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Abstract

Indian Summer and Winter monsoon winds are major drivers of the mixed layer processes in the Arabian Sea. Our study
shows that the Arabian Sea ‘traps’ the Indian Summer Monsoon (ISM) signal in the sub-surface till the spring of the following
year. We find maximum correlations of Indian Summer Monsoon with Arabian sea temperature in the following April. This
memory is a consequence of the asymmetry between the summer and winter monsoons. During ISM, the strong westerlies cause
a negative wind stress curl over central Arabian Sea sinking the signal to "130m deep. In the winter monsoon, the winds are
weaker and the signal remains in the subsurface as the mixed layer is still deep. The following spring, the mixed layer becomes
shallower and hence the signal resurfaces. The resurfacing signal makes the Arabian Sea a memory bank for the Indian summer

Monsoon.
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Key Points:
e The Arabian Sea ‘traps’ the Indian Summer Monsoon (June- September) signal in its sub-
surface till the following February-March.
e Surface temperature in the Arabian sea during April-May is significantly correlated with the
previous Indian summer monsoon rainfall.
e Impact of disparate seasonal processes on the mixed layer, from boreal summer through

spring of the following year, cause this.

ABSTRACT

Indian Summer and Winter monsoon winds are major drivers of the mixed layer processes in the
Arabian Sea. Our study shows that the Arabian Sea ‘traps’ the Indian Summer Monsoon (ISM)
signal in the sub-surface till the spring of the following year. We find maximum correlations of
Indian Summer Monsoon with Arabian sea temperature in the following April. This memory is a
consequence of the asymmetry between the summer and winter monsoons. During ISM, the strong
westerlies cause a negative wind stress curl over central Arabian Sea sinking the signal to ~130m
deep. In the winter monsoon, the winds are weaker and the signal remains in the subsurface as the
mixed layer is still deep. The following spring, the mixed layer becomes shallower and hence the
signal resurfaces. The resurfacing signal makes the Arabian Sea a memory bank for the Indian

summer Monsoon.
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Plain Language Summary

The Indian Summer and Winter Monsoons are the prominent drivers of the mixed layer processes in
the Northern Indian Ocean. Several studies have shown the impacts of the summer Monsoon and
the winter Monsoon on the Arabian Sea individually. However, no study has, so far, shown the
impacts caused by the asymmetry of the two Monsoons on the Arabian Sea. Our study shows that
the asymmetry in the Monsoons help the Arabian Sea to retain a memory of the Indian Summer
Monsoon (ISM) for about 9 months till April of the following year.

Our results are useful for the monsoon prediction and to understand the biogeochemistry of the

Arabian Sea.

1. INTRODUCTION

The Indian Summer Monsoon [ISM, June — September (JJAS)] is the most prominent monsoon
system. It primarily affects the Indian subcontinent and its surrounding water bodies of the Arabian
Sea (AS) and Bay of Bengal (BoB). It accounts for 80% of annual precipitation over India, and 60%
of agriculture sector jobs [Webster et al., 1998; Gadgil and Gadgil, 2006]. Besides being an
atmospheric phenomenon of considerable societal importance, the ISM winds are the primary driver
of near-surface circulation and surface mixed-layer processes of the North Indian Ocean,
approximately north of 10°S. The ISM surface winds originate in the region of the Mascarene High
as southeasterlies, cross the equator and over the north Indian basin and surrounding their overall
direction of flow is south-westerly [Rao, 1964; Rao and Desai, 1971; Saha, 1970; Pathak et al.,
2017; Singh et al., 2019]. Further north, in the western AS, the ISM, also known as the southwest
monsoon owing to the wind direction in this region, manifests as a strong but narrow core of south-

westerlies known as the Findlater jet [Findlater, 1969].

