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Abstract 
 
The exchange of surface freshwater, heat and moisture fluxes across the air-sea interface strongly influences 
the oceanic circulation and its variability at all time scales. The goal of this paper is to estimate and examine 
surface freshwater flux at monthly scale exclusively from the Tropical Rainfall Measuring Mission (TRMM) 
measurements over the tropical oceans for the period of 1998-2010. The monthly mean fields of TRMM Mi-
crowave Imager (TMI) sea surface temperature (SST), wind speed (WS), and total precipitable water (W) are 
used to estimate the surface evaporation utilizing the bulk aerodynamics parameterization formula. The 
merged TRMM Multisatellite Precipitation Analysis (TMPA)-3B43 product is combined with the estimated 
evaporation to compute the surface freshwater flux. A preliminary comparison of the satellite derived 
evaporation, precipitation and freshwater flux has been carried out with the Hamburg Ocean Atmosphere 
Parameters and Fluxes (HOAPS-3) datasets. Also, the estimated evaporation and TMPA-3B43 precipitation 
are validated with in-situ observations from the moored buoys in the different oceans. The results suggest 
that the TRMM has great potential to estimate surface freshwater flux for climatological and oceanic hydro-
logical applications. 
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1. Introduction 
 
Short-term climate changes are believed to be strongly 
influenced by large scale ocean-atmosphere interactions 
through exchanges of momentum, heat and water. One of 
the strongest links between ocean, land and atmosphere 
is the freshwater fluxes due to evaporation (E) and pre- 
cipitation (P) processes. Evaporation controls the loss of 
freshwater and precipitation governs most of the gain of 
freshwater. Inputs from rivers and melting ice can also 
contribute to freshwater gains. Evaporation connects the 
energy to the hydrological cycles of ocean and atmos- 
phere. In the ocean, evaporation cools the upper layer 
and increases the salinity; thus it has a direct impact on 
the thermohaline circulation of the ocean, which is rec- 
ognized as a key element of the climate system for varia- 
tions on decadal to millennial time scales. Precipitation 
also affects the height of the ocean surface indirectly via 
salinity and density. Evaporation minus precipitation 
(E-P) is usually referred to as the net flux of freshwater 
or the total freshwater in or out of the oceans. E-P deter- 

mines surface salinity of the ocean, which helps in de- 
termining the stability of the water column. Since the 
distribution of evaporation, precipitation, ice and conti- 
nental runoff is the primary factor in the determination of 
surface salinity, it is essential to quantify it to adequately 
understand the ocean hydrological cycle [1].  

Direct observations of evaporation and precipitation 
and thus freshwater flux over the global oceans are very 
sparse. Hence, most surface flux estimates are based on 
in-situ observations, satellite measurements and atmos- 
pheric analyses rely on bulk formulae [2-8]. Although, 
the main deficiency of this method is the difficulty of the 
estimation of the near-surface specific humidity (Qa) 
from the satellite based total precipitable water (W). 
Some empirical and statistical relationships have been 
developed to estimate Qa from W in the past years [9-14]. 
However, the comparison of different flux datasets indi- 
cates large deviations from one another [15-18]. From a 
comparison with buoys data, Bourras [16] demonstrated 
that the overall regional accuracy of satellite-derived 
fluxes is of the order of 20% - 30% whereas these errors 
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need to be 5% - 10% lower for the quantitative analyses. 
In past few years, optical and microwave (MW) sen- 

sors onboard meteorological satellites have tremendously 
improved the precipitation estimation at different spatial 
and temporal scales. Some algorithms to integrate mi- 
crowave and infrared (IR) measurements for accurate 
precipitation estimation over land and oceanic regions 
have been developed in the recent years which utilize the 
advantage of the relative accuracy of the MW based es- 
timates and the relatively low sampling errors of the IR 
based estimates [19-22]. To further improve the rainfall 
estimation, some algorithms to merge the in-situ observa- 
tions with satellite-retrieved rainfall to tap the excellent 
spatial coverage by the satellite measurements and the 
good bias characteristics of the rain gauge data have been 
developed [23-25]. 

