis, Andrew Dickson, Scripps Institution of
Oceanography (KA)

Argo float deployments, Greg Johnson, PMEL (KA)

Global Drifter Program, Robert Molinari, NOAA/AOML (KA and BROWN)

Iron limitation, Mike Behrenfeld, NASA/Goddard (BROWN)

CO, moorings, Chris Sabine, NOAA/PMEL (KA)

Bio-optical measurement and nutrient analysis, Francisco Chavez, MBARI (KA)

Haruphone mooring recoveries/deployments, Robert Dziak, NOAA/PMEL (BROWN)

Tsunami/DART mooring recovery deployment at 8.5°S, 140°W, NOAA/NDBC (KA)

Bigeye mooring deployments, Rusty Brainard, NOAA/NMFS (KA)

Acoustic rain gauges on ATLAS moorings, Jeff Nystuen, University of Washington (KA and
BROWN)

Atmospheric radiation, Mike Reynolds, Brookhaven National Laboratory (BROWN)

Underway ADCP, Eric Firing, University of Hawaii (KA and BROWN)

Underway pO,/pN,- Gas Tension device and O, probe, Craig McNeil, Univ. of Rhode Island

(BROWN)

Underway CIRIMS skin temperature device, Andy Jessup, UW/APL (BROWN)

O,, Ny, Ar, CO, underway sampling, Jan Kaiser, Princeton University, (KA)

Underway DM S sampling, Tim Bates, PMEL, (BROWN)

Nitrate and O, isotope analysis, Patrick Rafter, Scripps Institution of Oceanography (KA)

b. One-time ancillary projects on TAO cruises for FY 2004:

Underway DM S sampling, Barry Huebert, University of Hawaii, (BROWN)
Membrane Inlet Mass Spectometry, Blake Sturtevant, Princeton University, (KA)
Spondylus buoy recovery, Jorge Cardenas, INOCAR, (KA)

TAO Project Web Pages:

The TAO Project continues to update the content and functionality of its web site
(http://mvww.pmel .noaa.gov/tao/). This site provides easy access to TAO/TRITON and PIRATA
data sets, as well as updated technical information on buoy systems, sensor accuracies, sampling
characteristics, and graphical displays. For FY 2004, TAO web pages received a total of
21,016,647 hits, about the same as in FY 2003 (22,136,074). Also during FY 2004, a total of
11,591 separate user requests delivered 153,502 TAO data files. These numbers are up 16% and
44%, respectively from the year before.

We had hoped to begin inclusion of TRITON sdlinities, radiation, rainfall, and currents to the
TAO/TRITON web pagesin FY 2004, but the development of anew TRITON Data Management
System at JAMSTEC, which is necessary for the TAO/TRITON web page enhancement, is
behind schedule.

Operational Use of TAO/TRITON:

TAO/TRITON data are distributed to operationa centers such as NCEP viathe GTS. These data
are used routinely in climate forecasting and analyses. The data are also used for weather and
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severe tropical Pacific storm forecasting. A weekly ftp transfer is routinely made to the NCEP
coupled modeling project so as to ensure maximum ocean data availability for coupled model
ENSO forecasts. TAO data placed on the GTS include spot hourly values of wind speed and
direction, air temperature, relative humidity, barometric pressure, and sea surface temperature.
Daily averaged subsurface temperature data are also transmitted on the GTS. The TAO Project
Office has been working with Service Argos to include ATLAS salinity data on the GTS.
Progress has been made towards this end, with modifications to the GTS subsystem completed
and presently being tested.

Vandalism:

Vandalism continues to plague portions of the TAO/TRITON arrays. Data and equipment return
are generally lower in regions of high tuna catch in the eastern and western equatorial Pacific. In
addition to partial mooring hardware and instrumentation losses, 4 complete moorings systems
were confirmed lost in the Pacific due to the effects of vandalism and another 2 moorings are
suspected to be lost, but not yet confirmed. For comparison, 7 mooring systems were lost in FY
2003.

Efforts to combat vandalism continue, though it is not clear they are making much impact. These
efforts include distribution of information brochures to national fishing agencies, fishing boats in
ports of call, and industry representatives, and have contributed to internationa efforts to
decrease vandalism through the DBCP. We may replace the attractive RM Young wind sensor
with a less conspicuous sonic anemometer if tests of the latter prove encouraging and funding for
system upgrades become available.

FY 2004 TAO Transition Accomplishments:

The revised Transition Plan for the operation and maintenance for the Tropical Atmosphere Ocean
(TAO) buoy array was provided to the Office of Global Programs March 2004. The TAO Transition is
being conducted in accordance with the high level guidance provided in the NOAA Executive Council
(NEC) approved plan. The revised plan, the result of tasking received in November 2003 from the
Climate Program Manager, details the management of the tasks, cost, and schedule for the TAO
transition, establishes the foundation for sustained operation and technology refresh after the transition
and describes further cooperation between PMEL and NDBC.

The TAO Transition Plan of March 2004 was briefed to the NOAA Observing System Council (NOSC)
in March 2004, at the NOAA Climate Observation Program Annua System Review on April 14, 2004,
and to the Climate Observing System Council (COSC) in April 2004.

Based on comments received from the NOSC and COSC reviews and the PA&E review of the TAO
Transition Plan of March 2004, the plan was rewritten and submitted to the Office of Global Programs
on August 31, 2004. This revised plan was briefed to the NOAA Deputy Administrator on September
15,2004. The TAO Transition Plan of August 31, 2004, is now being executed.
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.4a. ENSO Observing System, XBT component, Task 1-Operations
by Steven K. Cook and Robert L. Molinari

PROJECT SUMMARY

General overview of the project, including brief scientific rationale:

The primary objective of the AOML XBT component of the ENSO Observing System is to
provide oceanographic data needed to initialize the operational seasonal-to-interannual (Sl)
climate forecasts prepared by NCEP. Specifically, AOML manages a global XBT network that
provides subsurface temperature data. The subsurface data are used in the initialization of the S|
forecast models and have been shown to be necessary requirements for successful predictions.
Global coverage is now required as the forecast models now not only simulate Pacific conditions
but global conditions to improve prediction skill. Secondary objectives of this project are to use
the resulting data to increase our understanding of the dynamics of Sl variability, to perform
model validation studies and to quality control delayed mode data to climate research standards.
Thus, this project addresses both operational and scientific goals of NOAA's program for
building a sustained ocean observing system for climate.

Statement about how your project addresses NOAA's Program Plan for “Building a
Sustained Ocean Observing System for Climate”:

This project provides critical data for initializing Sl forecasts. The data resulting from this project
will also address objectives 3 and 4 (i.e., the heat content and air-sea flux elements) of the OCO
Program Plan.

Statement about how your project is managed in cooperation with international
implementation panels, in particular the JCOMM panels:

The Voluntary Observing Ship (VOS) XBT Program is a participating member of JCOMM and
JCOMMOPS. The VOS XBT program is represented annualy at the WMO/IOC Ship
Observations Team (SOT) meeting and Steven Cook presently is Chair of the Ship of
Opportunity Implementation Panel (SOOPIP), a JCOMMOPS subcommittee. Participation on
these international panels provides an important mechanism for integrating and coordinating with
other national or regional programs which, in the long run, improves our national climate mission
by making more efficient and effective use of available resources.

Responsible institutions for all aspects of the project:

The VOS XBT program is a component of the GOOS Center located within the Physical
Oceanography Division of AOML and manages NOAA’s Voluntary Observing Ship (VOS) XBT
Program. The VOS XBT Program utilizes the Nationa Weather Service Global
Telecommunications System (NWSGTS) gateway for the real-time distribution of data and the
National Oceanographic Data Center (NODC) for the archival of delayed mode data.

Project web site URL and pertinent web sites for your project and associated proj ects:
http://seas.amverseas.noaa.gov/seas/goospl ots.html

Associated projects:

http://www.jcommops.org

http://www,cmdl.noaa.gov, http

http://seas.amverseas.noaa.gov/seas

http://www://sahfos.org

http://www-hrx.ucsd.edu

http://www.aoml.noaa.gov/phod/benchmarks/index.html
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I nteragency and international partnerships:

The GOOS Center has close cooperative working arrangements across all NOAA Line Offices
(NWS, NESDIS, NOS, NMFS and OMAOQ), the U.S. Navy and Coast Guard, several major
national (SIO, WHOI, RSMAS, URI, UW and SCMI) and international (BSH, CSIRO, BOM,
SABOM, JAMSTEC, IFREMER, IRD-Brest and IRD-Noumea) oceanographic and
meteorological institutions as well as private contractors. The program aso provides XBT's to
international partners for deployment on lines of mutual interest. The partners provide al the
ship greeting and data transmission functions, which reduces considerably the logistical load on
the GOOS Center and in many instances provides data in regions that otherwise would not be
accessibleto us.

Statement that your project is managed in accordance with the Ten Climate Monitoring
Principles:
This program is managed in accordance with the Ten Climate Monitoring Principles.

FY 2004 PROGRESS

Instrument/platform acquisitions for the fiscal year and where equipment was deployed:
Funding at $260.8 K and a price of $32.00 per probe purchases 8150 probes. XBT's are deployed
along selected transects in the Pacific, Atlantic and Indian Oceans. In addition, 6140 probes were
supplied to international partners primarily for deployment in the western tropical Pacific and
tropical Atlantic Oceans.

Number of AOML deployments by calendar year — compar eto the previous year:
2003 — 11,907
2004 — estimate, 14,000

Per centage of data return for fiscal year:

The ratio of XBT’s deployed to real time data transmitted is essentially 100% except for profiles
from High Density transects. Not every High Density XBT collected is transmitted in real time
primarily due to time limitations while sampling, but al delayed mode data not transmitted in real
time are still inserted onto the GTS within 30 days of the completion of each cruise. Probe failure
remains consistently between 2% and 5% with expected higher failure rates in the higher latitudes
during the hemispheric winters.

M easur ementstaken, where data are stored, data distribution, availability and access:

XBT data provide subsurface temperature data to a depth of approximately 800 meters along 30
selected transects in al three-ocean basins. Data are stored on the computer system on the ships
on which we have installed Shipboard Environmental data Acquisition (SEAS) Systems. The
real-time data are transmitted via Inmarsat Std. C. Automatic quality control tests are applied to
the data and those profiles that pass are distributed on the GTS. An operator reviews those
profiles that fail the automatic quality control procedures. The operator decides whether or not to
send the data to the GTS. Full resolution data are stored on disks and obtained by ship greeters
when the VOS return to port. The data are forwarded to AOML, placed in established formats
and then sent to the National Oceanographic Data Center (NODC). Additionaly, all Atlantic
XBT data are scientifically quality controlled at AOML as NOAA'’s contribution to the GTSPP.
These data are stored at the Atlantic Data Assembly Center located at AOML and returned to
NODC after review.
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How data are currently being used and shared:

XBT data are used in rea time for ENSO monitoring and prediction and the initialization of
climate models at centers for environmental prediction and in delayed mode for research
concerning seasonal to decadal climate studies of the upper ocean thermal layer. There are no
restrictions on sharing thisinformation asit is distributed in real time on the GTS.

Wherethe data are archived:
All XBT data are archived at the NODC and a subset of all Atlantic XBT data are archived at the
DAC located at AOML.

Problems encounter ed:

Volatile shipping industry requires considerable time and travel resources to continually recruit
and re-outfit vessels for participation in the VOS. This volatility is particularly troublesome in
the Indian Ocean, where we have not been able to maintain a portion of the low-density network.
Late funding has precipitated an increase of air shipping vs. ground shipping to deliver on time
XBTs to those participating Research and Voluntary Observing Ships that had pre-set and
therefore inflexible time schedul es.

Resear ch highlights:

Research using XBT data during the last fiscal year was primarily directed at decada signalsin
the northwestern subtropical Atlantic. Molinari (2004), in press, generated a fifty-year times
series of Gulf Stream transport and position from an XBT line between N.Y. and Puerto Rico.
Decadal signals of these properties were in phase with the North Atlantic Oscillation and a
recirculation gyre observed south of the Gulf Stream. The XBT data also indicate that the
extension and retraction of the Gulf Stream are in phase with SST signals that propagate along the
Gulf Stream. Analysis in the paper demonstrates that Argo float data can capture upper ocean
temperature features previously observed in XBT representations of these features. Continued
interactions with international scientists have demonstrated the importance of continued XBT
sampling in the tropical Atlantic. Specifically, AOML scientists are involved in planning of the
African Monsoon Multidisciplinary Analysis project. The objectives of AMMA are to study the
West African monsoon and its associated offshore features (i.e., the atmospheric waves that can
generate tropical storms and hurricanes).
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.5a. CORC: Surface Fluxesand Analysis
by Dan Cayan

PROJECT SUMMARY

Dan Cayan's CORC effort is 1) to produce sea-air heat, moisture, and momentum fluxes,
estimated from marine weather reports using bulk formulae, and 2) assess the usefulness of those
flux estimatesin representing variability on seasonal to multi-year time scales.

The primary source of long (severa decade) records of air-sea fluxes is from human-observer
ship weather reports via bulk formulae. Traditionally, monthly turbulent and radiative flux
components have been estimated using aggregates of bulk formulae calculations over all
observations collected each month. To assess diurnal variability and to avoid errors from visual
sky cover, wind observations taken after dark, we are recalculating the short wave flux and the
other flux components using only daytime observations. This daytime-based flux dataset begins
in 1950 and is updated through 2002. Because other investigators will prefer to apply their own
menu of bulk formulae, we are saving the individual weather variables required to calculate each
flux component.

Observations of the heat, moisture and momentum fluxes are needed to understand and predict
how the atmosphere drives the ocean, and how the variability that is contained in the ocean may
influence the atmosphere. Because this variability operates on arange of time scales from
synoptic periods to decades, it is important for the Ocean Observing System to include an
envelope of observations from marine weather reports in order to understand longer period
variability using diagnostic analyses and model experiments.

This Project is managed localy by Dan Cayan at SIO. This effort is broadly guided by
monitoring principles 4 (evaluation of quality and homogeneity) and 10 (a data management
system--in order to process and distribute these datasets).

Data are distributed from an FTP server ftp://tenayaucsd.edu/pub.

FY 2004 PROGRESS

We have produced a preliminary version of bulk formulae surface heat flux (short wave, long
wave, latent and sensible components) estimates using only daytime, and only nighttime (for long
wave, latent and sensible components) observations. These daytime and nighttime flux dataset
covers 1950 through 2002. Because other investigators will prefer to apply their own menu of
bulk formulae, we are saving the individual westher variables required to calculate each flux
component.

As an area of interest to CORC, we have processed the individual marine reports from the
COADS set over the eastern North Pacific region (165W-105W, 15N-35N) during the 1950-2002
period. This region contains about 240,000 daytime reports for each month during the 53-year
period. There are more observations during daytime than nighttime, ranging from about 30,000
more observations during winter months and 80,000 more observations during summer months.

There are substantia differences between daytime and nighttime properties. Not surprisingly,

northeast Pacific average air temperature (T,,) and sea surface temperature (SST) are warmer in
daytime than nighttime. However, somewhat surprisingly, the amplitude of the day-night
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difference in SST is not much smaller than for T,,. A common measure of stability at the air/sea
interface, (SST-T,,), is used in bulk formulae to regulate turbulent fluxes of heat, momentum and
moisture. Interestingly, nighttime (SST-T,,) in the NE Pacific varies relatively little between
winter and summer, with average values ranging between about 1.5 in late winter to 1.0 in
summer. SST-T,, is lessin daytime than in the nighttime for each month and over most of the
ocean basin, as determined from a separate analysis of the global SST-T,, distribution. Also, in
contrast to the nighttime case, daytime (SST-T,,) has more seasonal variation, from 1.0 in winter
t0 -0.06 in early summer.

There are other daytime vs. nighttime differences that could introduce possible biases in the
fluxes if all observations are included in the monthly flux estimates. For example, daytime-only
cloud cover is greater than is night-time only in most months, by about .4 oktas or about 5%, over
most of the global ocean, including the stratocumulus-dominated northern oceans (Figure 1). Itis
suspected that this may result from observer bias—nighttime observers report less cloudiness
because they can’t see the sky well enough. The shortwave flux from daytime-only observations
is lower than that calculated from nighttime-only. Differences of the shortwave flux calculated
from daytime-only vs. that from nighttime-only observations are typically —10 to —40 Watt/nv.
Also, daytime wind speeds tend to be higher by about 0.4m/s or about 5% (Figure 2). This tends
to introduce a commensurate increase in the loss of heat that would be calculated from daytime-
only vs nighttime-only observations. Together, greater observed daytime cloud cover and higher
daytime wind speeds tend to decrease the shortwave heating and increase the latent and sensible
heat |osses calculated by daytime-only observations—i.e., atendency for lower net heat flux.

This suggests that the seasona cycle of turbulent fluxes may be more strongly controlled by
daytime than nighttime processes. Implications for the surface fluxes of using the daytime subset
appear to be: lower net (into ocean) shortwave fluxes, greater latent and especially sensible flux
heat |osses from the ocean. Work is underway to compute bulk formulae fluxes from the daytime
and nighttime data, and to compute anomalies and eval uate the variability within this dataset.
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LMR Total Cloud Cover 1950-97 Climatology, Jan (okta)

Figure 1. Cloud cover (oktas) from coads individual weather reports aggregated into monthly
mean (1950-1997) for January. Daytime (top), nighttime (bottom) and daytime-nighttime
difference (bottom).
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LMR Wind Speed 1950-97 Climatology, Jan (m/s)

Day

Figure 2. Wind speed (m/s) from COADS individual weather reports aggregated into monthly
mean (1950-1997) for January. Daytime (top), nighttime (bottom) and daytime-nighttime
difference (bottom).
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.6a. CORC: Four-Dimensional Variational (4DVAR) Data Assimilation in the
Tropical Pacific
by Bruce Cornuelle, Detlef Stammer and Art Miller

PROJECT SUMMARY

The observational dataset of the tropical Pacific Ocean is both sparse and inhomogeneous, and
one of the major challenges of data management is to combine the various data types into a
coherent and useful picture of the ocean state, both physical and biological. The goa of this
effort is to use the MIT general circulation model (MITgem) and its adjoint (the ECCO
assimilation system) to dynamically merge the Consortium for the Ocean's Role in Climate
(CORC) observations, along with most other observations of the tropical Pacific: TAO, satellite
sea surface height (SSH) and sea surface temperature (SST), surface drifters, and XBT, CTD and
ARGO profiles. This will allow us to assess the capabilities of the MITgem and its adjoint,
determine optimal resolution, and explore the physical balances of the tropical Pacific. We also
aim at producing optimized forcing fields, which are consistent with the model momentum, mass,
sdt, and heat budgets. Such a dynamically consistent framework will provide a unique tool to
understand the variability of the tropical Pacific in greater detail than has been possible before.
The optimized model states and forcing fields can be indeed used to explore mid-latitude
influences on the tropics, examine ENSO variability through the years, and explore oceanic
limitations on predictability of El Nino-Southern Oscillation (ENSO) events.

