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7S 3N S & SNt 50 & 80 HiY HiT U & = &Y 918, S&fF 2005 F ITIAH Wqurdm (36.3 PSU)
30 TES (55 ¥ 90 #ex) W AW TE| 2002 & SN, ST F WL (BoB) H, eqUTAr 2005 FHr JereAT
# 3T IS & FH g3l 3RS FIRHAR SITer BT Wik S A 3R FGUIET F AR A A A SoA
arer ast 7 3t @ amar §, S 2002 Hr Jorar 7 2005 7 e arsdeor gefdr 8, R gar @ R 7
T qgee # Agcaqol AT AT ¥

ABSTRACT. The monsoon system over the Indian Peninsula is significantly influenced by the complex interplay
between the Indian Ocean and atmospheric conditions. This research investigates how potential temperature and salinity
levels in the Indian Ocean vary during the monsoon's advancement phase. To analyze these patterns, we examine daily and
monthly averages of potential temperature, salinity and wind over the Indian Ocean (10). The study specifically explores
how oceanic characteristics, including sea subsurface temperature and salinity, affect monsoon season timing, strength, and
duration of the monsoon. Before monsoon advancement, the Indian Ocean exhibits notable variations in potential
temperature and salinity distribution. During the late advancement year (2002), low salinity (below 34 PSU) was observed
in the upper subsurface (5-25m depth) adjoining the Kerala coast during MAM, while in the early advancement year (2005),
high salinity (above 34.5 PSU) was observed in the same region. The highest potential temperature has been observed up
to 20 meters depth in both years, but slightly later in the fast advancement year than in the slow advancement year. The
highest salinity (36.3 PSU) in the region R1 (Arabian Sea) has been observed between 50 to 80 meters depth during March,
April, May and June of 2002, while in 2005 highest salinity (36.3 PSU) was observed at a larger depth (55 to 90m). During
2002, in the Bay of Bengal (BoB), salinity decreased more rapidly than in 2005. The contrast in temperature and salinity

between AS and BoB has been observed to be higher in fast advancement years, showing greater evaporation in 2005 than
in 2002, and wind plays a crucial role in transporting moisture all over India.

Key words — Indian ocean, Summer monsoon, Potential temperature, Salinity.
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1. Introduction

The Indian Summer Monsoon (ISM) is a large-scale
atmospheric phenomenon that profoundly impacts the
socio-economic fabric of the Indian subcontinent and
surrounding regions (Gadgil, 2003). This intricate system,
driven by the temperature and pressure gradients between
the Indian Ocean and the Asian landmass, brings significant
rainfall to the region during the summer months. However,
the onset, progression and intensity of the ISM exhibit
considerable interannual and intraseasonal variability,
which can have far-reaching consequences for various
sectors, including agriculture, water resources, and disaster
management (Krishnan et al., 2019).

The life cycle of the MJO (30-60 days) aligns well

with ISM's average lead time of 41 days (Singh et al., 2017).

Extensive research has already explored various phases of
the monsoon, including its onset, active and break periods,
and withdrawal (Bhatla et al., 2004, 2016; Raju et al., 2007,
2014). Research by Joseph and Pillai (1988) found that
low-frequency oscillations with 30-40 day periods are
connected to the monsoon's onset and progression.
According to Saha and Saha (1980), the northward
migration of the inter-tropical convergence zone
(ITCZ) plays a more fundamental role in defining the
monsoon's northern limit than rainfall-based criteria
typically used to determine ISM's onset and progression.
Research by Dey and Kumar (1982) analyzed the time
taken for the summer monsoon to progress from southern
to northwestern India from 1967-1978. Later,
Krishnamurthy and Shukla (2008) distinguished between
eastward and northward propagation patterns and examined
how these movements relate to convection during the
Indian Summer Monsoon. While the influence of surface
oceanic parameters, such as sea surface temperature (SST),
on the ISM has been extensively studied (Shukla, 1987;
Vecchi & Harrison, 2002), there is growing recognition of
the pivotal role played by subsurface oceanic
characteristics in modulating the monsoon system (Shenoi
et al., 2002; Felton et al., 2014). Among these subsurface
features, salinity, potential temperature, mixed layer depth,
and barrier layer thickness in the Indian Ocean have
garnered considerable attention from the scientific
community. Subsurface salinity distributions in the Indian
Ocean can influence the density stratification and vertical
mixing processes, thereby impacting the heat and moisture
exchange between the ocean and atmosphere (Shenoi et al.,
2005; Nyadjro et al., 2011). In the Bay of Bengal,
pronounced salt-based stratification exists in the uppermost
ocean layer (Rao and Sivakumar, 2003; Thadathil et al.,
2007; Girishkumar et al., 2011), typically linked with an
intermediate "barrier layer" — defined as the region between
the mixed layer bottom and the thermocline upper
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boundary (Rao and Sivakumar, 2003; Thadathil et al., 2007;
Mignot et al., 2009; Agarwal et al., 2012). Anomalies in
salinity patterns can alter the atmospheric stability and
convection, potentially affecting the onset and strength of
the ISM. Furthermore, the salinity structure in the Indian
Ocean is closely linked to the Indian Ocean Dipole (I0D)
phenomenon, which is known to modulate the monsoon
rainfall patterns (Saji et al., 1999; Webster et al., 1999).
Similarly, the subsurface potential temperature profiles in
the Indian Ocean play a crucial role in governing the ocean-
atmosphere heat fluxes and atmospheric convection
(Hareesh Kumar et al., 2017; Kido & Tozuka, 2017).
Positive potential temperature anomalies can enhance
atmospheric instability, favouring stronger monsoon
rainfall, while negative anomalies can suppress convection
and weaken the monsoon system.

