Objectively Analyzed Air—Sea Heat

Fluxes for the Global Ice-Free
Oceans (1981-2005)

BY LISAN YU AND ROBERT A. WELLER

Synthesizing surface meteorology obtained from satellite remote sensing and atmospheric

model reanalyses leads to improved estimates of global latent and sensible heat fluxes.

their interface via a number of processes—solar

radiation, longwave radiation, sensible heat
transfer by conduction and convection, and latent
heat transfer by evaporation of sea surface water. The
amount of heat being exchanged is called heat flux,
and its distribution over the global oceans is required
virtually for every aspect of climate studies (WGASF
2000). However, direct flux measurements are sparse.
Our present knowledge of the global air-sea heat flux
distribution stems primarily from the bulk param-
eterizations of air-sea fluxes as functions of surface
meteorological variables (e.g., wind speed, tem-
perature, humidity, cloud cover, etc.). The sources of
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observations for those flux-related variables include
marine surface weather reports from voluntary ob-
serving ships (VOSs) collected by the Comprehensive
Ocean-Atmosphere Data Set (COADS; Woodruff
etal. 1998) and satellite remote sensing from various
platforms. Atmospheric reanalyses from numerical
weather prediction (NWP) centers such as National
Centers for Environmental Prediction (NCEP) and
the European Centre for Medium-Range Weather
Forecasts (ECMWF) provide additional model-
based databases. Nonetheless, none of these three
data sources are perfect, because each suffers from at
least one of the four following deficiencies: 1) incom-
plete global coverage, 2) relatively short time series,
3) systematic bias, and 4) random error.

The problems in data affect the accuracy of the
resulting flux estimates. For instance, the COADS-
based climatological flux atlases (Bunker 1976, 1980;
Esbensen and Kushnir 1981; Isemer and Hasse 1985,
1987: Hsiung 1986; Oberhuber 1988; da Silva et al.
1994; Josey et al. 1998) were constructed from quasi-
global ship observations that span several decades.
The accuracy of these flux estimates depends on
data-sampling density. In regions such as the tropical
Indian Ocean and the southern oceans where VOSs are
infrequent, the flux estimates have large uncertainties.
The satellite-based flux products (e.g., Liu 1988; Chou
etal. 1995; Schulz et al. 1997; Curry et al. 1999; Kubota
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etal. 2002; Bentamy et al. 2003) are an attractive alter-
native, thanks to the continuous global coverage and
good temporal and spatial resolution offered by remote
sensing technology. However, satellite retrievals are
not error free because they require ground truth for
calibration and validation. They also have a relatively
shorter record because most flux-related variables
became available only after 1987. Furthermore, not all
flux-related variables can be retrieved. Determining
air humidity and temperature at a fixed level above
the ocean surface remains a major technical challenge
(Simonot and Gautier 1989; Schulz et al. 1993). By
comparison, all flux-related variables are readily avail-
able from NCEP-NCAR reanalysis and 40-yr ECMWF
Re-Analysis (ERA-40). Gridded global flux fields are
provided at 6-h intervals from the 1950s onward. These
NWP fluxes, unfortunately, contain systematic biases
(e.g., Moyer and Weller 1997; Josey 2001; Smith et al.
2001; Sun et al. 2003). In some regions, such as the
Arabian Sea (Weller et al. 1998) and the Bay of Bengal
(Yuetal. 2007), the biases can be so large that the NWP
net heat fluxes have a sign opposite to those of in situ
flux measurements.

While improving the quality of each data source
is a necessary step toward improving the estimates
of surface heat fluxes, an alternative approach has
been proposed. In a pilot study for the Atlantic Ocean
supported by the National Oceanic and Atmospheric
Administration (NOAA) Climate Variability and
Predictability (CLIVAR) Atlantic program, Yu et al.
(2004a) experimented with the idea of improving flux
estimates through objectively synthesizing the satel-
lite and NWP data sources. The term objective analy-
sis (OA) originally denotes the process of combining
data that are generally nonuniformly distributed and
have errors associated with them. The process in-
volves searching for a solution that has the minimum
error variance (Daley 1991). Objective analysis has
received wide application after its first introduction
to the numerical weather prediction by Panofsky
(1949), and now covers a broad range of techniques.
The earlier ship-based flux climatological analyses
(da Silva et al. 1994; Josey et al. 1999) used a simple
iterative difference-correction scheme based on the
method of successive corrections (Bergthorsson
and D66s 1955). Modern OA techniques, such as
statistical interpolation and variational analysis,
have been applied to products such as sea surface
temperature (SST) (Reynolds et al. 2002; Chelton
and Wentz 2005), precipitation (Xie and Arkin 1996),
pseudostress (Legler et al. 1989), and Special Sensor
Microwave Imager (SSM/I) surface wind (Atlas et al.
1996). The OA technique explored by Yu et al. (2004a)
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was the variational approach similar to the one used
by Legler et al. (1989).