This project addresses section 6.12.3, subtask 3, of NOAA's Program Plan for building a
sustained ocean observing system for climate: Four dimensiona data assimilation including
GODAE.

The project is managed as part of the Consortium for the Ocean's Role in Climate, serving the
observationa programs in CORC, which are reporting separately (e.g., High-Resolution XBT
sections).

SIO is the primary responsible institution. Detlef Stammer is now at the University of Hamburg,
and his involvement has declined. MIT is critical for the support of the MITgem and the ECCO
assimilation system, but is not supported as part of this project.

Project web siteis http://ecco-group.org.

The project is managed in accordance with the Ten Climate Monitoring Principles, particularly
principle 10.

FY 2004 PROGRESS

The data acquisition efforts are being reported separately, we focus here on progress in the data
assimilation. Over the course of the earlier years of the project, a 1/3°x1/3° model of the tropical
Pacific was configured and run using a variety of initial conditions and forcing sets, including
forcing and initial conditions from the global 1°x1° assimilation by the ECCO project, headed by
Detlef Stammer. The inner model has been run first in forward mode, for validation with data
and sensitivity studies in preparation for assimilation experiments. The comparisons to
observations, which have been evaluated for several different 9-year integrations (01/1992-
12/2000), show promising agreement between the model outputs and the observations (Figure 1-
2), and we have concluded that the model is sufficiently capable to be used for data assimilation.
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In the current year, forcing fields, initial and boundary conditions were adjusted to bring the
model into more consistency with TOPEX sea surface height (SSH), Reynolds sea surface
temperature (SST), and Levitus temperature (T) and salinity (S) profiles over 1-year durations,
for 1998 and 1999. The assimilations have required severa innovations to make them work,
including novel methods for adjusting the open boundary conditions and for removing extreme
sensitivity from the adjoint of the model (see Problems Encountered below). The assimilation
system is now working routinely. Several runs were first performed to find the best initial guess
for the control parameters, revealing that the mean of the ECCO forcing corrections provide the
lowest cost function value. After 30 iterations, the assimilation has improved the overall model
fit to the data by more than 55% (Fig. 3). Thisis significant since the assimilation starts from an
aready optimized initial guess. This was aso true for al the individual observations cost terms,
which show a continuous decrease in the Model/data misfit (Fig. 4). The adjustments to the
NCEP forcing fields produced by the assimilation are reasonable (Fig. 5). Moreover, early results
suggest that the forcing adjustments are not strongly sensitive to the starting guess.

Problems Encounter ed:

The transition of the assimilation system from the 1-degree ECCO globa model to the 1/3 degree
tropical Pecific was not straightforward and two major difficulties were encountered. The first
difficulty was due to the instabilities and nonlinearities of the higher resolution tropical Pacific
model, which significantly limit the length of the mode predictability, and therefore greatly
increase the difficulty of the assimilation over long periods. This is a common problem with
4DV AR methods when applied to strongly nonlinear models and is related to the inability of the
tangent linear model to provide good approximation to nonlinear perturbations. One major
reason is that the linearized physical processes may not represent the major feedback loops
between the nonlinear processes, leading to a projected exponential growth of initial perturbations
with time without any saturation. Such unbounded sensitivities imply very small optimization
steps, preventing any significant decrease in the total cost function. To damp the growth of
sensitivities in our adjoint run, larger viscosity and diffusivity parameters were used in the model
backward run. This enabled us to stabilize the adjoint model over the one-year assimilation
period and therefore to successfully carry out the assimilation over this period.

The other mgjor difficulty was related to the very strong sensitivity of the cost function, more
precisely of the SSH term, to the velocities at the open boundaries. Indeed, a small variation in
the barotropic component of the normal velocities at the open boundaries may produce a huge
variation in the model SSH. To dea with these high sensitivities, a novel decomposition (based
on the Quasi-Geostrophic model formulation) of the normal velocities at the open boundaries into
barotropic and baroclinic components was introduced which allow us to specify different weights
for each component in the optimization.

Biological mode!:

The latest MPI version of ROMS has been ported to the COMPAS cluster and the physical
solution compares well with runs on other machines. ROMS is being used to develop the
biological code that will be used with the MITGCM physical code. We currently have results
from a simple, single tracer model simulating nitrogen-based nutrients with a uniform, light level
mediated, loss term. We are currently improving this model by adding a phytoplankton
component and have made runs for skill assessment. We have started to incorporate the single
tracer biological code into the MITGCM code and plan to make comparison runs shortly. It is
our current goal to continue enhancing the biological code on ROMS and port each enhancement
to the MITGCM for comparison while moving on to the next enhancement on ROMS.
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.7a. CORC: Underwater Glidersfor Monitoring Ocean Climate
by Russ E. Davis

PROJECT SUMMARY

Temperature, salinity and velocity are the fundamental variables for ocean climate observations.
They are directly connected to the large-scale processes that shape climate variability and
determine the storage and transports of heat and freshwater that defines climate change in the
atmosphere and ocean.

The Argo array of profiling floats is now providing global coverage of subsurface temperature
and salinity while a few of the TAO Array moorings provide sustained observations of velocity.
Boundary currents are largely overlooked in today’s observing system because of the difficulty of
monitoring these narrow flows that often have significant transports. While Argo floats sample
these currents, their density is much too low (typical spacing of 300 km) to resolve them, or even
to determine their overall transports. It is not cost effective to significantly increase float density
in these limited regions because floats remain in them only for short times, moorings are
expensive and are impractical in strong and deep boundary currents like the Kuroshio or Gulf
Stream.

The CORC underwater glider project aims to develop a cost-effective method to monitor
temperature, salinity and velocity in specified regions where the small scales of the climate field
demand a higher local density of observations than is feasible with floats. Gliders are buoyancy-
driven vehicles, much like Argo floats, that use wings to glide forward while cycling up and
down. The glider used for this effort is* Spray’ which was developed at SIO, initially under ONR
funding. Our objectives are (1) to improve both sensor and platform performance in real-world
circumstances, (2) evaluate the utility of the data gathered by these slow-moving platforms, and
(3) begin monitoring regions where higher resolution observations are needed.

The objectives of the Program Plan for Building a Sustained Ocean Observing System for
Climate to which gliders potential contribute are: document ocean carbon sources and sinks;
document the ocean’s storage and global transport of heat and fresh water; and document the air-
sea exchange of heat and water and the ocean’s overturning circulation. These are the same
objectives to which Argo contributes. The plan identifies gliders as augmenting Argo with
observations focused in selected regions, like boundary currents and deep-water formation sites,
where higher observational density is needed. This project intends to first improve glider
technology so that it can be effective in long-term observations and second to implement some
sustained research observations so that readiness for operational monitoring can be evaluated.

At this developmenta stage there are no national or international coordinating bodies for glider
observations nor are gliders ready for inclusion in the Argo program. The project is managed at
SIO and the investigator is an active participant in the Argo program, which glider development
is meant to augment. SIO also has ONR and NSF projects that use gliders. The ONR project
uses gliders to gather enough data in limited coastal regions to make possible synoptic-scale
ocean predictions using data- assimilating models. The NSF project in collaboration with Breck
Owens of WHOI is exploring glider observations of the Gulf Stream observations. The first
transect from Massachusetts to Bermuda is under way as this is written. The CORC effort
focuses on expanding the suite of glider sensors by implementing Acoustic Doppler current
profiling, improving the long-term reliability and resistance to bio-fouling of sensors, and
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establishing regular sustained observations of the California Current on climate time and space
scales to evaluate the utility of glider observations.

The sustained observations are being implemented in the Southern California Bight, which has
been surveyed quarterly for over 50 years by the CalCOFI program. The glider observations
cannot replace these ongoing surveys, which are based on collecting plankton, larvae and egg
samples aong with physical observations. The existence of a long and ongoing CalCOFI
program will, however, simplify our commitment to the Ten Climate Monitoring Principles.
Evaluation of the impact (hopefully synergistic) on CalCOFI will be key to establishing glider
utility, documenting performance of unattended sensors and data homogeneity. Hopefully
comparison of new and old systems will motivate eventual transition of this research system to
operations. The data and metadata will be freely available through the Southern California
Coastal Observing System web site soon to be established. Spray data from this program can
now be examined at www.Spray.UCSD.edu.

FY 2004 PROGRESS

Early work in this program, which began in FY 2001, showed that there were significant problems
with Spray reliability. In one of our first sections off the California coast, a glider was lost after
gliding about 250 km offshore. Figure 1 shows the track from this operation along with the
measured ocean currents averaged from the surface to 500 m. Figure 2 shows the density section
calculated from temperature and salinity reported through satellitein real time.
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Failure of this early float precipitated a thorough design review of the systems most likely to have
been involved: communication, buoyancy control, high-pressure integrity and the control
mechanism for gliding. A number of modifications to these systems were designed and
implemented in FY 2002. Following implementation of upgrades, a sequence of increasingly
long locdl field tests was begun early in FY 2002. On the third test, the vehicle was lost because it
was run over by a surface vessel, destroying its antennae but not sinking it. This initiated a second
design review and the decision to switch to Iridium communication, to employ redundant
communication/GPS antennas, and to install a backup Argos system

The ONR sponsored, August 2003, Autonomous Ocean Sampling Network 1l (AOSN-I1I) field
experiment in Monterey Bay provided an attractive opportunity to prove out the various
improvements introduced to Spray. Two NOAA-sponsored Sprays and three purchased with
ONR funds were deployed along a 100 km stretch of coast spanning Monterey Bay. They were
directed to run back and forth on offshore lines of approximately 80 km length. Figure 3 shows
the trgjectories and average velocities to 400 m from the five vehicles during a 10-day period
early in the experiment. Gliders profiled temperature and salinity, generally to 400 m but
occasionaly to 750 m, and measured the vertically averaged water velocity as the difference
between the measured motion through the water and distance made good. All five vehicles
functioned perfectly for periods of 35-42 days before normal recoveries, showing a substantial
duration advantage over Slocum gliders participating in the same exercise.
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FY04 activity has focused on designing, implementing and testing new sensors and improved
systems to rectify weaknesses exposed in the Monterey Bay operations:

(1) The PME conductivity sensor, which was unduly affected by bio-fouling in Monterey Bay,
was replaced by a Sea Bird CTD similar to that used on most Argo floats. Unlike the Seaglider
and Slocum gliders, we use the CTD’s pump to optimize dynamic response, to improve
corrections for dynamic response, and to provide a pumped water system that is protected from
bio-fouling by poisons and can be used by optical sensors. (2) A Sontek 3-beam 500 kHz ADP
was installed to directly measure vertical shear that can be combined with measured depth-
average velocity to determine the full velocity profile. (3) A secondary hydraulic pump was
introduced to avoid vapor lock of the primary buoyancy pump caused by air bubbles in the
hydraulic system, a problem noted on one Monterey Bay dive.

In an NSF-sponsored collaboration with Breck Owens of WHOI, we have begun testing the
ability of Spray to monitor climate signals in the Gulf Stream using periodic Spray transects from
Cape Cod to Bermuda. Because the Stream is so much faster than the gliders, these will not be
transects in the usual sense but rather should be regarded as sampling the changes across the
strong western boundary current. Figures 4 shows the highly distorted path of Spray on the first
crossing of the Gulf Stream along with the surface to 1000 m average current (this glider does not
have an ADP). Because the glider forward velocity is much less than current velocities, the path
was temporarily reversed to northward motion by a deep meander in the Stream. Figure 5 shows
the temperature and salinity variations across the Gulf Stream — even though the path is highly
distorted the glider is always headed across the current as deduced from SST maps and the
velocity encountered. The critical question in this project is whether data collected in this manner
are adequate to document climate-relevant changes in the Stream.
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Figure 4. A Spray crossing the Gulf
Stream. The blue-green line isthe path
of a Spray asit tries to cross the Gulf
Stream and is caught in adeep
meander. Thered arrows (scaleis at
the top) are the depth-averaged current
(from the surface to 1000 m) of the
Gulf Stream. Shading at thetop is
bathymetry of Massachusetts with
gray-scale breaks at 0, 200 and 1500 m
depth. At al points along the path the

glider is steered to be moving across
the Gulf Stream.

Figure 5. Sections of
temperature (color shading)
and salinity (line contours
with interval of 0.2 psu)
crossing the Gulf Stream.
i Depth scaleis not linear.
204 Horizontal scaleis actual

T geographical movement in
kilometers. “Stations”
shown at the top are closely
spaced when the glider is
slowed by the current. The
glider is steered across the
instantaneous current at all

times, regardless of the
heading that is produced.




Performance Details. During FY04 we upgraded one previously constructed Spray with a Sea
Bird SBE 41CP CTD and pumped water system and upgraded a second glider with a previously
purchased Sontek 3-bean Acoustic Doppler current Profiler (ADP). We aso began construction
of 3 new glidersthat will be put into servicein FY05.

We tested the new ADP in two one-day field tests within 20 miles of SIO and tested the SBE
CTD in three similar one-day tests. The data recovery from these missions was 100% but the
records were short and the tracks chosen for logistic convenience, not scientific value. CTDs and
optical backscatter sensors were carried on al these tests. To date Spray gliders have completed
38 missions spanning 294 days and completed 3018 profile cycles with the loss of one early
vehicle for unknown reasons and severe damage to another in a collision with a surface vessel.

The data from all missions is stored at SIO on multiple media. Most missions were designed for
engineering and are not of great scientific value. However, the data from the mission described in
Figures 1 and 2, from the joint NOAA-ONR effort in AOSN-II, and from the initial crossing of
the Gulf Stream are available at www.Spray.UCSD.edu.

Scientific Progr ess:

Scientific focus this year has been on three areas. Much work was done extracting descriptions of
regiona and basin-scale ocean circulation from profiling float deployments begun up to 14 years
ago. Studies include descriptions of the subtropical North Atlantic subduction zone, enhanced
carbon sequestration as the result of the Southern Ocean iron fertilization experiment, and the
intermediate-depth circulation of (a) the Indian and South Pacific (based in part on CORC
observations), (b) the South Atlantic (based largely on CORC observations), and (c) the subpolar
North Atlantic:
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.8a. CORC: Drifter Observations and Analyses
by Pearn P. Niiler

PROJECT SUMMARY

a) Drifter Acquisitions and Enhanced Deploymentsin the Tropical Pacific:

This year SVP drifters were ordered from Technocean, Inc. (50) and Clearwater, Inc. (50). These
were shipped to AOML and were deployed in the tropical Pacific between 20°N and 20°S, with
40 CORC and 60 ONR drifters being deployed into the region of the Luzon Strait to measure the
seasonal inflow from the western tropical Pacific into the South China Sea (Fig. 1: Centurioni et
al. 2003).

a5 Drifter Tracks (Sep. 2003 - Jan. 2004)
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Figure 1. The SVP drifter tracks from the September 2003-January 2004 deployments into the
Luzon Strait.

b) Attachment of MICROCAT Salinity Sensor to the SVP Drifter:

In the period 2000-2004, Sea Bird SEACATSs were attached to 28 SVP drifter surface floats.
These were deployed into the East China Sea in the August-September periods of each year to
follow the Yangtze River out-flow during the Southwest Monsoon floods (Fig. 2). The technical
objective of this development was to facilitate the SVP network as platforms for SSS
observations that are stable to 0.02 psu for more than 300 days. NASA plansto call for the use of
the North Pecific and Tropical Atlantic SVP drifter arrays for calibration and validation of the
AQUARIUS SSS satellite that is to be deployed in late 2007. Further testing of the SEACATS,
with and without pumped sensors will be done into the eastern North Atlantic in 2005 with the
cooperation of the French Meteorological Service buoy tenders for deployments and recoveries.
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Figure 2. Drifter tracks from 2000-2004 (each year is different color) in the East China Sea with
attached MICROCATSs for SSS observations.

¢) Analysis of Southern Ocean CORC Observations

In the period 1994-2000, CORC drifter observations were taken in the Southern Ocean. In
partnership with members of the WMO operational meteorological services, these provided the
impetus for deployment of a permanent array of about 200 SVP-B (“B” is for barometer) drifters
south of 35°S. Analyses of these data have provided high spatial resolution maps of the Aghulas
Current system along the east coast of South Africa and its seaward extension (Pazen and Niiler,
2003). Apparent in the Aghulas Extension are seven semi-permanent meanders. A theoretical
explanation for these meanders can be found in the theory of steady, eastward flowing
meandering jets (e.g., Robinson and Niiler 1967), as shown in Figure 3.
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Figure 3. (a) Semi-permanent meanders in the surface current of the Aghulas Extension. The
velocity data are an ensemble average of observations from 1978 to 2003 on 1/2 degree
resolution, with arrows blue when a northward component of velocity is present.

(b) The time mean surface vorticity balance in the path-wise coordinate system along the time
mean path very near the velocity maximum. The advection of relative vorticity (red line) is
balanced by the advection of planetary vorticity (blue ling) indicating that near the velocity
maximum eddies are inefficient in providing for a vorticity transport convergence (courtesy of
Dr. Pepe Ocheo 2004).
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.9a. CORC: High Resolution XBT/XCTD (HRX) Transects
by Dean Roemmich, Bruce Cornuelle, and J. Sprintall

PROJECT SUMMARY

Overview: Eddy-resolving boundary-to-boundary temperature (XBT) transects are collected on a
quarterly basis along selected routes in the Pacific and Indian Oceans, as shown in Fig 1.
Objectives are to measure annual and interannua fluctuations of temperature, salinity, and large-
scale ocean circulation, including the variability of mass, heat and freshwater transports. These
large-scale transports constitute the ocean’s dynamic contribution to the climate system. The
HRX sampling mode captures important elements of time variability in ocean circulation,
transport, and property distributions that are missing from one-time hydrographic sections and
from broad-scale XBT sampling. Since its beginnings in 1986, the HRX Network has resulted in
a considerable body of origina research, including studies of water mass properties and
variability, ocean general circulation, heat transport variability, and equatorial dynamics.

