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Abstract
Upper layer circulation, hydrography, and biological response of Andaman waters during winter monsoon are assessed based on
the observations carried out onboard FORV Sagar Sampada during January 2009 and November–December 2011. Cool and dry
air carried by the moderate winds (6 m/s) from north and northeast indicates the influence of northeast monsoon (NEM) in the
area during the observation time. The characteristics of physical parameters and the water mass indicate that the southeastern side
is dominated by the less saline water from South China Sea intruded through the Malacca Strait, whereas the northeast is
influenced by the freshwater from Ayeyarwady-Salween river system. The western side of the Andaman and Nicobar Islands
exhibits similar properties of Bay of Bengal (BoB) water as evidenced in the T-S relation. Circulation pattern is uniform for the
upper 88 m and is found to be more geostrophic rather than wind driven. Magnitude of the current velocity varies between 100
and 900 mm/s in November–December 2011 with strong current (900 mm/s) near Katchal and Nancowry islands and 100 and
1000 mm/s in January 2009 recording strong current (1000 mm/s) near the Little Nicobar Island. The Andaman waters are
observed as less productive during the season based on the satellite-derived surface chl-a (0.1–0.4 mg/m3) and column-integrated
primary productivity (PP) (100–275 mgC/m2/d).
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1 Introduction

The Andaman waters (surrounding the Andaman and Nicobar
Islands) occupy the area between 6°–14°N and 91°–95°E in
the eastern part of the North Indian Ocean. The northern part
of the islands has got the wide continental shelf (170–200 km)
and the continental slope along the eastern part of the islands
is steeper than the western part (Murthy et al. 1981) and has
erratic bottom topography. Sills are observed in the eastern
side due to the sediment accumulation of Ayeyarwady River
system (Ramaswamy et al. 2004). The abyssal plain (3000–
4180 m) with an even floor is situated along the west coast of
Andaman and Nicobar Islands. Preparis Channel (between

Cape Negrais and North Andaman) in the north (200 m,
285 km wide), Ten Degree Channel (150 km wide) between
Andaman and Nicobar Islands (1800 m), and Great Channel
between Great Nicobar Island and Sumatra (> 1800 m and
189 km wide) connect the sea with Bay of Bengal (Sengupta
et al. 1981; Kamesh Raju et al. 2004). The sea is also linked
with South China Sea and Pacific Ocean through Malacca
Strait at southeast. The main sources of freshwater to the
northeast of Andaman and Nicobar Islands are Ayeyarwady
(13.6 × 103 m3/s), Salween rivers (6.69 × 103 m3/s), and minor
contributions from Sittang (1.59 × 103 m3/s) and Tavoy rivers
(Robinson et al. 2007). The other minor rivers in the Islands
are Kalpong in North Andaman and Alexendra, Dagmar and
Galatheariver in Great Nicobar.

The Andaman waters experience the seasonally reversing
Asian monsoons (Wyrtki 1973), summer monsoon during
May–September, and winter monsoon during November–
February. During northeast monsoon, the low saline water
spread over the eastern side of the islands originates from
the river discharge at north and the intrusion of low saline
water from the South China Sea through the Malacca Strait
at south (Ibrahim and Yanagi 2006). In addition, during the
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season, the region experiences strong evaporation of surface
water due to cold dry continental air from the north. Thus, the
area is a spot of deep air-sea interaction and associated con-
vective activities and is marked as cyclone-prone area (Varkey
et al. 1996). The presence of rivers and monsoonal winds
influence the regional hydrography and circulation.

In addition to this, internal wave and tidal induced ele-
vated vertical mixing is likely to influence the regional
stratification and circulation pattern. The region is one of
the sites where extraordinary large solitons have been ob-
served (Osborne 1990; Hyder et al. 2005). Internal waves of
extraordinary amplitude of 60 m, wavelength of 6–15 km,
and speed > 2 m/s were noticed in this region (Alpers et al.
1997). This, together with longer period internal oscillation
in the Northern Andaman Sea, produced the downward
perturbation of the pycnocline. This also endorsed
eastward-propagating Kelvin wave parallel to the continen-
tal slope. Such wave helped the mixing processes in the
Andaman Sea (Hyder et al. 2005).