But, due to lack of available comprehensive in-situ 
validation data, the combination of these differently cali- 
brated and inhomogeneous data sources to estimate the 
global freshwater flux is indeed a difficult task [26]. The 
Hamburg Ocean Atmosphere Parameters and Fluxes 
from Satellite Data (HOAPS-3) derives independently 
the required parameters for the global ice-free ocean 
surface freshwater flux from the Special Sensor Micro- 
wave Imager (SSM/I) brightness temperatures and Ad- 
vanced Very High Resolution Radiometer (AVHRR)- 
based sea surface temperature (SST) datasets [27,28]. The 
uncertainty in retrieval and biases between the different 
datasets cause unspecified errors in these surface fresh-
water flux estimates which limits the applicability of 
these products at global and regional scales.  

The Tropical Rainfall Measuring Mission (TRMM) 
particularly with the help of space-borne microwave ra- 
diometer, the TRMM Microwave Imager (TMI) provides 
an opportunity to estimate surface evaporation over the 
tropical oceans from a single instrument which will cer- 
tainly reduce the biases and uncertainties in the geo- 
physical parameters. Aboard the TRMM satellite, the 
10.65 GHz channels of the TMI led to accurate estimates 
of SST [29], wind speed and have been extensively used 
for various applications. In the present study, we empha- 
size the estimation of surface freshwater flux by deriving 
the evaporation from a single radiometer TMI measure- 
ment and precipitation from TRMM Multisatellite Pre- 
cipitation Analysis (TMPA) product. A preliminary 
comparison of the satellite-derived surface freshwater 
flux has been carried out with the HOAPS-3 product. 
The final assessment is done on the basis of validation of 
evaporation and precipitation estimates with in-situ 
measurements from the moored buoys. The validation 
exercise is done for the Indian, the Pacific and the Atlan- 
tic Oceans separately using the RAMA, TAO/TRITON 
and PIRATA buoys respectively. 

2. Data Used 
 
2.1. TMI Data 
 
The TMI is a passive MW radiometer with nine linearly 
polarized channels measuring at 10.65, 19.35, 21.3, 37.0, 
and 85.5 GHz and is well calibrated similar to SSM/I. 
Both vertical and horizontal polarizations are measured 
at all frequencies except 21.3 GHz, where only the verti- 
cal polarization is measured. The important feature of 
microwave retrievals is that SST can be measured 
through clouds, which are nearly transparent at 10.65 
GHz. This is a distinct advantage over the traditional 
infrared SST observations that require a cloud-free field 
of view [30]. Furthermore, microwave retrievals are not 
affected by aerosols and are insensitive to atmospheric 
water vapor. However, the microwave retrievals are sen- 
sitive to sea-surface roughness, while the infrared re- 
trievals are not. A primary function of the TMI SST re- 
trieval algorithm is the removal of surface roughness ef- 
fects and shows a mean bias of 0.07˚C and a standard 
deviation of 0.57˚C when compared to the TAO/TRITON 
and PIRATA SSTs [29]. In addition to SST retrievals, 
surface wind speeds, total precipitable water, liquid 
cloud water, and rain rates are also retrieved from the 
TMI using similar algorithms those used in SSM/I data 
processing [31]. 

In the present study, the monthly SST, WS and W ver- 
sion 4 (V4) datasets from 1998 to 2010 available at 0.25˚ 
latitude × 0.25˚ longitude are archived from the website 
at http://www.remss.com and have been used to estimate 
the evaporation. 
 
2.2. TMPA Precipitation Data 
 
The TRMM Multisatellite Precipitation Analysis (TMPA)- 
3B43 Version-6 (V6) is a standard monthly precipitation 
product which is derived after averaging the three-hourly 
TMPA-3B42 V6 precipitation products. TMPA-3B42 
combines precipitation estimates from multiple satellites 
as well as gauge analyses wherever feasible [24]. TMPA 
is available both after and in real time, based on calibra-
tion by the TRMM combined instruments (TMI and Pre-
cipitation Radar) and other climatological precipitation 
products. Only the gauge-adjusted product incorporates 
gauge data which is called TMPA-3B42 V6 data. The 
data from TRMM satellite are archived and distributed 
by the National Aeronautics and Space Administration 
(NASA) Goddard Space Flight Centre (GSFC). The 
available data from 1998 to 2010 in 0.25˚ latitude × 0.25˚ 
longitude have been used to estimate the surface fresh-
water flux in this study. The data for the entire study 
period is archived from the website at http://disc2.nas- 
com.nasa.gov/Giovanni/tovas/.  
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2.3. HOAPS-3 Data 2.4. Buoy Data 
  