HRX transects are usually carried out by atechnician or scientist on board a commercia vessel,
and consist of 0-800 m XBT temperature profiles at spatia intervals of 30-50 km in the ocean
interior and 10-20 km in boundary regions. A number of additional activities are carried out by
the ship riders, including:

- Sparse sampling with XCTDs to resolve large-scale T/S variability.

- Testing of the new 2000-m research quality T-12 XBT.

- Occasiona deployment of Argo floats.

- Technical support for VOS IMET installations (R. Weller, PI).
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Figure 1: SIO HRX transects in the Pacific and Indian Ocean. PX30 and PX34 are carried out on
an equa collaborative basis with CSIRO.
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Role in the NOAA Program Plan for Building a Sustained Ocean Observing System for
Climate: The HRX Network is a named element in the Program Plan (Sect 6.4.). It directly
addresses the Plan’s objectives (3) Document heat uptake, transport, and release by the ocean;
and (4) Document the air-sea exchange of water and the ocean’s overturning circulation. In
addition, it indirectly addresses objective (1) Document long-term trends in sea level change, by
helping to understand the subsurface causes of steric sealevel change.

Management: We participate in the Ship of Opportunity Implementation Panel (SOOPIP) under
the JCOMMOPS Ship Observations Team (SOT). Overal priorities for the HRX networks were
established by the Upper Ocean Thermal Review at the Bureau of Meteorology, Melbourne in
August 1999, and are applied in managing the program.

Web site: All transects are displayed as temperature contour plots at http://www-hrx.ucsd.edu,
and data are available for download from that site. Although HRX data are archived at NODC,
they are not made available by NODC in the form of single-cruise transects. Since HRX data
have high value as transects, the HRX web site referenced above provides them in that form.

Partnerships: The HRX program is a multinational collaboration involving scientists from the
USA, Australia, Japan, Chile and New Zealand. The global HRX network began with a single
transect, carried out by D. Roemmich and B. Cornuelle between New Zealand and Fiji in 1986. It
was subsequently expanded to the ocean-spanning array shown in Figure 1, with an equivalent
Atlantic HRX network carried out by NOAA/AOML with other international partners.
Collaboration with the NOAA GOOS Center at AOML results in HRX data being transmitted in
near real-timeto the GTS as part of the NOAA SEAS system.

Climate Monitoring Principles: The HRX Program is managed in accordance with the Ten
Climate Monitoring Principles.

FY 2004 PROGRESS

The status and progress on HRX XBT transects in the Pacific and Indian Oceansin the last year is
described below, with track locations shown in Figure 1. The report includes lines presently
supported by NOAA and also lines proposed for NOAA support in the coming year. These lines
are presently supported by an expiring NSF grant.

A summary of successfully completed transects for all lines during FY2004 is given in Table 1.
The table also lists the starting year of HRX sampling along each line, and for comparison the
number of successfully completed transects during the previous 5-year period. A “transect
completion score” is calculated from the ratio of completed transects (up to 4 per year for each
line) to nominal transects (4 per year). For FY04 the completion score is 45/48 = 94%, slightly
less than for the previous 5-year period, 192/200 = 96%.

It also continues to be the case that ships carrying ship-riders produce better sampled transects
(fewer and smaller gaps) and a higher percentage of good drops (mostly due to stern-launching
rather than bridge-launching). In the SIO HRX program about 95% of probes produce good data.

Line Y ear started FY 04 transects Previous 5 years
PX37/10/44 1991 4/4/4 20/20/20
PX06/09 or PX06/31 1986/1987 4/3 19/19

PX81 1997 3 20

PX50 or PX08 1993 4 18?
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PX38 1993 3 17
PX30* 1991 5 18
PX34' 1991 4 21
IX15/21 1994° 4/4 Note 3

Notes- 1: Collaborative with CSIRO Marine Research.
2: Shipping along PX50 was discontinued in April 2003 and is still dormant.
3: Shipping along 1X15/21 was discontinued in 1995, resumed some years later.

Transects presently supported by NOAA

South Pacific line - (PX50) New Zealand-Chile, (PX08) New Zealand-Panama: Commercial
shipping was discontinued on the direct route between Australia/New Zealand and South America
(PX50) in mid-2003. The nearest alternate route is Auckland-to-Panama (PX08). We began HRX
sampling along PX08 in January 2004. Four transects have been carried out aboard PONL
Mairangi, in January, March, May, and September 2004. Our plan is to continue HRX sampling
along PX08 unless shipping is resumed along PX50.

East Pacific line (PX81) Hawaii-Chile:

Three transects were carried out, on NYK Nacre in October 2003, and on NYK Forestal Diamante
in May and August 2004. Shipping on the line is bulk cargo carriers trading between Japan and
Chile. Individua ships do not remain in service for long, and the Hawaii port call for bunker fuel
has been temporarily discontinued. Therefore, our ship-riders rode from Japan to Chile (PX25) in
thisyear’'s cruises. We're evaluating the possibility of crew sampling along thisline.

South Indian line (1 X15/21) Fremantle-Mauritius-Dur ban:

Four transects on this newly implemented line were carried out aboard MSC Federica in
December 2003, and March, July, and September 2004. Local logistical support is provided by
CSIRO Marine Research. The ship sometimes follows a direct route from Fremantle to Durban
(1X02) without advance notice.

Southern Ocean lines (AX22) Drake Passage, (1 X28) Hobart-Dumont D’ Urville:

We provide only technical/logistical assistance for AX22 (J. Sprintall, Pl), which is sampled on a
year round basis on the R'V LM Gould. 1X28 is carried out by CSIRO Marine Research; we
provide a small fraction of probes. During austral summer 2003-2004, six transects along 1X28
were carried out aboard L’ Astrolabe.

Transects proposed for NOAA support under Add Task 1 (presently NSF).

North Pacific line (PX37/10/44), San Francisco-Honolulu-Guam-Hong K ong:

Four transects were carried out aboard Horizon Enterprise in October 2003, and in January, May,
and August 2004. The Enterprise is the longest serving ship in the HRX network, having been
used along PX37/10/44 sinceitsinception asan HRX linein 1991.

Northeast Pacific line (PX38), Honolulu-Alaska:

Three transects were carried out, one aboard R/V Kilo Moana in October 2003, and two aboard
Marine Columbia in January and May 2004. There continues to be shipping along this route
(mostly ail tankers), but the absence of scheduled repeating transits makes sampling somewhat
problematic.

Central Pacific line (PX06/09) New Zealand-Fiji-Honolulu (or L os Angeles):

Four transects were carried out, beginning with the Columbus Florida in November 2003. That
ship was taken offline, with no remaining ships along NZ-Fiji-Honolulu. Sampling was resumed
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along NZ-Fiji-Los Angeles (PX06/30), which has been an alternate route over past years of our
program, with transects aboard Direct Tui in April, July and August. The August XBT sampling
was terminated in Fiji due to technical problems, and Direct Tui was subsequently taken offline.
The next transect is planned for November using another ANZDL vessel.

Southwest Pacific lines (PX30) Fiji — Brisbane and PX34 (Wellington — Sydney):

These lines are carried out collaboratively with CSIRO. We provide most of the XBT probes
while CSIRO provides most of the PX30 ship riders and the local logistical support. Sampling
along PX34 is by the ship’s crew. Five transects were carried out along PX30 aboard the Forum
Samoa, in October 2003 and in January, March, June, and September 2004. Four cruises were
carried out along PX34 aboard ANL Progress and MSC New Plymouth, in October 2003 and
January, May and September 2004.

Other activities related to observations:

XCTD deployments: XCTD probes are deployed to measure large-scale variability in the T/S
relation, with typically 12 — 18 probes used on a basin-spanning transect. Use of XCTDs is being
slowly phased out as more regions become well populated with Argo floats. 134 XCTDs were
deployed in FY2004.

T-12 XBT testing: We've carried out partially successful tests of the Sippican MK-12 XBT
probe (2000 m, 20 kt, research quality), and are waiting on the manufacturer for additional
probes.

VOSIMET systems. We provide logistica assistance to the WHOI IMET group for installation
and maintenance of VOS IMET systems. There are presently two systems operating in the
Pacific, on the Horizon Enterprise and the Columbus Florida.

Argo float deployment: HRX vessels are used for float deployment whenever floats are
available for these lines. We provide logistical assistance and carry out the deployments.

MK21/autolauncher integration: Major software development work is nearly completed to
convert the XBT autolauncher system from MS-DOS/Sippican MK-12 data acquisition to
Windows/Sippican MK-21. This conversion is being done collaboratively with NOAA/AOML in
order to produce fully compatible systems. We aready collaborate with NOAA/AOML to
provide real-time (GTS) transmission of data from HRX transects, and for shared use of
equipment on joint use vessels.

Data distribution, availability, access and archive:
There are three pathways for HRX data distribution.

- GTS. All XBT profiles are immediately transmitted to the GTS using the NOAA SEAS
system, except on vessels that do not have the necessary hardware (presently PX38,
PX30). Thisisthe primary conduit for use by operational centers and other near real-time
users.

- Internet. Our web site (http://www-hrx.ucsd.edu) provides downloadable data in the form
of 1 ASCII file per HRX transect, with 10-m vertical averaging. All data are stored and
backed up at SIO. Requests for 2-m vertical resolution files, and for data too recent to
have completed final QC, are handled on an individua basis.

- Data are passed to NODC to be archived and distributed. NODC/GTSPP is the primary
data source.
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Major research users of Pacific and Indian HRX data, in addition to SIO, include scientists at
CSIRO Marine Research (Australia), NIWA (New Zealand), and Tohoku University (Japan).

Problems encounter ed:

The most serious problem facing the HRX Network is the present “instability” of
international shipping, somewhat exacerbated by increased global security measures. By
“instability”, we mean that the average time spent by a vessel trading on a particular route
has decreased markedly in the past decade. Ships and even routes now come and go,
where they used to remain in place for many years. Along well-traveled routes, this is
merely an inconvenience and expense, requiring laborious changes from ship-to-ship.
Along lightly traveled routes, especialy PX50 and PX81, it is a serious problem that
threatens the viability of sampling along those lines. Increased security measures add to
the difficulty by making it more likely that any particular vessel or owner will decline to
carry scientific ship riders, thus further narrowing the list of prospective vessels.
Conversion of auto-launcher software to SEAS compatibility operating under
Windows/Sippican-MK21 has been slow and time-consuming (involving both SEAS and
SIO personnel). As the changeover is not yet completed, we are still operating the
autolauncher under MS-DOS/Sippican-MK12. MK12 data acquisition cards are no longer
available or supported by Sippican, and are prone to frequent failure. During the past year
this resulted in one transect being terminated (PX06/31). It is expected that this issue will
be solved in the next 6 months with completion of the conversion

Resear ch highlights:
HRX data are being incorporated in regional, basin-wide, and global analyses, as well as being
used for comparison with data assimilation modeling results, such as ECCO.

Combining XBT and altimetric height data. Willis et a. (2003) developed a new
technique for combining XBT and satellite datasets, and applied it regionally in the
southwestern Pacific. This was followed by a study of global interannual heat storage
(Williset al. 2004).

Regional to basin-wide studies of circulation and heat budgets using HRX datasets
are being carried out in the northeast Pecific (Douglass et a. (2004)), the southwest
Pacific (Roemmich et al. 2004), and Drake Passage (Sprintall and Adams 2004).
Dynamical studies. Willis (2004) used a quasi-geostrophic data assimilation model to
study the structure and dynamics of propagating eddies in the North Pacific (following on
Roemmich and Gilson, Journal of Physical Oceanography 2001). Work on this topic is
ongoing.

An especially noteworthy paper is the global analysis of ocean heat content and sea level
variability, 1993 — 2003, by Willis et al. (2004).
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.10a. CORC: Development of an Underway CTD
by Daniel L. Rudnick

PROJECT SUMMARY

The development of the Underway Conductivity Temperature Depth instrument (UCTD) is
motivated by the desire for inexpensive profiles of salinity from underway vessels, including
volunteer observing ships (VOS) and research vessels. While expendable CTDs (XCTDs) do
provide the needed salinity profiles at present, their cost limits how many can economically be
used. The temperature-salinity (T-S) relationship is most variable in the mixed layer and seasonal
thermocline where the ocean is in direct contact with the atmosphere. Deeper, climatological T-S
relationships combined with XBTs are sufficient for observing the hydrographic structure that
enters into momentum, heat and salt budgets. Thus, the design goa for UCTD was to obtain
profiles deeper than 100 m at 20 knots (typical of a VOS). This goa has been surpassed, as we
are ableto profileto over 150 m at 20 knots, and to over 400 m at 10 knots.

The UCTD operates under the same principle as an XCTD. By spooling tether line both from the
probe and a winch aboard ship, the velocity of the line through the water is zero, line drag is
negligible and the probe can get arbitrarily deep. The challenge is to recover the probe, because
the line velocity will then equal the ship speed, and line drag may become large. This has proven
possible using a Spectra line commercially available for fishing. A number of advantages accrue
because the UCTD is recovered rather than expendable. First, the cost per profile decreases as the
probe is reused. Second, because the probe is recovered, sensors can be calibrated post-
deployment, improving the quality of the observations. Third, the UCTD carries a pressure sensor
so depth is measured more accurately than by the drop-rate equation typical for an expendable.

All of the components of the UCTD system have been designed, built, and used successfully. A
description of the components follows. The probe has a four-electrode conductivity sensor, a
thermistor, and a pressure sensor. Data from the sensors are logged at a frequency of 10 Hz by a
Persistor microprocessor to solid-state memory. Between UCTD casts, data are downloaded to a
laptop computer via a serial connection, the probe's battery is recharged, and the probe is
initialized for the next cast. Deck gear consists of a davit, a winch, and a mechanism to rewind
line onto the tail. The davit has a 4'x4’ footprint, and can pivot and extend. The winch is a Penn
International fishing reel equipped with a DC motor for fast recovery. The rewinding mechanism
isdriven by avariable speed motor, while level winding is accomplished with an adjustable pitch,
reversing unit available commercialy.

The UCTD operation is carried out easily and safely on an underway vessel, making no demands
on vessel operators other than space on an aft quarter to put the equipment. The UCTD is
deployed by dropping over the stern while letting the winch free spool (Fig. 1). Asthe fal rateis
approximately 5 m/s, a 400-m profile takes 80 s. Assuming the ship is steaming at a speed of 5
m/s (10 knots), 400 m of lineis pulled off the winch. The total of 800 m of line deployed at the
conclusion of a profile takes roughly 15 min to recover with our current winch design. Recovery
of the probe is accomplished by adjusting drag on the reel to be strong enough to pull in the probe
but too weak to break the line, a simple matter as the probe weighs 10 Ib, while the line breaks at
over 300 Ib. The probe isthen pulled snug against afoam block attached over the line at the davit.
Rewinding the tail and downloading data take about 10 minutes so that consecutive profiles can
be done as rapidly as every 30 min.
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Figure 1. The UCTD falling into the water on deployment. The yellow on the tail is 400 m of
Spectraline. Conductivity and temperature sensors are protected in the white nosepiece.

The UCTD directly contributes to the Program Plan for Building a Sustained Ocean Observing
System for Climate by addressing the need for observations of upper-ocean salinity and
temperature. These observations are needed to quantify the heat transport of the ocean, and air/sea
interactions central to climate. The UCTD will fit naturally into the Ships of Opportunity
Program (SOOP), and will increase the productivity of NOAA research vessels by providing the
capability to make more underway observations.

As the UCTD has only this year begun to be operational, data are not yet being managed in

cooperation with relevant international panels. As UCTD sees greater use, its data will be
managed as are other temperature and salinity profiles in the ocean observing system.
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UCTD was used on two cruises this year as part of the ONR-sponsored North Pacific Acoustics
Laboratory (NPAL). Cooperating institutions included Woods Hole Oceanographic Institution
and University of Washington.

UCTD is a new system with potential for improving the upper-ocean salinity database of the
ocean observing system. UCTD is thus at step 1 of the 10 Climate Monitoring Principles:
assessment prior to implementation. Should UCTD prove valuable, it will address point 7 by
improving observations of relatively poorly observed upper-ocean salinity.

FY 2004 PROGRESS

The major accomplishment of the past year was the first operational use of the UCTD. We
participated on an ONR-sponsored cruise whose purpose was to examine the effects of interna
waves and density compensating thermohaline variability (sometimes called spice) on long-range
acoustic propagation. The cruise resulted in over 160 successful UCTD casts (Fig. 2). The
primary goal of the cruise was to deploy four acoustic moorings on a 1000-km path in the central
North Pecific subtropical gyre. UCTD was used while the ship steamed at 10-13 knots between
moorings. The resulting hydrographic section had a resolution of 10 km horizontally and 5 m
vertically. The section clearly showed the effects of thermohaline variability on sound speed.

Spice04
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D. Rudnick, SI10, 6/16/04

Figure 2. Locations of UCTD casts (x) and acoustic moorings (0) from the May-June NPAL
cruise. The section marked by the blue crosses is shown below.
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The section was done from east to west (Fig. 3). The changing depth of the profiles was directly
related to ship speed. During the first quarter of the section ship speed was 11-12 knots, the
second quarter 12-13 knots, and the second half 10 knots. Over the second half of the section the
casts were mostly greater than 400 m, with the deepest ones greater than 430 m.

The summer mixed-layer depth of 20 mis evident in the figures as is the 100-150 m depth of the
remnant winter mixed layer. Temperature-salinity features can be seen covering the depth of the
winter mixed layer. Sound speed variability (changes as large as about 6 m/s over a horizontal
distance of 10 km), and the resulting effects on acoustic propagation were the motivation for this
experiment. The salinity minimum near the base of the winter mixed layer is a distinctive feature
of this region.

