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Surface velocity estimates of the North Indian Ocean from
satellite gravity and altimeter missions
Roshin P. Raj

Nansen Environmental and Remote Sensing Center, Bergen, Norway

ABSTRACT
The circulation in the North Indian Ocean (NIO) is one of the most
complex systems compared with other regions of global oceans,
mostly due to its interactions with the monsoon winds. In recent
years, our ability to measure the ocean’s mean dynamic topogra-
phy (MDT) from space has improved immensely with the avail-
ability of satellite gravity measurements from Gravity Recovery
and Climate Experiment (GRACE) and Gravity Field and Steady-
State Ocean Circulation Explorer (GOCE) missions. The present
study uses data from GOCE and GRACE satellite gravity missions
together with altimeter data in retrieving the geoid, satellite-only
MDT, and surface velocities in the NIO. The study estimates geoid
heights of the NIO from all five releases of the direct approach and
the time-wise GOCE gravity data. The formal error associated with
geoid heights at different resolutions is found to be the lowest for
the latest release of direct approach GOCE data. In addition, a new
satellite-only MDT is estimated from the direct approach GOCE
geoid and the CNES_CLS11 mean sea surface. This MDT corrected
to a 20-year time reference is used together with the newly
reprocessed sea level anomaly data to estimate absolute dynamic
topography and surface geostrophic velocities in the NIO. The
total surface velocities computed from the Ekman and geostrophic
velocity fields reproduce all major surface currents in the NIO,
along with their seasonality. Furthermore, total surface velocity
estimates computed here are validated using surface drifters and
are found to be highly comparable (difference within ± 10 cm s–1)
with more than 170,000 individual surface drifter observations.
Finally, the total velocities estimated here are used to examine
the variability of the East India Coastal Current.
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1. Introduction

The North Indian Ocean (NIO) experiences a total seasonal reversal of winds, in response
to which the major currents vary on both semi-annual and annual time scales (Schott,
Xie, and McCreary 2009; Shenoi 2010). The Indian Peninsula divides the NIO into two
basins: the Arabian Sea to the west and the Bay of Bengal to the east (Figure 1). Even
though both are semi-enclosed basins located in similar latitude bands and forced by
monsoon winds, there are also striking differences between them. For example,
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evaporation exceeds precipitation in the Arabian Sea, while it is opposite in the Bay of
Bengal (Shenoi, Shankar, and Shetye 2002). Furthermore, the river runoff into the Bay of
Bengal is much higher compared with that into the Arabian Sea (Shetye 1993). The
hydrological imbalance between the Arabian Sea and the Bay of Bengal that accumu-
lates over the course of a year is typically balanced by a seasonal transport of low-
salinity waters from the Bay of Bengal into the Arabian Sea by ocean currents (Figure 1;
Prasanna Kumar et al. 2004). In addition, the circulation of the NIO plays an important
role in biology of the region (e.g. Nuncio and Prasanna Kumar 2012) and thus on local
fisheries, which directly impacts the livelihood of millions of people inhabiting these
coastal regions (George 2015).

The circulation of the NIO has been described in several studies using observations
and numerical ocean models (e.g. Schott and McCreary 2001; Shankar, Vinayachandran,
and Unnikrishnan 2002). The prominent currents in the NIO (Figure 1) are the: Winter
Monsoon Current (WMC), Summer Monsoon Current (SMC), West India Coastal Current
(WICC), East India Coastal Current (EICC), and the Somali Current (SC). The WMC devel-
ops in the southeastern part of the NIO in December and peaks during February
(Shankar, Vinayachandran, and Unnikrishnan 2002). During summer, the SMC replaces
the WMC, and flows in the opposite direction. The WICC flows equatorward during
summer and poleward during winter (Shenoi, Saji, and Almeida 1999) along the west
coast of India, while the EICC flows equatorward during October–December and pole-
ward during February–May (Shetye et al. 1996) along the east coast of India. During
winter, the southward flowing EICC carrying low-salinity waters from the Bay of Bengal
feeds into the WICC that flows north along the Arabian Sea shelf. The SC also reverses its
direction in the winter compared with the summer monsoon periods (Schott and
McCreary 2001).