The improvement in heat flux estimates made
by the OA approach was evaluated by both statis-
tical comparison and physical consistency study.
The mean flux climatology from the OA analysis is
in reasonable agreement with the ship-based flux
climatology analysis of the National Oceanography
Centre (NOC; named the NOCI.1 climatology; Josey
et al. 1999) in data-dense regions, although the two
were constructed from independent datasets using
different techniques. The OA heat flux estimates dif-
fer from buoy-ship flux measurements by about 5%
on average (Yu et al. 2004b, 2007). Comparison with
the NWP fluxes is, however, not as good; they are
18-20 W m™ (~15%) higher on average. An example
that better fluxes can lead to a better understanding
of SST variability was shown for the tropical Atlantic
Ocean (Yu et al. 2006). Ocean observations indicate
that the seasonal SST increase in the tropical Atlan-
tic Ocean is associated with a shallow thermocline,
suggesting that the major contributor to the surface
mixed layer heat budget is the net surface heat flux
through the air-sea interface (Niiler and Kraus
1977). By combining the OA latent and sensible heat
fluxes with surface radiation from the International
Satellite Cloud Climatology Project (ISCCP; Zhang
etal. 2004), the role of surface heat fluxes was clearly
depicted. As indicated by ocean subsurface obser-
vations, surface heat fluxes are the forcing for the
seasonal SST cycle over most of the tropical Atlantic
basin except for the equatorial cold tongue and the
region under the intertropical convergence zone
(ITCZ). Such a depiction cannot be established using
NWP flux products from NCEP and ERA-40.

Motivated by the success made in the Atlantic
basin, efforts have been undertaken to extend the OA
to the heat flux fields over the global ice-free oceans
under the auspices of the NOAA Office of Climate
Observations (OCO) and Climate Change Data
and Detection (CCDD). The goal of the Objectively
Analyzed Air-Sea Fluxes (OAFlux) project is to
develop an enhanced global analysis of air-sea
latent heat, sensible heat, and net shortwave and
net longwave radiation fluxes over the past 50 years
(from the mid-1950s onward) through an appropri-
ate combination of satellite retrievals, ship reports
from COADs, and surface meteorology from NWP
analysis/reanalysis outputs. The paper, which pres-
ents global daily air-sea latent and sensible heat fluxes
for the period from 1 January 1981 to 31 December
2005, represents the first part of the results produced
by the ongoing OAFlux project.



The paper has two main objec-
tives—one is to provide an overview
of the methodology used to produce
the new global oceanic latent and
sensible heat fluxes; and the other
is to document the variability of
ocean heat flux fields on annual,
seasonal, interannual, and decadal
time scales as revealed by the new
dataset. Among all of the climate
signals investigated in the study,
the most striking is the pronounced
long-term trend that dominates the
25-yr time series from 1981 to 2005.
It is known that global oceans have
been warming, and the majority of
the warming has happened since
the early 1980s (Levitus et al. 2000).
The study provides evidence of the
increase of oceanic latent heat losses
in concert with the rise in SST. The
paper concludes with a summary

Prepare the following input data sets (Xga)
(1) NCEP/DOE and ERA40 reanalysis outputs of U, T,, T,, and g
(2) Satellite retrievals of U and g, from SSMI and QuikSCAT, T,
from AVHRR, TMI, and AMSR-E.
[

|
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steps: [
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(2) Specify the weights
(3) Employ a conjugate-gradient method iteratively to find the optimal solution of J.
(4) Apply the procedure to each of the four independent variables, U, Ts, T,, and ga.
»
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of the results and a discussion of
potential applications of the dataset.

Fic. I. A flowchart showing the procedure used in computing the
latent and sensible heat fluxes through synthesizing surface meteo-

For additional information on the

rology from satellite retrievals and NWP reanalyses outputs.