However, this region is least explored with regard to the
oceanographic processes and the related biological impacts.
Ramesh Babu and Sastry (1976) studied the hydrography of
the sea during late winter. Small anticyclonic eddy around the
Andaman Sea during premonsoon season (March) is reported
by Unnikrishnan and Bahulayan (1991) using a two-
dimensional vertically integrated model. Potemra et al.
(1991) analyzed the seasonal circulation of the Andaman
Sea using multilayer, adiabatic, numerical model and pointed
out the propagation of Kelvin waves in Andaman Sea. Kelvin
waves originating in the equatorial Indian Ocean follow the
coastal waveguide counter clockwise around the perimeter of
the Bay of Bengal (BoB) after reaching the Sumatra coast
(Nienhaus et al. 2012)

Regarding biological production, the primary produc-
tion of the area has been studied from the time of IIOE
(International Indian Ocean Expedition). The region is
characterized as oligotrophic when comparing the other
areas of Indian Ocean (Bhattathiri and Devassy 1981),
and maximum average column production is noticed during
the southwest monsoon (586.73 mgC/m2d) followed by
northeast monsoon (440.68 mgC/m2d) and inter-monsoon
spring (319.19 mgC/m2d) (Sarupriya and Bhargava 1993).
The waters around the Andaman Islands are considered to be
one of the major biodiversity hotspots in the Indian Ocean
(Nair and Gireesh 2010). While studies from Geetha et al.
(1997), analyzing the zooplankton of the upper column, ex-
plain that the seasonal biological production is high during
winter monsoon, distribution and abundance of major
mesozooplankton groups like amphipods, ostracods, cope-
pods, and fish eggs and larvae are explained in many earlier
studies (Manickasundaram and Ramaiyan 1990; Lalithambika
Devi et al. 1996; Rosamma and Meenakshikunjamma 1996;
Biju et al. 2010; Pillai et al. 2011).

The present study explains the seasonal response of the
region to the prevailing physical mechanism, specifically the
circulation pattern, hydrography, and the associated biology
based on in situ and satellite observation during the winter
monsoon January 2009 and November–December 2011.
The study is formulated in the following aspects: (1) the hy-
drography and oceanography of the region, (2) the upper layer
circulation pattern using ADCP, and (3) the physico-
biological interactions in the primary level during winter
monsoon.

2 Data and methodology

2.1 In situ data

In situ data were collected onboard FORV Sagar Sampada
during 8–26 January 2009 and 21 November–14 December
2011 (Fig. 1).The transects are on the depths of 50, 100, 200,
and 1000 m and the offshore station for which depth is greater
than 1000 m. These datasets are used to understand the hy-
drography, circulation, and the associated biological responses
in the Andaman waters. The meteorological parameters like
air temperature, air pressure, and humidity are collected
through the instruments/sensors attached to the Automated
Weather Station (AWS) onboard in 1-min interval. Profiles
of temperature, salinity, dissolved oxygen, and Sigma-t are
obtained using SeaBird 911 plus CTDwith Niskin water sam-
plers and deck unit for data acquisition. It has four main sen-
sors used to measure temperature, pressure, conductivity, and
dissolved oxygen. The datasets are processed for 1 m bins.
Salinity is also derived from water samples collected through
Niskin samplers and using Guildline 8400A Autosal
Salinometer to validate the CTD-derived data. Mixed layer
depth (MLD) is derived from CTD profiles as the depth at
which the seawater density (Sigma-t) exceeds the surface den-
sity by 0.2 kg/m3 (Sprintall and Tomczak 1993). The isother-
mal layer depth (ILD), the depth of the top of the thermocline,
is defined as the depth at which surface temperature decreases
by 1 °C from sea surface temperature (Kara et al. 2000; Rao
and Sivakumar 2003). The thickness of the barrier layer is
computed as the difference between ILD and MLD (Lukas
and Lindstrom 1991).

Vertical sections of currents are derived using hull mounted
OS II BB ADCP of 76.8 kHz frequency operated along the
ship’s track with vertical range of operation between 30 and
400 m. Georeferencing is done in bottom track option along
the coastal area (depth < 200 m), whereas navigation mode is
opted for deeper areas. Current datasets are acquired using
VmDas in 8 m bins and ensemble time of 2 s. The ship head-
ing and navigational information are also recorded while ac-
quiring the raw data. The first bin record of current started at
16 m depth. The data in earth coordinates were postprocessed
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using WinADCP, for an ensemble period of 1 min. Spurious
values including the data at 16 m of currents were discarded
from the data. Processed data which have percentage good
more than 80% is considered for the analysis.

