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Abstract

New satellite-derived latent and sensible heat fluxes are performed by using WindSat wind speed, WindSat sea
surface temperature, the European Centre for Medium-range Weather Forecasting (ECMWF) air humidity, and
ECMWF air temperature from 2004 to 2014. The 55 moored buoys are used to validate them by using the 30 min
and 25 km collocation window. Furthermore, the objectively analyzed air-sea heat fluxes (OAFlux) products and
the National Centers for Environmental Prediction-National Center for Atmospheric Research reanalysis 2
(NCEP2) products are also used for global comparisons. The mean biases of sensible and latent heat fluxes
between WindSat flux results and buoy flux data are -0.39 and -8.09 W/m?, respectively. In addition, the root-
mean-square (RMS) errors of the sensible and latent heat fluxes between them are 5.53 and 24.69 W/m?2,
respectively. The RMS errors of sensible and latent heat fluxes are observed to gradually increase with an
increasing buoy wind speed. The difference shows different characteristics with an increasing sea surface
temperature, air humidity, and air temperature. The zonal average latent fluxes have some high regions which are
mainly located in the trade wind zones where strong winds carry dry air in January, and the maximum value
centers are found in the eastern waters of Japan and on the US east coast. Overall, the seasonal variability is
pronounced in the Indian Ocean, the Pacific Ocean, and the Atlantic Ocean. The three sensible and latent heat

fluxes have similar latitudinal dependencies; however, some differences are found in some local regions.
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1 Introduction

The atmosphere and the ocean are closely linked by the
transfer of energy (heat and momentum), water, and gases
between them. Accurate turbulent air-sea fluxes are of great im-
portance in studying air-sea interaction issues. The turbulent ex-
change of heat between the atmosphere and the ocean involves
latent heat flux and sensible heat flux, which are very useful for
global energy research and application.

The latent and sensible heat fluxes can be measured directly.
Some experiments have been performed for detecting them
(Webster and Lukas, 1992; Fairall et al., 1997; Godfrey et al., 1998;
Raschke et al., 2001; Smith et al., 2001). Most direct measure-
ments are difficult and costly, so they are only made on a few re-
search vessels. This in turn limits the time and space of an obser-
vation. Some bulk aerodynamic algorithms have been estab-
lished to estimate the latent and sensible heat fluxes globally us-
ing more readily available data such as satellite products. Twelve
different bulk aerodynamic algorithms were evaluated compre-
hensively using direct turbulent flux measurements from 12 ship
cruises over the tropical and midlatitude oceans (Brunke et al.,
2003). Finally, they selected four relatively good algorithms, one
of which is a coupled ocean-atmosphere response experiment
(COARE) bulk flux algorithm. The COARE bulk flux algorithm has
been evolving over several development phases, and some reli-

able measurements from ship and buoy are used to improve and
validate it (Fairall et al., 1996, 2003; Bradley et al., 2000). The
COARE version 3.0, as a state-of-the-art algorithm, has been ex-
tensively used to calculate the latent and sensible heat fluxes.
This algorithm related turbulent fluxes to some surface meteoro-
logical parameters such as wind speed, sea surface temperature
(SST), air temperature and humidity. These parameters are al-
ways obtained from satellite and reanalysis data.

Satellite observations have a vital role in calculating the lat-
ent and sensible heat fluxes, especially for passive microwave
satellite data. These satellite products such as wind speed and
SST have been used to perform some typical data sets of turbu-
lent air-sea fluxes. The representative data sets include the ob-
jectively analyzed air-sea fluxes (OAFlux) (Yu et al., 2008), the
hamburg ocean atmosphere parameters and fluxes from satellite
data (HOAPS) (Andersson et al., 2010; Andersson et al., 2011), the
Japanese ocean flux data sets with use of remote sensing observa-
tions (J-OFURO) (Kubota et al., 2002), and the Goddard satellite-
based surface turbulent fluxes (GSSTF) (Chou et al., 1997; Chou
etal., 2003). The input surface meteorological parameters in the
OAFlux are derived from some satellites’ measurements and
reanalyses data produced by the National Centers for Environ-
mental Prediction (NCEP) and European Centre for Medium-
range Weather Forecasts (Yu et al., 2008). Satellite data in the OA-
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Flux synthesis include the wind speed derived from a special
sensor microwave/imager (SSMI) (Wentz, 1997), an advance mi-
crowave scanning radiometer for earth observing systems (AM-
SR-E) (Wentz and Meissner, 2000) and QuikSCAT (Freilich et al.,
1994), and the SST produced by the study (Reynolds et al., 2002;
Reynolds et al., 2007). In addition, this synthesis also includes
near-surface humidity product derived from SSMI column water
vapor product. For HOAPS-3.2 flux data sets, all meteorological
variables are derived from SSMI passive microwave satellite data
except for the SST that is the NODC AVHRR Pathfinder data (Yu
etal., 2006).