Spice04 UCTD Observations
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Figure 3. UCTD section of salinity (color image) and potential density (black contours) along the
blue path in Figure 1.

UCTD was used again as part of NPAL during a cruise September-October 2004. Over 170 casts

were completed during the first use of UCTD by operators other than the developers. This cruise
marks an important step toward general use by the oceanographic community.
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Data from the NPAL exercise are currently being processed to ensure accurate temperature and
salinity. They will be archived at SIO and shared with interested scientists, especially others
involved with NPAL. A major issueis the stability of the conductivity sensor.
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.11a. CORC: Lagrangian Salinity Profiling: Evaluation of Sensor Perfor mance
by Raymond W. Schmitt

PROJECT SUMMARY

Principle investigator Schmitt has long been concerned with the chalenge of assessing the
strength of the hydrologic cycle over the ocean (Schmitt et a. 1989; Schmitt 1995). One
important indicator of the water cycle is the salinity structure of the upper ocean (Schmitt and
Montgomery 2000). This project focuses on instrumentation used to measure salinity on
autonomous vehicles.

A basic need in Building a Sustained Ocean Observing System for Climate is reliable
measurement technology and we are here focused on the quality of oceanic salinity
instrumentation. Under CORC sponsorship we have advanced automated salinity measurement
technology by working with Falmouth Scientific, Inc. (FSI) to improve their conductivity cell
performance and assist in development of their “Excell” Float CTD.  This work has helped to
address problems with present instrumentation and provide diversified technology sources for
sainity measurements within the ARGO float program. Early versions of the Excell were tested
extensively for electronic performance and tuned to have proper dynamic response. Later models
are performing much better than initial versions. Severa FSl-equipped SOLO floats were
deployed in the eastern tropical Pacific last year as part of the CORC/ARGO array.

Considerable effort has also gone into studies of the dynamic response of the sensors. Dynamic
response is always a concern with salinity measurements from moving sensors, as temperature
and conductivity cells inevitably have different response times, with different speed
dependencies. Thisleadsto an error in the cal culated salinity which can be significant in strong
thermoclines, and leads to subtle errors elsewhere. Salinity spiking and density inversions from
SeaBird CTD equipped floats in ARGO has been a noticeable problem in some areas (G.
Johnson, personal communication). Salinity spikes can be avoided if the dynamic response
characteristics of temperature and conductivity cells are understood and adjusted for prior to
calculation of salinity. Thisisan especially important issue for profiling floats as transmission of
raw dataisimpractical and data reduction must be done on-board.

As this project seeks to improve the instrumentation at the basis of the growing climate
monitoring system it certainly adheres to the philosophy of the 10 climate monitoring principles.

FY 2004 PROGRESS

In order to address the dynamic response problem we have constructed a special double-diffusive
interface tank capable of long-term maintenance of a very sharp temperature/salinity step
(Schmitt et a. 2004). Traversing the CTD through the interface reveals the sensor mismatches
and allows development of an appropriate filter to optimize the accuracy of the salinity
calculations. This has been done for the Excell float CTD. Figure 1 shows the dynamic response
tank we are using for these tests. A new speed control mechanism was recently installed for tests
of the SeaBird pumped CTD.

Research Highlights. Dynamic response testing of the SeaBird has recently been completed and
a rather complex response function revealed. Figure 2 shows average scaled conductivity and
temperature data from 11 such trials. Eleven plunge tests were averaged to account for the
random timing between the slow Sea-Bird sample rate and the passage through the interface.
Issues that can be identified in this type of plot are: 1. the relative placement of the temperature
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and conductivity probes, 2. the time constant of the temperature probe, and 3. the thermal mass of
the conductivity cell. In addition, there appear to be electronic drift issues that complicate the
development of a suitable correction agorithm. A correction algorithm for implementation on
board the float is under devel opment.

Double-diffusive Interface Tank
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Figure 1. The double diffusive dynamic response tank used for tests of float CTDs. The 3 ft
diameter pipeis 15 ft deep with a aluminum plate bottom. A heating element drives convection
in the lower salty water and a heat exchanger cools the top of the upper fresh water. A computer
controlled winch lowers the instruments through the sharp interface at a set speed. Sensors
monitor the temperature and salinity of the mixed layers.
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Average Scaled Step Response, 11 SeaBird Runs
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Figure2. The average scaled step
response from 11 plunges of the
Sea-Bird float CTD through the
double diffusiveinterface. Thefall
speed was 10 cm/sec and only data
from the moving portion of the
plunge were used. The instrument
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.12a. CORC: Observations of Air-Sea Fluxes and the Surface of the Ocean
by Robert A. Weller, Frank Bahr, and David S. Hosom

PROJECT SUMMARY

Central to present efforts to improve the predictability of climate is the need to understand the
physics of how the atmosphere and ocean exchange heat, freshwater, and momentum and, in turn,
to accurately represent that understanding in the models to be used to make predictions. At
present, over much of the globe, our quantitative maps of these air-sea exchanges, derived either
from ship reports, numerical model analyses or satellites, have errors that are large compared to
the size of climatically significant signals. Observations made using the IMET technology on the
Volunteer Observing Ships on long routes that span the ocean basins are essential to providing
the accurate, in-situ observations needed to:

1) identify errorsin existing climatological, model-based, and remotely-sensed
surface meteorological and air-sea flux fields,

2) to provide the motivation for improvements to existing parameterizations and
algorithms,

3) to provide the data needed to correct existing climatol ogies, and

4) to validate new model codes and remote sensing methods.

AutolMET was developed by the Woods Hole Oceanographic Institution to meet the need for
improved marine weather and climate forecasting. It is a wireless, climate quality, high time
resolution system for making systematic upper ocean and atmospheric measurements. This
interfaces to the NOAA SEAS 2000 (Shipboard Environmental (Data) Acquisition System) that
automatically receives meteorological data (from the AutolMET) and sends in automated one
hour satellite reports via Inmarsat C. This system will document heat uptake, transport, and
release by the ocean as well as the air-sea exchange of water and the ocean’s overturning
circulation.

Note that descriptions, technical information and data from the several VOS being serviced are
posted on the site: http://uop.whoi.edu/vos/. Data (plots) are available for all ship sets.

Data (numbers) are available via anonymous ftp for the last data set only:
ftp.whoi.edu/pub/users/fbahr/VOS. If data from previous times are desired please contact Frank
Bahr at: fbahr @whoi.edu.

There is a link to the site: http://frodo.whoi.edu where there is detailed information on the
AutoIMET and ASIMET modules. Instrument design questions can be addressed to Dave
Hosom at: dhosom@whoi.edu.

Ship selection and interface to the NOAA SEAS system is via AOML. There is ongoing
cooperation with Scripps via the CORCIII program on ship scheduling as well as Southampton
Oceanography Centre (SOC) of Southampton UK on Computer Flow Dynamics (CFD) for
evaluation of the flow turbulence around the ship and its effect on the sensor placement. Some
logistic support is provided by the Southern California Marine Institute on ship turnarounds.
There is ongoing cooperation with the Atlantic Marine Ocean and Atmosphere Laboratory
(AOML) in Miami on the Atlantic VOS program. There is also ongoing cooperation with many
sensor manufacturers and the VOS people at the German Weather Service (Deutscher Wetter
Dienst) in Hamburg Germany.
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This project is managed in accordance with the Ten Climate Monitoring Principles.

FY 2004 PROGRESS
The CORCIII program supports two shipsin the Pacific and had the following activities:

L
3 E\'—c

Columbus Florida

This is for the period 1 October 2003 through 30 September 2004 on a program to improve the
surface meteorologica and sea surface temperature observations made by U.S.VOS as described
by WHOI Proposal Serial No. PO10731.01. The actual accomplishments at this point in time
match the goals and objectives of the proposal. During this period we continued to build the
program to attempt to improve the observations made by the U.S. Volunteer Observing Ship
(VOS) fleet and to collaborate with VOS Expendable Bathythermograph (XBT) investigators on
testing and evaluating data from modul es devel oped during the program.

December 2003. ASIMET modules were removed and an AutolMET system installed on the
Horizon Enterprisein Oakland CA.

December 2003. The AutolMET system was turned around on the Columbus Florida in Long
Beach, CA. The system that was removed had sustained serious sea damage in that the wind
sensor was rearranged at the top of the bow mast and the HullCom (acoustic modem for SST)
was flooded.

The HullCom was repackaged in an o-ring sealed titanium housing for re-installation. This
packaging is the standard for use on ocean buoys using IMET. One set of ASIMET modules was
converted to the AutolMET configuration. Note that with the 3 new and 3 conversions al 6
systems arein the AutolMET configuration to support 4 ships.

February 2004. Computer problem serviced in Hawaii on the Horizon Enterprise.
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March 2004. The power system on the Columbus Florida was converted from batteries to an all
ac. system. Note that the power unit was located near the SST and the HullCom was removed.
The ship officers were very supportive and provided bulkhead stuffing tubes and power interface.

April 2004. Annual Office of Climate Observation (OCO) Workshop and the 2™ High-
Resolution Marine Meteorology (HRMM) Workshop in Silver Spring, MD.

April 2004. Turnaround of AutolMET on the Horizon Enterprise in Oakland, CA.

May 2004. Turnaround of AutolMET system on the Columbus Floridain Long Beach, CA.

Sept 2004. Turnaround of AutolMET on the Horizon Enterprise in Oakland, CA. The ship has
provided a bulkhead fitting that will permit the SST to operate on a.c. power and remove the
batteries and acoustic modem (HullCom). This improves reliability, gives SST every 6 minutes

to SEAS, and reduces the cost of operation (no batteries).

ROUTE MAP

ot 14505 175;°w 135°W oW ‘ 555w 15.°w 25°E
Note the Ocean Monitoring Stations (circle with cross) being operated by WHOI.

The CFD (Computer Flow Dynamics) work continues at Southampton Oceanography Centre on
the feasibility of CFD on generic VOS.

141



PROJECT SUMMARY AND FY 2004 PROGRESS

3.13a. Flux Mooring for the North Pacific's Western Boundary Current: Kuroshio
Extension Observatory (KEO)
by Meghan F. Cronin, Christian Meinig, and Christopher L. Sabine

PROJECT SUMMARY

Overview:

As a NOAA contribution to the global network of ocean time series reference stations, an air-sea
flux buoy was deployed in the Kuroshio recirculation gyre at 144.5°E, 32.3°N in June 2004.
During this first deployment (June 2004-June 2005), the buoy is monitoring air-sea heat,
moisture, and momentum fluxes, and surface and subsurface temperature and salinity. In June
2005, we plan to include a pCO, sensor to monitor carbon flux (see Sabine Add-Task). The site
is within the NSF-funded Kuroshio Extension System Study (KESS) domain and KESS has
provided ship time, equipment and personnel for mooring operations. In addition, KESS will
provide important oceanic data for understanding processes affecting the heat content and
strength of the recirculation. Collaborations with Japanese Pls have begun and a partnership for
devel oping and maintaining the KEO array appears to have broad support.

Scientific Rationale:

As with other western boundary currents, the North Pacific’'s western boundary current has some
of the largest air-sea fluxes found in the entire basin. It is one of the largest sinks of carbon in the
North Pacific, has the characteristic maxima lobes of latent, sensible, and net surface heat loss,
and is co-located with the Pacific storm track. As the northward flowing Kuroshio current leaves
the Japanese coast, it carries warm water at nearly 140 million cubic meters per second (i.e. 140
Sv) eastward into the North Pacific, where it is termed the Kuroshio Extension (KE). Wind-
driven Sverdrup transport accounts for about athird of this transport; the other ~90 Sv is dueto a
tight recirculation gyre whose size varies on seasonal-decadal time scales (Fig. 1). As cold dry
air comes in contact with the warm KE and recirculation water, heat and moisture are extracted
from the surface, resulting in deep atmospheric convection and rainfall (Fig. 2). This heat and
moisture are then carried poleward and eastward by the Jet Stream’s storm track. In late-winter,
surface water in the KE recirculation region is subducted into the permanent thermocline to form
Subtropical Mode Water. As mode water is formed, carbon is sequestered. Large dust clouds
blowing eastward off Asia are visible in satellite images and can be traced al the way across the
Pacific basin. Asian dust is rich in iron and other nutrients. At present we have no in situ
information on how the carbon cycle' s biological pump is affected by the passage of these clouds.

NCEP2 Lotent Heat Flux (Wm~2) NCEP2 Latent Heat Flux (Wm™2)
Sea Level Height Courtesy B. Qiu Sea Level Height Courtesy B. Qiu

| | I | |
136°E 140°E  144°E 148°E 152°E 156°E 160°E 164°E 136°E 140°E 144°E  148°E 152°E

Winter (JFM) 1996 Winter (JFM) 2004
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Figure 1. Wintertime (January-March) latent heat flux and sea level height in the Kuroshio
Extension region during 1996 (left) and 2004 (right). The KEO site is indicated by a black
square. Sea level height contours can be interpreted as surface geostrophic streamlines of flow.
The KEO-2 siteisindicated by agray square.
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Figure 2. KEO telemetered daily-averaged data during 2004.

The KEO site is at 144.5°E, 32.3°N on the southern side of the Kuroshio Extension in its
recirculation gyre. The Partnership for the Observation of the Global Oceans (POGO) has
recommended the Kuroshio Extension as a site for an Ocean Sustained Interdisciplinary
Timeseries Environmental Observatory (OceanSITES). With surface currents of almost 3 knots
(~150 cm/s), a typically rough sea state, and lying in the Jet Stream's storm track, the KE is an
extremely difficult region to observe. Ships have been the traditional platform for observing air-
sea interaction in western boundary currents. However research cruises typically last no more
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than a month or two, and measurements from research ships and vessels of opportunity are biased
towards good weather. To survive the strong currents, the surface mooring must be carefully
engineered to have extremely low drag. Mooring design analyses have been performed by
engineers at PMEL (co-PI Meinig is PMEL lead engineer) and vetted with scientists and
engineers a¢ WHOI and JAMSTEC. The mooring is slack-line with a scope of 1.4, and has
minimal subsurface instrumentation during the first year. To minimize the risk involved in this
project, the first year deployment is relatively modest and highly leveraged. Furthermore, the
mooring is carrying a load-cell and telemetering engineering data, as well as the physical data.
Although historically the KE has meandered over the site location, the KE appears to have
entered a quasi-stable straight path, with axis north of the site (Fig. 1). Although we are confident
that the buoy will survive the winter, in the event that the buoy sinks, we will have the
engineering data to understand the tolerance limits of the mooring. Western boundary flux
mooring will undoubtedly require ongoing engineering. We are eagerly awaiting wintertime
when air-seainteractionsintensify.

Addressing NOAA’s Program Plan:

The KEO buoy is a contribution to the network of Ocean Reference Stations in a key region for
air-sea interaction and therefore directly addresses the sixth element of the Program Plan for
Building a Sustained Ocean Observing System for Climate (Ocean Reference Stations). With a
Carbon Flux sensor this project would directly address the eighth element “ Ocean Carbon”.

Management in Cooperation with International Panels:

The KEO site has been endorsed by the International Time Series Science Team (co-chaired by
R. Weller), which reports to the Ocean Observations Panel for Climate (OOPC). The two
primary international ocean carbon research programs are the Integrated Marine Biogeochemistry
and Ecosystem Research (IMBER) and the Surface Ocean Lower Atmosphere (SOLAS)
programs. Both groups strongly recommend carbon time-series measurements and are very
supportive of NOAA's efforts to develop a global pCO, mooring network. The KEO mooring is
an important part of that effort. Time-series carbon measurements are also a key element of the
United States research programs like the Ocean Carbon and Climate Change Program (OCCC).

Responsible I nstitution:
NOAA Pecific Marine Environmental Laboratory isthe responsibleinstitution for this project.

Websites:
KEO website: http://www.pmel.noaa.gov/keo/

Partner ships:

The KEO project has severa strong partners. The KEO buoy is an element of the OceanSITES
network of reference sites and therefore is partners with other buoy programs in the network (e.g.,
stratus, NTAS, HOT, TAO/TRITON,...). TAO and the NSF-funded Kuroshio Extension System
Study (KESS) are particularly close working partners. The buoy was originally purchased under
the now-complete NOAA OGP funded TAO-Eastern Pacific Investigation of Climate (EPIC)
project. Professiona staff supported by the KEO project are drawn from the pool of professional
staff that participate in the TAO program. Located within the KESS array and within 10 km of N.
Hogg's subsurface profiler mooring, the KEO buoy is contributing scientificaly to the KESS
experiment. KESS in turn has provided ship time, technicians and equipment for mooring
operations. After the final KESS recovery cruise in June 2006, it is hoped that ship time will be
provided through JAMSTEC. Partnership with JAMSTEC during FY04 resulted in a science
meeting at JAMSTEC, “KESS and Beyond” co-organized by Drs. Cronin and Ichikawa.
Subsequently, Prof. Kubota has asked Cronin to collaborate on a project titled “KESS-flux” and

144



Drs. Ichikawa, Konda, and Tanimoto have a proposal pending in which PMEL would be
contracted to deploy a buoy, much like KEO, across the jet from the KEO site, either upstream or
downstream. This partnership is a step towards our goal of having an array of buoys that would
monitor the patterns of atmosphere and ocean exchanges in this dynamic region. During FY 05,
we hope to add a pCO, flux sensor to the suite of sensors. With this the carbon measurement, the
KEO project would become a partner to NOAA’'s Global Carbon Cycle Program. This
partnership is represented by co-Pl Sabine.

Monitoring Principles:
The project is managed in accordance with the Ten Climate Monitoring Principles.

FY 2004 PROGRESS

KEO buoy:

FY 2004 was the first year of the KEO project. During FY 2004, a buoy from the now-complete
TAO-EPIC project, was retrofit into a more robust platform. The mooring was redesigned to be a
slack-line mooring with 1.4 scope and 500 m of fairing. A load cell and GPS transmitter were
purchased to monitor the tensions and location of the buoy. To survive winter storms, the
standard RM Y oung vane and propeller wind sensor was replaced with a sonic anemometer. The
full suite of meteorologica measurements on the first-deployment of the KEO buoy includes:
wind speed and direction, air temperature, relative humidity, rainfall, and solar and longwave
radiation. Surface and subsurface measurements include sea surface temperature and salinity at 1
m, subsurface temperature at 11 depths down to 500 m, subsurface salinity at 8 depths down to
400 m, and pressure at 100 m, 300 m, and 500 m.

