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1. Project Summary

Direct covariance air-sea flux measurements are performed on several oceanic cruises each year,
and ESRL has developed a roving standard flux measuring system to be deployed on research
vessels on an opportunistic basis. This latter task promotes high-quality climate observations
from UNOLS and NOAA research vessel fleet and from NOAA Flux Reference Buoys.
Currently, climate data from 31 research vessels are archived at the Shipboard Automated
Meteorological and Oceanographic Systems (SAMOS) at Florida State University. Flux
Reference Bouy data are available at OceanSITES (http://www.oceansites.org/ ). 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
— a state-of-the-art community resource. A full suite of direct, inertial-dissipation, and bulk
turbulent fluxes of sensible heat, latent heat, and momentum are measured along with IR and
solar radiative fluxes, precipitation, and associated bulk meteorological properties. This effort
represents a partial transition of research from NOAA'’s climate research programs to operations
under the Climate Observations Division (COD). Cruises have been conducted on three NOAA
ships, seven UNOLS ships, and one Coast Guard icebreaker to TAO buoys along the 95W and
110W, the PIRATA Northeast Extension (PNE), the Northwest Tropical Atlantic Station
(NTAS) reference buoy, and the WHOI Hawaii Ocean Time Series Station (WHOTS) reference
buoy.

The project development is the result of a NOAA-sponsored workshop on high-resolution marine
measurements (Smith et al., 2003, Report and Recommendations from the Workshop on High-
Resolution Marine Meteorology, COAPS Report 03-01, Florida State University, pp38) 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. A
second aspect of this project involves direct measurement and parameterization (gas transfer



versions of the NOAA COARE model) of sea-air exchange of trace gases. For seasonal 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, safe access,
etc.) 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. 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 under utilized). 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 a large sample. To accomplish this requires 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 in the
Program Plan for Building a Sustained Ocean Observing System for Climate (Sections 5.2-5.4),
and it is a joint effort by ESRL and Dr. Robert Weller of the Woods Hole Oceanographic
Institution (WHOI). The ESRL Air-Sea Interaction Group website can be found at
http://www.esrl.noaa.gov/psd/psd3/air-sea/ . ESRL also cooperates with Dr. Frank Bradley
(CSIRO, Canberra Australia) on precipitation and radiative flux observations, Dr. Meghan
Cronin (NOAA PMEL) on buoy-ship intercomparisons and climate variability analysis, and Dr.
Wade McGillis (Univ. Columbia) on gas fluxes. A project website has been established (High
Resolution Climate Observations http://www.esrl.noaa.gov/psd/psd3/air-sea/oceanobs/ ). An
associated website (http://www.esrl.noaa.gov/psd/psd3/wgsf/ ) contains a handbook on best
practices for flux measurements plus a database of high-resolution flux data. This gives the
project high visibility in the CLIVAR, GEWEX, and SOLAS programs. This project is managed
in cooperation with JCOMM.

Users of the data from this project include numerous individual collaborators (J. Edson at
UConn, B. Huebert at U. Hawaii, B. Ward at Galway, M. Bourassa at FSU, W. McGillis at
LDEO, F. Bradley at CSIRO, M. Cronin at PMEL, R. Wanninkhof at AOML, R. Weller at
WHOI, A. Beljaars at ECMWF) and many projects/programs worldwide (SAMOS, GOSUD,
SeaFlux, USGCRP, WCRP, SOLAS, SURFA, OceanSITES, CLIVAR, VOCALS, UNOLS,
TAO). Specific applications include global model algorithm development and intercomparison,
satellite product intercomparison, in situ (buoy and ship) intercomparison studies, application of
the NOAA/COARE model for flux parameterization, and improved climate observation
capabilities.

2. Scientific and Observing System Accomplishments

This project principally addresses the Climate Observation and Monitoring Program deliverables
for improved observations of Air-Sea Exchange and Ocean Carbon Uptake and Content.
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All tasks/milestones detailed in the work plan for 2012 were addressed.

*Two field deployments of the PSD flux system. The roving standard was deployed for the on
the NOAA R/V Hi'ialakai (Fig. 1) for the WHOTS buoy redeployment cruise. A sample
comparison for air temperature (Fig.2) illustrates the critical need for the PSD measurements to
assure the accuracy of the flux reference buoys — the ship sensor is 1.6 C in error. We also
prepared for and deployed the second flux and radar system for a major multi-leg cruise on the
R/V Revelle at the end of the fiscal year (Figs. 3 and 4). This interagency-funded, multi-platform
international campaign is part of the DYNAMO/CINDY project in the Indian Ocean. Rather
than deploy the system for the Stratus buoy, we decided to extend our deployment on R/V
Revelle to 4 cruises. Summary field-generated plots from this cruise can be viewed at
ftp://ftpl.esrl.noaa.gov/psd3/cruises/ DYNAMO 2011/Revelle/.