In May, prior to the onset of ISM, the Sea Surface Temperature (SST) in the AS is more or less
above the threshold for convection. During mid-May, the SST near Somalia coast increases along
the northeastward direction. From an average of 29 °C near Somalis, the SST reaches to the about
31 °C near the coast of India. The surface winds near the Somalia coast in the pre-monsoon period
are weak, and there is no upwelling along the coast of Somalia. The conditions start changing
towards the end of May, with the onset of the ISM.

During the northeast monsoon (NEM), the surface winds over the AS are weaker as compared to the
ISM, and spread over a relatively broader region. The NEM induces westward surface currents in
the Central Arabian Sea (CAS) [McCreary and Shetye, 1996; Schott et al., 1997]. Consequently, the
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SST of the northwestern Arabian Sea (NWAS) and CAS cool in the months of October-December.
The mixed layer is more in-depth in these regions during monsoon seasons [Weller et al., 2002 ]
compared to the non-monsoonal seasons, and it is deepest during the northeast monsoon. This
manifests as a semi-annual cycle in the thermohaline structure of the upper ocean in the CAS and
NWAS, which is unique to these regions. After the NEM season (i.e., the Spring Season - February,
March, and April), the surface winds are very weak. These weak winds, with clear skies, leading to
the heating of the ocean surface. Because of this, the mixed layer gets shallower and sometimes
altogether disappears in CAS [Weller et al., 2002]. Various studies suggest that other processes
contribute to the semi-annual cycle of the vertical structure of the upper ocean in these regions
[Duing and Leetmaa, 1980; Rao, 1986; McCreary et al., 1993], but the role of monsoons is a
dominant one.

Various studies already focused on understanding the dynamics of coastal circulation in north
Indian ocean during different seasons [McCreary and W Han 1999, Shankar and McCreary1996,
Shetye 1998, Schott and McCreary, 2001]. Importantly, no studies have explored the potential
relevance of the asymmetry in the strength of the southwest and northeast monsoons on the sub-
surface temperature structure of the Arabian sea. Indeed, no studies have examined the potential
implication of the ISM on the sub-surface conditions in the AS beyond the southwest monsoon.
Therefore, the main objective of the current study is to explore the response of the sub-surface

Arabian Sea to the ISM and its longevity and the potential background processes.

This paper is organized as follows. In the next section, we describe the data used in the study.

Section 3 presents the main results of our analysis. Section 4 discusses the conclusions of the study.

2. DATA AND METHODS

We have used Hadley Centre Global Sea Ice and Sea Surface Temperature [HadISST, Rayner et al.,
2003] dataset for SST, and the Simple Ocean Data Assimilation ocean/sea ice reanalysis Version
3.3.1 [SODA 3.3.1, Carton et al., 2018] to carry out subsurface analysis. We have also analysed the
wind stress data from SODA 3.3.1. For precipitation, we used the gridded data derived from the rain

gauge measurements from Indian Meteorological Department (IMD) [Rajeevan et al., 2009].

For reconfirmation of our results, we have also repeated our analysis of the above datasets with
Extended Reconstructed Sea Surface Temperature (ERSST) [Huang et al., 2017], Ocean Reanalysis
System [ORAS4, Balmaseda et al., 2013] by European Centre for Medium-range Weather
Forecasts (ECMWF), Global Ocean Data Assimilation System [GODAS, Behringer et al., 2004],
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Global Ocean ARGO dataset [Shaolei Lu et al., 2020], and Global Precipitation Climatology Project
(GPCP) [Adler et al., 2003], as applicable.

Our study period is from 1980 to 2015, owing to the availability of SODA 3.3.1 data. We have
detrended the data for the given period to remove any linear trends. Furthermore, we use the well-
known linear anomaly correlation analysis. The statistical significance of the correlations is
obtained through a 2-tailed Student’s t-test. We also define an area-averaged Indian summer
monsoon rainfall index, referred to as the ISMR. This is obtained by the area-averaging of
accumulated JJAS summer rainfall over only the land regions in the domain bound by 66.5 °E, 100
°E | 6.5 °N, 30 °N [Correlation coeffiecient of IMD gridded rainfall and GPCP bounded by this
region is 0.69).