The KEO buoy was shipped to Yokohama, Japan and deployed from the KESS mooring cruise
aboard the R/V Thompson with N. Hogg (WHOI) as Chief Scientist in June 2004. The mooring
operation was led by PMEL mooring technician S. Kunze and aided by 3 WHOI mooring
technicians, as well as other KESS and ship personnel. M. Cronin helped stage the buoy in
Y okohama prior to deployment, but did not go on the cruise. During staging, M. Cronin and H.
Ichikawa held a “KESS and Beyond” science meeting at JAMSTEC that drew together KESS
scientists and climate scientists from throughout Japan.

In addition to the “KESS and Beyond” meeting, there have been several informal meetings with
Japanese investigators at the CL1VAR2004 conference in Baltimore, MD, and at the AMS air-sea
interaction conference in Portland ME. These discussions have culminated in a JAMSTEC
proposal submitted in late September 2004 by Drs. Ichikawa, Konda, and Tanimoto to deploy a
PMEL KEO buoy inthe KE in fall 2005. This effort represents a clear intention by JAMSTEC to
form a partnership with PMEL to build a Kuroshio Extension Observing array. Ultimately the
success of the KEO project will depend upon the formation of such a partnership and thus this
JAMSTEC proposal represents a mgjor step forward for the KEO project.

Data M anagement:

Daily-averages of nearly all data (surface and subsurface) are telemetered to PMEL and made
availablein near-real time from: http://www.pmel.noaa.gov/keo/data.html

Because the KEO array is at this time an array of one buoy, the data are being withheld from the
Globa Telecommunications System (GTS) so that they can be used as an independent validation
in comparisons with satellite and numerical weather prediction (NWP) fields. This decision will
be reviewed periodically. High-resolution surface and subsurface data will be made publicly
available through the KEO website within 6 months of recovery.
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KEO data has had an excellent data return, with greater than 99% data return for the surface
meteorological measurements. Due to transmission failure from the 75 m module and several
random transmission drop-outs, the overall data return for KEO telemetered data is 93%. When
data are recovered from internal memory, the overall data return may increase.

Resear ch Highlights:

Within days of the deployment, remnants of super typhoon Dianmu passed over the buoy and can
be seen in the KEO data (Fig. 2). Likewise, the eastern edge of typhoon Megi passed over the
KEQO site in late August, resulting in nearly 10 cm of rainfall in one 24-hour period and a 24-hour
average solar radiation value of 25 Wm?. Large air-sea temperature differences can also be seen
in the data. Heat fluxes associated with cold-air outbreaks can contribute to explosive
cyclogenesis, yet are often poorly modeled and can contribute to systematic biases in seasonal
and climatological NWP flux estimates. For this reason, researchers at ECMWF (Beljaars 2004,
personal communication) and elsewhere are very interested in tracking cold-air outbreaks in the
KEO data. Although it is early for detailed analyses, already KEO data are being used to
compute air-sea heat fluxes for comparisons with the JJOFURO satellite derived flux products
(Kubota 2004, personal communications). Kubota has a proposal submitted to Japan’s Ministry
of Education, Culture, Sports, and Technology to collaborate with Cronin on “KESS-fluxes’. As
can be seen in Fig. 1, the Kuroshio Extension appears to have entered into a stable path-state.
During 2003 and 2004 no large meanders were observed (Qiu 2004, personal communication).
The KEO site is well placed for investigating the role of the recirculation gyre heat content and
air-sea heat exchanges in maintaining the quasi-stable path.
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.14a. High Resolution Climate Data From Research and Volunteer Observing Ships
by C. W. Fairall

PROJECT SUMMARY

This project involves the measurement of direct high-resolution air-sea fluxes on two cruises per
year and the development of aroving standard flux measuring system to be deployed on a series
of NOAA and UNOL S research vessels to promote the improvement of climate-quality data from
those platforms. An adjunct task is maintenance and operation of the C-band scanning Doppler
radar and the stabilized wind profiling radar on the NOAA ship Ronald H. Brown. Because
buoys and most ships and satellites rely on bulk methods to estimate fluxes, another aspect of this
project is the use of direct measurements to improve the NOAA/COARE bulk flux algorithm.
One cruiseis the annual TAO buoy tending cruise to 95° and 110°W on the Ronald Brown, which
occurs every fall. The second cruise, which aso occursin the fal, isthe annual excursion to turn
around the Stratus climate buoy at 20°S, 85°W. A full suite of direct, inertial-dissipation, and
bulk turbulent fluxes are measured along with IR and solar radiative fluxes, precipitation, and
associated bulk meteorological properties. This effort represents a partia transition of research
from the OGP CLIVAR PACS program to operations under the Climate Observation Program
(COP).

The project development is the result of a recent NOAA-sponsored workshop on high-resolution
marine measurements (Smith et a. 2003, Report and Recommendations from the Workshop on
High-Resolution Marine Meteorology, COAPS Report 03-01, Florida State University, pp 38)
which identified three important issues with the planned NOAA air-sea observation system: 1)
the need for a data quality assurance program to firmly establish that the observations meet the
accuracy requirements, 2) the need for observations at high time resolution (about 1 minute), and
3) the need to more efficiently utilize research vessels, including realizing their potential for the
highest quality data and their potential to provide more direct and comprehensive observations.
For seasona time scales, the net air-sea flux (sum of 5 flux components) must be constrained
within 10 Wm?.  Buoys and VOS systems are required to operate virtually unattended for
months, so considerations of practical issues (e.g., power availability, instrument ruggedness, or
safe access) are balanced against inherent sensor accuracy and optimal sensor placement. As
discussed above, an important function of the in situ measurements is to provide validation data
to improve NWP and satellite flux fields. Here, high time resolution and more direct
observations are invaluable for interpreting surface flux measurements and diagnosing the source
of disagreements; such information can be provided by suitably equipped research vessels (R/V).
Thus, the accuracy of buoy and VOS observations must be improved and supplemented with
high-quality, high time resolution measurements from the US R/V fleet (which is presently
underutilized). The necessity for both high time resolution and high accuracy places extreme
demands on measurements because some sources of error (such as the effect of ship flow
distortion on wind speed) tend to average out over alarge sasmple. To accomplish this task will
require a careful intercomparison program to provide traceability of buoy, VOS, and RV accuracy
to a set of standards.

This project directly addresses the need for accurate measures of air-sea exchange (Sections 5.2
to 5.4, Program Plan for Building a Sustained Ocean Observing System for Climate). The
project is a joint effort by ETL and Dr. Robert Weller of the Woods Hole Oceanographic
Institution (WHOI). NOAA COP funds the ETL component and Dr. Weller is seeking NSF
funds for the WHOI component. The ETL Air-Sea Interaction Group website can be found at:
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http://www.etl.noaa.gov/et6/air-seal. ETL also cooperates with Dr. Andy Jessup (APL University
of Washington) on radiative sea surface temperature measurements, Dr. Frank Bradley (CSIRO,
Canberra Australia) on precipitation, Drs. M. Cronin and N. Bond (PMEL) on buoy-ship
intercomparisons and climate variability anaysis, and Dr. Mike Reynolds (DOE BNL) on
radiative fluxes. A new website is under construction for this project (High Resolution Climate
Observations). The website is planned to contain a handbook on best practices for flux
measurements plus a database of high-resolution flux data. This work will be closely monitored
by the new WCRP Working Group on Surface Fluxes (WGSF), which is chaired by C. Fairal.
This will give the project high visibility in the CLIVAR, GEWEX, and SOLAS programs. This
project will be managed in cooperation with JCOMM (and other) panels as per instructions of
Mike Johnson.

FY 2004 PROGRESS

For the Ronald Brown C-band and wind profiler radar project, hardware upgrades and routine
maintenance was performed on the wind profiler prior to the NOAA New England Air Quality
Study (NEAQS) conducted off New Hampshire and Maine in July and August 2004. The wind
profiler performed well during the cruises and was constantly monitored to evaluate boundary
layer wind speed and direction. The C-band radar was also used on this project. While the ship
was in Portsmouth, NH, Engineer David Lefcourt of SIGMET, Inc., spent two days upgrading the
C-band radar software and improving the functionality of the new LINUX computers that were
purchased last year. The software licenses and maintenance were also continued with SIGMET.
The C-band radar and wind profiler are also operated during the TAO tender cruisein fall 2004.

ETL completed two research cruises as planned: the annual TAO tender cruise to 95° and 110°W
longitude in the equatorial Pacific on board the R/V Ronald H. Brown and the joint ETL/WHOI
cruise to the climate reference buoy (25°S, 80°W) on board the R/V Roger Revelle. Three
significant research accomplishments are highlighted here. The joint ETL/WHOI cruise in the
fall 2003 signified the first time that air-sea fluxes, cloud remote sensing, and aerosol properties
were all measured simultaneously from a ship in the subtropica stratus cloud region. These
unique observations showed strong correlations between cloud properties, aerosols, and the air-
sea flux forcing of the ocean energy budget. A paper on this has already been accepted for
publication (Kollias et a. 2004). A second major accomplishment is the application of
parameterizations developed from the ETL TAO tender ship-based observations to an analysis of
data from the enhanced monitoring system on the TAO buoys on 95°W (joint with Meghan
Cronin of PMEL and Bob Weller of WHOI). This has allowed us to compare the buoy-observed
annual cycle of the effects of clouds on the surface energy budget with estimates from satellites,
NCEP and ECMWF reanalysis products. This analysis has identified several regions/seasons
where the operational products have significant errors and shown that the reason for the errorsis
incorrect model cloud type (e.g., the mode has tropical convective clouds where it should have
stratocumulus clouds). A publication on this has also been submitted (Cronin et a., 2004). The
third accomplishment involves ongoing work on improving the NOAA/COARE flux agorithm
through direct measurements of air-sea gas transfer. The use of trace gases allows us to dig into
internal details of the algorithm associated with the partition of oceanic versus atmospheric
transport processes. We completed a comparison of the algorithm with data from the NOAA
Carbon Cycle program’'s GASEX-01 field program (see Hare et a., 2004). Also, in 2003 we
hosted a piggyback project from the University of Hawaii on the Ronald Brown’s fall TAO tender
cruise. This resulted in the first ever direct measurements of DMS flux from a ship. This
technological breakthrough adds a second (along with CO,) biologically coupled gas transfer
process to our capabilities (see Huebert et a. 2004).
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.15a. Global Repeat Hydrographic/Co,/Tracer Surveys|n Support Of CLIVAR And
Global Carbon Cycle Objectives: Carbon Inventories And Fluxes
by Project Managers: Richard A. Feely and Rik Wanninkhof
Co-Principal Investigators: Christopher Sabine, Gregory Johnson, Molly Baringer, John Bullister,
Calvin W. Mordy, Jia-Zhong Zhang

PROJECT SUMMARY

General Overview:

The Repeat Hydrography CO,/tracer Program is a systematic and global re-occupation of select
hydrographic sections to quantify changes in storage and transport of heat, fresh water, carbon
dioxide (CO,), chlorofluorocarbon tracers and related parameters. It builds upon earlier programs
(e.g., World Ocean Circulation Experiment (WOCE)/Joint Global Ocean Flux Survey (JGOFS)
during the 1990s) that have provided full depth data sets against which to measure future changes,
and have shown where atmospheric constituents are getting into the oceans. The Repeat
Hydrography CO./tracer Program (Fig. 1; Table 1) will reveal much about internal pathways and
changing patterns that will impact the carbon sinks on decadal time scales. It is designed to
assess changes in the ocean's biogeochemica cycle in response to natural and/or man-induced
activity. Globa warming-induced changes in the ocean’s transport of heat and freshwater, which
could affect the circulation by decreasing or shutting down the thermohaline overturning, can be
followed through long-term measurements. Below the 2000 m depth of the Argo array, Repeat
Hydrography is the only global measurements program capable of observing these long-term
trends in the ocean. The program will also provide data for the Argo sensor calibration (e.g.,
www.argo.ucsd.edu), and support for continuing model development that will lead to improved
forecasting skill for oceans and global climate.
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Figure 1. Globa map of planned Repeat Hydrography CO./tracer Program hydrographic sections

planned lines that are not fully funded at thistime. The U.S. A16S and P16S cruises in the South
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By integrating the scientific needs of the carbon and hydrography/tracer communities, major
synergies and cost savings have been achieved. The philosophy is that in addition to efficiency, a
coordinated approach will produce scientific advances that exceed those of having individual
carbon and hydrographic/tracer programs. These advances will contribute to the following
overlapping scientific objectives: 1) data for model caibration and validation; 2) carbon
inventory and transport estimates; 3) heat and freshwater storage and flux studies; 4) deep and

shallow water mass and ventilation studies; and 5) calibration of autonomous sensors.

Table 1. Sequence of Repeat Hydrography CO,/tracer cruises in the oceans for the decade starting in

June of 2003.

Schedule of US CO>/CLIVAR Repeat Hydrography Lines

(as of 10/04)

Dates Cruise Days Ports Year Contact/Chief Scientist
Overall Coordinator:
Jim Swift, S10
6/19/03-7/10/03 A16N, leg 1 22 Reykjavik-Madeira 1  Bullister, NOAA/PMEL
7/15/03-8/11/03 A16N, leg 2 28 Madeira - Natal, Brazil 1  Bullister, NOAA/PMEL
9/15/03-10/13/03 A20 29 WHOI - Port Of Spain 1 Toole, WHOI
10/16/03-11/07/03 A22 21 Port Of Spain - WHOI 1 Joyce, WHOI
6/13/04-7/23/04 P2, leg 1 41 Yokohama-Honolulu 2 Robbins, SIO
7/26/04-8/26/04 P2, leg 2 32 Honolulu - San Diego 2 Swift, SIO
Wanninkhof/Doney;
1/11/05-2/24-05 Al16S 45 Punta Arenas-Fortaleza 3  NOAA/AOML/WHOI
1/8/05-2/18/05 P16S 40 Tahiti-Wellington 3  Sloyan/Swift, WHOI/SIO
2006 P16N 57 Tahiti-Alaska 4  Feely/Sabine, NOAA/PMEL
austral summer 07 S4P/P16S 25.5 Wellington-Perth 5
austral summer 07 25.5 Wellington-Perth 5
2008 P18 32 Punta Arenas-Easter Island 6
2008 35 Easter Island- San Diego 6
2008 16S 42 Cape Town 6
2009 17N 47 Port Louis/Muscat 7 future planning
2009 18S 38 Perth- Perth 7 future planning
2009 19N 34 Perth- Calcutta 7 future planning
2010 15 43 Perth - Durban 8 future planning
2010 A13.5 62 Abidjan-Cape Town 8 future planning
2011 A5 30 Tenerife-Miami 9 future planning
2011 A21/S04A 42 Punta Arenas-Cape Town 9 future planning
2012 A10 29 Rio de Janeiro-Cape Town 10 future planning
Woods Hole-Port of Spain-
2012 A20/A22 29 Woods Hole 10 future planning

Years 1-6 are funded.

National Linkages:

The Repeat Hydrography CO,/tracer Program is being implemented to maintain decadal time-
scale sampling of ocean transports and inventories of climatically significant parameters in
support of Objective 8 (Ocean Carbon Monitoring Network) of the Program Plan for Building a
Sustained Observing Network for Climate. The sequence and timing for the sections (Fig. 1)
takes into consideration the program objectives, providing globa coverage, and anticipated
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resources. Also considered is the timing of national and international programs, including the
focus of CLIVAR on the Atlantic in the early years of the program; the Ocean Carbon and
Climate Change Program (OCCC) that emphasizes constraining the carbon uptake in the
Northern Hemisphere oceans, in part, in support of the North American Carbon Program
(NACP); and the international Integrated Marine Biogeochemistry and Ecosystem Research
(IMBER) program. In addition, the proposed sections are selected so that there is roughly a
decade between them and the WOCE/JGOFS occupation.

The scientific objectives are important both for the CLIVAR and the OCCC programs, and for
operational activities such as Global Ocean Observing System (GOOS) and Global Climate
Observing System (GCOS). In mid-2001 the US scientific steering committees of CLIVAR
(www.clivar.org) and the Carbon Cycle Science Program, (CCSP; www.carboncyclescience.gov)
programs proposed the creation of ajoint working group to make recommendations on a national
program of observations to be integrated with international plans. Several community outreach
programs and efforts have been implemented to provide information about the program, such as a
web site with interactive forum (http://ushydro.ucsd.edu/index.html), articles in EOS (Sabine and
Hood 2002) and the JGOFS newsletter, as well as AGU and Ocean Science meeting forums. The
Repeat HydrographyCO,/tracer Program addresses the need, as discussed by the First
International Conference on Global Observations for Climate (St. Raphael, France; October
1999), that one component of a global observing system for the physical climate/CO, system
should include periodic observations of hydrographic variables, CO, system parameters and other
tracers throughout the water column (Smith and Koblinsky 2000; Fine et a. 2001). The large-
scale observation component of the OCCC has a so defined a need for systematic observations of
the invasion of anthropogenic carbon in the ocean superimposed on a variable natural background
(Doney et a. 2004; Fig. 1).

The CCSP has identified the critical need for the federal government to begin delivering regular
reports documenting the present state of the climate system components. Through this program
plan NOAA will develop the infrastructure necessary to build, with national and international
partners, the ocean component of a global climate observing system and to deliver regular reports
on the ocean’s contribution to the state of the climate and on the state of the observing system.
The god of this plan is to build and sustain the ocean component of a global climate observing
system that will respond to the long-term observationa requirements of the operational forecast
centers, international research programs, and major scientific assessments.