The in situ data are spaced irregularly and are converted to
equidistant rectangular grids using VG Gridding for
contouring and graphical display.

2.2 Satellite measurements

Wind datasets are acquired for the month of January 2009 and
November–December 2011 from ASCAT (daily) aboard the
EUMETSAT METOP satellite. Eight-day composite of the
Ocean Color Level 3-binned product derived from MODIS
Aqua in 4 km resolution acquired from GSFC NASA which
is processed using SeaDAS is used to depict the chl-a patterns.
TOPEX/POSEIDON (T/P) SSHA data (weekly composite) is
obtained from CNES/NASA. The MODIS Aqua Level 3
Mapped SST data are derived from the NASAMODIS sensor
onboard the Aqua satellite. The data have been mapped to a
cylindrical equidistant map projection with 4.63 km spatial
bins. Salinity is obtained from European Center for Medium
range Weather Forecast Ocean Reanalysis System 4
(ECMWF ORAS4) on 1° × 1° grid and current data is taken
from OSCAR (Ocean Surface Currents Analyses Real-time)
on 0.33° grid.

Evaporation data is obtained from the Woods Hole
Oceanographic Institution (WHOI) Objectively Analyzed
air–sea Heat Fluxes (OAFlux) dataset on 1° × 1° grid.
Precipitation data came from GPCP (Global Precipitation
Climatology Project) version 1.3. Solar radiation flux is ob-
tained from ESRL (Earth System Research Laboratory)
NOAA 20th Century Reanalysis V2c.

The u and v components of the water velocity due to
Ekman pumping are computed for the vertical column follow-
ing Pond and Pickard (1983). The relation is explained as

uE ¼ V0cos
π
4
þ πz

DE

� �
exp πz=DEð Þ; vE

¼ V0sin
π
4
þ πz

DE

� �
exp

πz
DE

� �
ð1Þ

V0 ¼
ffiffiffi
2

p
πτyn

DEρf
; total Ekman current; ð2Þ

DE ¼ 4:3W

sinϕð Þ12
; Ekman depth; ð3Þ

τyn is the magnitude of the wind stress on the sea surface, f
is the Coriolis force,Ф is the latitude, and z is the water depth.
At the sea surface, the surface current flows at 45° to the right
of the wind direction in the northern hemisphere. Below the
surface, the total current speed decreases as depth increases.
When z = − DE, at the Ekman depth, the direction of the flow
becomes opposite to that at the surface.

The primary productivity (PP) of the region during the
study was derived using Vertically Generalized Production
Model (VGPM) of Behrenfeld and Falkowski (1997) which
describes the relationship between the surface chlorophyll
from satellite data and depth-integrated primary production.
The VGPM is a chlorophyll-based model that estimates net
primary production (NPP) from chlorophyll using a
temperature-dependent description of chlorophyll-specific
photosynthetic efficiency. In the VGPM, NPP is a function
of chlorophyll, available light, and photosynthetic efficiency.

The core equation describing the relationship is expressed
as

PPeu ¼ 0:66125PB
opt

E0

E0 þ 4:1
CSAT � Ζeu � DIRR ð4Þ

where CSAT is the satellite surface chlorophyll concentra-
tion as derived from measurements of water leaving radiance
(mg Chl/m3). VGPM calculations of primary production were
based on monthly average CSAT. DIRR is a daily photoperiod
(in decimal hours) calculated for the middle of the month for
each pixel, E0 is the sea surface daily photosynthetically avail-
able radiation (PAR) (mol quanta/m2/d), and Zeu is the phys-
ical depth (m) of the euphotic zone defined as the penetration
depth of 1% surface irradiance based on the Beer-Lambert

Fig. 1 Station location
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law. Zeu is calculated from CSAT following Morel and Berthon
(1989).

3 Results and discussion

The upper column dynamics can be best studied and illustrat-
ed based on the changes in the wind and SST pattern and the
present study attempts on this approach considering the real-
time in situ SST from CTD (bulk SST at 5 m) and
scatterometer-derived wind fields for the observation time.
Also, the hydrography can be best illustrated based on vertical
profiles on temperature, salinity, and density and this has been
addressed by analyzing the 91 and 44 castings during the two
cruises.