To validate the evaporation and precipitation estimates 
separately, the required in-situ parameters have been used 
from the global tropical moored buoy array program, con- 
sisting of the Tropical Atmosphere Ocean/Triangle Trans- 
Ocean Buoy Network (TAO/TRITON) in the Pacific [32], 
the Prediction and Research Moored Array in the Tropical 
Atlantic (PIRATA) [33], and the Research Moored Array 
for African-Asian-Australian Monsoon Analysis and Pre- 
diction (RAMA) in the Indian Ocean [34]. The location 
maps of the buoys used for validation in the present study 
are shown in Figures 1(a)-(c). The relevant data of 21 
RAMA buoys, 67 TAO/TRITON buoys, and 21 PIRATA 
buoys have been procured from the Tropical Atmosphere 
Ocean (TAO) Project Office of the National Oceanic and 
Atmospheric Administration―Pacific Marine Environ- 
mental Laboratory (NOAA/PMEL).  

The HOAPS-3 products derive independently the required 
parameters for the global ice-free ocean surface freshwater 
flux from the Special Sensor Microwave Imager (SSM/I) 
satellite and Advanced Very High Resolution Radiometer 
(AVHRR)-based sea surface temperature (SST) datasets 
[27,28]. The wind speed and precipitation are estimated 
using neural network based algorithms. The specific goal 
of HOAPS is to derive the global ocean freshwater flux 
consistently from satellite based data. An inter-sensor 
calibration from different satellites is applied for a ho- 
mogeneous and reliable spatial and temporal coverage 
[28]. The available evaporation, precipitation and fresh-
water flux datasets from the mid 1987 to 2005 at 0.5˚ × 
0.5˚ resolution have been procured from the website 
http://www.hoaps.org for the comparison purpose. 
 

 

Figure 1. Location of the moored buoys in (a) the Indian Ocean (RAMA), (b) the Atlantic Ocean (PIRATA), and (c) the Pa-
cific Ocean (TAO/TRIRON) used for validation of the satellite products. 
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3. Methodology 

 
The evaporation is estimated by the bulk aerodynamic 
parameterization formula, which is suitable for both sat-
ellite and in-situ surface observations: 

      E asE UQQC                  (1) 

where E is the evaporation, ρ is the air density taken as 
1.2 kg·m–3, EC is the bulk transfer coefficient for water 
vapor (also called Dalton number), Qs and Qa are the 
specific humidity at the sea surface and in the air, and U 
is the wind speed at a height of typically 10 m. 

The Dalton number EC  is a function of wind speed 
and air-sea temperature difference and computed by the 
relationship [3]: 
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where a = –0.146 785, b = –0.292 400, c = –2.206 648, 
and d = 1.611 229 2. 
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where es is saturated vapor pressure at the sea surface, A = 
–4.298, B = 23.55, C = –2937.0, Ts is the sea surface tem-
perature in K, and Ps is the sea surface pressure in hPa. 

Since, direct measurement of the near-surface air 
temperature from space is not possible; the surface level 
humidity is given in terms of a fifth order polynomial 
relationship with total precipitable water (W) [14] as 

2 3 4
a aW b c d eQ W W W W    5      (5) 

where a = 3.818724, b = 0.1897219, c = 0.1891893, d = 
–0.07549036, and e = 0.006088244. 

The evaporation is computed using the TMI derived 
finished data of SST, WS, and W for each 0.25˚ × 0.25˚ 
grid points and subtracting the TMPA-3B43 precipitation 
from it, the surface freshwater flux is estimated for each 
month from 1998-2010.  

 
4. Results and Discussions 
 
As mentioned earlier, the monthly evaporation has been 
initially estimated from the TMI measurements follow- 
ing the bulk aerodynamic formulations [35-36] from the 
period of 1998-2010. The surface freshwater flux is 
computed from the TMPA-3B43 precipitation and the 
present evaporation estimates and compared with another 
independent satellite derived HOAPS-3 datasets. The 
final assessment has been done on the basis of validation 
with the moored buoys in the Indian Ocean, the Pacific 

Ocean, and the Atlantic Ocean separately. 
 