In the past two decades, multi-satellite altimeter missions together with the implemen-
tation of better interpolation schemes in satellite altimeter data processing have provided
the opportunity to continuously monitor the ocean circulation and study its variability,

Figure 1. Schematic representation of the circulation of the North Indian Ocean during: (a) January
(winter monsoon), and (b) July (summer monsoon). WMC, Winter Monsoon Current; SMC, Summer
Monsoon Current; EICC, East India Coastal Currents; WICC, West India Coastal Current; SC, Somali
Current; LH, Lakshadweep high; LL, Lakshadweep low; GW, Great Whirl; SL, Sri Lanka. See Shankar,
Vinayachandran, and Unnikrishnan (2002) for details. The two boxes in panel b represent the region
selected to estimate total surface velocity of the SMC and EICC in Section 3.
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including that of the NIO (e.g. Babu et al. 2003; Shenoi 2010; Nuncio and Prasanna Kumar
2013). However, until recently the lack of an accurate geoid has prevented precise compu-
tation of the ocean’s geostrophic circulation from satellite altimetry (Knudsen et al. 2007;
Bingham, Haines, and Hughes 2008). The geoid is the equipotential surface of earth’s
gravity field, or more accurately it is the sea surface in the absence of winds, tides, and
currents, which is only influenced by gravity. NASA initiated the measurement of Earth’s
gravitational field through the Laser Geodynamics Satellite (LAGEOS) mission. With the
availability of satellite gravity measurements from Gravity Recovery and Climate
Experiment (GRACE; Tapley et al. 2004; Maximenko et al. 2009; Rio, Guinehut, and
Larnicol 2011) and the high-resolution data from the Gravity Field and Steady-State
Ocean Circulation Explorer (GOCE; Bruinsma et al. 2014; Johannessen et al. 2014), our
ability to measure the ocean’s geoid height has improved considerably. Precise knowledge
of the geoid height, together with knowledge of the mean sea surface (MSS) to within
about a centimetre (Schaeffer et al. 2012) permits an updated computation of the mean
dynamic topography (MDT) of the ocean. In turn, the ocean’s surface circulation can be
computed from the MDT using the widely applied geostrophic balance equation. This
yields the long-term averaged strength of the near-surface ocean current, that is the mean
circulation of the upper ocean (Knudsen et al. 2011).

Two main global MDT products estimated from GOCE and/or GRACE satellite data are
the CNES_CLS13 MDT (Rio, Mulet, and Picot 2014) and the Maximenko and Niller MDT
(M-N; Maximenko et al. 2009). The CNES_CLS13 MDT is estimated from a combination of
release-4 GOCE direct approach data, altimeter data, in situ measurements, surface
buoys, and Argo floats. The M-N MDT is a non-GOCE MDT calculated using satellite
altimetry, near-surface drifters, NCEP wind, and GRACE gravity data (Maximenko et al.
2009). However, it should be noted that the velocity estimates from these products
could not be validated against the same-surface drifter data that are already incorpo-
rated into these products.

The present study aims to use data from satellite gravity missions (GOCE, GRACE) and
altimeter data to retrieve the geoid, and a satellite-only MDT in the NIO. One motivation
to develop a satellite-only MDT is to allow the use of surface drifter data for gauging
improvements in satellite estimates of the ocean surface current. In addition, this study
aims to provide the errors associated with the estimation of the geoid and MDT. Newly
reprocessed sea-level anomaly (SLA) data have been obtained from the Archiving,
Validation and Interpretation of Satellite Oceanographic data (AVISO) for the estimation
of absolute dynamic topography (ADT) and the surface geostrophic velocities in the NIO.
This study also benefits from a recently released Ekman velocity dataset (Sudre, Maes,
and Garcon 2013) to estimate the total surface velocity, which is further used to study
the major currents in the NIO. The total velocities estimated here are further validated
using more than 170,000 drogued surface drifter observations.