3.1 Atmospheric forcing

The analyzed wind pattern suggested that the area is expe-
rienced with cold, dry continental air from northeast and the
oceanic region is experienced with evaporative cooling
with significant spatial variation (Wang et al. 2006).
November–December 2011 characterizes northeasterly
wind over the northern region and easterly winds in the
southern region (6° to 9°N) with increasing magnitude to-
wards south (Fig. 2a). However, during January 2009, the
pattern is northeasterly over the entire area with magnitude
increasing towards south as observed during November–
December 2011 (Fig. 2b).

3.2 Upper layer mixing and hydrography

Immediate response due to atmospheric forcing will be best
reflected in the sea surface temperature (SST) pattern and is
thus considered as the most important parameter in the air-sea
interaction processes (Manikiam 1988). November–
December2011 is characterized with the prevalence of warmer
water (≥ 28.4 °C) extended over the region and the tempera-
ture changed from 28.4 to 29.2 °C (Fig. 3a) which is quite
different from the expected trend of increasing towards south
(Rama Raju et al. 1981). East coast is somewhat cooler than
the west, showing similar tendency during January 2009
(Fig. 4a). During January 2009, the SST recorded between
27.0 and 28.1 °C with warmer water in the south than the
north. The waters along the east coast are comparatively cool
in the range of 28.4–28.9 °C in the November–December
2011 and 27.3–27.6 °C in January 2009 than that along the
west recording 28.5–29.2 °C in November–December 2011
and 27.6–28.1 °C in January 2009. North of Camorta is the
coldest point in the November–December 2011 and the north-
east in January 2009. The warmest point is northwest
(29.2 °C) in November–December 2011 and southeast in
January 2009.

From the SST maps, it is evident that the eastern side is
more cool than the west. To explore this, the E-P (evaporation-
precipitation) is calculated. During November–December
2011, the computed is negative in the southern latitude (up
to 8°N) which ranges from −101 to −239 cm/year. E-P in-
creases towards north vary from 16 to 158 cm/year. The east-
ern side is characterized with E-P of −13–−412 cm/year up to
6.5°N and again increases towards north like the western side
(86–128 cm/year). For the period of January 2009, the western
side E-P rate varies from −33 to −225 cm/year in the southern
latitude (up to 6.5°N) and it increases towards north similar to
November 2009 (47–179 cm/year). But in the eastern side, the
E-P ranges from −117 to −215 cm/year up to 6°N and the value
shoot up from 19 to 201 cm/year towards north. From this, it is
evident that the eastern side is cooler than west due to the cold
dry continental air from northeast which causes evaporation in
the ocean surface.

During November–December 2011, the net solar radia-
tion in the western part of the island chain varies from 160
to 280 W/m2 and 71 to 260 W/m2 in the eastern region.
During January 2009, the western side receives solar radi-
ation in the range of 142 to 278 W/m2 and 82 to 258 W/m2

in the eastern part. The cooling in the eastern side is due to
the combined effect of evaporation and reduced solar
radiation.

In the Andaman waters, the sea surface salinity (SSS) is
low and falls in the range of 31.8–33.4 in November–
December 2011 (Fig. 3b) and 32.05–33.25 in January 2009
(Fig. 4b) with significant spatial variation in the distribution
pattern (Sewell 1929). Temperature-salinity (TS) profiles
characterize two water types in the northeastern section as
warm (27.5–29.0 °C) less saline (32.5–33.5) and less dense
(20.2–21.5 kg/m3) for the upper (5–55 m) and below this
level, uniform waters occupied up to 1000 m. Similar trend
exists for the southeast also with warm (24.5–29.3 °C), saline
(32.3–34), and less dense water (20.5–23.4 kg/m3) for the
upper (5–80 m) column but the source of water occupying
the upper layer is found to be different. For northeast, it is
due to heavy runoff from Ayeyarwady-Salween river system,
while intrusion of Malacca Strait water (Riley and Chester
1971) in the south defines the water mass (Rama Raju et al.
1981; Tan et al. 2006). Intrusion of low saline water through
theMalacca Strait during the active winter as mentioned above
is verified based on Levitus climatology for December and
January. The western side of island chain exhibits more or less
similar pattern and the area is shown to be occupied by BoB
waters with temperature 25.0–29.2 °C, salinity 32.1–34.0,
σt20.3–22.0 kg/m3 in the upper column (5–75 m) and below
with 5.0–24.9 °C, 34.0–34.9, and 22.1–27.3 kg/m3 respective-
ly up to 1000 m depth during December and January.