Except for the air temperature, all surface meteorological
parameters are derived from satellite data for J-OFURO. The
satellite sources of the wind speed include SSMI, AMSR-E,
TRMM, QuikSCAT, and the European Space Agency’s scattero-
meter onboard the earth remote sensing (ERS-1/2). SST and sea
surface saturated specific humidity are both derived from the
NOAA AVHRR and AMSR-E. In addition, air humidity is derived
from SSMI. For GSSTF flux data sets, wind speed and air specific
humidity are both derived from SSMI, but the SST and 2 m air
temperature are both obtained from the NCEP2. It is noted that
the GSSTF3 data sets have first been performed for each avail-
able individual SSMI measurements that include F08, F10, F11,
F13, F14 and F15. In addition, the combined flux data is also pro-
duced by averaging all SSMI satellites’ data. These different flux
data sets have been widely used and play an important role in
studying the seasonal evolution of the SST (Yu et al., 2006), a for-
cing ocean circulation model (Ayina et al., 2006), and studying
some phenomena associated with the EI Nifio Southern Oscilla-
tion (Mestas-Nunez et al., 2006), etc.

The turbulent fluxes calculated from the moored buoy data
have been used to validate those derived from other sources. The
previous study (Sun et al., 2003) validates the turbulent heat
fluxes obtained from three analyses including NCEP1, NCEP2,
and ECMWF by using the moored buoys located in the Atlantic.
They found that a time mean oceanic heat loss is systematically
overestimated in all the regions. The overestimation in a latent
heat loss ranges from about 14 W/m? in the eastern subtropical
North Atlantic to about 29 W/m? in the tropics to about 30 W/m?
in the midlatitude coastal areas (Sun et al., 2003). Five satellite-
derived latent heat flux products were validated by using 75
moored buoys which consist of 66 TAO buoys, 9 National Data
Buoy Center (NDBC) buoys and 4 United Kingdom and France
buoys (Bourras, 2006). They found HOAPS-2, J]-OFURO, GSSTF-
2, and the Bourras-Eymard-Liu (BEL)products had moderate sys-
tematic errors with respect to surface data, from -13 to 26 W/m?,
and small biases at midlatitudes (6-8 W/m?). The buoy measure-
ments as well as six diverse latent heat flux products were used to
validate a TMI latent heat flux product over the South China Sea
(Zeng et al., 2009). They found that the TMI latent flux and the
OAFlux approximately reproduce the time variations of the buoy
data. Daily satellite-derived latent heat fluxes over the South
China Sea (SCSSLH) were performed by using the tropical rain
measuring mission (TRMM) microwave imager (TMI) (Wang et
al., 2013). The moored buoys, automatic weather station, and
cruise observations were used to establish and validate their lat-
ent heat flux data sets. In addition, in situ buoy measurements
are always used to validate the typical satellite-derived turbulent
fluxes (Yu et al., 2008).

The accuracy of the turbulent fluxes is due to the true of the
surface meteorological parameters, and different data sets al-
ways show some differences. The important input parameters of
the wind speed and the SST for the representative satellite-de-

rived turbulent fluxes are always derived from some passive mi-
crowave sensors such as SSMI, AMSR-E, and TRMM. WindSat, as
the first spaceborne fully polarimetric radiometer, can also pro-
duce the ocean surface wind speed and the SST (Gaiser et al.,
2004). The previous studies (Zhang et al., 20164, b) have proved
that the accuracy of the WindSat wind speed and SST are satis-
fied and reliable. The purpose of this study is to produce the lat-
ent and sensible heat fluxes using the new data sets which in-
clude the WindSat wind speed and SST, and validate the new tur-
bulent fluxes by comparing them to the moored buoy measure-
ments and other resources. The air temperature and humidity
are obtained from ECMWEF data. The COARE Version 3.0 is used
to calculate the latent and sensible heat fluxes.