4.1. Comparison with HOAPS-3 Products 
 
The monthly evaporation fields using the TMI measure- 
ments for January and July, 2005 are shown in Figures 
2(a)-(c) and the same using HOAPS-3 datasets are given 
in Figures 2(b)-(d). Both the datasets show similar pat-
terns of evaporation qualitatively. The minimum evapo-
ration zones are situated in the southern oceans during 
January, whereas in July the minimum zones are shifted 
in the northern oceans. The tropical Atlantic Ocean gets 
low evaporation (less than 2 mm·day–1) during both the 
periods. The monthly precipitation fields for the same 
period using TMPA-3B43 (Figures 3(a)-(c)) and HO- 
APS-3 (Figures 3(b)-(d)) datasets show the maximum 
precipitation (more than 13 mm·day–1) occurs over the 
inter-tropical convergence zones (ITCZ). The general 
circulation of the ocean and atmosphere has several fea-
tures, and most dominant are the convergence zones. 
These are the zones where surface is convergent; surface 
temperature, cloudiness and rainfall are high; and rapidly 
rise to the middle of the troposphere or higher. Depend-
ing on the inter-annual variations, the ITCZ migrates 
throughout the year between 5˚ N and 20˚ N being far-
thest from equator in July and closest to the equator in 
January [37] which are clearly seen in both the precipita-
tion products. However, the HOAPS-3 dataset show 
slightly more precipitation than the TMPA-3B43 product 
over the precipitation dominant regions. The TMPA- 
3B43 precipitation dataset is supposed to be more accu-
rate because it utilizes the advantage of the relative ac-
curacy of the microwave based estimates and the rela-
tively low sampling errors of the infrared based estimates 
[24]. 

Figures 4(a)-(c) shows the monthly surface freshwater 
fields using the TRMM measurements for January and 
July, 2005 whereas the same using HOAPS-3 datasets are 
shown in Figures 4(b)-(d). The E-P fields are generally 
quite similar to that of precipitation fields qualitatively, 
except that the magnitudes are reduced due to the effect of 
evaporation. The patterns are matches well in both the 
products, but the absolute values differ slightly over the 
extreme flux zones. In the Arabian Sea, the present esti- 
mate shows E-P of 8 - 10 mm·day–1 whereas the HOAPS-3 
shows 6 - 8 mm·day–1 whereas in the southern equatorial 
Oceans the HOAPS-3 dataset shows 8 - 10 mm·day–1 and 
the present estimate shows 6 - 8 mm·day–1 during January, 
2005. The moderate E-P fields (–4 to 4 mm·day–1) are 
matches well in both the datasets. In July, 2005 due to the 
marginal difference in absolute values of both the precipi-
tation products, similar discrepancies are observed. 
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Figure 2. Monthly evaporation fields (mm·day–1) for January and July, 2005 from TMI (a, c) and HOAPS-3 (b, d) datasets. 
 

 
Figure 3. Monthly precipitation fields (mm·day–1) for January and July, 2005 from TMPA-3B43 (a, c) and HOAPS-3 (b, d) 
datasets. 
 
4.2. Climatology of E, P and Freshwater flux 
 
The mean climatologies of the evaporation, precipita- 
tion and freshwater flux are computed from the 1998 to 
2010 monthly datasets. The mean global tropical ocean 
evaporation (Figure 5(a)) shows the well-known cli- 
matological distributions with strong maxima over the 
either sides of equator with values upto 8 mm·day–1. 
The lower evaporation zones (less than 4 mm·day–1) are 
the equatorial belts consistent with the high precipita- 
tion zones (7 - 10 mm·day–1) in the influence of the 
trade winds (Figure 5(b)). Also, the regional maxima 

of precipitation (upto 10 mm·day–1) are over the tropical 
Indian Ocean and the South Pacific conversion zone 
(SPCZ). The surface freshwater flux which is the dif- 
ference between evaporation and precipitation is domi- 
nant over the either high evaporation or precipitation 
zones (Figure 5(c)). The tropical Indian Ocean and 
SPCZ along with the equatorial belts receive low E-P 
(–2 to –6 mm·day–1) due to high rain rates whereas the 
northern Arabian Sea, the southern Indian Ocean, the 
south-eastern Pacific, and the southern Atlantic Ocean 
receive more E-P (6 mm·day–1 - 8 mm·day–1) due to 
intense evaporation.  
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Figure 4. Monthly surface freshwater flux fields (mm·day–1) for January and July, 2005 from TRMM (a, c) and HOAPS-3 (b, 
d) datasets. 
 