OAFlux project and for access to

the dataset, the reader is referred to the Web site at
http://oaflux.whoi.edu/. [At that Web site, the reader
also has access to the International Satellite Cloud
Climatology Project (ISCCP) FD surface radiation
dataset (Zhang et al. 2004), provided by Dr. William
B. Rossow, for distribution along with the OAFlux
products. The radiation data have been averaged daily
and regridded so that both OAFlux and ISCCP prod-
ucts have the same spatial and temporal resolution.]

METHODOLOGY AND INPUT DATA
SOURCES. Surface latent heat flux (LHF) and
sensible heat flux (SHF) are generally computed
from the following bulk aerodynamic formulas (Liu
etal. 1979):

LHF = pL c,U(q, - q,) = pL c,UAq, 1)
SHF = pcpchU(TS -T)= pcpchUAT, (2)

where p is the density of air, L_ is the latent heat of
evaporation, c, is the specific heat capacity of air at
constant pressure, ¢, and , are the stability- and height-
dependent turbulent exchange coefficients for latent
and sensible heat, respectively, and U is the average
value of the wind speed relative to the sea surface at
a height of z; T and T, are the respective sea surface
and near-surface air potential temperatures, and the
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differences between T and T, are denoted by AT; g,
and g are the respective sea surface and near-surface
atmospheric specific humidities, and the differences
between q_and g, are denoted by Ag. In (1)-(2), only
U T, T, and g, are independent variables.

The key strategy implemented by the OAFlux
project is to improve the estimates of LHF and
SHF through improving the estimates of the four
independent physical variables. This is achieved by
using a variational OA technique to synthesize ob-
servations and NWP outputs. The methodology of
synthesis is based on the Gauss-Markov theorem, a
standard statistical estimation theory that states the
following: when combining data in a linear fashion,
the linear least squares estimator is the most effi-
cient estimator (Daley 1991). In the case of our flux
analysis, the theorem led to the formulation of a least
squares problem based on available satellite retrievals
and NWP model outputs. A solution that best fits
the input datasets was searched. The procedure was
applied to each of four independent variables (i.e., U,
T, T, and g ) from which the fluxes were computed
using the bulk flux algorithm 3.0 developed from the
Tropical Ocean Global Atmosphere (TOGA) Coupled
Ocean-Atmosphere Response Experiment (COARE;
Fairall et al. 1996, 2003). A flowchart showing the
sequence of the procedure is given in Fig. 1. The
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reader is referred to the paper by Yu et al. (2004a) for
further information.

Input data for the synthesis included not only sat-
ellite retrievals from SSM/I (Wentz 1997; Chou et al.
2003), the Quick Scatterometer (QuikSCAT), Advanced
Very High Resolution Radiometer (AVHRR), Tropical
Rainfall Measuring Mission (TRMM) Microwave
Imager (TMI), and Advanced Microwave Scanning
Radiometer Earth Observing System (EOS) (AMSR-E)
(Chelton and Wentz 2005), but also the surface meteo-
rology from the ECMWTF operational forecast analysis,
ERA-40 (Uppala et al. 2005), and NCEP reanalyses
(Kalnay etal. 1996; Kanamitsu et al. 2002). Consistent
with the NWP model outputs, the synthesis produced
Uat 10 m, T,and g, at 2 m, and T, at the sea surface. A
height adjustment was applied to those input datasets
that do not have the specified reference heights.

COADS ship observations were not a direct input
data source in producing the daily synthesis from
1981 to 2005, but they, together with in situ buoy
measurements, served as the base data to provide the
estimates for error properties of each input dataset
(Yu et al. 2004a). The error information determined
the weights that prescribe the closeness of the least
squares fitting between the analysis fields and input
data fields. It should be noted that the NWP product
fields are not completely independent of COADS,
because many ship observations are assimilated by
the NWP reanalysis models. The resulting synthe-
sized fluxes were evaluated using more than 100 in
situ measurement time series over the global oceans
(Yu et al. 2004b). The in situ measurements included
moored buoys at various locations acquired by the
upper-ocean processes group at the Woods Hole
Oceanographic Institution (Moyer and Weller 1997),
the Pilot Research Moored Array in the Tropical
Atlantic (PIRATA; Servain et al. 1998), and the
Tropical Atmosphere Ocean (TAO) Triangle Trans-
Ocean Buoy Network (TRITON) array in the tropical
Pacific (McPhaden et al. 1998) and Indian (McPhaden
etal. 2006) Oceans. Details of the evaluation analysis
are presented in a separate document.