Our paper is organized as follows. In Section 2 the study data
sets and method are described. Section 3 continues a detailed
results and discussions. Firstly, the basic environmental para-
meters are evaluated by the moored buoy measurements. Sub-
sequently, the WindSat calculated fluxes are evaluated by the
buoy flux data in detail, including by (1) buoy type, and (2) res-
ults versus basic variables which contains the wind speed, the
SST, the air humidity, and the air temperature. Finally, the OA-
Flux and NCEP2 products are used for global comparisons which
include the seasonal variations and spatial distributions. The
conclusions are given in Section 4.

2 Data sets and method

2.1 Remote sensing data set

The wind speed and the SST are derived from WindSat which
is a fully polarimetric radiometer and operates in five channels:
6.8,10.7,18.7, 23.8, and 37.0 GHz. Because of the fully polarimet-
ric channels (10.7, 18.7, and 37 GHz), it can measure not only an
ocean surface wind speed but also wind direction (Gaiser et al.,
2004). More detailed information can be found at the NRL Wind-
Sat website (www.nrl.navy.mil/WindSat). The WindSat products
include the wind speed, the wind direction, the SST, a columnar
water vapor, a columnar cloud liquid water, and a rain rate. The
daily, 3 day period, weekly, and monthly products can be freely
downloaded from the Remote Sensing System’s website
(www.remss.com). The spatial resolution is 0.25°x0.25°. The daily
and monthly products are used in this paper, including the SST
and the 10 m surface wind speed at low frequency (WSPD_LF).
The time series is from January 2004 to December 2014. Figure 1
shows the WindSat global annual mean wind speed and SST from
2004 to 2014.

2.2 NWP reanalysis

The four basic variables, including the wind speed, the SST,
the air humidity and temperature, are necessary to calculate the
sensible and latent heat fluxes. A satellite sensor can offer ocean
surface wind speed and SST; however, it has technical difficulties
in retrieving the air humidity and temperature at a few meters
above the sea surface (Yu et al., 2008). The air humidity and tem-
perature are obtained from the ECMWEF data in this study, which
have been used to calculate the sensible and latent heat fluxes by
some researchers (Kubota et al., 2002; Jiang et al., 2005; Yu et al.,
2008). The time series is from January 2004 to December 2014. In
addition, the monthly NCEP2 latent and sensible heat fluxes are
used to compare our monthly results and they can be freely
downloaded from the website (http://www.cpc.ncep.noaa.gov/).

2.3 The OAFlux products
The OAFlux products are calculated from the objectively ana-
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Fig. 1. Time-mean global wind speed (a) and sea surface temperature (b) produced by WindSat monthly products over 11 a from
2004 to 2014. The missing data time includes February 2005 to June 2005, June 2007 to July 2007, and June 2008.

lyzed surface meteorological variables using the COARE bulk flux
algorithm 3.0 (Fairall et al., 2003). The computed variables are
collected from three major sources which include satellite re-
mote sensing, model reanalyses and ocean surface weather re-
ports from ships. Satellite products in the project include the
wind speeds retrieved from QuikSCAT scatterometer and two
passive radiometers, and the SST produced by the study (Reyn-
olds et al., 2007). In addition, it also includes a surface humidity
product that is produced by using the SSM/I products. The mod-
el reanalyses are comprised of two major NWP products which
are provided from the NCEP and the ECMWF, respectively. The
ship meteorological reports are not assimilated by the OAFlux
synthesis because of the sparse coverage. But it is important for
identifying biases in NWP model outputs and it was also used to
choose the weights for synthesis (Yu et al., 2008). The global time
series of the ocean sensible and latent heat fluxes can be ob-
tained from the website (http://oaflux.whoi.edu) [from 1958 to
present], which include 1° gridded daily-mean (1985 onward)
and monthly-mean (1958 onward) products. The study (Yu et al.,
2008) shows that the difference between the OAFlux (sensible
and latent heat fluxes) and the buoy is small, about 1.0 W/m?2,
and the mean difference in absolute measure is 7.4 W/m?2. In or-
der to compare the WindSat monthly results, the OAFlux
monthly products are selected during the periods from January
2004 to December 2014. The annual average monthly products
are shown in Fig. 2.