 
Figure 5. Climatological mean fields (mm·day–1) of the (a) TMI evaporation, (b) TMPA-3B43 precipitation, and (c) TRMM 
freshwater flux for the year 1998 to 2010.  
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4.3. Validation with Buoy Measurements 
 
The final assessment is done on the basis of validation of 
the TMI evaporation and TMPA-3B43 precipitation 
products with the in-situ measurements of the moored 
buoys in the Indian, the Pacific, and the Atlantic Oceans 
separately. The evaporation is computed from the buoys 
using the wind speed, surface air temperature, sea sur-
face temperature, and relative humidity observations. 
The method of evaporation computation is followed by 
Simon and Desai [7]. The available observations of 21 
RAMA buoys in the Indian Ocean (Figure 1(a)), 67 
TAO/TRITON buoys in the Pacific Ocean (Figure 1(b)), 
and 21 PIRATA buoys in the Atlantic Ocean (Figure 
1(c)) are used for the validation purpose. During the 
processing of the buoys data, all the missing values are 
eliminated and only relevant observations are used for 
the validation. The relatively less number of data points 
in the Indian Ocean is due to the fact that the RAMA was 
initiated in 2004 for improved description, and prediction 
of the east Africa, Asian and Australian monsoon sys- 
tems [34]. 

The scatter plots between the TMI based and the buoy 
estimated evaporation in the three oceans are shown in 
Figures 6(a)-(c). In the Indian Ocean, the correlation 
coefficient between the TMI and the buoys evapora- 
tion is 0.64, bias is 1.01 mm·day–1, and root-mean- 
square error (RMSE) is 1.32 mm·day–1 which shows the 
present method slightly overestimates evaporation rates. 
In the Pacific Ocean, due to the sufficient number of 
buoys a good number of data points are obtained. The 
correlation of 0.79, bias of 1.04 mm·day–1, and RMSE 
of 1.50 mm·day–1 is observed between the TMI and the 
buoys evaporation. Similarly, in the Atlantic Ocean, the 

correlation of 0.85, bias of 1.10 mm·day–1, and RMSE 
of 1.60 mm·day–1 is obtained. The overall statistics 
shows the systematic overestimation of evaporation by 
the TMI estimates. The possible reason behind this 
overestimation is the error in the global Qa-W relation-
ship. The regional formulation of this relationship will 
certainly improve the evaporation estimates signify- 
cantly [11,12]. The scatter plots between the 
TMPA-3B43 and the buoy precipitation rates in the 
three oceans are shown in Figures 7 (a)-(c). In the In-
dian Ocean, the correlation coefficient between the TMI 
and the buoys precipitation is 0.73, bias is 0.26 
mm·day–1, and RMSE is 3.27 mm·day–1. The correlation 
of 0.87, bias of –0.02 mm·day–1, and RMSE of 2.47 
mm·day–1 is observed between the TMI and the buoys 
precipitation in the Pacific Ocean. Similarly, in the At-
lantic Ocean, the correlation of 0.91, bias of –0.16 
mm·day–1, and RMSE of 1.73 mm·day–1 is obtained. 
The results show the reasonable compliance between 
the TMPA-3B43 and buoy precipitation, but more ad- 
vancement in precipitation retrieval algorithms are 
necessary for the precise local quantification. 
 
5. Conclusions 
 
The TRMM satellite based geophysical parameters has 
been used for the surface freshwater flux estimation over 
the tropical oceans for the period of 1998-2010 at 
monthly scale and 0.25˚ × 0.25˚ resolution. Aboard the 
TRMM satellite, a single multi-channel passive micro- 
wave TMI instrument package provides a more consis- 
tent estimate of the surface evaporation fields. The com- 
parison results with another independent satellite derived 
HOAPS-3 products are encouraging, showing the good  

 

 

Figure 6. Scatter plots between the TMI evaporation and moored buoys evaporation in (a) the Indian Ocean, (b) the Pacific 
Ocean, and (c) the Atlantic Ocean. The number of data points (N), correlation coefficient (R), bias, and root-mean-square 
error (RMSE) values are given in the upper-left corner of the each plot. 
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Figure 7. Same as Figure 5, but for the TMPA-3B43 and moored buoys precipitation. 
 
agreement and consistency. The climatology of the 
freshwater flux estimate is consistent with the evapora- 
tion and precipitation climatologies. The validation of 
the TMI evaporation with buoys datasets shows a con- 
stant positive bias which suggests a systematic overesti- 
mation by the present estimate. The TMPA-3B43 pre- 
cipitation product is in considerably good agreement 
with the buoys measured precipitation. The present study 
has clearly shown that there is a need of extensive effort 
for the development of regional Qa-W relationship to 
further improvement in the evaporation estimates. Also, 
the further refinement in precipitation estimates at re- 
gional scale would certainly improve the freshwater flux 
estimates considerably in conjunction with the evapora- 
tion estimates.  
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