* We continued our cooperation with Dr. Huai-Min Zhang of NOAA NCDC on the Surface Flux
Analysis (SURFA) project (http://www.ncdc.noaa.gov/oa/rsad/air-sea/surfa.html). ESRL has
downloaded from the SURFA website surface flux fields from the ECMWF and the German
DWD operational global forecast models. In FY12 we were planning a comprehensive study of
SURFA data with five OceanSITES buoy locations in cooperation with Andy Brown of the UK
Met Office and Huai-min Zhang of NCDC. Considerable work was done on processing and
matching PSD ship observations with buoy data. Peng et al. have submitted a paper comparing
OceanSITES observations with various near-surface wind products (NWP, reanalysis, satellite).
* Of high relevance to this project, ESRL has secured independent funding to work with Sonoma
Technology Incorporated (STI) and the Louisiana State University (LSU) to develop an
exploratory “test bed” for high quality turbulent flux measurements from an oil platform in the
Gulf of Mexico. Some of the equipment and expertise from this project will be utilized to
develop the technology and experience to operate observational flux systems from this remote
platform (12km offshore). PSD equipment was deployed on the platform and 1 year of data have
been obtained (ftp://ftpl.esrl.noaa.gov/psd3/cruises/STIplatform_ST52/flux/Processed/). This
project ended in June 2012 (after two extensions).

* PSD began cooperation with WHOI and U. Connecticut on flux measurement technology for
the Ocean Observatories Initiative (OOI). Our work with the roving flux standard represents a
highly valuable resource for validation of the buoy instrumentation.

This year has seen significant scientific accomplishments as noted through major publications
and synthesis efforts. Two breakthroughs were made in the direct measurement of sea-air fluxes
of trace gases. In 2012 we made the first direct covariance measurements of flux of CO; this was
done off Hawaii during a December 2011 HOT cruise on R/V Kilo Moana (Blomquist et al.
2012). In February/March 2012 we deployed two fast CO2 sensors on the NOAA ship
Ka’Imimoana during the TAO maintenance cruise along 95-110W. These observations
demonstrated an order of magnitude improvement in the sensitivity of direct covariance
measurements of the flux of CO2 compared to previous GASEX cruises. This result is the
culmination of nearly 10 years of efforts to improve CO2 flux measurements including
theoretical understanding of how sensor noise affects flux errors, correcting the sources of sensor
crosstalk, and computing flux estimates in the presence of very weak surface interactions. The
previous technology restricted field studies to very limited regions with very high values (on the
order of 100 ppm) of DPCO2. This new technology opens up most of the world’s oceans to flux
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observations.

We do not have a data management plan; our project is compliant with NOAA guidelines. Field
processed data summaries for each cruise are transmitted at the end of the day to our ftp site
(ftp://ftpl.esrl.noaa.gov/psd3/cruises/ ) with cruise-specific directories — these are publically
available. For example, images of the various flux time series as posted in realtime (daily) for
the recent WHOTS cruise can be seen at:

ftp://ftpl.esrl.noaa.gov/psd3/cruises/ WHOTS 2012/Hiialakai/flux/Raw_Images/

and daily processed ASCII files are available at

ftp://ftpl.esrl.noaa.gov/psd3/cruises/ WHOTS 2012/Hiialakai/flux/Processed/

The full raw time series is added after the cruise. Updates after postprocessing are posted as they
become available.

2.1. Outreach and Education

Our group is engaged in a variety of outreach/education activities under this project. The range
of activities includes lectures for middle and high school science teachers (done through the
CIRES outreach office http://www.screencast.com/users/IndependentLearning/folders/CoSEE ),
judging at local science fairs and the annual National Ocean Science Bowl competition (regional
level held at CU in Boulder), and hosting Teachers in the Lab and or Teachers at Sea. This year
we had a Teacher at Sea on as part of the DYNAMO field project on R/V Revelle. Currently the
Pl (C. Fairall) is on the PhD committee of three students at University of Colorado (Boylan,
McCaffrey, and DuVivier).

This year we started developing a hands-on short course on methods, techniques, and
instruments for meteorological observations from ships (done in cooperation with Shawn Smith
at FSU) intended for seagoing MetTechs. The inaugural course was presented at the RV Tech
meeting in New Orleans in Dec. 2011. A second training for NOAA ship techs was held at
Newport, OR in January, 2012.