2.4 Buoy measurements

The buoy observations are always used to validate latent and
sensible heat fluxes calculated by other resources (such as satel-
lite measurements or the NWP reanalyses) over a long-term peri-
od (Yu et al., 2008; Zeng et al., 2009). The selected moored buoys
are derived from the tropical atmosphere-ocean/triangle trans-
ocean buoy (TAO/TRITON) array, which are located in the trop-
ical Pacific Ocean (McPhaden et al., 1998). The distribution of the
selected 55 buoys is shown in Fig. 3. The selected observations of
the TAO/TRITON array consist of the wind speed, the SST, the air
temperature, and the relative humidity. The wind speed is given
at a height of 4 m above mean sea level. The SST is given at a
depth of 1 m. The accuracy of the SST measurements from the
moored and drifting buoys was evaluated by the study (Castro et
al., 2012). The results show that the tropical moored buoys show
no significant differences in measurement, and good quality
measurements can be found from the moored buoys. The relat-
ive humidity and the air temperature are both given at a height of
3 m above the mean sea level. All of the measurements are made
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Fig. 2. Time-mean global turbulent fluxes produced by OAFlux
monthly products over the 11 complete years from 2004 to 2014.
a. Latent heat flux and b. sensible heat flux.
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Fig. 3. The distribution of selected buoy.

at a sample rate of 10 min. The technical details can be found at
the website (http://www.pmel.noaa.gov/tao/).

2.5 Method

The COARE bulk algorithm has been extensively used to cal-
culate the turbulent heat fluxes, and the latest version is 3.0
(Brunke et al., 2003). In turn, the latent heat flux (Q,) and the
sensible heat flux (Q,) are expressed as

th:pairCeULe (% - qair) 5 (1)

Qsh:pairChUCp (Ta - ‘9) ) 2)

where p,;, is the air density; C, and C, are the turbulent exchange
coefficients for the latent and sensible heat fluxes, respectively; U
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is wind speed; L, is the latent heat of evaporation; C,, is the specif-
ic heat capacity of air at the constant pressure; g, and q,;, are the
surface and near-surface atmospheric specific humidities, re-
spectively; T, is the air temperature at certain height; and 0 is the
near-surface air potential temperature. Note that the surface at-
mospheric specific humidity (g,) is calculated from the satura-
tion humidity (g, for pure water at T,
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gical parameters, so it is necessary to evaluate these parameters
with the in situ measurements. Figure 4 shows the scatter plots of
the wind speed and SST among WindSat, buoy, and ECMWF
reanalysis data. The top panel shows the wind speed statistics for
the WindSat-buoy-ECMWEF triplets. Overall, the WindSat wind
speed retrievals and ECMWEF winds are both smaller than buoy
winds in the selected region (see red rectangle in Fig. 3). The
WindSat wind speed retrievals show better agreement with buoy

% = 098¢k (1), 3 measurements than ECMWEF winds. The mean bias is 0.10 m/s

Grae = €5 X 622/ (p— 0.378 x es) , @) and the RMS error is 0.74 m/s between the WindSat and buoy
measurements. The bottom panel shows the SST statistics for the

s WindSat-buoy-ECMWF triplets. The ECMWE SST shows good

es =6.112 x exp (17'502 x M) x agreement with the buoy SST, and the mean bias is small, about
(1'000 74346 % 1075 x P, ) 0.01°C. The WindSat SST retrievals are smaller than the buoy and

pair = p % 100/ [287.1 X (tyir +273.16) x (1 + 0.61 X Guir)], (6)

where es is the saturated vapor pressure; p is the pressure; T is
the SST; and the factor of 0.98 is used to take into account the re-
duction in the vapor pressure caused by a typical salinity of 34
(Fairall et al., 1996; Zeng et al., 1998).