2. Data and methods

2.1. Gravity models

The earth’s gravitational field varies from place to place due to the rotation of the earth,
variations in density of the ocean’s interior, and positions of mountains and ocean
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trenches. The GOCE High-level Processing Facility (HPF) models the earth’s geopotential
as a truncated spherical harmonic expansion in the spectral domain (Bruinsma et al.
2014), which is provided as time-wise approach (TWA) and direct approach (DA) solu-
tions (e.g. Bruinsma et al. 2010; Pail et al. 2011). The TWA model is a GOCE-only model
and no external gravity field information is used (neither as reference model nor for
constraining the solution). The DA gravity field model is estimated from a combination
of GOCE, GRACE, and LAGEOS data. To date, HPF has released a total of five releases of
DA and TWA gravity data. The first release of the TWA model is computed using only
two months of GOCE data, while the fifth release is computed from three and half years.
The fifth release of DA gravity model (DAR5) is estimated from 4 years of GOCE data, 10
years of GRACE data, and 25 years of LAGEOS data (Bruinsma et al. 2014). DAR5 includes
an enhanced sensitivity to the smallest resolved scales of the geoid owing to a lowering
of the GOCE orbital height. The DAR5 gravity model is developed to degree and order
300, corresponding to a maximum achievable resolution of roughly 67 km. Table 1
shows the details of 1–5 releases of GOCE gravity data.

2.2. Estimation of geoid height

The geoid height (N) expressed by spherical harmonic coefficients is given below
(Equation (1); e.g. Johannessen et al. 2003; Jin, Feng, and Andersen 2014):

N #; λ; rð Þ ¼ GMTP

rγ0

XNmax

n¼0

aTP

r

� �n Xn
m¼0

ΔcTPnm cosmλþ Δ�STPnm sinmλÞ�Pnm cos#ð Þ (1)

where ϑ(λ) is the geographical colatitude (longitude), respectively, r is the radial distance
from the geocenter to the computation point, GM is the gravitational constant times the
total mass of the earth, γ0 is the normal gravity at the reference ellipsoid, and a is the
mean radius of the earth. While Pnm is the fully normalized associated Legendre func-
tions of degree n and order m, Nmax is the maximum resolvable degree, ΔCnm and ΔSnm
are the residual coefficients of the spherical harmonic series, and the superscript TP
denotes the fixed values referring to the Ocean Topography Experiment (TOPEX/
Poseidon) reference ellipsoid. Using the gravity field coefficients from the level-2 global

Table 1. Various releases (release number (R); column 1) of direct approach (DA) and time-wise
(TWA) gravity model (GM; column 2).
R GM Data used Nmax Res (km) Geoid MDT

1 DA 2 months GOCE+ background model EIGEN-51 C 240 83 DA-R1g DAR1
TWA 2 months GOCE 224 89 TWA-R1g TWAR1

2 DA 8 months GOCE+ background model ITG-GRACE 2010S 240 83 DA-R2g DAR2
TWA 8 months GOCE 250 80 TWA-R2g TWAR2

3 DA 18 months GOCE, 6.5 years GRACE, 6.5 years LAGEOS 240 83 DA-R3g DAR3
TWA 18 months GOCE 250 80 TWA-R3g TWAR3

4 DA 33 months GOCE, 9 years GRACE, 25 years LAGEOS 260 77 DA-R4g DAR4
TWA 32 months GOCE 250 80 TWA-R4g TWAR4

5 DA 4 years GOCE, 10 years GRACE, 25 years LAGEOS 300 67 DA-R5g DAR5
TWA 3.5 years GOCE 280 71 TWA-R5g TWAR5

Data used in each release, maximum degree (Nmax) and maximum achievable resolution (Res = 20,000/Nmax) of the
gravity models, and the geoid heights estimated are given in columns 3, 4, 5, and 6, respectively. Mean dynamic
topography (MDT) estimated from geoid heights and CNES_CLS11 mean sea surface is given in column 7.