Satellite SST pattern during November–December 2011
(Fig. 5a) is observed with higher temperature in the northwest
(29 °C) comparing to other parts in the Andaman waters. The
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temperature decreases towards south (28°C) which is contrary
to the winter trend of increasing towards south. Southeastern
part is cooler than other parts. But in January 2009 (Fig. 5b),
the SSTchanges from 27° C to 28° Cwith warmer water in the
south. In situ SST shows quite similar trends with the satellite
SST. The eastern side of the Andaman waters is cooler in
November 2011, but in January 2009, the cooling trend is
same in both sides of Andaman and Nicobar Islands.

The sea surface salini ty from ECMWF during
November–December 2011 (Fig. 6a) varies from 32 to 34
with higher salinity in the western side of the island chain

comparing to east. January 2009 SSS ranges from 31.75 to
34, almost similar trend as November. During November,
northeastern part is less saline due to the intrusion of
Ayeyarwady-Salween river system. But in January 2009
(Fig. 6b), the southeastern side is occupied with less saline
water due to the prevalence of less saline Pacific water
through Malacca Strait. Even though the satellite products
show spatio-temporal variability, the in situ data is well
substantiated with satellite.

Surface Sigma-t also showed the same pattern of SSS and
varies from 20.13 to 21.28 kg/m3 with less dense water in the

Fig. 3 Surface distribution of a temperature, b salinity, and c density during November–December 2011

Fig. 2 Wind during aNovember–
December 2011 and b January
2009
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east than the west in January 2009 (Fig. 4c). The density
pattern of November–December 2011 (Fig. 3c) is entirely dif-
ferent from January 2009 and shows an increasing trend to-
wards south (20.2–20.45 kg/m3). Northeast part exhibits less
density which is corroborated with SSS of the Ayeyarwady
Region (Wyrtki 1971).

Further, the vertical distributions of temperature, salin-
ity, and density are analyzed along the selected transects
of north-south orientation and the physical parameters
are found to be more or less uniform in the upper
50 m. The two cyclonic eddies were identified from

SSHA altimetry, but we recorded in situ evidence for
only one eddy which was encountered dur ing
November–December 2011 observation at 8°N and
92.5–93.5°E. The vertical temperature, salinity, and den-
sity profiles (Fig. 7a, b, c) show upsloping and it is
prominent in the subsurface. Also, the MLD shoaled to-
wards the coast from 47 to 19 m. The vertical current struc-
ture from ADCP (Fig. 8) confirms the presence of cyclonic
eddy with directions northward (0.3 m/s) in the eastern part
to southwestward (0.5 m/s) in the western part with magni-
tude decreasing towards depth.

Fig. 4 Surface distribution of a temperature, b salinity, and c density during January 2009

Fig. 5 Surface distribution of
temperature from MODIS Aqua
during a November–December
2011 and b January 2009
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Spatial variation in water properties thus subregionalizes
the sea around Andaman into three, one is along the west, with
BoB waters, second is at northeast with the influence of riv-
erine discharge, and the third one is in south influenced by the
intrusion of less saline water from Malacca Strait.

The extend of vertical mixing is determined by MLD and
in the observation, it is found to be ranging between 20 and
44 m with high value at southwest in November–December
2011 (Fig. 9a) and 16 and 87 m with higher values at north in
January 2009 (Fig. 10a). In November–December 2011,MLD
in the western side of the island chain is 48 m at 7°N and
shoals to 24 m at 9°N, again increases to 40 m at 10.5°N,
and decreases towards north (24 m). In January 2009, MLD
in the western side is about 17 m at 7°N, and it deepens to

42 m at 8°N. Again, along 8° to 10°N, it varies between 27
and 37 m. MLD shows sharp deepening north of 12°N with
maximum value of 77 m at 13.8°N. In the eastern side of
islands, MLD is shallow (20–32 m) in November–December
2011 and MLD maximum (72 m) is recorded at 11°N in the
offshore waters of Middle and Little Andaman in January
2009. Along the southeast and southwest MLD is shallow
and is in the range of 25–30 m in January 2009. From the time
series analysis of wind speed in the coastal and oceanic region,
the deepening of mixed layer is due to prevailing northeasterly
winds and the wind-induced mixing. The shallow mixed layer
in the east can be attributed to the presence of low saline water
from Malacca Strait and Ayeyarwady-Salween river system
which might have strengthened stratification resulting weak