3 Results and discussion
3.1 Basic environmental variables

3.1.1 Wind speed and SST
The turbulent heat fluxes are sensitive to the input meteorolo-

ECMWEF SST, which is about 0.12°C. The RMS errors for the
WindSat-buoy-ECMWEFE triplets range from 0.13 to 0.23°C. The bi-
as and RMS errors are given in the top of each individual panel,
and the color denotes the number of samples.

3.1.2 Specific humidity and air temperature

The air humidity and air temperature are also critical for es-
timation of the latent and sensible heat fluxes. In Fig. 5, we com-
pare the buoy air humidity and temperature with the NWP res-
ults which include the NCEP2 and ECMWEF data. Note that the
buoy measures the air humidity and temperature at a height of 3
m above the mean sea level; however, the NWP results are given
at a height of 2 m above the mean sea level. The previous study
(Sun et al., 2003) showed that the 2 m height-adjusted buoy res-
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Fig. 4. Intercomparison of the wind speed (the top) and the SST (the bottom) from WindSat, buoy and ECMWF reanalysis data. The

bias and the RMS errors are given in the top of each single panel.
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Fig. 5. Comparison of the specific humidity (SH, a and b) and the air temperature (AirT, c and d) between the buoy and NWP (NCEP2

and ECMWEF) data. The bias and the RMS errors are given in the top of each panel.

ults were very close in value to the unadjusted ones. So the buoy
air humidity and temperature at 3 m are directly used in the com-
parison. The top panel shows the air humidity statistics between
the buoy observations and the NWP data. The buoy measure-
ments are higher than the ECMWEF results, and the mean bias is
0.47 g/kg; however, the buoy measurements are smaller than the
NCEP2 results, and the mean bias is -0.15 g/kg. The ECMWEF air
humidity shows better agreement with the buoy observations
than the NCEP2 results, and the RMS error is 0.81 g/kg between
the ECMWF and buoy data. The bottom panel shows the air tem-
perature statistics between the buoy measurements and the NWP
data. The air temperature results are similar to the air humidity
results. Compared with the buoy observations, the ECMWF air
temperature is relatively small and the NCEP2 air temperature is
relatively high.

3.2 Calculated flux products with moored buoy data

Based on the WindSat wind speed, the WindSat SST, the
ECMWEF air temperature, and the ECMWF air humidity, new
satellite flux products (hereinafter referred to as WindSat flux
products) are produced by using the COARE Version 3.0. In this

section, the WindSat flux products are compared with the TAO
buoy flux results. For each WindSat flux product, we determine if
there is a buoy measurement within 25 km and 30 min of the
WindSat calculated result. This results in 316 830 collocations.
The comparisons between the WindSat flux products and the
TAO buoy fluxes are presented in Fig. 6. The RMS error of the
sensible heat flux between the WindSat flux products and the
buoy fluxes is 5.53 W/m?, and that of the latent heat flux between
them is 24.69 W/m?2. Overall, the mean biases of the sensible and
latent heat fluxes are -0.39 and -8.09 W/m?, respectively. That
means the WindSat flux products tend to be high.

To better characterize the WindSat flux products relative to
those from the buoys, the geographic distributions of the above
results are shown in Figs 7 and 8, where each square represents
one buoy. Figure 7 shows the statistical results of bias about lat-
ent and sensible heat fluxes. The top panel shows the statistical
result of the latent heat flux. The maximum negative and positive
biases only occur for a few selected buoys. For buoys in a band
from 5°N to 9°N, the mean bias is negative. The bottom panel
shows the result of the sensible heat flux. For buoys in a band
from 4°S to 4°N, the WindSat sensible heat fluxes are mainly
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Fig. 6. Turbulent fluxes retrievals from the WindSat and ECMWEF reanalysis data versus the buoy results. a. Sensible heat flux, and b.
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Fig. 7. Maps of the turbulent fluxes bias between the WindSat
and buoy results. a. The latent heat flux and b. the sensible heat
flux.

lower than those calculated by buoys. On the contrary, for buoys
located in a range of 5°N to 9°N and over 8°S, the WindSat sens-
ible heat fluxes are mainly higher than those calculated by the
buoys. In addition, the WindSat sensible heat fluxes tend to be
high near the west Pacific. Figure 8 shows the statistical results of
the RMS error about latent and sensible heat fluxes. Overall, the
maximum RMS errors are mainly located on either side of the
equator, and the RMS errors are relatively small near the equator.