Lastly, the Ekman pumping is calculated as follows:

0 0
V T
wWg = X
y pf

where,

UE, VE and WE are the zonal, meridional and vertical components of Ekman transport,
T is the wind stress (N/m/s)

P is the density (1035 kg/m?),
f is the Coriolis parameter, computed as

[ =2wsing where @ varies from 15° N, 20°N in our analysis)

3. RESULTS

Over the central north Arabian Sea, the correlations between the ISMR with the concurrent
seasonally-averaged SST are weak, and statistically insignificant even at 90% confidence level,
when considering the entire season. This is reasonable because while the southwest monsoon is

vigorous more or less throughout the season, the intraseasonal variations are very high .

Figure 1 (upper half) shows the lead anomaly correlation of ISMR during June - September (JJAS)
with the Sea Surface Temperature (SST) in the Arabian sea from October to January (ONDJ).
During October and November months, the SST anomaly (SSTA) of North-Western Arabian Sea
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(NWAS) are significantly correlated to the ISMR at 95% confidence level over several regions in
the Arabian Sea. But during December and January, most regions in NWAS are negatively

correlated to the ISMR at 95% statistical significance.

The lead correlations of ISMR with monthly SST during subsequent year February to May
(FMAM) in the AS are shown in Figure 1 (lower half). Figure 1 (lower half) shows that the SST in
the NWAS and CAS during these months are negatively correlated with the preceding ISMR at 95%
confidence level. Even in the month of April, the SST is negatively, and strongly, correlated with
the preceding ISMR. This result has also been re-ascertained using the ERSST and GODAS
datasets (Figures not shown). The importance of this lies in the implication that the signal
associated with the ISMR is being observed 7-9 months after the ISM. Indeed, such association of
the ISMR on the SST is not expected to last for more than one subsequent season, as the air-sea

interaction would have smeared the signal much earlier.

Furthermore, the vertical distribution of the correlation values of the ISMR with the concurrent
subsurface temperatures of the AS, area-averaged over the region 54°E~63°E, 14°N~18°N is shown
in the Figure 2. We also present in the Figure the lag correlations of the ISMR with sub-surface
temperatures of the AS during the ONDJ and FMAM seasons. The concurrent correlations of the
ISMR with the concurrent sub-surface temperatures are negative, but not even significant at 95%
confidence level. Interestingly, the subsurface temperatures of NWAS during the ONDJ months, up
to the depth of about 130 meters, are not only negatively correlated with monsoon in the previous
season, but also statistically significant at 95% confidence level; the correlations are maximum at a
depth of about 50 m. The significant negative correlations are also seen in the months of FMAM,
but are confined to only a depth of 10 meters, with maximum correlations seen at the ocean surface
(Fig. 2). We also compare the SODA (subsurface temperature) data with the corresponding Argo
data, available for the 2004-2009 period which conforms to Figure 2.

The above discussion indicates that the monsoon signal is potentially ‘memorised’ in the sub-
surface AS. In the next paragraphs, we present a potential mechanism, which facilitates the

observed ‘memory’.

In the northwestern AS, the ISM manifests as a strong but narrow core of southwesterlies known as
the Findlater jet [Findlater, 1969]. These strong low level winds blow parallel to the Somali coast
along the Arabian Peninsula and result in coastal upwelling. The winds, then, curve off the Oman
coast and almost become westerlies. These strong westerlies establish a strong eastward current in
the CAS. In addition, these winds result in coastal upwelling off the Arabian Peninsula in the

northern AS and open ocean upwelling in CAS due to Ekman pumping which is driven by strong
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positive wind stress curl to northwest of the Findlater jet with convergence and downwelling to the
southeast of the jet.[e.g. Shetye et al., 1994].