Fig. 6 Surface distribution of
salinity from ECMWF during a
November–December 2011 and b
January 2009

Fig. 7 Vertical profile of a temperature, b salinity, and c density at 8°N
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vertical mixing (Rama Raju et al. 1981). In BoB also, the
stratification is controlled by the freshwater flux, river runoff,
mixing, and advection (Fousiya et al. 2015)

Another important observation noticed with the vertical
distribution is the occurrence of temperature inversion (0.2–
0.4 °C) in the upper subsurface layer (17–80 m). This is re-
corded in almost all the stations except around the Nancowry,
Katchal, and Camorta Island chain in November–December
2011 and along the middle east Andaman in January 2009 and
is significant as the subsurface values exceeded by 0.2 °C
from that of surface as explained by Durand et al. (2004),
and is a general feature of Andaman Sea during winter
(Ramesh Babu and Sastry 1976).

Strong barrier layer is conducive for the formation of tem-
perature inversion by suppressing the vertical advection pro-
cesses (Masson et al. 2002). Presence of temperature inversion
and shallow mixed layer indicates the existence of

intermediate barrier layer, the layer between the base of mixed
layer and the top of the thermocline (Lukas and Lindstrom
1991; Vinayachandran et al. 2002; Rao and Sivakumar
2003; Thadathil et al. 2007). Surface layer inversions ob-
served at east may be due to differential mixing of Andaman
waters with those coming from the adjacent seas and rivers as
mentioned earlier. These low saline waters in conjunction with
the intense evaporation contribute the above condition which
supports the results from Rama Raju et al. (1981).

It is recorded by de Boyer Montégut et al. (2007) that the
thermal inversion supported by barrier layer plays a signifi-
cant role in warming the mixed layer during winter monsoon
by entrainment of warm subsurface water. In support of these
studies in the BoB, the present observations in the Andaman
waters show that barrier layer is of 10–47 m thickness in
November–December 2011 (Fig. 9b) and 10–50 m in
January 2009 at most of the stations (Fig. 10b). It is more
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Fig. 9 a MLD, b BLT during
November–December 2011

Fig. 8 Vertical current pattern at
8°N
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prominent in the southeastern side in November–December
2011 due to the presence of less saline Malacca water in the
region. But in January 2009, barrier layer is more in the west-
ern side and in a small area along the eastern side of North
Andaman Islands. The thickness of barrier layer is less in the
northeastern side, which is a heavy freshwater input area as
evidenced by the SSS values (32.05–33.25) and may be due to
the soliton-induced mixing as reported by Osborne and Burch
(1980). It is also observed that the sills and underwater volca-
nic seamounts in the eastern side of the islands are the poten-
tial source of internal waves in the region and contribute sub-
stantially to the upper layer mixing (Hyder et al. 2005).

The distribution pattern of barrier layer observed in the
region is similar to the observations done by Thadathil et al.
(2007), where they explored the seasonal variability of the
barrier layer thickness and explained that the layer is more
prominent in the Bay during winter monsoon. Also, the sur-
face circulation and the redistribution of low saline (BoB
water, freshwater from Ayeyarwady-Salween, and less saline
South China Sea water from southeast) waters have shown a
dominant influence on the distribution of barrier layer thick-
ness (Agarwal et al. 2012). In addition, Ekman pumping and
Rossby waves induced by coastal Kelvin waves propagating
along the eastern boundary contribute significantly on the bar-
rier layer thickness pattern (Girishkumar et al. 2011).

3.3 Upper layer circulation

The circulation pattern in the upper layer (16–96 m) is studied
using the velocity profiles recorded through the VM ADCP

of 76.8 kHz frequency. The analysis is done for different
depths strata viz between 24 and 96 m in 8 m intervals. In
November–December 2011, the current recorded at 16 m is
considered for near surface pattern and this shows the pres-
ence of a strong (600–800 mm/s) eastward component
from7°N to 8°N along the western side of the island chain
(Fig. 11a). Above 8°N, it turns to northeastward direction
away from the island chain with decreasing magnitude
(200–300 mm/s). Further north (above 9°N), the flow is
maintaining the same direction, i.e., northeastward, with a
decreasing magnitude of ≤ 100 mm/s. Along the eastern side,
the current is directed towards north and northeastward with
reduced speed compared to western side of the island chain.
At 32 m, the current shows same trend (Fig. 11b) like at
surface. The data is analyzed for all 8 m cells up to 88 m
depth (Fig. 11f) and found to follow the same pattern as that
of near surface but with decreasing magnitude.