3.3 Cailculated flux products versus basic variables

In this section, the latent heat flux errors are plotted as a func-
tion of input environmental parameters in Fig. 9. Figure 9a shows
the difference of the WindSat latent heat flux minus the buoy cal-
culated result plotted versus the buoy wind speed. The mean bi-
as of the latent heat flux is negative when the buoy wind speed is
less than 10 m/s. On the contrary, the mean bias becomes posit-
ive when the buoy wind speed is more than 10 m/s. The RMS er-
ror is observed to gradually increase with increasing wind speed.
Figures 9b and c show the difference of the WindSat latent heat
flux minus the buoy calculated result plotted versus the buoy SST

Y e ]

Sensible heat flux
error/W-m-

Fig. 8. Maps of the turbulent fluxes RMS errors between the
WindSat and buoy results. a. The latent heat flux, average RMS

error being 24.69; and b. the sensible heat flux, average RMS er-
ror being 5.53.

20°

and the ECMWF air temperature, respectively. Overall, the mean
bias and the RMS error are increasing with increasing SST and in-
creasing air temperature. Figure 9d shows the difference of the
WindSat latent heat flux minus the buoy calculated result plotted
versus the ECMWEF air humidity. The mean bias of the latent heat
flux becomes negative when the ECMWEF specific humidity is
more than 13 g/kg. In addition, the mean bias and the RMS error
are gradually increasing with the increasing specific humidity.
Figure 10 shows the difference of the WindSat sensible heat
flux minus buoy calculated result plotted versus the buoy wind
speed, the buoy SST, the ECMWEF air temperature, and the ECM-
WE specific humidity. The RMS error is also observed to gradu-
ally increase with the increasing wind speed. The mean bias is
positive when the SST is less than 26°C; however, the mean bias
becomes negative when the SST is more than 26°C, and the dif-
ference is first increasing and then decreasing with the increas-
ing SST. With the increasing air temperature, the performances
are similar to the SST results. When the specific humidity is less
than 13 g/kg or is more than 17 g/kg, the mean bias is negative.



ZHANG Lei et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 9, P. 27-38 33

60

=N
(=}
()
o

I

o
o
=

553
f=}

s 8
—
T
—
—
—
—
—
—
—
———
Fo——

1
&
(=]

Latent heat flux error/W-m™
1
S
e
—e—1
——
—e—
—e—1
—e—
—e—t
—
—_—
—_—
R
Latent heat flux error/W-m-
1
8 o

-40
-60
-60
0 4 8 12 16 18 20 22 24 26 28 30 32
Wind speed/m's™! SST/°C
60 60
c d
o 40 ] 5 40
g g
2 2 2 2
= =]
O] ]
L [}
£ 0 Z 0
= =
11T bl i
2220 < =20
S -40 3 -40
-60 -60
18 20 22 24 26 28 30 32 34 100 12 14 16 18 20 22 24
Air temperature/°C Specific humidity/g-kg!

Fig. 9. The latent heat flux errors between the WindSat and buoy retrievals plotted as a function of environmental parameters: wind
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3.4 Comparison with OAFlux and NCEP2 data

The seasonal variations and spatial distributions of the latent
and sensible heat fluxes are discussed in this section. The OA-
Flux and NCEP2 products are selected for global comparisons.
The WindSat latent and sensible heat fluxes are computed from
the monthly mean values of the WindSat wind speed, the Wind-
Sat SST, the ECMWF air temperature, and the ECMWEF air hu-
midity.

