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Abstract: 

This study examines the effect of surface currents on the bulk algorithm calculation of wind stress 
estimated using the scatterometer data during 2007-2020 in the Indian Ocean.  In the study region 
as a whole the wind stress decreased by 5.4% by including currents into the wind stress equation. 
The most significant reduction in the wind stress is found along the most energetic regions with 
strong currents such as Somali Current, Equatorial Jets and Aghulhas retroflection. A highest 
reduction of 11.5% is observed along the equator where the Equatorial Jets prevail. A sensitivity 
analysis has been carried out for the study region and for different seasons to assess the relative 
impact of winds and currents in the estimation of wind stress by changing the winds while keeping 
the currents constants and vice versa. The inclusion of currents decreased the wind stress and this 
decrease is prominent when the currents are stronger. This study showed that equatorial Indian 
Ocean is the most sensitive region where the current can impact on wind stress estimation. The 
results showed that uncertainties in the wind stress estimations are quite large at regional levels 
and hence better representation of wind stress incorporating ocean currents should be considered 
in the ocean/climatic models for accurate air-sea interaction studies. 
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1. Introduction 

Winds play an instrumental role in driving the surface currents and also in the air-sea 

interaction processes. Accurate measurements of wind stress are required to understand the air-sea 

interaction and other climate variability. Most of the air-sea interaction processes are determined 

using wind stress which is a measure of transfer of momentum due to the relative motion between 

the ocean and atmosphere. Wind stress also exerts surface oceanic circulation which in turn results 

in the redistribution of heat and other properties. Wind stress is calculated according to the bulk-

aerodynamic formula as, 

                 𝜏 = 𝜌 𝐶  𝑈                                                        (1) 

where, 𝜌  is the density of air (1.225 kg/m3), Cd is the dimensionless drag coefficient 

(1.3x10-3, Kraus 1972),  and Uw the wind velocity. Assuming a neutrally stable atmosphere global 

ocean winds, at 10 m height, are measured using scatterometers, which measure radar backscatter 

from the ocean surface. The relative motion between the atmospheric winds and ocean currents 

modulate the amount of backscatter even though it is primarily determined by the magnitude of 

winds (Plagge et al., 2012). The wind speeds measured by scatterometers are actually higher or 

lower depending on the relative direction of the winds with the existing ocean currents. Kelly et 

al., (2001) reported that in the Pacific Ocean the differences between the scatterometer winds and 

anemometer winds measured by buoy moorings are explained by the surface currents measured 

by the buoys. As the relative ocean currents clearly impact the wind measurements, the effect due 

to currents should be accounted while computing the air-sea coupling processes. Hence, the 

relative motion between the ocean and atmosphere should be included in computing the 

momentum fluxes, in particular the wind stress. Earlier studies have pointed out the importance of 

including relative motion in the assessment of air-sea interactions. Paconowski, 1987 showed that 
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when the effects of currents are included in the simulation of the tropical Atlantic, the equatorial 

currents reduced by 30% which also had an impact on the upwelling and sea surface temperature 

variability. A basin wide reduction of wind stress by ~15% is reported by Dave and Thompson, 

2006 in the northern Pacific Ocean by incorporating currents in the wind stress computation. 

Similar study by Luo et al., (2005) found that improved estimates of sea surface temperature is 

obtained when the wind stress is computed with relative motion between the ocean and the 

atmosphere. Kloe et al., 2017 emphasized the usage of stress-equivalent surface wind speeds from 

scatterometers than using direct neutral-winds by incorporating the local air-mass. These 

approaches assume that the atmosphere is neutrally stable and there are no surface currents which 

is not the real scenario.  To avoid the assumption of a neutrally stable atmosphere, Ali et al., 2013 

and Ali et al., 2016 estimated wind stress directly at the ocean surface from the scatterometer and 

altimeter measurements of surface radar backscatter. They found out that the wind stress estimated 

from this approach is more accurate than those estimated from the conventional approach using 

winds at 10m height. So the inclusion of surface currents into the bulk formula for wind stress 

modifies equation (1) to  

 

                 𝜏 = 𝜌 𝐶  (𝑈 − 𝑈 )                           (2)        

 

Where, Uw-Uo is the difference between the surface wind (Uw) and ocean current (Uo) (Dave 

and Thompson, 2006; Seo et al., 2019).  Often the inclusion of surface currents in the wind stress 

is neglected because wind speeds are much higher than surface currents. However, in the oceanic 

regions where surface currents are stronger, the impact of it on the wind stress estimates can be 

higher. This current-wind interaction which is termed as “relative wind stress” [Song et al., 

2020] is capable of modulating mesoscale processes, vertical upwelling and momentum transfer. 