A third aspect of PSD outreach is in the form of technology transfer of our flux observation
methods to other research entities. In the past we have transferred designs, methods, and
software to other universities and laboratories around the work. Recent examples are University
of Hawaii and University of Galway (Ireland). We are presently developing a relationship with
Korean Polar Research Institute (KOPRI) to aid them in deploying a full seagoing flux capability
on their new icebreaker (R/V Araon). Another example — C. Fairall is on the science advisory
panel for the new University of Alaska research vessel (R/V Sikuliaq) that is currently under
construction. A compilation of recent collaborations is given in Table 1.

Table 1. Summary of research vessels with collaborations by the ESRL
seagoing flux group

Nation Ship Institute Contact

Korea Araon KOPRI S. Park

UK Clark NOC M. Yelland
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Ireland Celtic Explorer U. Galway B. Ward
Germany Meteor U.Hamburg S. Kinne
France L’Atalante IFREMER A. Weill
India Sindhu Sankalp | NIO Goa V. Kumar
uUsS Sikuliaq U. Alaska M. Edwards

3. Publications and Reports

3.1. Publications by Principal Investigators
COD Publications ESRL/PSD Fairall Group (FY2012):

Fairall, C.W., Mingxi Yang, Ludovic Bariteau, J.B. Edson, D. Helmig, W. McGillis, S. Pezoa,
J.E. Hare, B. Huebert, and B. Blomquist, 2011: Implementation of the COARE flux algorithm
with CO,, DMS, and Ogs. J. Geophys. Res., 116, doi:10.1029/2010JC006884.

Edson, J.B., C.W. Fairall, Ludovic Bariteau, C.J. Zappa, A. Clfuentes-Lorenzen, W.M. McGillis,
S. Pezoa, J.E. Hare, and D. Helmig, 2011: Eddy-covariance measurement of CO, gas transfer
velocity during the 2008 Southern Ocean Gas Exchange Experiment: Wind speed dependency.
J. Geophys. Res., 116, CO0F10, doi:10.1029/2011JC007022.

Helmig, D., E.K. Lang, L. Bariteau, L. Ganzeveld, C.W. Fairall, J.E. Hare, P. Boylan, and J.
Hueber, 2012: Atmosphere-ocean ozone fluxes during the TexAQS 2006, STRATUS 2006,
GOMECC 2007, GaseX 2008, and AMMA 2008 cruises. J. Geophys. Res., 117,
d0i:10.1029/2011JD015955.

Bourassa, M., S. Gille, C. Bitz, D. Carlson, I. Cerovecki, M. Cronin, W. Drennan, C. Fairall, R.
Hoffman, G. Magnusdottir, R. Pinker, I. Renfrew, M. Serreze, K. Speer, L. Talley, and G. Wick,
2012: High-Latitude ocean and sea ice surface fluxes: Requirements and challenges for climate
research. Bull. Am. Met. Soc., to appear.

De Szoeke, Simon P., Sandra Yuter, David Mechem, C. W. Fairall, Casey Burleyson, Paquita
Zuidema, 2011: Observations of stratocumulus clouds and their effect on the eastern Pacific
surface heat budget along 20°S. J. Clim., to appear.

Blomquist, B.W., B.J.Huebert, S.T.Wilson, C.W.Fairall, 2012: Direct measurement of the
oceanic carbon monoxide flux by eddy correlation. Atmos. Meas. Tech.., submitted.

Edson, J.B., J. V. S. Raju, C.W. Fairall, R.A. Weller, S. Bigorre, A. Plueddemann, and Hans
Hersbach, 2012: Wind-speed and wave-age dependence of momentum exchange over the open
ocean. J. Phys. Oceanogr., submitted.

Ghate, Virendra P., Bruce A. Albrecht, Mark A. Miller, Alan Brewer, and Christopher W.
Fairall, 2012: Turbulence and radiation in stratocumulus topped marine boundary layer: A case
study from VOCALS-Rex. J. Geophys. Res., submitted.




CONFERENCES (FY 2012)

Fairall, C W., Invited presentation, Equatorial Indian Ocean observations from R/V Revelle:
DYNAMO/CINDY field program. Workshop on Physical Processes in the Bay of Bengal and
Monsoon 1SO, 5-7 March, 2012, Bangalore, India.

Fairall, C.W., C.J. Zappa, S. Brumer, M.L. Banner, R.P. Morison, X. Yan, and W.L. Peirson,
Laboratory studies of sea spray from breaking waes: Partl — Profiles of droplet
microphysical properties. Workshop on production mechanisms, number concentration, size
distributions, chemical composition, and optical properties of sea spray aerosols. June 4-6,
2012. Raleigh, NC.