3.4.1 Latent heat flux in January

The three annual monthly mean of the latent heat fluxes for
January is shown in Fig. 11. The zonal average latent heat fluxes
(>150 W/m?) have some high regions which are mainly located in
the trade wind zones where strong winds carry dry air. The latent
heat flux is relatively small in the eastern equator Pacific Ocean
because of the cold SST and weak winds. Overall, the geographic-
al distribution of the maximum values (>200 W/m?) shows good
agreement for the three different products, which are mainly loc-
ated in the eastern waters of Japan and the US east coast. But
some differences are found in some local regions. To further
summarize the comparisons, the zonally mean fluxes stratified
by basins are plotted in Fig. 12. The three latent heat fluxes have
similar latitudinal dependencies (Fig. 12). In the Pacific Ocean,
the WindSat latent heat flux shows good agreement with the
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NCEP2 data in a range of 0° to 35°N, and the three latent heat
fluxes show good agreement in a range of 35°N to 50°N. In the
range 0° to 20°S, the WindSat latent heat flux shows good agree-
ment with the NCEP2 data and they are larger than those from
the OAFlux. In the Atlantic Ocean, the results are similar to those
in the Pacific Ocean. In the Indian Ocean, the WindSat latent
heat flux shows good agreement with the NCEP2 data, and they
are a little larger than those from the OAFlux.

3.4.2 Latent heat flux in July

The three annual monthly mean of the latent heat fluxes for
July is shown in Fig. 13. The seasonal variability is pronounced in
the Indian Ocean, the Pacific Ocean, and the Atlantic Ocean. The
maximum value centers are mainly located in the Indian Ocean
and the eastern waters of Australia (Fig. 14). That is partly associ-
ated with the distribution of the strong winds. The lower latent
heat fluxes are found at the high latitudes because of the cold SST
and the low air humidity. Overall, the three latent heat fluxes
have similar latitudinal dependencies in July. At the high latit-
udes, the WindSat latent heat flux shows good agreement with
the OAFlux data. In the range of 35°N to 35°S, the WindSat latent
heat flux is always larger than the OAFlux data. The WindSat lat-
ent heat flux shows good agreement with the NCEP2 data near
the equator.
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Fig.11. Thelatentheat flux in the annual monthly average from 2004 to 2014 for WindSat+ECMWF (a), OAFlux (b), and NCEP2 (c) in January.
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Fig. 12. Latitudinal averages of the WindSat (red color), NCEP2 (grey color), and OAFlux (black color) of the latent heat flux estimated
over the Atlantic Ocean (a), the Pacific Ocean (b), and the Indian Ocean (c) in January from 2004 to 2014.
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Fig. 14. The latitudinal averages of WindSat (red color), NCEP2 (grey color), and OAFlux (black color) of the latent heat flux estimated
over the Atlantic Ocean (a), the Pacific Ocean (b), and the Indian Ocean (c) in July from 2004 to 2014.

3.4.3 Sensible heat flux in January

The three annual monthly mean of the sensible heat fluxes for
January is shown in Fig. 15. As for the latent heat flux, the sens-
ible heat flux is generally small; however, it cannot be negligible,

especially at the high latitudes and over the western boundary
current. The sensible heat flux is mainly less than 20 W/m? in the
tropical region, and increases towards the high latitude of the
Northern Hemisphere in January (Fig. 15). The maximum value
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Fig. 15. Thesensible heatfluxin the annual monthly average from 2004 to 2014 for WindSat+ECMWE (a), OAFlux (b), and NCEP2 (c) in January.
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(>80 W/m?2) centers are also located in the eastern waters of Ja-
pan and the US east coast. Overall, the WindSat sensible heat
fluxes show good agreement with the OAFlux data; however, they
have obvious discrepancies with the NCEP2 data at the high latit-
udes (Fig. 16).

3.4.4 Sensible heat flux in July

The three annual monthly mean of the sensible heat fluxes for
July is shown in Fig. 17. The seasonal variability is also obvious,
and the largest sensible heat loss is located in the Southern
Hemisphere. But the strength has diminished in July. In the
Northern Hemisphere, the WindSat sensible heat fluxes show
good agreement with the OAFlux data (Fig. 18). But in the South-
ern Hemisphere, the WindSat sensible heat fluxes are almost lar-
ger than the OAFlux data. Overall, the three latent heat flux
products have also similar latitudinal dependencies.

4 Conclusions

In this study, the new satellite latent and sensible heat fluxes
are performed by using the WindSat wind speed, the WindSat
SST, the ECMWF humidity, and the ECMWF air temperature
from 2004 to 2014. The moored buoy data are used to validate
these fluxes with the 30 min and 25 km collocation window. The
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OAFlux products and NCEP2 products are also used for global
comparisons.