Duhaut and Straub, 2006 showed that the currents through the modification of wind stress 
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significantly reduces wind power input into the ocean. Seo et al., 2019 examined the impact of 

current- wind interaction on the upper ocean stratifications and geostrophic circulation in the Bay 

of Bengal using a regional coupled model simulation. They found that the current inclusion in 

the wind stress estimation significantly modulated the geostrophic current field and increased the 

stratification. The impact of currents on air-sea momentum and heat flux exchanges in the Gulf 

Stream is reported by Shi and Bourassa, 2019 using a numerical model. The impact of sea 

surface temperature on the scatterometer-derived wind speed and wind stress is assessed by O’ 

Neil et al., 2012. Chelton et al. 2004 analysed  QuikSCAT Satellite measurements and observed 

persistent small-scale features in the curl and divergence in ocean wind stress. They also reported 

clear curl field patterns in the Gulf Stream. This study, however, emphasises  the impact of 

currents alone on the estimation of satellite derived wind stress in the Indian Ocean. 

Indian Ocean surface currents are unique because of its seasonally reversing nature in 

response to the reversing monsoonal winds [Sankar et al., 2002; Shenoi et al., 1999; Schott and 

McCreary, 2001]. The major currents in the Indian Ocean are the Southwestern Monsoon Current, 

the Northeastern Monsoon Current, the Somali Current, the East India Coastal Current, the West 

India Coastal Current and the Equatorial Jets. The Summer Monsoon Current flows eastward 

during the summer season (June-September) and the Winter Monsoon Current flows westward 

during the winter monsoon (December-February). The Somali currents are very strong western 

boundary currents which flows northeastwards during southwest monsoon and southwestward 

during northeast monsoon (Schott,1993). Swallow and Bruce, (1966) reported that the Somali 

Current can reach up to 2-3 m/s in the summer monsoon season. The Equatorial jets however, 

flows eastward along the equator during the transition months (April-May and October-November) 

(Wyrtki, 1973). Thus, studying the impact of currents on the wind stress estimation is apt. 

       In this context, we try to examine the impact of currents on the wind stress estimation in 

the tropical Indian Ocean. Previous studies assessed the impact of currents on wind stress using 

model simulations (Dave and Thompson, 2006; Seo, 2016; Seo, 2017). Seo et al., 2019 using 
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regional coupled model simulations tried to assess the relative wind effect in the Bay of Bengal. 

However,  no study proved the current impact on the wind stress over the different current systems 

in the Indian Ocean using a scatterometer observations. Here, we try to assess the impact of 

currents on wind stress estimations in the tropical Indian Ocean using scatterometer observations. 

We compare the wind stress estimations through the bulk formula for wind stress with and without 

the surface currents and figure out the variability of the wind stress in the major current systems 

of the Indian Ocean.  

 

2.  Materials and Methods 

2.1 Data 

In this study, we utilize scatterometer winds and satellite derived surface currents to assess the 

impact of currents on wind stress estimation in the tropical Indian Ocean. Wind speeds from the 

Advanced Scatterometer (ASCAT) on-board Metop-A and Metop-B of the European Organisation 

for the Exploitation of     Meteorological Satellites (EUMETSAT) are utilized in this work. The study 

region includes the tropical Indian Ocean bounded by 30 °E-120 °E longitudes and 30 °S-30 °N 

latitudes. The daily gridded ASCAT winds with 0.25˚ X 0.25˚ resolution for the period 2007 to 

2020 are provided by http://apdrc.soest.hawaii.edu/datadoc/ascat.php (Bentamy and Denis, 

2012). Near-surface currents (averaged over the top 30 m) estimated by Ocean Surface Current 