Fairall, C.W., S. Pezoa, L. Bariteau, D. Wolfe, and R. Weller. Evaluation of the Accuracy of
Research Vessels as in situ Sources of Surface Flux Observations from Recent PSD Cruises.
8" Annual PI Meeting of the NOAA Ocean Climate Observation Program, June 25-28, 2012,
Silver Spring, MD.

Fairall, C.W., C.J. Zappa, S. Brumer, M.L. Banner, R.P. Morison, X. Yan, and W.L. Peirson.
Laboratory studies of sea spray from breaking waves: Part | — Profiles of droplet
microphysical properties. 18" AMS Conference on Air-sea Interaction, 9-13 July, 2012,
Boston, MA.

Fairall, C.W.,. Simon DeSzoke, J.B. Edson, C. Zappa, A. Brewer, D. Wofle, L. Bariteau, and S.
Pezoa Ship-based observations of cloud surface radiative forcing during the Dynamics of
the Madd-Julian Oscillation (DYNAMO) field program. 18" AMS Conference on Air-sea
Interaction, 9-13 July, 2012, Boston, MA.

Fairall, C.W., Jian-Wen Bao, Andrey A. Grachev , Jeff Hare, Ludovic Bariteau, Ola Persson, D.
Helmig, J. Edson, B. Huebert, B. Blomquist, M. Rowe. Invited presentation. Air-sea/lce fluxes:
Light Winds to Hurricanes, Poles to Tropics, Momentum, Heat, Moisture, Trace Gases,
Aerosol Particles, Radiation, Precipitation. Korean Polar Research Institute, Oct. 8-12, 2012,
Inchon, Korea.

Attached Publications
The referred papers and the conference proceedings are available as .pdf files from
ftp://ftpl.esrl.noaa.gov/users/cfairall/oceanobs/pubs/fy12/

3.2. Other Relevant Publications

This project has produced 42 refereed publications since beginning in 2003 (see ftp site for
cumulative list). In calendar year 2012, these publications received a total of 169 citations;
cumulative total since 2003 is 1158 citations. One paper (Bulk parameterization of air-sea
fluxes: Updates and verification for the COARE algorithm) has received 456 citations since
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publication in 2003. This paper was cited in Blunden et al., 2011: State of the Climate in 2010.
Bull. Am. Meteor. Soc., 92, S1-S266.

Raw, processed, value-added, and synthesized data from this project are freely available at the
ftp site (ftp://ftpl.esrl.noaa.gov/psd3/cruises/ ). Use of these data is too extensive to track. But
as an example, the recent NOAA-sponsored field study VOCALS had a number of publications
in a special issue of Atmospheric Chemistry and Physics. At least 10 of those papers used data
from this project [Abel et al., Allen et al., Boutel and Able, Bretherton et al., Brunke et al.,
Georges and Wood, Jazel et al., Rahn and Garreaud, Wang et al., Wyant et al.). As another
example, in the recent Southern Ocean GASEX field program special issue in JGR, 7 of the 13
papers used data from this project.
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Figure 1. Photograph of ESRL solar and IR radiative flux sensors on NOAA R/V Hi ialakai
while in port at Pearl Harbor, Hawaii.
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Figure 2. Comparison of air temperature sensors from the WHOTS-2012 cruise: SCS, ship’s
sensor; Al, WHOI sensor; W9a and W9b, new buoy sensors; W8a and W8Db, old buoy sensors.
This comparison shows W8a is not operative. The ship sensor is 1.5 C in error. The ship-
mounted WHOI Al sensor is 0.1 C low. The accuracy target is +0.1 C.
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Figure 3. R/V Roger Revelle on station in the Indian Ocean during DYNAMO..
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Figure 4. DYNAMO region and cruise tracks for legs 2 and 3.

FY2012 Annual Report: High Resolution Data from Ships

Page 9 of 10



AP, for dF/F = 1

= | [COR 7200 & Dryer
=== Dicarro G13071 & Dryer
m— GASEXSE LICOR 6200

100

AF(COZ) ppm

I
2 4 6 a 10 12 14
U

Figure 5. Estimates of the ambient sea-air difference in the partial pressure of CO2 (APCQO2)
required for reasonable direct covariance measurements of CO2 flux using different sensors.

The LICOR 6200 (green line) was used in the GASEX98 and GASEXO01 field studies. The other
two sensors are newer technologies implemented with several techniques to reduce noise for ship
motion and water-vapor crosstalk. At a nominal wind speed of 8 m/s, the LICOR6200 yields
usable flux data when the sea-air CO2 concentration difference exceeds about 50 ppm —a
condition that is met in only a small percentage of the ocean surface. Our new methods yield
similar results for APCO2 exceeding 7-10 ppm — a condition met on about 90% of the ocean.
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