INTERNATIONAL JOURNAL OF REMOTE SENSING 299



gravity models (Section 2.2), the geoid height can be determined as exemplified in
Equation (1) (e.g. Johannessen et al. 2003; Koop, Gruber, and Rummel 2007; Bingham
et al. 2011; Jin, Feng, and Andersen 2014). This study uses the GUT user toolbox
(Benveniste and Knudsen 2007; https://earth.esa.int/web/guest/software-tools/gut/
about-gut/overview) to estimate the geoid height from the gravity models. Similar to
the CNES_CLS11 MSS (Schaeffer et al. 2012), the geoid heights are also estimated in the
mean tide system relative to the Topex ellipsoid, an a priori condition required for the
computation of MDT (Section 2.3; Benveniste and Knudsen 2007). In the mean tide
system, the effects of the permanent tides are included in the definition of the geoid,
while in the zero tide system they are removed.

Following the Gaussian error propagation (Bingham, Haines, and Daniel 2014), the
errors associated with the geoid heights in the NIO at various spatial resolutions are
estimated from the full error variance–covariance matrixes of the gravity models, using
the error propagation toolbox developed by Balmino (2009).

2.3. Mean dynamic topography

Computation of the MDT from the geoid and MSS is conceptually simple (e.g. Raj 2014):

MDT ¼ MSSð Þ � geoid (2)

MDT errors are derived from the error estimates of MSS (EMSS) and the geoid (EG)
according to Bingham, Haines, and Daniel (2014):

EMDT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2G þ E2MSS

q
(3)

Mean geostrophic velocities of the NIO are estimated from MDT using the geos-
trophic relation (e.g. Raj et al. 2016):

us ¼ �g
f

@h
@y

(4)

vs ¼ g
f
@h
@x

(5)

where us and vs are the components of the surface geostrophic velocity, g is the
acceleration due to gravity, f is the Coriolis parameter, h is the MDT, and x and y are
distances along positive longitudinal and latitudinal directions, respectively.

2.4. Absolute dynamic topography

Daily absolute dynamic topography (ADT) is computed from the time-invariant MDT and
time-varying SLA (1993–2014) on the geoid grid (0.25 ° latitude and 0.25 ° longitude
grids):

ADT ¼ MDTð Þ þ SLAð Þ (6)

Gridded daily SLA data are obtained from AVISO. Recently, the AVISO centre went
through a complete reprocessing of the SLA data in order to exploit the most recent
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advances in each of the successive processing steps and to provide a product of
homogeneous quality (Capet et al. 2014). The new reprocessing (Duacs/AVISO 2014)
also includes important modifications of the processing chain adopted to convert raw
altimeter sensor signals to along-track and, finally, gridded sea level data (e.g. new
sensor-specific instrumental and atmospheric corrections, revised inter-calibration, a
new ocean tidal component, and a new reference field). The SLA fields (0.25° regular
Cartesian) are based on merged TOPEX, JASON 1, 2, ERS-1, 2, GFO, Cryosat-2, HY-2A,
Saral/AltiKa, and Envisat data (Duacs/AVISO 2014).

A correction dataset (Ref20yto7y; http://aviso.altimetry.fr/?id=3093) is also obtained
from AVISO, which is used here to convert the MDT referenced to a 7-year time
period to an MDT referenced to a 20-year time period (see Section 3). The correction
data (Ref20yto7y) is based on the 7-year time mean (1993–1999) of the SLA refer-
enced to the 20-year time period. The MDT referenced to a 20-year time period is
estimated by subtracting the correction data from the MDT referenced to a 7-year
time period.