Analysis Real-time (OSCAR,  Bonjean and Lagerloef, 2002) during the same period are used in 

the study. OSCAR currents are available with 1/3˚ X 1/3˚ resolution with 5 days temporal 

resolution and is obtained from http://apdrc.soest.hawaii.edu/las/v6/dataset?catitem=2845. The 

OSCAR product is a direct computation of global surface currents using satellite sea surface 

height, wind, and temperature. OSCAR currents are calculated using a quasi-steady geostrophic 

model together with an eddy-viscosity based wind-driven ageostrophic component and a thermal 

wind adjustment. The model calculates a surface current averaged over the top 30m of the upper 

ocean. The ASCAT surface winds are re-gridded to match the spatial and temporal resolution of 

OSCAR surface currents for computing the wind stress. The ASCAT winds are re-gridded to 

match the spatial and temporal resolution of OSCAR surface currents before computing the wind 
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stress. For this, the ASCAT winds are first averaged over 5 days temporally and 0.33 degrees 

spatially. Once the ASCAT winds are brought to the same resolution as OSCAR currents, wind 

stresses are computed using the  equations (1) and (2). The stresses computed are then time 

averaged to monthly, seasonal and annual means for the further analysis.  

 

2.2 Methods 

To quantify the effect of currents on the wind stress in Indian Ocean, this parameter is 

computed with and without the currents in the wind stress equations. The wind stress computed 

without and with the surface currents following equation (1) and equation (2)   are referred as τno-

Cur and  τCur estimations, respectively. To assess the relative difference between the strengths of 

winds and currents in inducing the differences in wind stress, two sets of experiments are 

conducted by varying the currents and wind speeds. In the first experiment, the wind speeds are 

increased by keeping the current speeds as such (EXP1). Wind stress is estimated with and without 

currents by increasing the wind speeds by 5% and 10 %. These experiments are referred as 

EXP1_W5 and EXP1_W10 respectively. In the second experiment, the current speeds are altered 

without changing the wind speeds (EXP2). Wind stress is estimated by increasing current speeds 

by 5% and 10 %. These experiments are referred as EXP2_C5 and EXP2_C10 respectively. The 

estimation without altering either the winds or the currents is referred as NOEXP. In all the sets of 

experiments, the τno-Cur and τCur are computed and the difference between the two are analyzed.   

 

3. Results and Discussions 

3.1 Annual Impact 

The annual means of the wind stress with (τCur) and without (τno-Cur) currents in the Indian 

Ocean and the difference between the two are presented in Figure 1. The striking feature in the 
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wind stress pattern in both the estimations is over the south-east trade winds which occurs south 

of 10˚S and persist throughout the year in the Indian Ocean (Schott and McCreary, 2001). An 

overall basin wide reduction in the wind stress can be seen by including currents into the wind 

stress equation (Figure 1c).    
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Figure 1. Wind stress (N/m2) estimated (b) without currents, (b) with currents and (c) 
difference between the two wind stresses (b-a). The regions off Somali Coast and equatorial Indian 
Ocean are shown as boxes in Fig. (c). 
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Besides a few small-scale features being clearly visible, the  notable differences between the two 

fields (τno-Cur and τCur) are (i) along the region off Somali coast between 0-15 ˚N latitudes to the 

east of 60 ˚E longitude, (ii) a narrow band of region between 30 ˚E-60 ˚E and south of 35 ˚S, which 

is the regime of Aghulhas current, (iii) a band of ±4 degrees of the equator between 60˚E-90˚E and 

(iv) the region off the eastern coast of India. The difference is negative in the entire study region 

indicating that stress without currents is larger than the stress with current. However, the stress 

differences are found to be negligible in the Arabian Sea and in the Southern Ocean between 40˚S-

30˚S latitudes.  

