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Abstract:

The South Asian Summer Monsoon (SASM) region including south India sustains millions of
livelihoods with an economy primarily based on agriculture. Since about 70% of the annual precipitation
occurs during the summer season from June to September, even minor precipitation fluctuations can
significantly impact people's lives. Reliable seasonal predictions are crucial for managing extreme events
related damages. This study aims to improve seasonal summer predictions for the South India (SI)
regionby incorporating preceding spring Soil Temperature (ST). The study focuses on the SI region (8°N-
19°N, 73°E-84°E) and analyzed 40 years of ERAS5 data (1983-2022) from the ECMWE. South Indian
Summer Precipitation (SISP) index, calculated by area averaging precipitation was employed to identify
the influence of preceding spring ST on the SI. Results indicate that equatorial Africanspring ST have
significant correlations with the SISP with the coefficient approximately 0.50. Then, from the analysis of
other climatic factors in the spring and summer seasons, the possible mechanism for the influence of the
spring ST in equatorial Africa on the SISP was identified. After that, African spring ST was used to
improve the seasonal prediction skill of the Climate Forecast System version 2 (CFSv2) model for the SI
region. In a statistical multiple linear regression model, applying spring ST as a variable with CFSv2, the
predictive skill improved from 0.56 to 0.67. Accordingly, it is possible to use equatorial African ST to
improve the seasonal prediction of SISP.
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is strongly correlated with food production, and the
extremes in year-to-year variations of the long-term
mean precipitation manifest large-scale floods and
droughts [6]. It is one of the region's most
significant climate phenomena and profoundly

I. INTRODUCTION

The monsoon affects two-thirds of the world's
population as well as a large portion of the planet's
surface [1], and its main climate patterns are

experienced in tropical regions and the SASM is
one of the most robust monsoon systems,
contributing more than 70% to the annual
precipitation in the Indian subcontinent [2], [3]. The
SASM is characterized by the south-westerly wind
flow to the land that brings moisture from the
Indian Ocean to the Indian subcontinent during the
summer monsoon period of JJIAS (June to
September)[4]. Even though the inter-annual
variation is about 10% of the SASM precipitation
total [5], this inter-annual variation of the long-term
seasonal mean precipitation over the Indian region

impacts agriculture, irrigation, water resources,
hydropower, transportation, and overall livelihoods
[7]. The Indian economy is also very closely linked
with the variability of the SASM [8].

Generally, the SASM commencement occurred
the last week of May in Kerala in Indian mainland
[9] and Andaman Island in the Bay of Bengal, Sri
Lanka, etc. After that, the rainy belt advances from
the southern to the northern parts of India during
June. It fully covers the Indian subcontinent in July
and gradually withdraws to the south in September
[10]. Although the SASM rainy season lasts from
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June to September, there are also rainy and non-
rainy (active and break) monsoon seasons during
that period [11], and it happens according to the
change in low-level jet (LLJ) strength, atmospheric
circulations, etc. Precipitation distribution varies
across and within countries due to spatial
topography, location and other natural factors in the
region. The western part of the SI and the
northeastern of the SASM region receive the most
precipitation, while the northwestern region
receives less [4], and the average precipitation is
about 8mm per day [12]. The SASM is heavily
affected by both annual variations and inter-
seasonal variations. Even minor shifts in the
intensity or timing of seasonal rains can have a
substantial impact on the millions of people who
live in the region [13]. Floods and droughts are
common in this region due to such extreme events.

The highest concentration of rain-fed agriculture
occurs in western and southern areas of India under
oilseed, grain, and cotton cultivation and in the east,
where much of the rice is rain fed [14]. The SASM
precipitation is critical to the ‘kharif” crop, which
contributes over 50% of India’s food-grain
production and 65% of its oilseeds production.
Annual fluctuations in summer precipitation
significantly affect the overall kharif food-grain
production [14], [15]. The 'rabi' growing season,
starting in autumn and extending to spring, relies on
post-monsoon precipitation for soil moisture and
irrigation. Thus, summer precipitation supports both
kharif and rabi crop production over India [14].