Surface geostrophic velocities (UADT and VADT) are computed by replacing MDT by
ADT in Equations (4 and 5).

2.5. Total surface velocities

The total surface velocities (Utot and Vtot) are estimated as the sum of the surface
geostrophic velocity components (UADT and VADT) and the Ekman velocity components
(Uekm and Vekm; Sudre, Maes, and Garcon 2013). Prior to the computation of this daily
dataset (1993–2014), the Ekman data are interpolated onto the geoid grid in order to be
consistent with the geostrophic velocity data.

Utot ¼ UADT þ Uekm (7)

Vtot ¼ VADT þ Vekm (8)

Wtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
tot þ V2

tot

q
(9)

The total surface speed (Wtot) estimated here is validated using surface drifter data
obtained from Atlantic Oceanographic and Meteorological Laboratory (AOML). Data
from drifters that lost their drogue are discarded. After collocating in time, the satel-
lite-derived total speeds are interpolated to the latitude–longitude location of all indi-
vidual surface drifter observations. Further the differences between the two
independent datasets are quantified.

The uncertainty (ΔXavg) in the monthly climatologies of the total surface speed in each
0.25° latitude and 0.25° longitude grid in the NIO is estimated as follows:

ΔXavg ¼ R
2
p
N

(10)

where range R is estimated as the difference between the maximum and minimum
values of total surface speed in each grid, and N is the number of observations in each
grid used in the estimation of the monthly climatologies.
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3. Results and discussion

Ten different geoid heights in the NIO are estimated from all five releases of DA and
TWA gravity data (Table 1) on a 0.25° latitude and 0.25° longitude grid (Section 2.2).
Figure 2 shows the geoid height in the NIO estimated from the DAR5 gravity data. The
geoid height in the NIO varies from –110 to –10 m with the minimum located near the
Indian and Sri Lankan coast, while the maximum is located towards the eastern and
western boundaries of the NIO.

The formal error (Section 2.2) associated with all estimated geoid heights in the NIO is
shown in Figure 3. The error associated with the DA-R5 geoid is found to be lowest,
especially at high resolution. At 100 km spatial resolution (spherical harmonic degree,
n = 200), the formal error associated with the DA-R5 geoid (0.88 cm) is less than 1 cm,
ranging within the desired output (1–2 cm error) of the GOCE mission. Note that on a
global average the formal error of DA-R5 geoid at 100 km resolution is 0.80 cm
(Bruinsma et al. 2014). The error associated with other DA geoids and all TWA geoids
at 100 km resolution are above 1 cm. At 100 km resolution, the error associated with the
GOCE-only TWA-R5 geoid is nearly three times (2.49 cm) the error of DA-R5 geoid.

Ten different MDTs of the NIO are estimated from the geoid heights and the
CNES_CLS11 MSS on a 0.25° latitude and 0.25° longitude grid (Table 1). Figure 4(a)
shows the spatial distribution of the DAR5 MDT (Table 1) in the NIO estimated from DA-
R5 geoid and CNES_CLS11 MSS. The unfiltered DAR5 MDT is noisy due to inconsistency
in resolution of the geoid and MSS data. While the resolution of MSS data in the NIO is
roughly 25 km, the maximum achievable resolution of the DA-R5 geoid is much lower
(67 km). Hence, in order to remove the noise, a spatial filter should be applied to the
MDT. Previous studies have used different filters: Knudsen et al. (2011) applied a 140 km
filter, and Rio, Mulet, and Picot (2014) applied a 125 km filter. Note that these studies
used the earlier versions of the GOCE gravity data. Using surface drifters, Bruinsma et al.