3.2 Zonal and regional Impact 

The zonal average of the wind stress difference (Figure 2) shows that highest deviation occurs 

along the equatorial Indian Ocean around 2˚N. This large difference at 2˚N is because of the large 

stress difference along 2˚N as shown in Figure 1c. Since the currents are stronger in this region 

(Shenoi et al., 1999; Schott and McCreary, 2001), the difference is also larger. Table 1 summarizes 

the differences between τno-Cur and τCur fields for the whole study region as well as for the regions 

of Somali current and Equatorial Jets. It is noted that by including surface currents into the wind 

stress computation, the basin-wise averaged wind stress decreased by 5.8%. Notable differences 

in the percentage reduction of wind stress exist when surface currents are accounted for Somali 

current region (-9.56%) and Equatorial Jet region (-15.93%).   
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Figure 2 Zonal average of wind stress difference (τCur- τno-Cur; N/m2) in the tropical Indian Ocean 

 

 

Table 1. Area averaged wind stress during 2007-2020 

 τno-Cur (N/m2) τCur (N/m2) τCur - τno-Cur 

 (N/m2) 
% difference 

Basin Average 0.06448 0.06073 -0.00282 -5.81 % 

Somali Current 
(43˚E-64˚E; 0-
15˚N) region 

0.06264 0.05665 -0.00599 -9.56 % 

Equatorial Jet 
(60˚E-90˚E; 2˚S-
2˚N) region 

0.03145 0.02644 -0.00501 -15.93 % 
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3.2 Monthly and Seasonal Impact 

As the currents in Indian Ocean are highly variable and seasonally reversing in nature, the monthly 

mean estimations during 2007-2020 of τno-Cur and τCur fields are estimated and the difference 

between the two ( τCur - τno-Cur) are shown in Figure 3. The apparent seasonal variations of the near 

surface currents in the Indian Ocean can be clearly seen in the monthly mean wind stress 

differences. Seasonal pattern of both Somali Currents and Equatorial Currents are captured in the 

monthly maps of the wind stress difference. The difference is prominent along the regions of 

stronger currents such as Somali Currents, Equatorial Jets, and Aghulhas retroflection regime. In 

the Somali Current regime, large difference in wind stress is observed during summer monsoon 

months when the current speeds are maximum climatologically. Along the equator, the wind speed 

differences are maximum during March-April-May and November-December during which the 

equatorial jets are stronger. The maximum wind stress difference occurs during fall inter-monsoon 

season when equatorial jets are stronger than during spring inter-monsoon season. The region 

south of Sri Lanka also show higher wind stress difference due to the stronger summer monsoon 

currents which prevails during June-September. It is seen that wind stress pattern strongly bear the 

signatures of the strongest currents and its seasonality, thus corroborating the strong influence of 

currents in modulating the wind stress. Kelly et al., 2011 reported that the signatures of surface 

currents are observed in the scatterometer wind data in the Pacific Ocean. The seasonal pattern of 

the differences between the τCur and τno-Cur  fields (Figure 4) shows that the larger deviation 

between the two occurs during the summer monsoon season (July-September) and the minimal 

deviation during the spring season (April-May). The comparison shows that significant differences 

exist between the wind stress fields on seasonal and monthly scales. Thus, it could be concluded 

that the influence of currents should be incorporated when we estimate wind stress from 
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scatterometer observations. 

 

Figure 3. Monthly spatial variation of the difference between two wind stress estimations 
(τCur- τno-Cur) averaged over 2007-2020. 
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Figure 4.  Seasonal and spatial distribution of the difference between the two wind stress 
estimations (τCur - τno-Cur) averaged over 2007-2020. 

 
3.3 Sensitivity analysis 

 
It is seen from the Figures 1 - 4 that the reduction in wind stress when the surface currents are 

included is not uniform spatially and temporally. Hence, a sensitivity analysis has been carried out 

in the study region for different seasons to assess the relative impact of winds and currents in the 

estimation of wind stress by changing the winds while keeping the currents constant and vice versa. 

The exercise is done to assess how the difference in wind stress estimates is sensitive to the changes 
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in winds and current speeds. The details of the sensitivity analysis are given in the methods section. 

The wind stress differences (τCur - τno-Cur) for each sensitivity analysis averaged over the whole 

study region (30˚E-120˚E; 40˚S-30˚N), off Somali Coast (43˚E-64˚E; 0-15˚N), and the equatorial 

region (60˚E -90˚E; 2˚S -2˚N) over the study period 2007-2020 is summarized in Table 2. The 

seasonal wind stress differences between the currents and with no-currents (τCur - τno-Cur) are always 

negative for the three locations (Table 2) indicating that stress without incorporating currents is 

always larger than that with currents. The first column in the table (EXP1_W10) is by increasing 

the winds by 10%, the second column (EXP1_W5) is  by increasing the winds by 5% without 

changing the currents. The third column (NOEXP) represents the differences without changing 

either the currents or the winds. The fourth and the fifth column (EXP2_C5 and EXP2_C10) 

provide the differences by increasing the currents by 5% and 10%, respectively.  