By investigating the complex interplay between these
subsurface oceanic parameters and their interactions with
atmospheric processes, researchers aim to improve the
understanding and predictability of the ISM advancement
system. This knowledge can contribute to more effective
monsoon forecasting, risk management strategies, and
sustainable resource planning in the region. The remainder
of the paper is organized as follows: Section 2 describes the
data and methodology used in this study; Section 3 presents
the results and discussion; and Section 4 provides the
conclusions.

2. Data and methodology

The number of days for the advancement of monsoon
over India was obtained from Khole (2009). We selected
2002 and 2005 for our study due to their significant
deviations from typical monsoon progression (41 days)
(Singh et al., 2017), with periods of 78 (+37 days) and 25
(-16 days) days, respectively. The oceanographic analysis
employs salinity and potential temperature data from
ECCO (Estimating the Circulation and Climate of the
Ocean) V4r4n, interpolated 0.5-degree grid resolution (Qu
and Melnichenko, 2023). While the raw data is collected
daily, our analysis focuses on monthly averaged potential
temperature and salinity values at specific depths of 5, 25,
75, and 105 meters. Further, our analysis centers on 5
distinct sub-regions R1 (55° E - 75° E, 8° N - 20° N, i.e.,
AS),R2 (80°E-90°E, 8°N-20°N,i.e., BoB), R3(50°
E-65°E,2°S-8°N), R4 (65°E-80°E, 2°S-8°N)and
R5 (80° E -95° E, 2° S - 8° N) within this larger study area
(Shee et al., 2023).

Within these five sub-regions, we perform an in-depth
examination of daily salinity patterns, analyzing
variations from surface waters (5 meters) to deep waters
(200 meters). Atmospheric circulation patterns over the
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Figs. 1(a-p). Distribution of potential temperature (°C) in the Indian Ocean at different depth levels (5 m, 25 m, 75 m, and 105 m) during the
pre-monsoon season and in June and July of 2002 and 2005

Indian Ocean are characterized using ERAS reanalysis data
from ECMWEF, specifically examining monthly zonal and
meridional wind components at the 850 hPa pressure level
(Gunwani et al., 2021).

3. Results and discussion

3.1. Profile of potential temperature at Various

Depths during pre-monsoon season, June and
July

Distribution of potential temperature in 10 at different
depths (5, 25, 75 and 105 m) has been shown in
Fig. 1 during the pre-monsoon season and June &
July of 2002 (slow advancement year) and 2005 (fast
advancement year). During the pre-monsoon season in
both years, at the uppermost subsurface (5 m),
higher temperatures (>30 °C) were observed near the
western coast of India, most of the AS, and near Indonesia,
but the distribution of higher temperatures was larger in
2005 than in 2002, and lower temperatures (27 °C) were
observed in the head of the AS in both years (Chatterjee et
al., 2012), Fig. 1(a & e). As the depth increased (25 m),
temperature decreased slightly all over 10 but in northeast
of Madagascar, temperature decreased dramatically up to
5 °C in 2002 while in 2005 higher temperature were
observed and uniformly high temperature has been
observed in BoB (Qu et al., 2005), Fig. 1(b & f). At 75
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meters depth, the temperature contrast between AS and
BoB was observed to be higher in 2005 than in 2002 during
the pre-monsoon season. At 105 meters, the higher
temperature was observed in BoB than in AS in the year
2002, and the reverse pattern of temperature was observed
in 2005.