The latent and sensible heat fluxes are sensitive to the met-
eorological parameters, so we firstly compare them with the
moored buoy observations. The WindSat wind speed and SST
show good agreements with buoy measurements. The mean bi-
ases of the wind speed and the SST between them are 0.10 m/s
and 0.13°C, respectively. The RMS errors between them are 0.74
m/s and 0.14°C, respectively. Subsequently, we compare the
buoy air temperature and humidity with the ECMWE results. The
mean bias and RMS error between buoy air temperature and
ECMWEF result are 0.20°C and 0.28°C, respectively. The ECMWF
air temperature shows good agreement with the buoy observa-
tion. The ECMWEF air humidity is smaller than the buoy data, and
the mean bias between them is 0.47 g/kg. The RMS error between
them is 0.81 g/kg.

The WindSat and ECMWE products are used to calculate the
latent and sensible heat fluxes by using the COARE version 3.0.
The moored TAO buoy data are used to validate them. The RMS
error of the sensible heat flux between the WindSat flux products
and the buoy fluxes is 5.53 W/m?, and that of the latent heat flux
between them is 24.69 W/m?2. The maximum RMS errors are
mainly located on either side of the equator, and the RMS errors
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Fig. 16. The latitudinal averages of WindSat (red color), NCEP2 (grey color), and OAFlux (black color) of the sensible heat flux
estimated over the Atlantic Ocean (a), the Pacific Ocean (b), and the Indian Ocean (c) in January from 2004 to 2014.
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Fig. 17. The sensible heat flux in the annual monthly average from 2004 to 2014 for WindSat+ECMWEF (a), OAFlux (b), and NCEP2 (c)

in July.
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Fig. 18. The latitudinal averages of WindSat (red color), NCEP2 (grey color), and OAFlux (black color) of the sensible heat flux
estimated over the Atlantic Ocean (a), the Pacific Ocean (b), and the Indian Ocean (c) in July from 2004 to 2014.

are relatively small in a band from 4°S to 4°N. Overall, the mean
biases of the sensible and latent heat fluxes are -0.39 and -8.09
W/m?, respectively. That means the WindSat flux products tend
to be high. The RMS errors of the sensible and latent heat fluxes
are observed to gradually increase with the increasing buoy wind
speed. Overall, the differences are firstly increasing and then de-
creasing with the increasing SST and the air temperature.

The seasonal variations and spatial distribution of latent and
sensible heat fluxes are discussed by comparing the WindSat
heat fluxes with the OAFlux and NCEP2 products. In January, the
zonal average latent heat fluxes (>150 W/m?) have some high re-
gions which are mainly located in the trade wind zones where
strong winds carry dry air. The maximum values are mainly loc-
ated in the eastern waters of Japan and the US east coast. The
lower latent heat fluxes are found at the high latitudes because of
the cold SST and the low air humidity. In July, the largest value
centers are mainly located in the Indian Ocean and the eastern
waters of Australia. Overall, the seasonal variability is pro-
nounced in the Indian Ocean, the Pacific Ocean, and the Atlantic
Ocean. Generally, the three sensible and latent heat fluxes have
similar latitudinal dependencies; however, some differences are
found in some local regions.

Compared with the latent heat flux, the sensible heat flux is
generally small; however, it cannot be negligible, especially at the
high latitudes and over the western boundary current. In January,
the largest value (>80 W/m?) centers are also located in the east-
ern waters of Japan and the US east coast. Overall, the WindSat
sensible heat fluxes show good agreement with the OAFlux data;
however, they have obvious discrepancies with the NCEP2 data
at the high latitudes. In July, the largest sensible heat loss is loc-
ated in the Southern Hemisphere. But the strength has dimin-
ished. Overall, the three latent heat flux products have also simil-
ar latitudinal dependencies.

As for the WindSat, it can retrieve not only the wind speed but
also the SST, which can contribute to the calculation of the turbu-
lent fluxes with an ideal time and space resolution. Recently, it
has been difficult to evaluate or select the best flux products be-
cause of the coarse distribution of buoy and the used different
data sources. We hope that this paper may be a good supple-
ment to study the turbulent fluxes.
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