MEAN AND SEASONAL VARIABILITY. LHF
and SHF increase with wind speed (U), near-surface
vertical gradients of sea—air humidity (Aqg=q_ -q,),

FiG. 2 (THIs PAGE AND NEXT). Surface (a) LHF, (b) SHF,
and (c) LHF + SHF in February, August, and the annual
mean (W m-?). The fields represent the average over
the 25-yr period from 1981 to 2005. Positive (nega-
tive) values denote upward (downward) fluxes. Zero
contours are highlighted.
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and temperature (AT = T, - T)). Seasonally, the two
fluxes are most significant in the extratropical regions
in the fall and winter when the three variables, U, Aq,
and AT, are at their maxima strength. Figure 2 shows
the global distribution of LHF, SHF, and the sum of
the two fluxes (LHF + SHF) in February and August,
along with their respective annual means averaged
over the 25-yr period from 1981 to 2005. Positive
fluxes indicate heat loss from the ocean, while nega-
tive fluxes indicate heat gain by the ocean.

The seasonal variations in the Northern Hemisphere
are largest over the two western boundary current
(WBC) regions, that is, the Gulf Stream off of the
United States, and the Kuroshio and its extension off
of Japan. At these places, the maximum magnitude
of LHF exceeds 300 W m™ in February, but reduces
to less than 100 W m™ in August. Like the Northern
Hemisphere, large seasonal changes in the Southern

(a) LHF
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Hemisphere also occur over such boundary current
regions as the Agulhas Current off the African coast,
the Falkland-Brazilian Current off of South America,
the Eastern Australian Current, and the Leeuwin
Current off the west coast of Australia. Except for the
last example, the other three are all western bound-
ary currents. It is interesting to note that the flux
intensification over these boundary current regions
during the Southern Hemispheric wintertime is not
as strong as their Northern Hemispheric counterparts.
This is perhaps due to the fact that the continental
landmasses of the Southern Ocean not only terminate
in the subtropics, but also are relatively narrow, and
so the air masses advected over the currents are less
cold and dry.

The mean LHF and SHF over the global oceans
have been extensively studied using either COADS
or satellite observations (Esbensen and Kushnir
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1981; Hsiung 1986; Oberhuber 1988; Cayan 1992a,b;
da Silva et al. 1994; Chou et al. 1995; Schulz et al.
1997; Josey et al. 1999; Kubota et al. 2002; Bentamy
et al. 2003; Grist and Josey 2003). Consistent with
existing climatologies, the annual mean pattern of
LHF reflects the dominant wintertime features of
the two hemispheres. The largest LHF magnitudes
(~200 W m™2) are associated with the Gulf Stream
and the Kuroshio and its extensions, while the second
largest magnitudes (~150 W m™) are located over
the broad subtropical southern Indian Ocean and
the boundary regions associated with the Agulhas
and the Eastern Australian Currents. LHF is rela-
tively weak over the eastern Pacific and Atlantic cold
tongues, and also at high northern and southern lati-
tudes. Compared to LHF, SHF is generally weak. The
magnitude of SHF over the open oceans is between
-5 and 15 W m™, which is about one-tenth that of

(c) LHF+SHF
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(a) STD LHF (b) STD SHF Fic. 3. STD of climatological

—%_—]

monthly mean (a) LHF, (b) SHF,
(c) LHF + SHF, and (d) SST with
regard to the respective annual
mean averaged over the period
from 1981 to 2005.

Stream, and the Kuroshio and
its extensions. Interestingly,

60 120 180 -120 -60 0 . 60 120 180

10 30 50 70 90 110 Wm™2 10 30 50

the magnitude and spatial
extent of the variances associ-
ated with the Kuroshio system
are greater than those with the
Gulf Stream system, due large-
ly to the fact that on seasonal

-120 -60 0

70 90 110 WmZ

time scales the air-sea fields of
the former system have greater
temporal and spatial variabil-
ity. Figure 3d shows the STD
of the seasonal SST variability
as an example. The patterns
4 of high/low variances in the
D QU fluxes are consistent with

LHE. SHF with a sufficient magnitude (>100 W m~)
appears only in the boreal winter, in regions associ-
ated with the Kuroshio and Gulf Stream and its exten-
sions and the northern North Atlantic (60°-80°N).
LHF plus SHF accounts for the total turbulent oceanic
heat loss to the atmosphere. Because SHF is small and
its spatial distribution is similar to that of LHF, the
pattern of LHF + SHF largely resembles the pattern
of LHF, but with an enhanced magnitude.