During June and July at the uppermost subsurface (5
m) in 2002 higher temperatures (>30 °C) were observed in
the head of BoB than in 2005 while near the Somalia coast
and north of Madagascar lower temperatures (26 °C) were
observed in 2002 and decreased slowly towards east while
in 2005 comparatively higher temperature (27 °C) were
observed and decreased more rapidly towards east, it may
be due to lesser insolation in 2002 (Li et al., 2018), Fig. 1(i
& m). At 25 meters depth, a higher temperature was still
observed in the head of BoB during 2002 than in 2005, and
also near the western Indian coastal region in AS higher
temperature was observed in 2002 compared to the year
2005 but the temperature decreased more rapidly in 2002
than 2005 towards the Somalia coast, Fig. 1(j & n). Fig. 1(k
& 0) shows the dramatically low temperature (17 °C) near
the north of Madagascar and the southern coastal region of
India at 75 meters. North of the equator, comparatively
higher temperatures were observed during June and July in
2002 than in 2005. At 105 meters depth, temperature
contrast between AS and BoB was higher in 2005 than in
2002 Fig. 1(1 & q).
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Distribution of salinity (PSU) in Indian Ocean during pre monsoon season and June July of 2002 and 2005
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Figs. 2(a-p). Distribution of salinity (PSU) during the pre-monsoon season and June-July of 2002 and 2005 in 1O at different depth levels (5m,

25m, 75m, and 105m)

3.2. Profile of salinity at Various Depths during pre-
monsoon season, June and July

The spatial distribution of salinity in 10 has been depicted
in Fig. 2 at different depths. The salinity contradiction
between the head of AS and the head of BoB has been
observed to be higher in upper sub-surfaces while moderate
in lower sub-surfaces. BoB received more fresh water than
AS, hence the salinity of BoB is much less than that of AS
while having the same latitude (Rao and Shivakumar, 2003;
Rao, 2015).”

At the upper subsurface (5 meters), during
pre-monsoon in 2002 low salinity (<30 PSU) was observed
in BoB along with the Kerala coast and Indonesia
region while high salinity in the head of AS and moderate
near north of Madagascar (Fig. 2a). At the same depth
(5 meters) in 2005, slightly higher salinity has been
observed near the eastern coast of India and also Kerala
coast region (34.5 PSU) but slightly lesser near north of
Madagascar than in 2002 (Fig. 2e). At 25 meters depth in
both years, salinity has increased slightly all over 10 Fig.
2(b & f). During the pre-monsoon season at 75 meters depth
salinity has increased in both regions (AS and BoB); hence,
the salinity contrast between both regions has more or less
the same in 2002 (Fig. 2c). Salinity in the BoB did not
increase in 2005 as it did in 2002, but in the AS, salinity
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increased more in 2005 than in 2002; hence, the salinity
contrast between both regions was higher in 2005 (Fig. 2g).
As the depth increased, salinity in the BoB increased in
both years while decreasing in AS, but the salinity contrast
in 2005 was observed to be higher than in 2002 during pre-
monsoon at 105 meters depth may be due to higher
evaporation in 2005 (Yu, 2007). At 5 meters depth, salinity
in AS was observed to be higher in 2002 (slow
advancement year) than in 2005 (fast advancement year),
while more or less the same salinity was observed in 2002
as in 2005 during June and July Fig. 2(i & m). At the next
sub-surface (25 m), salinity has slightly increased in 10 in
both years Fig. 2(j & n). At 75 meters depth, higher (lower)
salinity has been observed in AS (BoB) during 2005 than
in 2002; hence, the salinity contrast between AS and BoB
is higher in 2005 than in 2002 Fig. 2(k & 0). The salinity
has decreased at 105 meters depth in both years, but the
salinity contrast between AS and BoB was higher in 2005
Fig. 2(1 & ).