Figure 2. Geoid height (m) of the North Indian Ocean estimated from the fifth release of direct
approach GOCE gravity data.
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(2014) found the filter size of MDT estimated from GOCE release 5 data to be around
100–125 km on a global scale. Figure 3 shows that the error associated with the DA-R5
geoid is less than 1 cm at 100 km resolution. This motivates the use of a 100 km
Gaussian filter in this study. The MDT of the NIO, filtered using a 100 km Gaussian filter,
is shown in Figure 4(b). The MDT varies in the range of 40–120 cm, with higher values
towards the northeastern and eastern part, while lower values are found near the
northwestern and western NIO. The error estimate of the DAR5 MDT is computed
from the error estimates of CNES_CLS MSS (EMSS) and DA-R5 geoid (EG) according to
Equation (3). The error associated with the DAR5 MDT is found to be mostly between 1.3
and 3.1 cm (first and third quartile, respectively).

The CNES_CLS11 MSS data used to estimate the DAR5 MDT is referenced to a time
period of 7 years (1993–1999; Schaeffer et al. 2012). This is not consistent with the SLA
(Section 2.4), which is referenced to a time period of 20 years (1993–2012; Capet et al.
2014). A new MDT referenced to a 20-year time period (DAR520y MDT; Figure 4(c)) is
estimated from the DAR5 MDT, and the correction data (ref20yto7), as described in
Section 2.4. This is done in order to satisfy the essential condition that both MDT and
SLA should be referenced to the same time period prior to the computation of the ADT.
The DAR520y MDT dataset is made available via the PANGAEA database (https://doi.
pangaea.de/10.1594/PANGAEA.861422).

A Taylor diagram (Taylor 2001; Figure 5) is used to compare MDT estimates from
DAR520y (Figure 4(c)), DAR5 (Figure 4(b)), CNES_CLS13 (Rio, Mulet, and Picot 2014), and
M-N MDT (Maximenko et al. 2009). The CNES_CLS13 MDT and M-N MDT are categorized
as combined (satellite and in situ) MDTs. In the Taylor diagram, the distance between the
point representing the field and the point representing the reference field is inversely

Figure 3. North Indian Ocean mean formal error for geoid heights estimated from all five releases (R)
of direct approach (full line) and time-wise (dashed line) GOCE data (Pail et al. 2011).
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proportional to the overall similarity of the two fields (Bingham and Haines 2006). The
high correlation and low root mean square deviation (RMSD) of the satellite-only
DAR520y MDT and CNES_CLS13 MDT shows the major contribution of the satellite
data in determining the mean circulation in the NIO. The absence of GOCE data in the
M-N MDT is likely to be the reason for the larger RMSD and the relatively lower
correlation between the DAR520y MDT and the M-N MDT. As the satellite-only MDT
appears to successfully reproduce the circulation of the NIO, the use of surface drifter
data might be better applied for validating both the MDT and ADT in this region.

Winter (December–February) and summer (June–August) ADT climatologies esti-
mated from DAR520y MDT and SLA (Equation (6); Section 2.4) are shown in Figure 6.
The ADT in the NIO varies in the range of 40–130 cm. In general, the ADT of the Bay of
Bengal is higher than that in the Arabian Sea. A seasonal difference in the ADT along the
west and east coast of India is also evident.

The monthly climatology of surface geostrophic velocity in the NIO is shown in
Figure 7. This shows that the eastward flow of WMC during winter (Shankar,
Vinayachandran, and Unnikrishnan 2002; Figure 1(a)) is prominent in January and
February, but weakens by the end of March (Figures 7(a)–(c)). Notably, the geostrophic
SMC is only evident near the southern tip of the Indian coast and near the Srilankan
coast. Moreover, the equatorward flow of the WICC during summer is also not evident in
the geostrophic flow. On the other hand, the intrusion of the SMC into the Bay of Bengal
(Vinayachandran et al. 1999) during June–September is better captured (Figures 7(f)–(i)).