To quantify the degree of the seasonal flux vari-
ability, the standard deviations (STD) of the climato-
logical monthly means are computed for LHF, SHEF,
and LHF + SHF, respectively, using the following
relation:

4)

where ¢ denotes the STD, and N is 12 (months); x
represents the climatological (1981-2005) monthly
mean fields of LHF, SHF, and LHF + SHF, while
X is the annual mean field of the respective flux.
As expected, the largest seasonal STDs in the three
flux fields (Figs. 3a—c) are all located over the Gulf
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the patterns of the high/low
variances of SST, suggesting
an atmospheric response to
oceanic forcing.

-120 -60 0

&
60 120 180 -120 -60 0 60 120 180
10 3 50 70 90 110Wm™ 0 1 2

VARIABILITY ON INTERANNUAL AND
LONGER TIME SCALES. By replacing x in
(4) with the yearly averaged means for N = 25 yr
1981-2005) while retaining x as the long-term
mean, the resulting yearly STD field measures the
flux variability on interannual and longer time
scales. The yearly STD maps for LHF, SHF, and
LHF + SHF are shown in Figs. 4a—c. Compared to
LHF, SHF yearly variability is generally small over
the global basin except for the northern North
Atlantic (i.e., the Labrador, Irminger, and Nordic
Seas), where the variances of the two fluxes have a
similar magnitude. There are also substantial SHF
variances over the Gulf Stream and the Kuroshio re-
gions, and the larger SHF variances associated with
the former system appear to be induced primarily
by the changes in air temperature.

The yearly STD fields have four features worth
noting when compared to the seasonal STD patterns
(Figs. 3a—c). First, and most strikingly, there are sig-
nificant LHF variances in the equatorial Pacific and
Indian Oceans, which is the region that features weak
LHF variability on seasonal time scales. Second, the
yearly variances of LHF and SHF are about an order of
magnitude smaller than their seasonal counterparts.



Take LHF over the Kuroshio and its extensions as an
example. The maximum yearly STD of LHF is less
than 18 W m, while the maximum seasonal STD ex-
ceeds 100 W m™. Third, the global boundary current
regions, especially the Kuroshio and Gulf Stream and
their extensions, are the location of primary variabil-
ity for LHF on seasonal and interannual and longer
time scales. Last, the high/low values of the yearly SST
variances (Fig. 4d) do not always correspond to the
high/low values of the yearly flux variances. This is
particularly the case for the Indian Ocean.

Unlike the Indian Ocean, LHF and SST in the
equatorial Pacific are closely related on time scales
of EI Nifio-Southern Oscillation (Weare 1984; Zhang
and McPhaden 1995; Wang and McPhaden 2001).
The plots of the evolution of monthly LHF and SST
anomalies averaged over the equatorial belt between
5°S and 5°N (Figs. 5a-b) show that the enhanced
yearly LHF variances in the Pacific were indeed re-
lated to ENSO variability. In the central and eastern
equatorial Pacific, positive LHF anomalies (increased
latent heat loss) were associated with warm El Nifo
years, and negative LHF anomalies (reduced latent
heat loss) with cold La Nifia years. During the two
great El Nifio events in 1982/83 and 1997/98, a 4°C
warming of the sea surface was

Atlantic Ocean, LHF and SST anomalies had a clear
in-phase relationship throughout the 25-yr period,
though the anomalies were much weaker compared
to their Pacific counterparts. In the Indian Ocean,
the two variables were out of phase in the 1980s,
during which episodes of positive SST anomalies were
associated with enhanced negative LHF anomalies.
The correlation relationship was much improved in
the late 1990s and early 2000s, because the two time
series were both marked by coherent long-term up-
ward trends. Similar upward trends in LHF and SST
are also observed in the western equatorial Pacific.