3.3. Vertical distribution of potential temperature
and salinity with time in different region of the
10 during the MAMJJ Period

Variation of potential temperature during March,
April, May, June, and July (MAMJJ) has been shown in
Fig. 3. The Upper row shows the variation of potential
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Variation of potential temperature (°C) with depth and time in Indian Ocean during MAMJJ of 2002 and 2005
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Figs. 3(a-j). Vertical distribution of potential temperature (° C) in the different regions of 10 during MAMJJ of 2002 and 2005

temperature during MAMJJ 2002 across five different
regions, while the lower row shows the variation of
potential temperature during MAMJJ 2005. During 2002,
temperature increased with time in the upper sub-surface
of AS (R1). From the beginning of March, the temperature
increased with time, and in the first week of April,
the highest temperature (31 °C) was observed up to
20 meters. After that, the temperature decreased with
time until the end of July. Between 60 to 80 meters
depth, mild temperature (26 °C) was observed from
the beginning of May to the end of July. During March
to April, the same temperature was observed between 50
to 80 meters depth, with a linear increase of depth with
time showing a linear increase of temperature with depth
in AS (Fig. 3a). In the same region during 2005, the
highest temperature (31 °C) was observed from the second
week of May to the first week of July, and a mild
temperature (26 °C) was observed between 70 to 85 meters
depth at the beginning of March. While at the end of July,
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the same temperature was observed between 60 to 70
meters depth. This shows the temperature was increased
with time during MAMJJ 2005 in AS (Fig. 3f). In the BoB,
more or less the same temperature distribution was
observed during MAMJJ of both years below 60 meters
depth. The highest temperature (31 °C) was observed in the
upper sub-surface of BoB from mid-April to mid-June 2002
up to 30 meters in depth, while in 2005, the highest
temperature (31 °C) was observed until the last week of
June Fig. 3(b & g). In the sub-region R3, temperature
gradually decreased with depth but increased with time in
both years, and the highest temperature was observed in the
last two weeks of May 2002, while in 2005, the highest
temperature was observed in the last weeks of May and
June Fig. 3(c & h).

The potential temperature was observed to be higher
in the upper subsurface of sub-region R4 during MAMJJ
2002, with the highest temperature (30.5 °C) throughout



MAUSAM, 77, 1 (January, 2026)

Variation of Salinity (PSU) with depth and time in Indian Ocean during MAMJJ of 2002 and 2005
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Figs. 4(a-j). Vertical distribution of salinity (PSU) in the different regions of 10 during MAMJJ of 2002 and 2005

April and the last week of May up to 20 meters depth
(Fig. 3d), while for the same region and same duration,
higher temperature (31 °C) was observed in 2005, and
temperature decreased in the upper subsurface during July
2005. Moderate temperature (26 °C) was observed between
60 to 70 meters in depth throughout MAMJJ in 2005, while
the same temperature was observed between 70 to 80
meters in depth in 2002. This shows that temperature
decreased more rapidly in 2005 than in 2002 (Fig. 3i). The
higher temperature was observed in the upper subsurface
up to 40 meters depth during MAMJJ in both years, and
slightly decreased in the last two weeks of July. In both
years, temperature decreased gradually up to 40 meters

depth; after that, it decreased rapidly in both study years Fig.

3(e &j).

In the five different regions of the 10 including AS
and BoB, variations of salinity with depth and time (from 5
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meters depth to 200 meters) during MAMJJ months of
the years 2002 and 2005 are depicted in Fig. 4. In the
upper subsurface of AS, low salinity (35.85 PSU)
was observed from mid-March to mid-May, after which
it gradually increased with both time and depth, reaching
36.2 PSU by the end of August. At a depth of 75 meters,
high salinity (36.2 PSU) was observed in March, followed
by a slight decrease over time; however, by July, the
same salinity (36.2 PSU) was observed again. Below
100 meters depth, salinity has decreased continuously
down to 200 meters depth (Fig. 4a). In 2005, low salinity
(35.85 PSU) was observed in the upper sub-surface of AS
at the end of March. After that, it increased very gradually
over time but more rapidly with depth. Maximum salinity
(36.2 PSU) in AS was observed between 65 and 85 meters
depth from March to mid-June, after which salinity
decreased continuously with depth (Fig. 4f). In the BoB,
during both years, low salinity was observed in the upper
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sub-surface up to 50 meters depth. Salinity was increased
rapidly (gradually) with time in 2005 (2002). After mid-
June 2005, salinity decreased rapidly Fig. 4(b & g).

Fig. 4(c & h) shows the variation of salinity in region
R3. Low salinity was observed in the upper subsurface
from March to May 2002, after which it gradually
increased until the end of July. Salinity increased
gradually with depth to 80 meters in April and May.
Below 80 meters, salinity decreased gradually with depth
(Fig. 4c). Extremely low salinity was observed in the upper
sub-surfaces of region R3 in 2005 until the end of June,
after which it increased very gradually. At a depth of 75
meters, salinity increased over time from March to May,
but in June 2005, it decreased abruptly until the end of the
month. Below 80 meters, salinity decreased gradually with
depth (Fig. 4h). In 2002, high salinity was observed at
depths of 60 to 100 meters from March to July, while low
salinity was observed from the upper subsurface down to
50 meters until mid-July. Below 100 meters, salinity
gradually decreased (Fig. 4d). The salinity of the upper sub-
surface in region R4 in 2005 was observed to be more or
less the same as in 2002, but between 60 and 100 meters
depth, it was much lower in 2005 than in 2002 (Fig. 4i). In
the region R5, a similar pattern and comparable amount of
salinity were observed in both years up to 130 meters.
Beyond that depth, high salinity was observed during
March, April, and May of 2005, whereas in 2002, high
salinity was observed in mid-May at a depth of 130 meters
Fig. 4(e &]j).