Figure 4. Mean dynamic topography of the North Indian Ocean: (a) unfiltered DAR5 MDT, (b) filtered
DAR5 MDT, and (c) DAR520y MDT.
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Also, the poleward geostrophic flow of WICC is seen during November–January (Figures
7(a), (k), (l)). The equatorward flow of EICC (Shetye et al. 1996) during October–
December (Figures 7(j)–(l)) and the poleward flow during February–May (Figures 7(b)–
(e)) are well represented in the geostrophic maps. Compared with WICC, the flow of EICC
is both organized and intense. In line with previous studies (e.g. McCreary et al. 1996;
Schott and McCreary 2001), the peak in EICC is found during November. The strong SC
during May and the development of the Great Whirl (see Figure 1 for location) during
June–September are also well displayed in the surface geostrophic maps.

The monthly mean surface geostrophic velocities are validated using independent
observations from surface drifters. The satellite-derived mean geostrophic velocity

Figure 5. A Taylor diagram inter-comparison of the DAR520y MDT with DAR5 MDT, CNES_CLS13
MDT, and M-N MDT.

Figure 6. (a) Winter (December–February), and (b) summer (June–August) climatology of absolute
dynamic topography.
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components are compared to mean geostrophic velocity components (ageostrophic
components removed) determined from drifter data (Lumpkin and Garraffo 2005). In
order to be consistent with the satellite data, the drifter data are linearly interpolated to
the geoid prior to comparison. The RMSD (Taylor 2001) between the satellite- and
drifter-derived geostrophic velocities in the NIO is found to be in the range of 9.5–
12.6 cm s–1 (Figure 8). The difference is least during spring and highest during autumn.

Monthly climatologies of the total surface velocities in the NIO, estimated from
geostrophic velocities and Ekman velocities (Section 2.5; Equations (7 and 8)), are
shown in Figure 9. The uncertainty in the monthly climatologies of the total surface
speed (Equation (10)) in the NIO is estimated to be ranging between 4.6% and 5.9% (first
and third quartile, respectively) of the mean value. Compared with Figure 7, all major

Figure 7. Monthly climatologies of surface geostrophic velocity (speed in colours): (a) January, (b)
February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k)
November, (l) December.
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currents in the NIO are seen intensified in the total velocity fields. The westward flow of
the SMC and the equatorward flow of the WICC absent in the geostrophic maps are clear
in the total velocity fields (Figures 9(f)–(h)). This shows the dominance of the wind field
over these regions. In June, the SMC (B1 in Figure 1) is found to speed up to 74 cm s–1,
and is within the range (50–100 cm s–1) of summer speeds of SMC observed by Shenoi,
Saji, and Almeida (1999) using drifters.

The satellite-derived total surface speeds are validated using those derived from
surface drifters. A total of 171,034 drogued drifter observations are found in the study
region during the 1993–2014 period of interest. The frequency distribution of the
difference in total speed between the satellite and drifter data resembles a Gaussian
distribution (Figure 10(a)). The differences mainly range between –10 cm s–1 (first
quartile) and 7 cm s–1 (third quartile). Notably there are more than 25,000 drifter
observations in the NIO with speeds similar to those derived from satellite data. The
geographical distribution of the speed difference between the two independent data-
sets is shown in Figure 10(b). In general, there is a good agreement (difference within
±10 cm s–1) between the two datasets in the Arabian Sea and Bay of Bengal. Only in
anomalous regions as the Great Whirl, southern tip of India, and eastern NIO near the
Indonesian throughflow, the difference is larger than ±20 cm s–1. It follows that satellite
gravity and altimeter data along with an Ekman estimate appear fully capable to
reproduce realistic velocity estimates of surface currents in the NIO.

The inter-annual variability of the EICC (B2 in Figure 1) is examined in order to further
demonstrate the application of the total surface velocities estimated in this study.
Figure 11 shows the monthly mean maximum speed in the region during the time
period 1993–2014. Note that instead of area-averaged speed, maximum speed in the
region is chosen, since it likely provides a better representation of the variability of the

Figure 8. RMSD (monthly climatologies) between the surface geostrophic speeds estimated from
satellite data and surface drifters in the North Indian Ocean.
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EICC. Also note that there is a very high correlation (r = 0.91) between the time series of
maximum speed and the area-averaged speed over the region. The temporal evolution
of EICC speeds during the past two decades (Figure 11(a)) shows substantial inter-
annual variability, but with no significant long-term trends. Speed mostly varies within
a range of roughly 30 cm s–1 (first quartile, 64 cm s–1; third quartile, 91 cm s–1). A
climatological (1993–2014) monthly mean, estimated from the time series, reveals an
EICC peak (120 cm s–1) during November.