Relationship to NOAA’s Program Plan for Building a Sustained Ocean Observing System
for Climate: (Objective 8: Ocean Carbon Monitoring Network)

The ocean is the memory of the climate system and is second only to the sun in effecting
variability in the seasons and long-term climate change. It is estimated that the ocean stores 1000
times more heat than the atmosphere, and 50 times more carbon. Additionaly, the key to
possible abrupt climate change may lie in deep ocean circulation. Accordingly, the main
objective of the repeat hydrography component of the sustained ocean observing system for
climate is to document long-term trends in carbon storage and transport in the global oceans. This
program will provide a composite global ocean observing system large-scale observations that
includes: 1) detailed basin-wide observations of CO,, hydrography, and tracer measurements; and
2) data delivery and management. This end-to-end ocean system will provide the critical “up-
front” information needed for climate research and assessments, as well as long-term, climate
quality, global data sets. At the same time, the data management system will provide the
necessary datato serve the needs of the other federal agenciesin accomplishing their missions.
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Inter national Linkages:

Recognizing the need to develop an international framework for carbon research, various working
groups of programs like the International Geosphere-Biosphere Programme (IGBP), the World
Climate Research Programme (WCRP), the International Human Dimensions Programme
(IHDP), the Intergovernmental Oceanographic Commission (IOC), and the Scientific Committee
on Oceanic Research (SCOR) have worked together to develop research strategies for global
carbon cycle studies. Based on the recommendations coming from these programs, NOAA and
NSF have co-sponsored the Repeat Hydrography CO./tracers Program, with program direction
coming from the Repeat Hydrography Oversight Committee (Richard Feely and Lynne Talley,
co-chairs; http://ushydro.ucsd.edu/index.html). Many other nations are also sponsoring similar
carbon studies that are comparable in focus and have been designed to be complimentary to our
program (http://www.clivar.org/carbon_hydro/index.htm). Consequently, there is an immediate
need for global-scale coordination of these carbon observations and research efforts to achieve
the goal of agloba synthesis. Thereis also an urgent need to critically assess the overall network
of planned observations to ensure that the results, when combined, will meet the requirements of
the research community. Because of these issues, the IOC-SCOR Ocean CO, Pane
(http://www.ioc.unesco.org/iocweb/co2panel/) and the Global Carbon Project (GCP,
http://www.global carbonproject.org/) have initiated the International Ocean Carbon Coordination
Project (IOCCP; http://www.ioc.unesco.org/ioccp/) to: (1) gather information about on-going and
planned ocean carbon research and observation activities, (2) identify gaps and duplications in
ocean carbon observations, (3) produce recommendations that optimize resources for
international ocean carbon research and the potential scientific benefits of a coordinated
observation strategy, and (4) promote the integration of ocean carbon research with appropriate
atmospheric and terrestrial carbon activities. It is through the workings of the IOCCP and
international CLIVAR that international coordination of data management, data synthesis and
scientific interpretation of the global repeat sections results will be implemented. In addition, the
Repeat Hydrography CO,/tracer Program is being managed in accordance with the COSP Ten
Climate Monitoring Principals.

FY 2004 PROGRESS

A16N Cruisein the North Atlantic

The Repeat Hydrography CO,/tracers Program started with the FY03 reoccupation of WOCE
Section A16N (a meridional section from Iceland to 6°S nominally aong 20°W in the eastern
Basin of the N. Atlantic) on the NOAA Ship Ronald H. Brown (Table 1; Fig. 1). The cruise ran
from Iceland southward past the equator and repeated an oceanographic section occupied in 1988,
and again in 1993, looking for possible changes in the physics, chemistry and biology of the
oceaninthisregion. All of the mgjor goals of this expedition were met.

NOAA took the lead on measuring core hydrographic parameters (CTD/O,, salinity, dissolved
oxygen, CO, and nutrients) for that cruise. Participating scientists from PMEL, AOML and 13
other scientific institutions made a wide variety of atmospheric and oceanic measurements.
Atmospheric (CO,, chlorofluorocarbons, aerosols) and near surface seawater (temperature,
sdinity, pCO,, fluorescence, ADCP) measurements were made while underway along the cruise
track. Six ALACE profiling floats were deployed along the section, along with 3 newly
developed ‘Carbon Explorer’ profiling floats designed to measure particulate inorganic carbon
(PIC). Full water column CTD/rosette casts were made at 150 stations, with 5000 discrete
seawater samples collected using a specially designed 36-position, 12-liter rosette package. In
addition to the CTD, the rosette frame held a lowered ADCP, transmissometer and particulate
inorganic carbon sensor.
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Seawater samples were analyzed on board ship for salinity, dissolved oxygen, nutrients, Total
CO, (DIC), Tota Alkalinity (TA), pCO,, pH, chlorofluorocarbons (CFCs), HCFCs, iron and
aluminum and akyl nitrate. Water samples were collected for shore-based analyses of helium,
tritium, dissolved organic carbon, particulate organic and inorganic carbon, **C and *C. As the
samples were analyzed on board, the data were collected and compiled by the data manager,
allowing near real-time examination and comparison of the data sets as they were generated. The
A16N CTD and bottle  set is  publicly accessible  on line  at:
http://whpo.ucsd.edu/data/co2clivar/atlantic/al6/alén 2003/index.htm. The cruise is designated
as A16N_2003a with Expocodes: 33R0200306_01 and 33R0200306_02. Final calibration and
processing of the cruise data set is nearly finished and we anticipate completing this process by
the end of FY-2004.

During FY 04 much effort was devoted to data reduction and quality control of the data. In the
quality control procedure each data point was assigned a WOCE quality control flag based on
intensive checks of the validity of the data. The data reduction of DIC, pCO, discrete, TA, pH,
inorganic nutrients and oxygen is detailed in a data report that will be published by CDIAC
(Peltola et al. 2004) with a synopses provided below. The quality control was performed in a
systematic fashion starting with careful checks of each parameter scrutinizing analyzer
performance, duplicate values, notebook entries during the cruise, and screening for outliers in
profile plots. Then, contextual quality control procedures were followed by looking at internal
consistency of inorganic carbon parameters, and utilizing multi-linear regressions between DIC,
TA, and pCO, with theta, dissolved oxygen, salinity and nutrients. The difference between the
calculated and measured value was calculated and if it exceeded three times the standard
deviation of the average difference (ranging from 1500 to 2200 data points depending on the
carbon parameter), each parameter used in the algorithm was checked closely. If deemed
appropriate a flag indicating a questionable point (QC=3) was added.

What follows are the details on quality control for each parameter checked by our group and the
group of Dr. Frank Millero of the U. of Miami, RSMAS, who was funded by NSF to perform TA
and pH measurements.

DIC: For the cruise we relied on liquid Certified Reference Materials (CRMs) for calibration of
our two coulometers. Precision of analyses was determined by taking duplicate samples at three
depths (surface, 1000 m and bottom) at nearly al the casts. The duplicate analyses were
performed at different times during the runs, with different coulometer solutions, and between the
two instruments. No systematic biases were discerned and the average difference of the samples
was 1.0 pmol kg™ for surface values; 1.2-umol kg™ for duplicate samples at 1000 m and 1.4-pumol
kg™ for duplicate samples near the bottom. Figure 2 shows a graph of the difference of all
duplicates taken on A16N_2003a. This precision meets our stated goas to quantitatively
determine changes natural and anthropogenic over decadal timescales that will be on the order of
10-umol kg* in surface water. DIC is the primary carbon parameter needed to determine the
anthropogenic uptake of CO,. Based on the high quality work of the analysts and successful
performance of instruments we will attain our goas. We are in the process of quantifying
changes compared to the NOAA NALtI-93 cruise. Deep-water value comparisons that are an
indication of biases between the cruises are shown in Figure 3. No systematic biases are
apparent.

pCO,(20) discrete: Measurement of discrete pCO, at a constant temperature of 20°C is a unique
skill of personnel at the NOAA laboratories. The measurement offers the ability to
overdetermine the inorganic carbon system thereby making it possible to independently verify the
integrity of carbon system parameters. On the NOAA led cruises we measure pH as well thereby
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making it possible to assess biases in carbonate dissociation constants. This "redundancy” of
measurements to cross check quality of data is of critical importance to insure the integrity for
climate quality data. pCO,(discrete) is aso very sensitive to changes in inorganic carbon and
alkalinity in the ocean making it a good indicator to change. The measurement is challenging
requiring an equilibration between water and an isolated headspace. In particular issues with
water vapor interference and corrections to perturbation have affected the accuracy that is
determined through comparison with CO, in air gas standards. For the A16N cruise we changed
data reduction routines and how we dea with water vapor correction. This has increased the
precision of our measurements that is estimated at 2 patm or 0.3 % (Fig. 4) but there appears a
bias in the deep-water pCO, values compared to datain 1993 and 1998. We think it is unlikely
that the differences observed are real but to date have not been able to attribute the bias to a
particular dataset (Fig. 5).
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Figure 2. Duplicate DIC values versus station. Open circles are duplicates at the
surface; solid squares are duplicates at 1000-m; and triangles are duplicates from near
bottom. No systematic differences with depth were observed.
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Figure 3. Comparison of deep-water values for DIC between 1993 (red line with
open circles) and 2003 (blue line with open sgquares). The average of two to five
bottom water samples at roughly five-degree spacing were compared. No
systematic offset is observed with agreement better than 2 pmol kg™.
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Figure 4. Differences of duplicate pCO, samples taken during the A16N-2003a cruise.
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Figure 5. Comparison of deep-water values for discrete pCO,(20) between 1993 (red line
with open circles) and 2003 (blue line with open squares). The average of two to five
bottom water samples at roughly five-degree spacing were compared. A systematic offset
of about 10 patm is apparent.

TA and pH: These samples were analyzed by the group of Prof. Millero funded through NSF
with details presented in Peltola et al. (2004). Joint quality control procedures of al carbon
parameters were undertaken which benefited all parameters. Comparisons with values in 1993
are shown in Figure 6. A comparison of internal consistency of measured TA values and those
calculated from DIC and pCO,(20) are shown in Figure 7. The figure suggests that the TA,
pCO,(20) and DIC values are internally consistent.
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Figure 6. Comparison of deep-water values for TA between 1993 (red line with open
circles) and (blue line with open sguares). The average of two to five bottom water
samples at roughly five-degree spacing were compared. There appears a small
systematic offset of about 2-pumol kg™ for several of the stations.
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Figure 7. Comparison of deep-water values for measured TA for 2003 (red line with open
circles) and calculated TA from pCO,(20) and DIC (blue line with open squares). Two
to five bottom water samples at roughly five-degree spacing were compared. Thereisno
clear offset between values.

Dissolved Oxygen: A total of ~5000 samples were taken on A16N, which included samples from
each Niskin bottle. Precision based on 20 replicates taken at the first station is 0.1%. On the
whole, dissolved oxygen analyses were problematic during the cruise. Lack of attention to detail
compromised the quality. In particular the oxygen equipment had been used on cruises preceding
A16N and problems with the instrument, in particular the pipettes to dispense standard, and
sampl e bottle breakage and replacement was not relayed to the analysts on A16N. Sample bottle
volumes must be known as the titration is performed on the whole sample right in the bottle.
Following the cruise, al bottle volumes were re-determined and pipettes were recalibrated after
which the data reduction was performed from scratch. The data were subsequently quality
controlled by the cruise Chief Scientist J. Bullister by checking profiles and comparing with
oxygen data from the Oceanus 202 cruise and the NOAA/OACES NATI -93 cruise that occupied
the same transect in 1988 and 1993, respectively. Following post-cruise processing, agreement
between deep-water values on the A16N and Oceanus 202 cruisesis + 2-pumol kg™.

Nutrients: Nutrient samples were taken from al Niskin bottles. Samples were analyzed for
nitrate, nitrite, phosphate and silicate on an auto-analyzer. Data are of excellent quality.
Precision based on duplicate samples taken from the bottom Niskin bottle is 0.08-pmol kg™ (= 0.2
%) for nitrate, 0.01-umol kg™ (= 0.3 %) for phosphate, and 0.1-pmol kg™ (= 0.1 %) for silicate.

A detailed anaysis and interpretation of these cruise data should greatly improve our
understanding of key ocean processes in this region and how they may be changing on decadal
timescales. The results will be presented at a specia session of the 2004 Fall AGU meeting and
significant findings will be published in the scientific literature. Some key initial findings from
the A16N cruise are that between the 2003 section and earlier occupations, significant changesin
water mass properties, including temperature, salinity and dissolved oxygen, were observed in
subpolar mode waters and Labrador Sea water. The changes in apparent oxygen utilization
(AOU) observed may be due to changes in the strength of ventilation processes in the region
during the decade prior to the 2003 occupation compared to the years prior to the earlier
samplings, as well as to possible changes in biological production, and organic matter export and
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remineralization rates. Regions in the water column with large increases in apparent oxygen
utilization (AOU) tended to have relatively large increases in pCFC derived apparent ages,
indicating that the AOU changes may be driven in part by a slowdown in the strength of the
ventilation processes. Simple numerical model simulations are being used to estimate the
contribution of steady-state mixing processes to the temporal trends in pCFC derived apparent
age fields observed in this region. NOAA was responsible for the DIC measurements on the
FY04 Repeat Hydrography CO./tracer Program cruises. During FY04 post-cruise instrument
calibrations for A16N were performed, bottle salinity, nutrient and carbon data were finalized, as
were CTD temperature and salinity data. Corrections of bottle oxygen data have just been
completed, and final CTD oxygen calibrations are just getting started, which will allow a final
check of the bottle oxygen data. The CFC group worked on final data quality control for the CFC
data collected on the A16N cruise, and J. Bullister coordinated final data quality evaluation of the
other parameters measured during the cruise. Initial analysis of the first results from the Repeat
Hydrography Program has begun. Some of these results were presented at the First International
CLIVAR Science Conference and also will be presented at a specia session of the Fall 2004
AGU meeting.

A20/A22 Cruisesin the North Atlantic:

The A20/A22 cruises commenced in mid-September 2003 aboard the R/V Knorr from Woods
Hole, MA and were completed in November. The first leg (A20) was along 52°W and ended in
Trinidad; the second leg (A22) was along 66°W and ended back in Woods Hole (Table 1).
Scientists from NOAA were responsible for DIC measurements. During the two cruises 150
stations were occupied and >3200water samples were collected for analysis of DIC. The quality
of the measurements was considered excellent based on results of the analyses of the CRMs
(Figure 8). In addition to DIC, samples also were analyzed on board ship for salinity, dissolved
oxygen, nutrients, TA, and CFCs. Water samples were collected for shore-based analyses of
helium, tritium, dissolved organic carbon, *C and **C. As the samples were analyzed on board,
the data were collected and compiled by the data manager, allowing near real-time examination
and comparison of the data sets as they are generated.
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Figure 8. Results of CRM analyses during A20/22 in the Atlantic between Sept — Nov 2003.




The DIC results from the A20 cruise (Figure 9a) along 52°W can be compared to previous cruise
results from the 1997 occupation (Figure 9b). The difference plot (Figure 9c) indicates
significant increases of DIC in the shallow waters masses over the depth range of 100-600 m
between the last occupation of these stations during the WOCE era (1997) and the 2003
occupation. For example, along the 200-600 m depth range, DIC increases on the order of 2-20
umol kg' were observed over the six year period between the two cruises (Figure 9¢). In
contrast, the DIC at depths >1000 m showed very little change (Figure 9c¢). These increases of
DIC in the Subtropical Mode waters (STMW) may be the result of decadal changes in the local
circulation, invasion of anthropogenic CO, into the interior North Atlantic, and/or changes in new
production and remineralization of organic matter along the flow path. As we continue to process
the physical and biogeochemica data from these cruises, we should be able to determine the
large-scale changes in the carbon content of the Atlantic Ocean.

The DIC results from the A22 cruise (Fig. 10a) along 66°W can be compared to previous cruise
results from the 1997 occupation (Fig. 10b). The difference plot (Fig. 10c) indicates similar
increases of DIC in the Subtropical Mode (STMW) further to the west. The DIC increases are
highest between 20 and 25°N in the western North Atlantic.
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Figure 9. Distribution of DIC (umol kg™) along 52°W in the western North Atlantic during the
2003 reoccupation (9a). the 1997 occunation (9b). and the difference 2003 — 1997 (9c).
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Figure 10. Distribution of DIC (umol kg™) along 66°W in the western North Atlantic during the
2003 reoccupation (10a), the 1997 occupation (10b), and the difference 2003 — 1997 (10c).
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P2 Cruisein the North Pacific:

The P2 cruise commenced in June aboard the R/'V Melville from Y okohama, Japan with Leg 1
ending in Honolulu. Tightly spaced stations were taken angling southeast across the Kuroshio
Current, and then an easterly transect was begun along 30°N/135°W. Two typhoons caused
delays early in the leg, and as a consequence, station spacing was increased slightly. Leg 2
started from Honolulu and continued stations along 30°N ending in San Diego. Seawater samples
were analyzed on board ship for salinity, dissolved oxygen, nutrients, DIC, TA, and CFCs. Water
samples were collected for shore-based analyses of helium, tritium, dissolved organic carbon, **C
and *C. During the cruise 190 stations were occupied and = 6,000 water samples were collected
for analysis of all these parameters. As with the previous Repeat Hydrography cruises, the rea
time data analyzed aboard were collected and compiled by the data manager and will be
submitted to the CLIVAR and Carbon Hydrographic Data Office (CCHDO;
http://cchdo.ucsd.edu/) and CDIAC. Preliminary evaluation of the shipboard data indicates that
they are of high quality and should meet or exceed WOCE guidelines.

NOAA was responsible for the DIC measurements on P2. The full water column was analyzed
for DIC on even stations, and generally the upper 1200m analyzed on alternate stations. Results
of analyses of CRMs indicate that the data quality is excellent (Fig. 11). The accuracy and
precision of the analysesis
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Figure 11. Results of CRM analyses on P2 cruise in the N. Pacific during June — Aug
2004.