LONG-TERM UPWARD TREND. The equato-
rial Indian and western Pacific Oceans constitute the
so-called Indo-Pacific warm pool, that is, the location
of maximum SSTs in the Tropics. It has been recog-
nized that the SST in the Indo-Pacific warm pool
has been rising in association with the global ocean
warming (Cane et al. 1997). If so, has the long-term
upward trend in LHF also occurred over a broad,
global scale? To address the question, time series of
yearly mean LHF, SHF, and LHF + SHF averaged over
the global ice-free oceans are plotted (Figs. 6a-b).
Clearly, the globally averaged LHF has been steadily

accompanied by an increase of @ STD LHF ®) STD SHF

LHF by about 40 W m™.

ENSO also influences the
atmosphere-ocean variabil-
ity in the Indian and Atlantic
Oceans. Nevertheless, the
relationship between LHF
and SST anomalies is rather
different in the three equato-
rial oceans. The correlation

coefficient between the two 60 120 180 -120 -60 O 60 120 180 -120 -60
variables is 0.62 for the Pacific
Ocean, 0.57 for the Atlantic 2 8 10 4 18 W™ 2 8 10 " 18Wm*
Ocean, and 0.38 for the Indian
Ocean. Although the coef-

© STD LHF+SHF (@ STD SST

ficients are all significant at
the 95% level, the degree of the
correlation is less good in the
equatorial Indian Ocean. This
is seen in Figs. 5a-b. In the

Fic. 4. STD of yearly mean (a)
LHF, (b) SHF, (c) LHF + SHF,
and (d) SST with regard to the

respective long-term mean aver-
aged over the period from 1981
to 2005.
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Fic. 5. Time-longitude plot of monthly mean anomalies of (a) LHF and (b)
SST averaged in the equatorial band (5°S, 5°N). The mean seasonal cycle
constructed over the period of 1981-2005 is subtracted. Zero contours

(a) I Anom LHF EQ

10 20 30 40 Wm2

-40 -30 -20 -10 O

are highlighted.

increasing since the beginning of the data record in
1981, with the increase being most pronounced in the
1990s. During this period, LHF has been up from the
low at about 86 W m™ in 1981 to the peak at about
95 W m™ in 2002. There was a slight reduction in
LHF after 2004, yet it is too early to tell whether this
reduction was merely a perturbation of the long-term
upward trend, as in the years of 1991 and 2001, or an
indication of a change in the trend. By comparison,
SHEF shows no clear trend. A slight increase by about
1 W m™ occurred in the 1990s followed by a quick
reduction in the early 2000s. The mean SHF at the end
of the data record in 2005 was back at a level similar to
that in the early 1980s. In light of the small change in
SHEF, the near-linear increase in the globally averaged
LHF + SHF reflects the trend in LHF.

SST over the global oceans has been rising since
the late nineteenth century (Cane et al. 1997), with
the most rapid warming occurring in the decades of
the 1980s and 1990s (Cane et al. 1997; Lau and Weng
1999). Time series of yearly mean SST averaged over
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Anom SSTEQ

3 -2 -

the global ice-free oceans pro-
duced by OAFlux indicates an
increase in SST by about 0.3°C
since 1981 (Fig. 6¢). Unlike the
LHF time series that shows
a quasi-linear trend, the SST
record is marked by large
interannual fluctuations re-
lated to ENSO superimposed
on a slowly warming trend.
Nevertheless, Figs. 6a—c sug-
gest that the increase of the
global LHF is a response to the
global SST.

To explore the cause of the
long-term increase in LHF,
linear trends for both LHF and
the flux-related variables (i.e.,
SST, sea—air humidity differ-
ence Ag, air humidity g, and
wind speed U) were derived
using the yearly mean fields
over the entire data record
(1981-2005) (Figs. 7a—e). The
upward trends in LHF had a
large-scale structure that is sig-
nificant in the equatorial Indo-
Pacific warm pools and along
the ITCZ; the latter is displaced
just north of the equator in the
Pacific and Atlantic Oceans.
Outside of the tropical oceans,
pronounced upward trends occurred over the global
boundary current regions, including the Kuroshio and
its extension, the Gulf Stream and its extension, the
Agulhas Current, the Falkland-Brazil Currents, the
Eastern Australian Current, and the Leeuwin Current.
Despite the overall positive trends, weak negative
trends existed in subtropical regions such as the eastern
Pacific and Atlantic Oceans and the western southern
Indian Ocean.