In other words, the core of Findlater jet in CAS, which blows eastward, has opposite effects on both
sides of the core in the Northern Arabian Sea due to the consequent Ekman transport dynamics.
Specifically, this results in upwelling to the left of core and downwelling to the right of core, i.e. to
the north and south of Jet core, respectively, as shown in Figure 3. The ensuing change in the
vertical velocity in the ocean mixed layer across the core of the Findlater jet leads to the
development of a pressure gradient force across ocean surface, as can be inferred from the
aforementioned Ekman dynamics (Fig 3). This facilitates a southward movement of the cooler
water from left side of core across the jet to its right side. Importantly, the cooler water downwells

into deeper layers to the right of the jet core till about 130m.

Fig 4 shows the annual cycle of mixed layer depth in Arabian Sea over the region ( 54°E:63°E;
14°N:18°N). The region was chosen because the correlation coefficient value of ISM with SST in
AS is maximum in this region as shown in Figure 1. During the ISM months (JJAS), the mixed
layer deepens to a depth of about 80 m, which leads to the cooling of SST. This is because, the
strong wind stress drives inertially modulated shear at the base of the mixed layer, leading to

entrainment and cooling at the surface.

During the inter-monsoon period between the ISM and winter monsoon, the mixed layer becomes
shallow to just about 25 m deep. Seen particularly in the month of October, this is due to the
warming of the surface layer by local heat fluxes [Weller et al., 2002]. In winter monsoon, the
deepening of mixed layer occurs again; the maximum depth of mixed layer in the month of
January, for example, is about 80 m. After the winter monsoon, the shallowing of mixed layer

occurs again, and it reaches up to the minimum depth of ~10 m in the month of April.

There are two processes that can deepen the mixed layer in the central Arabian Sea during the
summer monsoon. The first of these, and strongly supported by a year-long observation campaign
in 1994-1995 (Weller et al, 2002) is that the entrainment induced by wind stress deepens the mixed
layer to depths of the order of 80m. The second possibility was raised by Bauer et al (1991).
According to it the deepening is influenced by action of wind-stress curl in the central Arabian Sea.
This deepening occurs simultaneously with southward movement of waters that upwell in the
northern Arabian Sea. The upwelling in the north and downwelling in the south of core of Findlater
jet is a consequence of the structure of the winds: a strong jet-like flow with positive vorticity in the

north and negative vorticity in the south.
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From the results so far, we conclude that, due to a net negative wind stress curl (Fig 5) of the
Findlater Jet and the resultant Ekman pumping, colder surface water in the NWAS region
downwells till a depth 130m during the summer monsoon. Hence, deepening of mixed layer to
about 80m occurs and lead to the cooling of SST by 5°C in the CAS [Weller et al., 2002]. The
deepening of mixed layer and cooling of SST depends on the strength of ISM i.e., stronger ISM
leads to deeper mixed layer and much colder SST. After the ISM months, there is shallowing of
mixed layer occurs in the month of October due to the warming of surface layer by the local heat
fluxes in CAS. Once, the dry and cold north easterlies winds and the positive wind stress associated
with it are set up subsequently in the winter monsoon during December to February (DJF) from the
mountains of South Asia, the Arabian sea experiences heat loss at the surface layer. Due to this
convective cooling, the deepening of mixed layer occurs again and the deepest mixed layer of about
80 m is seen in the months of January and February and hence, results in the cooling of SST by 3 °C
[Weller et al., 2002]. However, the inherent strength of the NEM winds over the AS during this
season is substantially weaker, and also spread over the larger area as compared to that of the
southwest monsoon. So, the wind driven entrainment has very little effect in this period [Weller et
al., 2002]. This is because the mixed layer is still deeper while having positive wind stress curl over
the entire Arabian sea.