Well within the maximum error of =2 pmol kg™ needed to quantitatively determine changes of
natural and anthropogenic CO, over decadal timescales. Difference plots for the 2004 Repeat
Hydrography - the 1994 WOCE cruises are shown in Figs. 12 and 13 for salinity and
temperature, respectively.  Significant differences are observed in surface waters and in
intermediate depths ranging from 200-1000 m. The differences may be due to changes in the
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strength of ventilation processes in the region during the decade prior to the 2004 occupation
compared to the years prior to the earlier samplings or to possible changes due the presence of
eddies. Figs. 14 and 15 show the corresponding distributions and difference plots for AOU and
DIC. The AOU maxima and minima correspond very closely with the DIC maxima and minima,
suggesting that similar physical and/or biogeochemical processes are controlling the distributions
of both parameters. While these results indicate that the quality of the overall data sets are quite
good, they also suggest that local mesoscale processes are important and must be determined
before the long-term trends can beisolated from the data sets.
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P2 - Salt: 2004 minus 1994
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Figure 12. The difference plots for both salinity and temperature results from the P2 cruise.
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Figure 13. Distribution of temperature (°C) along 30°N in the North Pacific during the 2004
reoccupation (13a), the 1994 occupation (13b), and the difference 2004 — 1994 (13c).
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P2-2004 AOU
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Figure 14. Distribution of AOU (umol kg™) along 30°N in the North Pacific during the 2004
reoccupation (14a), the 1994 occupation (14b), and the difference 2004 — 1994 (14c).
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Figure 15. Distribution of DIC (umol kg™) along 30°N in the North Pacific during the 2004
reoccupation (15a), the 1994 occupation (15b), and the difference 2004 — 1994 (15c).
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A16S Cruisein the South Atlantic:

In FY04, preparations for the FY05 repeat of A16S (a meridiona section from 60°S to 4°S
nominally along 25°W in the western basin of the South Atlantic) on the NOAA Ship Ronald H.
Brown have begun. Scientific supplies (salinity bottles, a laptop computer, cable terminations, a
CTD oxygen sensor, a bottle frame cover, a nutrient detector, o-rings, etc.) have been purchased.
In addition CTDs, frames, pylons, water sampling bottles, nutrient detectors and the like have
been assembled, checked, maintained, and prepared for shipping. Nutrient analysis software has
been upgraded.

P16S Cruisein the South Pacific:

Preparations for the reoccupation of P16S (a meridional section from 20°Sto 67°S along 150°W)
have begun for the January-February 2005 period. NOAA is responsible for DIC and underway
pCO, measurements on P16S, and will send two analysts to participate on the cruise.

PMEL Tracer Effortsin FY2004:

The PMEL CFC Tracer group did not have fieldwork scheduled in FY 2004 as part of Global
Repeat Hydrography CO,/tracer Program. To help maintain support for CFC personnel (F.
Menzia -JISAO and D. Wisegarver) during this period, F. Menzia participated on Repeat
Hydrography Program sections A22 and P2 as a CFC analyst, supported by the UM/RSMAS
group. D. Wisegarver participated on section P2 as a DIC analyst, supported by the PMEL
Carbon group. Menzia and Wisegarver also assisted with the development of instruments with
the Carbon and Hydrographic groups at PMEL during this period.

During FY 2004, the PMEL CFC group blended and calibrated gas-phase CFC standards for
CFC-11, CFC-12, CFC-113 and carbon tetrachloride in high-pressure gas cylinders. These
cylinders were initially anayzed aa PMEL for uniformity and were monitored for possible
concentration drift. These standards have been distributed to the US groups participating in the
Repeat Hydrography Program Addition cylinders were prepared for distribution to international
groups participating in the Repeat Hydrography Program. We anticipate that this set of cylinders
will provide areliable CFC standard reference material for the upcoming decade.

Data from the Repeat Hydrography Program are located at the CLIVAR and Carbon
Hydrographic Data Office (http://cchdo.ucsd.edu/) as well as at CDIAC, where they are freely
and publicly accessible. These data are being used widely in scientific studies on variability in
ocean ventilation (including impacts on ocean heat, salt, oxygen, nutrients and carbon). Data
from A16N were first presented in posters given at the 1st International CLIVAR Science
Conference, June 2004, Baltimore, Maryland. More detailed presentations, including results from
additional Repeat Hydrogaphy cruises will be given at the AGU Fall Meeting, December 2004,
San Francisco, California as part of the specia session entitled "Decada Variations in Ocean
Interior Circulation and Biogeochemistry: First Results From the CLIVAR/CO, Repeat
Hydrography Program.”

168



PROJECT SUMMARY AND FY 2004 PROGRESS

3.16a. Surface Drifter Program
by SilviaL. Garzoli and Robert L. Molinari

PROJECT SUMMARY

This program combines the previous AOML drifter component of the ENSO observing system
(Molinari and Cook PIs, now “Operations’) and the Tropical and sub-tropical Atlantic Surface
Drifters Array (Garzoli, PI, now “Atlantic drifters”). Participants in the combined program are
Bob Molinari, Silvia L. Garzoli, Steve Cook, Rick Lumpkin, Mayra Pazos, Craig Engler and
Jessica Redman.

General overview of the project, including brief scientific rationale:

Operations

The primary objective of the former AOML drifter component of the ENSO Observing System is
to provide oceanographic data needed to initialize the operational seasonal-to-interannual (Sl)
climate forecasts prepared by NCEP. Specificaly, AOML manages a globa drifting buoy
network that provides sea-surface temperature (SST), surface current and air pressure data needed
to (a) calibrate SST observations from satellite; (b) initialize Sl forecast models; and (c) provide
nowcasts of the structure of global surface currents. Global drifter coverage is required as the
forecast models now not only simulate Pacific conditions but global conditions to improve
prediction skill. Secondary objectives of this project are to use the resulting data to increase our
understanding of the dynamics of Sl variability, and to perform model validation studies. Thus,
this project addresses both operational and scientific goals of NOAA's program for building a
sustained ocean observing system for climate.

b. Atlantic Drifters

The main objectives of this program, a joint effort between SIO and the AOML that started in
1997, is to deploy and maintain an array of SVP drifting buoys in the tropical Atlantic, within 20
degrees of latitude of the equator for the purpose of filling up the gaps to accurately observe the
basin-wide scale tropical current and SST fields on time scales of the inter-annua variations of
tropical Atlantic SST. In FY03, a new component of this program started to partially solve the
problem of data scarcity in the subtropical south Atlantic (20°Sto 40°S).

Large-scale SST distributions drive the response of the climate in the tropical Atlantic sector, and
over land areas as distant as the southern and eastern Unites States. In spite of its importance, no
dynamical model has successfully predicted tropical Atlantic SST one-to-several seasons in
advance. The current generation of coupled ocean-atmospheric models cannot reproduce, much
less predict, the SST in the tropics. A recent comparison of 23 GCM results (Davey et al. 2002)
concentrated on simulated fields from the tropical oceans (i.e. SST, zonal wind stress and upper
layer depth averaged temperature). In the Atlantic Ocean, discrepancies between the model and
observed mean states were dramatic. Specifically, in the equatorial Atlantic, the simulated
meridional temperature gradient was wrong, with cold temperatures in the west and warm
temperature in the east (Figure 4, Davey et a. 2002Y). Furthermore, the variability of the sub-
tropical Atlantic and itsinteraction with the tropics is far from being understood. Thisis primarily
due to the paucity of datathat for years has been mainly collected in the major commercial lanes.
Products of SST are considerably deficient in the center of the south Atlantic basin and between
20°Sto 40°S. A recent paper (Kushnir et al. 2003%) demonstrated that the variability of the inter-
tropical converge zone (ITCZ) is highly sensitive to changes in SST gradients within the broader
tropical Atlantic region, particularly in the meridional direction south of the tropics and during
the borea spring. To better understand this variability, it is necessary to improve the SST
products in the South Atlantic. The development and future success of such models will depend

169



on understanding the processes driving SST changes and providing products based on
observations that models can attempt to simulate.

1979 through 1998

| Latlpude
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Figure 1: Evolution of the tropical Atlantic surface drifters array. Left: trajectories of drifters
deployed in or entering the region from 1979 through 1997 (18 years); Right: trgjectories of
drifters deployed in or entering the region, funded under the Atlantic drifters (20°N - 40°S) from
1997 through June 2004 (7.5 years).

Statement about how your project addresses NOAA’'s Program Plan for Building a
Sustained Ocean Observing System for Climate:

This project provides critical data for initializing seasonal to interannual forecasts. In addition,
this program is a direct component of NOAA's Program Plan for building a Sustained Observing
System for Climate. The first milestone for in-situ networks in this plan isto “Deploy an array of
1250 drifting buoys for sea surface temperature, pressure and current measurement by 2004”.

Statement about how your project is managed in cooperation with the international
implementation panels, in particular the JCOMM panels:

The GOOS Center and its integra component, the Global Drifter Program (GDP) is a
participating member of JCOMM and JCOMMOPS. Both the GDP and GDP — Data Assembly
Center (DAC) are represented annualy at the WM O/IOC Data Buoy Cooperation Panel (DBCP)
and Joint Tariff Agreement (JTA) meetings. Participation on these international panels provides
an important mechanism for integrating and coordinating with other national or regiona
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programs which, in the long run, improves our national climate mission by making more efficient
and effective use of available resources.

Responsibleinstitutionsfor all aspects of project:

The GOOS Center located within the Physical Oceanography Division at AOML manages and
operates the Global Drifter Program (GDP). The GDP is closely aigned with the Scripps
Institution of Oceanography, SIO, for the procurement of Drifting Buoys. The GDP utilizes the
National Weather Service Global Telecommunications System (NWSGTS) gateway for the real-
time distribution of data and the Nationa Oceanographic Data Center (NODC) and Marine
Environmental Data Services (MEDS) for the archival of delayed mode data. The data are placed
on GTS for operationa use by Service Argos. AOML, under the direction of Mayra Pazos,
quality controls and processes these data to quarter - day intervals and on six-month intervals
sends to Marine Environmental Data Service (MEDS)/Canada for international distribution.

Project web site URL and pertinent web sites for your project and associated proj ects:
The program web site is maintained and updated by Mayra Pazos, DAC manager.
http://www.aoml .noaa.gov/phod/dac/

0 Associated projectslinks
= http://www.jcommops.org
= http://www-hrx.ucsd.edu
= http://www.cmdl.noaa.gov
= http://www://sahfos.org
= http://www.aoml.noaa.gov/phod/benchmarks/index.html
= http://www.aoml.noaa.gov/phod/enso/index.html
= http://www.aoml.noaa.gov/phod/taos/index.html

I nteragency and international partnerships:

Drifters are launched using the AOML/GOOS infrastructure of NOAA interagency and
international partners. Specifically, participation on the Data Buoy Cooperation Panel (DBCP)
increases deployment opportunities.

Statement that your project is managed in accordance with the Ten Climate Monitoring
Principles:

This program is managed in accordance with the Ten Climate Monitoring Principles (Program
Plan, Mike Johnson 2003).

FY 2004 PROGRESS

Instrument/platform acquisitions for fiscal year and where equipment was deployed:
Operations: All Drifters for the Global Drifter Center are purchased by SIO. Drifting Buoys are
deployed globally, in all four oceans (Pacific, Atlantic, Indian and Southern).

Atlantic drifters: Drifters for the Atlantic program are purchased by AOML. During FY04, a 100
buoys were deployed within the tropical Atlantic (30°N — 20°S), and 41 SVP buoys (9 upgraded
with barometers) were deployed in the subtropical south Atlantic (20°S- 40°S).

Number of deployments— compareto the previousyear:

The number of operations deployments (except for the Atlantic) increased from 222 in FY03 to
509in FY04.

The number of deployments in the tropical Atlantic increased from 79 in FY03 to 100 in FY04.
The number of deployments in the subtropical south Atlantic was increased by 41 in FY04.
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Per centage data return for fiscal year and ‘lifetime statistics — compare to the previous
year:

The following statistics are for the global array, and includes the Atlantic drifters: On average on
any given day we are receiving in real-time six (6) Sea Surface Temperature (SST) observations
per Drifting Buoy deployed. As the total global array approaches 800 Drifters we are receiving
about 5000 SST observations per day.

Between 1998 and 2004:

- Transmitter lifetime" improved from 330 to 440 days

- SST sensor lifetime' improved dramatically, from 85 to >700 days

- Drogue lifetime" improved dramatically, from 90 to >550 days

- Deployments have increased every year while failure upon deployment has steadily decreased
(12% in 1998, 5% in 2000, 3% in the last fiscal year)

! —median lifetime (half-life) for years 1998—2000 and 2001—2003, for all driftersthat were not
picked up or run aground. Drifters which stopped transmitting before SST sensor failed were not
counted in SST sensor lifetime calculations, so this lifetime must be considered the half-time of
the sensor, not of SST observations.

M easur ements taken, where data are stored, data distribution, availability and access to
data:

Observations collected include: Position data, sea surface temperature (SST), some sea surface
barometric pressure, some wind speed and direction. Data are stored at the GOOS Center in the
Global Drifter Program’s Data Assembly Center (DAC). Red time data are transmitted via
Argos transmitters and distributed via the Global Telecommunications System (GTS) by Service
Argos and available to everyone. The delayed mode and scientifically quality controlled data are
available via access to web, ftp or personal communication with the DAC within two months of
collection and a copy of the data are archived at the Marine Environmental Data System (MEDS).

How data are currently being used and shared:

Drifter data are used in circulation research among several national and international
oceanographic institutions. SST data are used among several national and international centers for
environmental prediction (i.e. NCSP, US Navy, European Community Center for weather
forecast, British and French Meteorological Offices, etc.), for ENSO monitoring and prediction
and to initialize climate models. There are no restrictions on sharing this information as it is
distributed in real time onthe GTS.

Wherethe data are archived:
Drifter data are archived at the GOOS Global Drifter Program Data
Assembly Center (DAC) and at the Marine Environmental Data Service (MEDS) in Canada.

Anticipated and unanticipated proj ect costs:
Drifter costs are declining because of improved design changes but shipping costs have increased
due to late funding which required the use of air shipping rather than the less expensive ground

shipping.

Problems encounter ed:
Three main problems arose:
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1. Dueto delays in disbursement of funds (funds arrived to AOML in late May), we were unable
to buy and deploy afew of the drifters that were funded for FY 04. These drifters will be deployed
during FY 05.

2. Due to war related issues, the US Navy stopped coordinating air deployments. As a
consequence, al deployments are made now from ships. This limits our capability to seed
regions not visited by ships (VOS or research vessels).

3. Drogue on-off status is determined from the submergence or tether strain sensor. For an
increasing number of drifters, these data are extremely noisy, ambiguous or faulty such that
drogue status is uncertain. We have been communicating with manufacturers to resolve this
issue.

Logical considerations (e.g., ship time utilized):
The program is based on deploying the drifters through VOS and R/V available in the region.
Thislimits our capability of filling up gaps not transited by either of these vessdl types.

Resear ch highlights:

Atlantic Drifters: The tropical Atlantic surface drifting buoy observations were used to determine
time-mean near-surface currents and their seasonal variations. As a consequence of the
considerable increase in data coverage due to this program and a new analysis technique
developed for the data (Lumpkin and Garraffo 2004), the major pathways of near-surface currents
are now resolved at unprecedented detail (Fig. 2). An anaysis of the currents' seasonal
variations (Lumpkin and Garzoli 2004) reveals how northern and southern hemisphere
fluctuations are “communicated” viathe equatorial gyre route. Ongoing extensions of this study,
also heavily dependent upon the drifter observations, are examining the distribution and possible
rectification of mesoscale variability and are providing estimates of the role of lateral heat
advection in modulating/controlling observed SST variations.

A monthly climatology of near-surface currents and SST, derived from the drifter observations
using the methodology of Lumpkin and Garraffo (2004), has been made available by the Drifting
Buoy Data Assembly Center (www.aoml.noaa.gov/phod/dac/).

173



OO

10°S

20°S

N
70°W  B60°W 50°W 40°W 30°W 20°W 10° 0> 10°E

Ekman-removed

10°S

20°S

70°W  60°W 50°W 40°W 3C°W 20°W 10°W  0° 10°E

Figure 2: Pathways of advection from time-mean currents derived from surface
drifter observations and visualized by integrating the currents from “release
points” (black dots; see Lumpkin and Garzoli 2004 for more details). Top:
advection by total currents, including the wind-driven Ekman flow. Bottom:
advection by the Ekman-removed flow.
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.17a. National Water Leve Program Support Towards Building A Sustained Ocean
Observing System For Climate
by Stephen K. Gill and Chris Zervas

PROJECT SUMMARY

The purpose of this document is to provide a proposa for a program plan for sea level
observations that could be implemented by the NOS Center for Operation Oceanographic
Products and Services (CO-OPS) over the next several years in support of the NOAA Office of
Global Programs Climate Observation Program. Three distinct tasks have been identified for
which the NOAA National Ocean Service (NOS) Center for Operational Oceanographic Products
and Services (CO-OPS) would provide support:

1) develop and implement a routine annual sea level analysis reporting capability that
meets the requirements of the Climate Observation Program

2) upgrade the operation of selected National Water Level Observation Network Stations
to ensure continuous operation and connection to geodetic reference frames

3) operate and maintain water level measurement systems on Platform Harvest in support
of calibration of the TOPEX/Poseidon and Jason 1 satel lite altimeter missions.

The fundamental URL's are:

http://tidesandcurrents.noaa.gov for access to all programs, raw and verified data products,
standards and procedures, and data analysis reports and special reports.
http://www.co-ops.nos.noaa.gov/sltrends/sltrends.shtml for access to the latest NWLON sea level
trends and monthly mean sealevel anomalies.

The 10 Climate Operating Monitoring Principles are very much the same as used for the NOAA
National Water Level Program (NWLP) for which the National Water Level Observation
Network (NWLON) is a long-term continuous operational oceanographic network that’s strives
to meet NOAA’s mission needs for tides and water levels. The NWLP is an end-to-end program
that is planned, managed, and operated to provide products that meet user-driven needs. The
program aso consists of technology development, continuous quality control, data base
management, and operational readiness and fully open web site for data delivery.

These data and related sea level products are made available over the web site for use by PSMSL,
UHSLC, and the WOCE communities.

Project Task Descriptions

Task One- Routine Sea L evel Analysis Reports
A Climate Observation Program Workshop was hosted by the NOAA Office of Global Programs
(OGP) on May 13 - 15, 2003. The objectives of the workshop were to:

1. Initiate an Annual Program Review

2. Design aframework for regular reports on the ocean’s contribution to the state
of the climate and on the state of the observing system.

3. Design a framework for implementing Expert Teams to continually evaluate
the skill and effectiveness of ocean products and of the observing system.
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There are 18 NOAA National Water Level Observation Network (NWLON) stations identified in
the International Sea Level Workshop Report (1997) as being part of the core global subset for
long-term trends. The Climate Observation Program Plan calls these climate "reference stations®
and includes the following performance measures for the reference stations:

1. Routinely deliver an annual report of the variations in relative annual mean sea level for the
entire length of the instrumental record.