 Compared to the NOEXP value, the differences are larger when the wind speeds are 

increased by 5% compared to those when increased by 10%. This indicates that the effect of 

currents is smaller for higher wind speeds as the higher winds dominate over the currents on the 

wind stress. This is true for all seasons and the three areas studied. On the contrary, the wind stress 

difference increases when the current speeds are increased. These results are alarming as the ocean 

modelers use the scatterometer derived wind speeds directly in the models without applying the 

correction for currents. It is suggested to use at least the climatological current speeds to the 

scatterometer derived wind stress. The impact of currents is highest during December-May in the 

Somali region when the currents speeds are low.  
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Table 2. Percentage change in wind stress when surface currents are accounted in the bulk wind 
stress equation computed from τCur and τno-Cur for  each sensitivity tests 
 
 EXP1_W10 EXP1_W5 NOEXP EXP2_C5 EXP2_C10 

Basin Averaged 

March-April-May -5.279 % -5.526 % -5.798 % -6 % -11.2 % 

June-September -4.88 % -5.508 % -5.3318 % -5.59 % -9.83 % 

October-November -5.71 % -5.98 % -6.28 % -6.562 % -15.4 % 

December-January-
February 

-5.896 % -6.159 % -6.611 % -6.755 % -9.8 % 

Off Somali Coast 

March-April-May -16.11 % -16.8 % -17 % -18.43 % -19.22 % 

June-September -12.04 % -12.55 % -13.15 % -13.76 % -14.39 % 

October-November -15.46 % -16.1 % -16.9 -17.6 % -18.45 % 

December-January-
February 

-16.48 % -17.2 % -18 -18.85 % -19.669 % 

Equatorial Region 

March-April-May -9.357 % -9.78 % -10.24 % -10.7 % -11.22 % 

June-September -8.155 % -8.6 % -8.9 % -9.4 % -9.9 % 

October-November -13.01 % -13.59 % -14.18 % -14.83 % -15.484 % 

December-January-
February 

-8.2 % -8.60 % -8.9 % -9.4 % -9.8 % 

 

3.4 Impact on derived parameters 
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Since the ocean surface current can affect wind stress as shown in the above section, the processes 

which are based on wind stress also will be affected. The resultant change in the wind stress also 

tend to modify the wind stress derivative fields such as wind power input, Ekman currents, 

upwelling velocity, and wind stress curl (Duhaut and Straube, 2006; Shi and Bourassa; 2019). 

Hence, we tried to assess the impact of currents on these three major parameters ie. wind stress 

curl, Ekman Currents, and wind power input into the ocean.   

The curl of the wind stress is computed using the equation,  

𝑐𝑢𝑟𝑙 = −  ----------------(3) 

where x and y are eastward and northward coordinates and τx and τy the corresponding 

components of the wind stress. Wind stress curls are estimated using τCur and τno-Cur and the 

difference between the two is illustrated in Figure 5 on an annual basis. On a large scales, the wind 

stress curl field over much of the Indian Ocean is very similar in τCur and τno-Cur estimations. The 

inclusion of surface current feedback modulates the wind stress curl more along the equatorial 

Indian Ocean, Somali region, coastal region along the Southwest Arabian Sea etc. The largest 

difference in the wind stress curl is exhibited along the equatorial Indian Ocean and the Somali 

region which are the permanent upwelling systems in the Indian Ocean (Schott, 1993; Schott et 

al., 2002). A maximum positive difference is present in the Somali and the western Equatorial 

Indian Ocean while the least was present in the central Equatorial Indian Ocean.  
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Figure 5. Average annual difference between the wind stress curl estimated with and 
without the inclusion of surface currents (τCur - τno-Cur) during 2007-2020. 