Positive LHF trends are well correlated with posi-
tive SST trends (Fig. 7b), while negative LHF trends
are correlated with negative and/or weak positive SST
trends. The signs of the LHF trends have an overall
consistency with the signs of the SST trends over
most global basins, with the exception of the North
Atlantic Ocean. In the latter case, a rising SST is
featured over the entire domain with the maximum
warming rate in the northern North Atlantic. Despite
the large increase in SST, LHF shows only weak posi-
tive trends in the northern basin and negative trends
in the subtropical Atlantic.

3 °c



The sea-air humidity difference Aq is a function
of SST. Figure 7c shows that Aq was the key variable
connecting the trend patterns between LHF and SST.
The regions of positive (negative) LHF trends were
largely predefined by the regions of positive (negative)
Aq trends. The determination of Aq by SST is due to
the fact that SST not only determines the sea surface
saturation specific humidity (g ), but also modulates
the large-scale structure of the near-surface air
humidity (g,). It is not a surprise to see (Fig. 7d) that
there is a SST influence in the linear trend pattern
of g, and it showed downward trends in the eastern
Pacific and at high southern latitudes with upward
trends elsewhere.

The trends in wind speed U (Fig. 7e) are pre-
dominantly upward, being most coherent in the south
oceans and the tropical Indian Ocean. Slight nega-
tive trends are observed in the tropical and central
North Pacific and the tropical Atlantic. Unlike Ag, the
trend pattern of U'is less correlated with that of LHF,
suggestive of a nonlocal relationship between U and
LHF. It is worth noting that the roles of Uand Aq in
LHF are fundamentally different. A nonzero Ag, not
U, is a prerequisite for latent evaporation to occur; U
facilitates the evaporation by carrying water vapor
away from the evaporating sea surface and helps to
reestablish Aq at a faster pace. In other words, the
magnitude of U modulates the effect of Ag on LHF,
and a stronger U promotes larger LHF. It is further
worth noting that the relationship between Uand SST
is not necessarily local, because the large-scale pattern
of U is influenced by SST gradients rather than SST
itself. This explains why the trend pattern of U is not
locally correlated with either SST or LHF.

SUMMARY AND DISCUSSION. Daily LHF and
SHF estimates over the global ice-free oceans from
1981 to 2005 have been produced by the Objectively
Analyzed Air-Sea Fluxes (OAFlux) project through
synthesizing surface meteorology obtained from
satellite remote sensing and NCEP and ECMWF
numerical weather prediction model reanalyses. The
methodology and technique were built upon an initial
study of the Atlantic Ocean that demonstrated that
such data synthesis improves daily flux estimates over
the basin scale (Yu et al. 2004a,b, 2006). The OAFlux
project has an objective of producing an enhanced
global air-sea heat flux analysis from the mid-1950s
to the present. The 25-yr time series of latent heat
flux (LHF) and sensible heat flux (SHF) presented
here were the first outcome of the project.

This paper used the new global flux dataset to
analyze, understand, and document the patterns
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FiG. 6. Year-to-year variations of yearly mean (a) LHF
versus LHF + SHF, (b) SHF, and (c) SST averaged over

the global ice-free oceans.

and variability of the LHF and SHF fields on annual,
seasonal, interannual, and decadal time scales. It is
found that, among all of the climate signals inves-
tigated, the most striking is a long-term increase in
LHF that dominates the 25-yr data record. The glob-
ally averaged latent heat flux has increased by roughly
9 W m~between the low in 1981 and the peak in 2002,
which amounts to about a 10% increase in the mean
value over the 25-yr period. Positive linear trends
appeared on a global scale, with the most significant
in the tropical Indian and western Pacific warm pools
and the boundary current regions.

The period of 1981-2005 covered by the dataset
was marked by the warming of the global oceans at
a fast pace (Levitus et al. 2005). The trend pattern of
LHF bears a great similarity to that of SST, suggestive
of an atmospheric response to oceanic forcing. The
analysis of the linear trends in flux-related variable
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Fic. 7. Linear trends in yearly mean (a) LHF, (b) SST,
(c) Aq, (d) q, and (e) U derived from the period from
1981 to 2005. Zero contours are highlighted.

field, and are most consistent in the south oceans.
Unlike Ag, the spatial pattern of the linear trends in
U is less correlated with that of LHF. The two vari-
ables Aq and U have different relationships with LHF;
the former is a prerequisite for latent evaporation
to occur, while the latter is a facilitator that carries
water vapor away from the evaporating sea surface
g and helps to reestablish Aq. The upward trend in U

msT/10yrs  provided a favorable condition for boosting the effect

of Aq and allowing a continued increase of LHF.