The Indian Summer Monsoon or the SASM
precipitation variability is governed by the Eastern
and Central Pacific El Niflo Southern Oscillation
(ENSO), equatorial zonal winds, Atlantic zonal
mode, and surface temperatures of the Arabian Sea
and the Bay of Bengal [4]. The ENSO-related SST
variabilities in the equatorial Pacific Ocean are
coupled to the atmospheric Walker circulation [11].
During the El Nino conditions, the overall Walker
circulation is where the descending branch of the
Walker cell in the western Indian Ocean shifts
eastward over the Indian subcontinent, resulting in
reduced convection. In the La Nina situation, the
entire  Walker cell slightly shifts westward,
strengthening convection across the Indian
subcontinent [2]. As a result of the Walker
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circulation’s fluctuations, El Nino events tend to
suppress precipitation, and the La Nina events tend
to enhance the SASM precipitation [12], [16]. So,
the typical pattern of decreased rainfall during FEl
Nino years and increased rainfall during La Nina
years [4], [16]. However, over the previous 40 years,
the relationship between ENSO and the SASM
monsoonal rainfall has stayed consistent when
accounting for the length of the monsoon [17].
Through the equatorial Rossby wave response and
the anomalous Walker circulation, a developing La
Nina event is typically linked to delayed
termination and an earlier beginning, resulting in a
prolonged Asia summer monsoon (including SASM)
length [17].

Most positive IOD events correspond with
positive anomalies in the concurrent SASM.
Similarly, negative IOD events correspond with
negative anomalies in the SASM precipitation [2],
[4], [16], [18]. Also, the IOD plays a vital role as a
modulator in the Indian region monsoon
precipitation and influences the correlation between
the SASM and ENSO. The IOD and the ENSO
have complementarily affected the SASM
precipitation during the last four decades. During El
Nino with a positive IOD, the SASM rainfall shows
a positive anomaly due to favorable conditions for
convective processes in the Bay of Bengal region.
On the other hand, although La Nina increased
SASM precipitation, the presence of La Nina with a
negative IOD causes SASM to show a negative
anomaly [2], [18].

The effect of SST has been much investigated
due to the large heat capacity of ocean water, which
is approximately three times higher than that of soil,
and the significant horizontal transport of heat [19].
In addition, land-atmosphere interactions are also
essential factors in improving the reliability of
climate predictions [20], [21], and the ST (as well
as soil moisture) play an immense role in land-
atmosphere interaction. According to recent studies,
pre-monsoonal land temperature conditions may
have a greater impact on the SASM precipitation in
early summer than in late summer [10]. In another
sample by Wu & Zhang (2014), the subsurface ST
feedback influences summer precipitation and the
surface air temperature in East Asia. The subsurface
ST memory typically persists for about 3- 15
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months in arid and the semiarid regions and persists
in non-arid regions for up to 3 months [22].

Land-atmosphere interaction involves complex
interactions between various variables. The
feedback mechanisms further complicate this due to
their inter-connectedness. When considering the
physical processes involved in the water and energy
balance, all the variables are interconnected and
ranked according to the magnitude of their
influence [23]. In general, ST represents the soil
energy status and heat transfer conditions [24]. Also,
the ST affects the surface temperature and creates a
temperature gradient between the surface and the
lower atmosphere [19]. It affects climate through
atmospheric circulation by influencing surface
energy and water budgets [22]. In general, heat is
transferred to deep soil layers and stored in the
warm seasons, and that energy is released upward
in cold seasons, thereby increasing the surface ST
[22], [24]. So, the ST represents soil energy status,
heat storage, and heat transfer conditions [19], [25],
[26]. The variation in ST was closely related to soil
water content, which can change soil heat capacity
and thermal conductivity [27]. According to Hu and
Feng’s (2004), the soil enthalpy anomaly in the top
Im soil column could persist for about 2-3 months.
The ST may incorporate an extended memory
element, potentially enhancing predictability [19].
Thus, the sensible heat flux is affected. Generally,
the ST is an important parameter for evaluating soil
thermal properties and can be used to calculate and
predict the net heat entering the surface energy
balance [27].