During January 2009, the current recorded at 24 m
(Fig. 12a) represents near surface pattern and this shows the
presence of a strong westward component of 600 mm/s up to
10°N along the western side of the island chain. South to
10°N, it takes southeastward direction towards the
Nancowry, Katchal, and Camorta islands with magnitude in
the range of 120–700 mm/s. Further south of 7°N, the flow is
directed to south, with a strengthening in magnitude (700mm/
s). Along the eastern side, the observations indicate the flow
from west to east through the Preparis Channel, which takes
an anticyclonic path and reenter to the west via south of Car
Nicobar. Overall, pattern is converging in the near surface
layer between the latitudes 11–12°N and 93–94°E.

Longitude (E)
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Fig. 10 a MLD, b BLT during
January 2009
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At 32m depth (Fig. 12b), the current pattern shows the same
trend as that at the surface with magnitude in the range of 145–
775 mm/s. The data is analyzed for all 8 m depth cells up to
96 m depth, and it is found that up to 80 m (Fig. 12e), the
circulation is in the same pattern as that in the near surface layer.
At this level, the magnitude strengthens to 1000 mm/s near to
Car Nicobar Island. At 96 m depth (Fig. 12f), the current shows
irregularity in its direction and the magnitude is maintained in
almost the same range. The observations in the upper layer
circulation suggest convergence of the water from east andwest
near the Nicobar and Little Nicobar islands.

During January 2009 (Fig. 13b), the surface pattern of cur-
rent from OSCAR characterizes westward component of
200 mm/s from 5 to 10°N along the western side of the island
chain. Further north of 10°N, cyclonic eddy is evident be-
tween 11 and 13°N. Westward component is prominent fur-
ther north of 13°N. Along the eastern side, the flow in the
eastern side of Andaman Islands between 12 and 14°N is
purely northward and south of 12°N up to 8°N another cy-
clonic eddy like the western side of the Island chain is marked.
Below 8°N, the flow is directed towards southwestward car-
rying the Malacca water. There is a clear indication of well-

Fig. 11 Vertical section of current at a 16, b 32, c 40, d 56, e 72, and f 88 m in November–December 2011
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organized northwestward currents of almost same magnitude
(200 mm/s) up to 10°N.

In November and December (Fig. 13a), the surface circu-
lation pattern in the western side of the island chain shows
southwestward current between 6 and 7°N and further north
between 7 and 10.5°N, anticyclonic circulation both in eastern
andwestern part of the Islands. The anticyclonic pattern is also
persist further north between 11 and 14°N. Northward current
exists in western side of the island chain except the eddy
region. The current shows the presence of a northwestward
component of 200 mm/s up to 7°N and 96–98°E. This carries
the productive water from Malacca Strait during winter mon-
soon which was also evidenced in the in situ ADCP current
observations near to the island chain.

Another important aspect of understanding on seas sur-
rounding the island chain is the island mass effect (IME),

which may be reflected as a change in temperature/salinity/
nutrient pattern, eutrophication due to terrigenous discharge,
pollution, changes circulation pattern near the coast, coastal
upwelling, and eddies. However, in the present study, the near
coastal station considered is at 50 m depth contour and found
no significant influence in hydrography except for silicate
concentration, observed 2–10 μmol/L. However, no signifi-
cant influence of the same is observed during the survey, ex-
cept the high biovolume (0.55 ml/m3) of zooplankton in the
west. Other indications of the IME are the weak coastal up-
welling observed in the chemical and biological response
(Salini et al. 2010) and the irregularities in SSHA pattern as
seen in Fig. 14c.