2. Routinely deliver an annual report of the monthly mean sea level trend for the past 100 years
with 95% confidence interval.

The 18 NWLON stations are (in alphabetical order):

Name: Series Length (years):
Atlantic City 90
Bermuda 59
Boston 80
Charleston 80
Crescent City 68
Fernandina Beach 104
Guam 53
Hampton Roads 74
Honolulu 96
Ketchikan 82
Key West 88
Kwajalein 55
Neah Bay 67
New York City 144
Pensacola 78
Portland 89
San Diego 95
San Francisco 150

The Climate Observation Program will be producing a second annual report on the state of the
ocean and the state of the observing system for climate. It is proposed that CO-OPS produce an
annual report on these reference stations that would be one section of that larger report. Over the
next 3 years it is required that the report include al 62 global reference stations. The current
CO-OPS report on sea level (Zervas 2001) is being used as a starting template for an annual
report.

Task Two — Upgrade Ocean I sland Station Operations

There are several coastal and island NWLON stations critical to the Globa Climate Observing
System. The operation and maintenance of the ocean island stations of the National Water Level
Observation Network (NWLON) has been increasingly more difficult over time due to the slow
abandonment of the island facilities at which the stations reside. Finding routine flights and
flights which are cost effective are becoming increasingly difficult, yet these stations require high
standards of annual maintenance to ensure the integrity of their long term data sets. Annual
maintenance is even more important, in light of the fact that corrective maintenance is logistically
very difficult and expensive.
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Other Station Locations

Figurel. Ocean Island NWLON Station Map.

Although operation of al of the stations is important, it is proposed that Ocean Island stations
begin to be upgraded first with this funding to ensure their continuous operation (program
funding and budget initiatives will be used for operation of the coastal stations). These targeted
funds will be used for travel costs and for upgrade to backup systems. The upgrades will include
high accuracy acoustic or paroscientific pressure sensors and redundant Data Collection
Platforms (DCP's) with equal capability to the existing primary systems. The station operations
will also be enhanced with GPS connections to geodetic systems followed by installation of
CORS at selected sites. The following is a list of the ocean island NWLON stations (not
including Hawaii) that should be considered in this category as priority for upgrade.

Station CORS Operating
Guam Yes
Kwajalein Yes
Pago Pago Yes
Wake No
Midway No
Adak No
Bermuda Yes
San Juan. PR Yes
Magueyes Island, PR No
Charlotte Amalie, VI No
St Croix, VI Yes

Task Three - Satellite Altimeter Mission Support

Support for the TOPEX/Poseidon satellite altimeter mission began with installation of an acoustic
system and a digibub system on Platform Harvest in 1983 (see Fig. 2). Using reimbursable
funding under MOA with JPL/Caltech, systems operations include provision of water level
measurements relative to the satellite altimeter closure analysis reference frame for calibration
monitoring (see B. Hanes et a, Special Issue of Marine Geodesy, 2003 “The Harvest Experiment:
Monitoring Jason-1 and TOPEX-Poseidon from a California Offshore Platform”.
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Figure 2. Platform Harvest Calibration Site at which NOAA tide
" gauges are located.

CO-OPS specia support has included a vertical survey on the Platform necessary to relate the
water level sensor reference zeros (near the bottom catwalk) to the GPS reference zero (located
up top at the helipad on the Platform. Continuous data are required to monitor effects of waves
on the water level measurements and to ensure provision of data during the times of altimeter
overflights every ten days. The original acoustic system was replaced by a digibub pressure
system prior to the Jason-1 altimeter launch.

Platform Harvest tide gauge operations will continue with the operation of two digibub pressure
systems collecting continuous water level data streams surveyed into the Platform and Satellite
Orbit Reference frames. Funds will cover travel and routine an emergency maintenance and
water level and ancillary sensor calibrations.

FY 2004 PROGRESS

Task One:

CO-OPS began the development efforts for an annual report that includes the 18 NWLON
stations listed above. A tailored version of the graphics and analyses from the existing CO-OPS
sea level report (Zervas, 2001) has been completed that includes the three fundamental types of
analyses where data series allow. The following figures illustrate the types of analyses proposed
using Honolulu as an example.
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Figure 5. The Monthly Mean Sea Leve variations would be updated annually.

Task Two:

Maintenance of the ocean island NWLON stations continued using FY'04 CO-OPS resource
levels. Major corrective maintenance required at Guam did not take place due to Typhoon
damage and backup systems were not upgraded due to lack of year-end funds. However this
points to the need to have appropriate resource levels to recover from events for reference stations
in general and the need to keep the records from experiencing large gaps.

Task Three:

Operation and maintenance of the station continued under MOA with Caltech/JPL. This MOA
expired at the end of FY '04. Coordination of activities continues with JPL. One of the pressure
systems requires repair to bring it back online, however continuous data have been maintained.
JPL has arranged for underwater maintenance of the bubbler pressure system orifices.
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.18a. An End-to-end Data Management System for Ocean pCO, M easurements
by Steve C. Hankin, lead PI, Richard Feely, Alex Kozyr, Tsung-Hung Peng

PROJECT SUMMARY

Reliable and efficient data management within the NOAA Globa Carbon Cycle Program will
require standards and infrastructure to: upload/ingest new data; quality control data sets; provide
users with timely access to data; and ensure its long-term archival. The October 2001 Carbon
Data Management Plan, a product of the carbon data management workshop held at PMEL
(Feely and Sabine 2002), articulates a community consensus on the need for a systematic
approach to ocean CO, data management. The ultimate objective of the plan is to provide the
oceanographic community with easy access to high-quality near real-time CO, and related
physical, chemica and biological data sets. The plan outlines the need for new standards
regarding analytical measurement techniques, data formats, metadata content, quality control and
assessment procedures. The plan recognizes that the data management system must build upon
existing capabilities and must be compatible with the emerging standards for integrated ocean
data management within the U.S. It identifies the Carbon Dioxide Information Analysis Center
(CDIAC) as aregiona quality control and data management facility and the Live Access Server
from PMEL as a sound software foundation for the system. It aso recommends the creation of a
CO, Science Team and a Data Management Group to guide the creation of standards and the
evolution of the data management system.

This report “ An End-to-end Data Management System for Ocean pCO, Measurements”, is a road
map for the implementation of that data management plan as an end-to-end data management
system, and a process for governance of that system under the CO, Science Team. The vision of
the data system is of five integrated components coordinated through a suite of data standards and
procedures. The components are i) local QA/QC and the initial collation of shipboard data; ii)
regional QC and assembly of data and metadata; iii) operational data base management; iv) the
Web-based data and metadata access subsystem; and v) permanent archival. The partners in the
development of this solution are NOAA/PMEL, CDIAC and NOAA/AOML.

The Carbon Data Management (CDM) system that is under devel opment through this proposal is
an essential component of NOAA’s Program for Building a Sustained Ocean Observing System
for Climate. The CDM approach will utilize the standards and protocols advocated by the
emerging Data Management and Communications (DM AC) subsystem of the USIOOS. As such
the CDM will be fully compatible with the data and assimilation systems that will deliver routine
ocean analyses through the international Global Ocean Data Assimilation Experiment (GODAE).
It will be similarly integrated with the international ocean data frameworks, the Observing
System Monitoring Center (OSMC), the US GODAE Server and its climate data-serving partner
the Asia Pacific Data Research Center (APDRC) through the National Virtual Ocean Data
System (NVODS).

The data management principles that are integrated into the CDM system design are in
accordance with the Ten Climate Monitoring Principles reguires:

» The need for data management systems that facilitate access, use, and interpretation of
data and products;

» A fully integrated approach that embraces both data and metadata management including
details and history of local conditions, instruments, operating procedures, data processing
algorithms, and other factors pertinent to interpreting data;

» Continual assessment of the quality and homogeneity of data; and
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* Flexible access to data through multiple protocols and formats making it readily usable in
the creation of environmental and climate-monitoring products and assessments.

Work on the CDM system began only in March of 2004, so many of its capabilities are not yet
available for access through a stable Web site. Theinitial URLs for the CDM are
»  http://cdiac3.ornl.gov/underway/servl ets/dataset
-- initial carbon data accessviaLAS
*  http://mercury.ornl.gov/ocean/
-- initial carbon metadata access via Mercury
o http://www.ferret.noaa.gov/Ferret/LAS/ICDIAC_LAS/
-- database design discussion and documentation
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Figure 1. Underway CDM user interface.

FY 2004 PROGRESS

Since the start of work on the CDM system began in March of 2004 the following milestones
have been achieved:
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PMEL Accomplishments:

1

2.

A new software developer Yonghua Wei, with a high level of expertise in database
design, was recruited for the PMEL CDM development team,;

PMEL designed an initia relational database management system (RDBMS) schema that
will accommodate the data storage and access requirements for underway data generated
by the carbon community. This work is documented at the URL previously given in the
Project Summary;

Scripts were written to ingest ASCII-formatted cruise data files from CDIAC into the
RDBMS;

Underway data from CDIAC (the Ron Brown 2003 cruises) was used to populate an
initial version of the database. An initial Live Access Server (LAS) was configured with
one year's worth of Ron Brown cruise data;

PMEL created a synthetic database representative of the size of the mature CDM system
to test performance and operations. Tests with over 500 MBytes of synthetic data
indicate that the current database schema will efficiently subset data based upon realistic
time and space constraints.

Jon Callahan of PMEL traveled to CDIAC to install the new underway database and
configure an underway LAS.

Examples of the user interface design and initial output products are shown in Figures 1 and 2.
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Figure 2. Prototype plots obtained from LAS to visualize (left) the available data within a
specified time-space region and (right) the measured values

CDIAC Accomplishments:

1. CDIAC has been developing a web page for VOS data management work with links to
the data. The web page is under construction at this time, however it is linked from the
CDIAC Ocean home page at: http://cdiac.ornl.gov/oceans’/home.html as "VOS Project
Data'. The VOS web page will include a map with past and future (planned) cruises on
Volunteer Observation Ships. These clickable maps will link to the data files for each

cruise/VOS route.

2. CDIAC established a prototype system to search for ocean metadata and retrieve
associated underway and ASCII bottle data utilizing the Mercury system. The link to
CDIAC Ocean Data Mercury: http://mercury.ornl.gov/ocean/.

number of important features:
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= Implements a dynamic, distributed approach to scientific data and metadata
management;

Puts control in the hands of data providers (carbon science investigators);

Has avery "light touch" (i.e., isinexpensive to implement);

Isimplemented using Internet standards, including XML;

Supports international metadata standards, including FGDC,;

Is compatible with Internet search engines; and

Is based on COTS software, including Blue Angel Technologies MetaStar®
products and Hummingbird's Fulcrum SearchServer®.

3. With help of Jon Callahan and Yonghua Wei of PMEL CDIAC opened the first Live
Access Server for underway carbon data at:
http://cdiac3.ornl.gov/underway/serviets/dataset. The Underway LAS is open for public
access with the Ron Brown 2003 Cruises Data as an example. The data management
utilizes the content standard that was established during the Workshop on Ocean Surface
pCO,, Data Integration and Database Development. Tsukuba International Congress
Center, January 14-17 2004 (http://ioc.unesco.org/ioccp/ Tsukuba?2004Results.htm).

4. Alex Kozyr of CDIAC ddivered above accomplishments at the VOS Underway Data
Science Team meeting at the University of Miami on October 6, 2004.

AOML Accomplishments:

As outlined in the proposal AOML has focused on instituting uniform data reporting
formats and quality control procedures. At a meeting at Lamont Doherty Earth
Observatory in September 2003 agreement was reached on a data format and content
standard that will be used for all NOAA underway pCO, ship data. This format with
slight modification and appropriate, uniform metadata content was adopted as the
recommended protocol for the International Ocean Carbon Coordination Project (IOCCP)
in Tsukuba, Japan, January 2004.

Our current data are processed in this format with the parameters listed in Table 1. The
parameter list is comprehensive in the sense that an outside investigator can recalculate
the pCO, and perform screening based on meteorological conditions, and ship's speed and
location. Quality control flags are included for the water and air pCO, measurements.
The data that have undergone "local" quality control is posted on our web site,
http://www.aoml.noaa.gov/ocd/gec, generally within one to six-months after receiving
the data from the ships.

Table 1. Parameters to be included in surface water pCO, files as recommended by the
|OCCP and adopted by the NOAA VOS group.

GROUP/SHIP xCO2A_PPM
CRUISE_DESIGNATION PRES EQUIL_hPa
JD_GMT PRES_SEALEVEL_hPa
DATE_DDMMYYYY EqTEMP_C
TIME_HH:MM:SS SST(TSG)_C
LAT_DEC_DEGREE SAL(TSG)_PERMIL
LONG_DEC_DEGREE WATER_FLOW_L/MIN
xCO2W_PPM GAS_FLOW_IR_ML/MIN
TEMP_IR_C fCO2A_UATM
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PRES IR_hPa QC_FLAG_AIR

SHIP_HEADING_TRUE_DEGREE dfCO2_UATM
SHIP_SPEED_KNOT FLUORO_uG/L
WIND_DIR_REL_DEGREE WIND_SPEED_TRUE_M/S
WIND_SPEED_REL_M/S WIND_DIR_TRUE_DEGREE
fCO2W@SST_uATM AIR_TEMP C

QC_FLAG_WATER

As part of this project we are also reformatting our historical data and providing the
metadata in the agreed-upon format. Data from the NOAA ship MALCOLM
BALDRIGE starting 1991 through 1995 has recently been posted on the website listed
above. The 2003 data sets from NOAA ship BROWN were imported successfully into
the LAS system developed in this project — a validating test for the new data formats.
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PROJECT SUMMARY AND FY 2004 PROGRESS

3.19a. Observing System Resear ch Studies
by D. E. Harrison

PROJECT SUMMARY

This project supports the design and development of the global ocean observing system for
climate through a variety of data analysis and modeling studies, intended to expand our
knowledge about what we know and what we cannot know from the observing system as
deployed and the historical data set that has been produced over the decades. It also supports the
evolution of the observing system through evaluation of aternative observing strategies and
evaluation of the differences between available ocean analysis products (taken as one measure of
the uncertainty in the analysis products). Finaly it supports the Office of Climate Observation
and NOAA's observing strategy through the PI’s activities as Chair of the Ocean Observation
Panel for Climate (co-sponsored by the GOOS, GCOS and WCRP) and other sustained ocean
observing leadership activities.

Initial focus has been on SST variability since it is agreed to be the most important variable for
climate impacts. Work with other variables will be expanded in the coming year as described
below.

FY 2004 PROGRESS

Overall, the work of the group provided a variety of scientific and social impact justifications for
continuing the deployment of the planned global climate observing system, and continued to
define the space and time scales of observations needed for specific phenomena that must be
accurately observed.

The Indian Ocean remained a focus of activity, because NOAA plans to extend the tropical
mooring array into this ocean in FY05. Indian continental rainfall and its dependence on SST
anomalies is one of the primary societal impacts, as amost one billion people depend on the
Southwest monsoon’s rainfall. The Vecchi and Harrison paper is the first, to our knowledge, to
establish a firm connection between Indian SST anomalies and Indian continental rainfall. What
made this discovery possible was recognizing that All-India Rainfall (AIR), the most widely used
measure of Indian rainfall, is the sum of two non-correlated regional rainfalls. When correlations
are sought between SST and the two different regions, relationships exist even though there are
not significant correlations between AIR and Indian SST.

This result provides one path to link ocean observations and process studies to a major societal
impact. The equatorial waveguide is not the region that should get priority, unlike the tropical
Pacific. The strongest relationship is between western Indian rainfall and SST variability in the
Arabian Sea in the months preceding the onset of the SW monsoon. Whether there is
predictability for these Arabian Sea anomalies needs to be explored further.

Unpublished work on Indian Ocean SST is well advanced as this is written. Subtropical SST
anomalies have been linked to eastern African rainfall anomalies, but the mechanisms responsible
for these anomalies (and, hence, their predictability) remains controversial. One of the major
instances of this connection occurred in the 97-98 El Nino; it remains to be seen if the connection
is primarily an El Nino connection or if other processes may be at work. Exploring these
questions will be part of Chiodi’s Ph.D. thesis work. Chiodi has already discovered a new mode
of summer subseasona southern hemisphere SST anomalies, which are not well resolved in the
Reynolds/Smith SST analysis. Work will continue in the characterization of these anomalies, the
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challenges posed to the observing system to resolve them properly and to understand the
processes responsible for them (in order to explore their predictability).

The TRMM TMI SST data set, based on microwave SST retrievals has been essential in the
Indian Ocean work, because it permits observation of SST anomalies under many types of cloudy
conditions. SST is not observable by IR techniques under these conditions. The work of this
project thus makes a strong case for the importance of continuing access to TRMM quality
microwave SST information as a component of the global ocean observing system.

Work on equatorial Pacific SST variability also continued during FY04. Previous work into the
relationships between westerly wind events (WWE), the Madden-Julian Oscillation (MJO) and
waveguide SST warming has been updated. The relationships that were found previously, but
which were of marginal statistical significance are now clearly statistically significant. They
establish that WWESs are no more likely to occur during an MJO than they are when an MJO is
not present, that waveguide warming follows the passage of an MJO only when a WWE occurs
during the MJO but that WWEs, if they occur during an MJO, are more likely to occur during the
convective phase of the MJO. Together with the earlier published work that establishes a
dynamical connection between WWEs and waveguide warming, this work strongly suggests that
observing and predictive attention should be given to WWEs and not to the MJO, if El Nino
prediction is the objective. High time resolution observations are essentia to proper
characterization of WWEs; the TAO/Triton moorings remain key to this capability.

Predicting the termination of El Nino events is another objective of NOAA'’s seasonal to
interannual prediction efforts. Via a series of ocean numerical model studies, the processes
responsible for the termination of the 1997-98 and 2002-03 El Nino events have been identified.
In each case the mechanism appears to be that proposed by Harrison and Vecchi (1999), in which
the coupled interaction between the seasonal meridiona cycle of solar insolation and near-
equatorial SST anomalies, and the zona wind an