Spectral analysis performed on the time series after removing the climatological
monthly mean shows the dominance of the annual cycle (Figure 11(b)), as reported
earlier (e.g. McCreary et al. 1996). There are also two peaks at lower frequencies
indicating inter-annual variability. The two and four year cycle in the EICC speed can

Figure 9. Monthly climatologies of total surface velocity (speed in colours): (a) January, (b) February,
(c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November, (l)
December.
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also be seen from the smoothed (12-month running mean) monthly time series
(Figure 11(a)). As reported earlier, the inter-annual variability of EICC is likely to be
associated with the combined/separate influence of the Indian Ocean Dipole (IOD; Rao
et al. 2002), El Nino-Southern Oscillation (ENSO; Srinivas, Kumar, and Revichandran
2005), and/or the variability in the freshwater flux into the Bay of the Bengal (Han and
Webster 2002).

4. Conclusions

The main objective of the GOCE and GRACE satellite gravity missions is to provide
Earth’s gravity field and geoid at higher resolution, which further enables the precise
computation of the ocean’s geostrophic circulation. In this study, 10 different geoid
heights for the NIO are estimated from 5 releases of the direct approach (GOCE, GRACE,
and LAGEOS) and the time-wise (GOCE-only) gravity models. The formal error of these
geoid heights is found to be lowest for the DA-R5 geoid. At 100 km resolution, the

Figure 10. (a) Frequency distribution of the difference in total speeds derived from satellite and
surface drifter datasets. (b) Mean (bin average) difference between the satellite and surface drifter
speeds in every 0.25° latitude and 0.25° longitude bin in the North Indian Ocean.

Figure 11. (a) Temporal evolution (monthly, red; 12-month running mean, blue) of maximum speed
of EICC in region B2. (b) Power spectra for the time series shown in panel (a) (with climatological
monthly mean removed).
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formal error of the DA-R5 geoid in the NIO is 0.88 cm. The errors associated with all other
DA geoids and all TWA geoids at 100 km resolution are above 1 cm. Furthermore, the
error associated with the GOCE-only TWA-R5 geoid is nearly three times (2.49 cm) the
error of DA-R5 geoid. The DAR5 MDT estimated for the NIO is found to have a formal
error mainly in the range of 1.3 and 3.1 cm. A corrective method is applied to estimate a
satellite-only MDT with reference to the 20-year time reference (1993–2012). High
correlation and low RMSD is found between the satellite-only DAR520y MDT and the
combined MDTs. The RMSD between the surface geostrophic velocities in the NIO
estimated from the satellite and drifter data is found to be in the range of 9.5–
12.6 cm s–1. The surface geostrophic fields reproduced the eastward flow of WMC during
winter, intrusion of SMC into the Bay of Bengal, pole-ward flow of WICC, the equator and
pole-ward flow of EICC during late winter–spring and late autumn–winter, respectively,
the strong SC, and the Great Whirl. The addition of the Ekman fields to the geostrophic
velocity further portrayed the westward flow of the SMC and the equatorward flow of
WICC. Total surface velocity estimates of the NIO are found to be highly comparable
(difference mainly within ±10 cm s–1) with the surface drifter observations. Analysis of
the temporal evolution of the total speed of EICC during the past two decades (1993–
2014) revealed annual and inter-annual variability to dominate but with no significant
long-term trend. In summary, the present study shows the potential of a satellite-only
MDT in retrieving realistic surface velocities in the NIO.
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