To further understand the forcing mechanism which con-
trols the upper layer circulation of the region, the vertical
extent of the momentum transfer due to Ekman depth is

Fig. 12 Vertical section of current at a 24, b 32, c 40, d 56, e 80, and f 96 m in January 2009
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Fig. 13 OSCAR currents during a November–December 2011 and b January 2009

 e 
(

N
)

d
utita

L

Longitude (E)

a b c

Fig. 14 Surface distribution of a chl-a (mg/m3), b PP (mgC/m2/d), and c SSHA and geostrophic currents during November–December 2011
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computed using Pond and Pickard (1983) and on an aver-
age, it is 55 m in November–December 2011 and 52 m in
January 2009. This strikes contradiction with the ADCP-
derived current structure, which is uniform up to 88 m in
November–December 2011 and 80 m in January 2009, and
it explains that some other forcing is also involved other
than the Ekman forcing. This supports the observation
from Potemra et al. (1991) and Yang et al. (1998) that the
propagation of Kelvin waves does play a major role in reg-
ulating the upper layer dynamics with clear seasonal varia-
tions. According to Chatterjee et al. (2017), the mean circu-
lation within the Andaman Sea and around the islands is
primarily driven by equatorial forcing, rather than the local
wind forcing which is marginal. The current forced by local
winds is weak compared to that remote forcing along the
equator. So the present study, based on the in situ vertical
profiles on currents and hydrographical parameters, suggests
the role of additional factors than the atmospheric momen-
tum transfer due to wind.

3.4 Biological response

Spatial and temporal changes in the physico-chemical charac-
teristics of this region are expected to have great influence in
the chl-a and phytoplankton distribution. Monthly composite
of the surface chl-a derived from ocean color sensor is made
use to understand the biological response and it is found that
the mean surface chl-a varies between 0.1 and 0.4 mg/m3 in
November–December 2011 (Fig. 14a) and 0.2 and 0.4 mg/m3

in January 2009 (Fig. 15a) with relatively higher concentra-
tion along the south of 10°N (> 0.3 mg/m3) compared to other

areas. The high concentration of surface chl-a may be due to
the inflow from Malacca Strait. Rama Raju et al. (1981) re-
ported the inflow of Malacca Strait into the southern region.
The moderate chl-a (0.3–0.4 mg/m3) along the coastal area is
mainly due to the presence of the island chain. VGPM-derived
column-integrated primary productivity (PP) shows variation
between 100 and 225 mgC/m2/d in November–December
2011 (Fig. 14b) and 200 and 300 mgC/m2/d in January 2009
(Fig. 15b). Maximum PP is recorded as 300 mgC/m2/d along
the south in January 2009. At some extent, it spreads north-
ward up to 9°N. Again, the higher chl-a and PP in the south-
eastern part are associated with productive environment of
Malacca Strait. Weak mixing as explained in the upper layer
mixing and hydrography between the surface, subsurface, and
the bottom water may be the reason for low production in the
Andaman Sea as suggested by Sengupta et al. (1981). Other
than the near coastal area where PP > 250mgC/m2/d and the
southeastern part, the waters are more or less oligotrophic.
However, the higher PP (150–200 mgC/m2/d) during
November–December 2011 in the southeastern and south-
western part is due to the cyclonic circulation, as evidenced
from the SSHA pattern (Fig. 14c).

4 Conclusion

Physical forcing and related biological response of Andaman
waters are addressed during winter monsoon (November–
December 2011 and January 2009) based on in situ and satel-
lite measurements. It is found that prevailing northerly and
northeasterly winds make the area cool and, though not
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Fig. 15 Surface distribution of a
chl-a (mg/m3) and b PP (mgC/m2/
d) during January 2009
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intense, influence the upper layer characteristics.
Hydrography of the region clearly demarcates the area into
three: (i) along west showing typical BoB characteristics, (ii)
along east showing the influence of riverine input from
Ayeyarwady-Salween river system supplemented with weak
evaporative cooling, and (iii) south due to intrusion through
Malacca Strait. Also, the study reports the upper layer circu-
lation up to 96 m based on in situ current profiles as regulated
by both geostrophy and Ekman in a magnitude range of 100–
1000mm/s. The southern area is productive compared to other
parts due to the influence of productive environment of
Malacca Strait. Overall, the region is oligotrophic in compar-
ison with other seas in the Indian Ocean due to weak mixing
between surface and subsurface water. The surface geostrophy
and the production pattern evidence the role of local and re-
mote forcing in determining the spatial pattern of oceano-
graphic features of the region.
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