 

Ekman current is another important field which is dependent on wind stress. Changes in 

the wind stress and its curl can alter Ekman currents. To show this we have calculated Ekman 

currents, Ue with and without surface current using the equation following Pond and Pickard, 1983, 

,  

Ue= 
( | |) /

                           (4)                            

where 𝜌 is the density of sea water, A is the eddy viscosity (10-2 m2/s), f is the coriolis 

parameter, and τ is the wind stress computed without and with the inclusion of surface currents 

using equations (1) and (2) respectively. The difference between the two estimations of Ekman 

currents is shown in Figure 6. Ekman currents reduced along major portions of the region of study 

after incorporating current effect. The weakening of Ekman currents can be explained due to the 

dampening of the wind stresses when currents are included. The reduced wind stress reduces the 

momentum transfer across the ocean surface and hence Ekman currents dampen. The change in 

the Ekman Currents induced by surface currents is dominant along the tropical Indian Ocean. The 
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maximum reduction of Ekman Current occurs along the equatorial region. Minimal impact is seen 

in the region south of 10 ˚S except a few localised regions like Aghulhas currents. Similarly, little 

change is observed in the Arabian Sea and western Bay of Bengal. Reduction is also visible along 

the eastern coast of India. Basin average percent reduction of Ekman currents by the inclusion of 

surface currents is ~-7% (Table 3).  

 

Figure 6. Average difference between the Ekman currents (cm/s) computed with and without 
the inclusion of currents in the wind stress during 2007-2020. 

 
Table 3. Basin wide area averages of Ekman currents and Wind power input 

 Without 
current 

With current % difference 

Ekman Currents (m/s) 0.1130 
 

0.1050 
 

-5.46 
 

Wind Power input (W/m2) 0.01110 
 

0.00998 
 

-10.0631 
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The ageostrophic wind power input into the ocean is estimated with and without the current 

inclusion using the equation  

P= 𝜏 ∗ 𝑈  -------------------------(5) 

where τ is the wind stress without and with the inclusion of surface currents computed 

using (1) and (2) respectively and Ue is the surface Ekman Current. The difference between the 

two wind powers is shown in Figure 7. The wind power input reduction is negligible throughout 

the Indian Ocean with an exception over the regions off Somali coast and a narrow band along the 

equator. An average basin wide reduction of -10% is observed by the inclusion of surface currents 

in the wind stress estimation. Dave and Thompson, 2006 have reported  a wind power reduction 

of ~25% in the North Pacific Ocean.  
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Figure 7. Average difference between ageostrophic wind power (*10-3 W/m2) estimated 
with and without the surface currents during 2007-2020. 

 
The inclusion of the current speed in the wind stress bulk formula resulted in the 

modulation of the wind stress curl, Ekman Currents and wind power input to the ocean. However, 

regional differences exist in the variation between each of these parameters.  

 

4. Conclusions 

In this work, we have assessed the impact of including surface current speeds in estimating 

wind stress using bulk formula. Using thirteen years of satellite measurements of wind speeds and 

surface current observations, we find that currents can have a significant impact on the wind stress 

estimation. A basin wide reduction in the wind stress is observed when surface currents are 

included in the wind stress equations. While the basin averaged net wind stress reduction accounts 

to -5.8%, relatively notable reduction of wind stress is observed in the regions off Somali coast (-

9.56%) and equatorial region (-15.93%). Sensitivity analysis has been carried out for the study 

region for different seasons to assess the relative impact of winds and currents in the estimation of 

wind stress by changing the winds while keeping the currents constants and vice versa. The impact 

of currents is larger for lower wind speeds compared to the higher wind speeds indicating that the 

effect of currents is smaller for higher wind speeds as the higher winds dominate over the currents 

on the wind stress. This is true for all seasons and the three areas studied. On the contrary, the wind 

stress difference is prominent for higher current speeds.     

 We also studied the effect of inclusion of surface currents in the Ekman Currents, wind  

power input and wind stress curl fields. The results show that the fields which are wind stress 

dependent also varies, the regional differences in the variability varies for each parameter assessed. 

The damping effect of surface currents are strongest along the equatorial region. In general, this 
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work highlights the importance of inclusion of surface currents in wind stress estimation. 

Uncertainties in the wind stress estimations are quite large at regional levels and hence has 

important implications in the air-sea interaction. This implies that better representation of wind 

stress by using information on currents rather than direct scatterometer wind stress should be 

included in the ocean/climatic models for accurate air-sea interaction studies.  
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