3.3. Wind patterns at the 850 hPa level over the 10
during the pre-monsoon season, June and July.

Special distribution of wind at 850 hPa over IO is
depicted in Fig. 5. The intensity of the wind is represented
by the shading and length of arrows, while the
arrowheads indicate the direction of the wind. During a
pre-monsoon season in both years, a north-easterly
wind was observed over the AS (moderate to high in 2005),
while over a south-westerly wind was observed over BoB
(Sankar et al., 2011) Fig. 5(a & b). In June of both years,
intense south-westerly winds were observed along the
Somalia coast, while strong westerly winds covered the
entire Indian peninsula. Additionally, very strong winds
were observed south of Sri Lanka in 2005 Fig. 5(c & d).
The wind intensity and direction over Somalia in July 2002
were similar to those in June, but the intensity over India
and BoB was much higher in July than in June (Fig. 5e).
Very intense south-westerly (nearly westerly) winds were
observed near the Somalia coast during July 2005,
extending to the western coast of India. This intense wind
helps the monsoon to cover the entire Indian region earlier

(Fig. 5f).
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4.  Conclusions

This study highlights significant potential temperature
and salinity variations in the 10 during pre-monsoon
periods and the first two months of the monsoon season,
comparing the western 10 (WIO) and eastern 10 (EIO)
regions. The AS in the WIO exhibits peak salinity levels in
its upper subsurface waters. Conversely, the BoB in the
EIO shows markedly lower salinity concentrations in its
upper subsurface layers, primarily due to freshwater influx
from river systems (Rao and Shivakumar, 2003; Rao, 2015).
In the year of fast advancement of monsoon (2005),
monsoon reached Kerala on 05" June (as per IMD report).
During the pre-monsoon season of 2005, the highest
temperature (>30 °C) was localized in AS (near the western
coast of India) while in June and July, the highest
temperature (>30 °C) was localized eastern coast of India
(including the head of BoB) and the same pattern of
temperature has also shown 2002. In all five regions,
temperature is higher in 2005 than in 2002, which shows
greater evaporation in 2005, causing high moisture in the
atmosphere. During the late onset year, the highest
temperature (30.5 °C) was observed in AS during the first
week of May up to 20 meter, while in BoB 31 °C was
observed from mid-April to mid-June whereas the highest
temperature (31 °C) in R2 (BoB) was observed from last
week of April to mid-May. In 2005, the highest temperature
(30.5 °C) in AS was observed from mid-May to first week
of June, below 20 meters, whereas in the BoB 30.5 °C was
observed from mid-April to mid-June, and highest
temperature, 31 °C was observed in May, and after mid-
June temperature decreased gradually in both years. The
highest temperature in BoB for long time create a low
pressure in BoB, which helps to transport the moisture
towards the BoB., Salinity in region R1 (AS) is slightly
higher than R3 (near Somalia coast along with some eastern
part) and R4 (near Kerala coast along with some western
part) (between 60 to 80 meters depth) during MAMJJ 2002
while on same depth and period in 2005 salinity is much
higher in R1 than R3 and R4 it may be due to low degree
of evaporation in R3 and R4 during 2005 and wind in June
and July of 2005 has more intensified than June and July of
2002 which may also help monsoon to cover all over India
earlier. In 2002, the highest salinity (36.1PSU) was
observed between 50 to 80 meters depth, in May, it
decreased to 60 to 85 meters depth. After which it expanded
and reached to uppermost subsurface to 80 meters in July.
Whereas in 2005, the same salinity was observed between
55 to 95 meters depth in AS, and expanded to the
uppermost subsurface to 80 meters in July. In R2, salinity
increased more rapidly in 2002 than in 2005, which also
created a contrast between AS and BoB. Again, the high
salinity in 2005 shows greater evaporation in 2005 than in
2002. In July 2005, the wind was much higher than in 2002,
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which helped to transport the moisture earlier to the entire
Indian region.
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