Thus, the inter-monsoon warming of SST, its subsequent cooling and deepening of the winter
mixed-layer are independent of ISM. Also, the surface warming and shallowing of mixed layer
occurring in pre-monsoon months (i.e., March) are because of intense solar heating or the local heat
fluxes and calm winds. By April, when winds start picking up over AS (because precipitation starts
in the far east over Bay of Bengal and farther eastward) there is a bit of deepening of the mixed
layer in the AS. This deepening erodes the “cap" that had formed earlier, and exposes the underlying
water. This water carries the signature of previous ISMR resulting in the observed high correlation
of SST with ISMR in April.

4. CONCLUSION

The Arabian Sea SST gets modulated as a net response of the Ekman dynamics associated with the
local southwest and succeeding northeast monsoons, and air-sea fluxes, etc. Analysing various
reanalysis/observational datasets for the period of 1980-2015, we document a contiguous chain of
inherent seasonal processes in the central and north Arabian Sea, from boreal summer through the
following year spring, leading to storing of the signature of the Indian summer monsoon in the sub-
surface waters for almost an year. Our study ascertains that the SST in the North-Western Arabian
Sea (NWAS) and Central Arabian Sea (CAS) during the spring (March - May) are negatively
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correlated with the Indian summer monsoon rainfall (ISMR) of the previous year. That is, the SST
in these regions are not only expected to be anomalously cool during a good monsoon, but continue
to be so, even during the subsequent boreal winter and spring seasons. We propose the following
mechanism to explain this relationship: during the ISM, the strong Findlater jet induces an
upwelling to the north of its core (~ 15°N as shown in Fig.6 (a)) and downwelling to its south. The
cooler upwelled water moves southward of the jet core in the surface Ekman layer. Here, this cooler
water downwells vertically downwards up to a depth of ~130 m due to Ekman pumping associated
with a negative wind stress curl and deeper mixed layer. However, the strength of the north
easterlies during the northeast monsoon, during DJF months, is substantially weak as compared to
that of the south westerlies during summer monsoon in these regions. However, the mixed layer in
the boreal fall is very deep, with the air-sea fluxes dictating the SST. Therefore, even after the
northeast monsoon sets up from the month of November and induces a positive wind stress curl.
The signature of the signal of the previous summer monsoon is apparent from the beginning of the
boreal spring, in the months of March-April to be specific, due to deepening of mixed layer, which
now affects the surface SST because of entrainment of underlying waters which stores the signal of
previous ISM. To sum up, as a result of the asymmetry between the magnitude of inter-monsoonal
winds as well as the inter-seasonal changes in the mixed layer depth, the central Arabian Sea
‘remembers and stores’ the previous ISM signature for almost 7-8 months, probably the longest of

its kind in the tropics.

The results help in prediction of Arabian sea temperatures which have relevance for tropical
cyclone prediction, biological oceanography etc. We plan to conduct several sensitivity experiments
with an ocean model for an improved understanding of the mechanism and its possible implications

of the Arabian Sea on various timescales.
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Fig.1- Correlation of ISMR with SST during the following Oct- May period.
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Fig.2- Correlation of ISMR with vertical sub-surface temperature profile (area-averaged over 54

OE — 63 O, 14 ON- 18 ON) for the concurrent season (Purple), following October-January (Red),
and following February-May (Blue). The line represents the correlations statitsically

significant at 95% confidence level (0.34).
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Fig.3- Ekman transport to the south and north of the JJAS Findlater Jet Core in the north Arabian
Sea. The values to the north (in red) are obtained by averaging it over 54 °E- 63 °E, 16 °N-20 °N,
and that to the south (in blue) are obtained by averaging it over 54 °E:83 °E; 10 °N:14 °N.
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Fig.4- Using SODA dataset, Time Series of Mixed layer depth (MLD) for the 1980-2015 period

area averaged over the region having coordinates 54 OE — 63 OE, 14 ON- 18 ON.
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Fig.5- Climatology of Wind Stress Curl for the 1980-2015 period during January- December using
SODA dataset.
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Fig.6- Correlation of wind stress with ISMR during JJAS peiod.
(@) Correlation of U component of wind stress with ISMR. (b) Correlation of VV component of wind
stress with ISMR.
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