fields [e.g., air humidity (g,), sea—air humidity differ- An enhanced oceanic latent heat loss under global
ences (Aq), and wind speed (U)] showed that Ag was warming is anticipated from the viewpoint of the
the link between SST and LHF. Regions of positive  Clausius-Clapeyron equation. However, it should be
(negative) trends of Aq define the regions of positive  noted that the estimated change in LHF found in this
(negative) trends in LHF. SST affects Ag, because SST  study, which is about 10 W m™ over the 1981-2005
not only determines q_but also modulates the large-  period, appears to be an order of magnitude larger
scale structure of g. Hence, the moisture-holding  than the value of 1 W m™ given by the recent climate
capacity of the atmosphere goes up asaresult of global  model analyses of Pierce et al. (2006). The latter study
warming, and this further promotes latent evapora-  represents the model simulation of the response of the
tion. Positive trends are also shown in the global U  climate system to global warming. The large difference

-10 -08 -06 -04 -02 00 02 04 06 08 10
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between our data-based estimation and the model
analyses of Pierce et al. suggests the need to reconcile
the differences between the flux analyses and climate
models. The major uncertainty in our analysis is the
near-surface air humidity due to the lack of direct
observations. Nevertheless, the total 10 W m increase
is roughly equal between Aq and U. The wind fields are
supposed to be a better-measured quantity, especially
since SSM/I became available later in 1987.

The relationship between LHF and SST was em-
phasized in the study because the two variables are
related but not the same. LHF contains richer infor-
mation than SST. LHF is the function of near-sea
surface circulation, humidity, and temperature, and
thus is not dependent solely upon SST. Moreover,
the atmosphere interacts with the ocean through
air-sea fluxes, not SST, though SST is a key variable
that affects air-sea heat exchange processes. The
study showed that on seasonal time scales the oceanic
heat fluxes are the response to the SST forcing. On
interannual and longer time scales, the influence of
ENSO SST on LHF in the eastern equatorial Pacific is
clearly shown; elsewhere the correlation between the
two variables is not always as good. Major differences
occurred in the tropical Indian and western Pacific
Oceans, where there were sufficient year-to-year vari-
ances in LHF but not in SST.

This paper provided data-based evidence of an
increase of sea—air humidity differences, and hence
LHF, under global warming; it also suggested that the
increase in wind speed is the other contributor to the
change in LHF. Latent heat exchange at the air-sea
interface results in the transport of both energy and
water vapor into the atmosphere. The enhanced latent
heat evaporation in the past 25 yr would lead to an
increased transport of water vapor into the atmo-
sphere. This is supported by observational evidence
that the upward trends in the moisture content in the
lower troposphere are averaging 1.3 + 0.3% decade™
during 1988-2003 for the ocean as a whole (Trenberth
et al. 2005). There are three potential consequences
as a result of enhanced latent heat evaporation. First,
water vapor is a key element of the hydrological
cycle, that is, the cycling of water, in all three phases,
within and between the Earth’s atmosphere, oceans,
and continents. The movement of water vapor in the
hydrological cycle is coupled with precipitation and
soil moisture. Does the enhanced oceanic evapora-
tion imply an increased hydrological cycle? Second,
water vapor is an important greenhouse gas. As the
temperature of the Earth’s surface and atmosphere
increases, the atmosphere is able to hold more water
vapor (Held and Soden 2000). The additional water
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vapor, acting as a greenhouse gas, absorbs and reemits
the infrared radiation back to the Earth’s surface, and
so causes further warming. How much of the change
in longwave radiation is attributed to the increased
water vapor? Last, the salinity in the ocean mixed
layer would increase due to the loss of water vapor
to the atmosphere. The salinification impacts not
only the thermohaline circulation, which is strongly
influenced by the surface salinity differences between
the subpolar and the subtropical oceans, but also the
mixed layer structure that, in turn, influences the way
that the ocean and the atmosphere interact.

The air-sea fluxes to and from the ocean force the
atmospheric circulation and, at the same time, control
the ocean temperature. We anticipate that this new flux
product will help to improve the understanding of not
only the variability of air-sea heat fluxes and their role
in weather and climate, but also the role of the world’s
oceans in the coupled ocean-atmosphere system.
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