Global Climate Models (GCMs) typically operate
at low resolution 100 km to 300 km, capturing large
scale global systems. They struggle to accurately
depict small-scale features like land cover,
topography, and atmospheric dynamics, which
limits their ability to predict small scale extreme
weather and climate events accurately [28]. Hence,
Regional Climate Models (RCMs) are employed for
dynamical downscaling to derive regional or local
climate information from GCMs. Typically, RCMs
operates at a 50km, but recently, higher resolution
RCMs have become common, especially when
detailed climate information is needed [29]. When
RCM simulated with air-sea interaction taken into
account, notable enhancements in monsoon
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circulation, precipitation, and intra-seasonal
variability are observed [28], [30].

Historically, seasonal predicts for SASM
precipitation have used statistical ~methods.
However, the growing demand for climate services
requires integrating skilled seasonal predictions
from various modelling centres to generate
objective climate outlooks [12]. Improved SASM
predicting can alleviate water stress for agriculture
and domestic needs and mitigate the impacts of
hydrometeorological disasters [31]. The South Asia
Seasonal Climate Outlook Forum (SASCOF) issues
seasonal predictions for the SASM region using 12
dynamical models [12]. According to Stacy et. al.,
(2023), while SASCOFs seasonal predictions show
significant skill in some areas of the SASM region,
there is still a need for further improvement.

Therefore, the main objective of this study is to
investigate whether the interannual variability of
SISP is influenced by preceding spring ST, and
whether it can provide any signal about the coming
summer monsoon precipitation. The data and
methodology are described in section II. The results

and discussion provided in section III. The
conclusions are presented in section IV.
II. DATA AND METHOD
A. Data
For this study, reanalysis data such as

precipitation, soil temperature, wind and sea surface
temperature for a 40-year period from 1983 to 2022
are used, which are monthly data from the
European Centre for the Medium-Range Advanced
Atmospheric Reanalysis v5 (ERAS) dataset,
Retrieved from Weather Forecast (ECMWF). The
ERAS is the fifth generation ECMWF atmospheric
global climate reanalysis, covering the period from
January 1940 to date.

Also, the Climate Forecast System version 2
(CFSv2) model monthly rainfall data was also used
for the above 40 years. The CFSv2 monthly
precipitation data, produced by the National Centre
for Environmental Prediction (NCEP), have been
used to improve and compare the multi-linear
regression model predictions (noaa.gov). The
complete details about the data used for the study
are summarized in the table (Table 1).
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Table 1. Details of the data which are used for the study. All the data
is downloaded monthly.

Data element Level | Units From Resolution

Meridional wind 850hPa | ms' | ECMWF 0.25°x
, ERAS 0.25°

Meridional wind 200hPa | ms™ -do- -do-

Zonal wind 850 hPa | ms’! -do- -do-

Zonal wind 200hPa | ms™! -do- -do-

Soil Temperature

(Layer 1) 0-7 cm K -do- -do-

Precipitation Surface m -do- -do-

Precipitation Surface m NOAA, 1°x1°
CFSv2

B. Method

The monsoon indices employed by various
researchers, primarily about the SASM, were
considered. The Extended Indian Monsoon Rainfall
(EIMR) index is defined as the summer monsoon
precipitation averaged over the region of 10° N to
30° N latitude and 70° E to 110° E longitude [32].
This EIMR index covers an area that extends
beyond the Indian land area. When a large area is
selected, and an area-averaged index is prepared
using this method, the accuracy of the index may be
reduced. Therefore, the SI region (08° N to 19° N,
73° E to 84° E) was selected as the plotted region
by the yellow-coloured box (Fig. 1). The selected
SISP region includes four provinces of India, which
are Karnataka, Andra Pradesh, Kerala and Tamil
Nadu.

The SISP index was obtained for the plotted
region by area average precipitation for the summer
season was calculated by summing the area average
for 4 months of JJAS in the region selected as the
SISP region. Also, the area average anomaly of the
spring ST was used as the ST index for the
correlations study.
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Fig. 1The summer season (JJAS) average precipitation (mm) for 40
years from 1983 to 2022, was analysed using ECMWF ERAS
reanalysis data. The study region 'SISP' is marked with a yellow box.

This study used Pearson's correlation coefficient
to calculate the correlation between each variable.
Also, the linear correlation between each variable
was tested in multiple instances. The student's t-test
for significance was performed in each of these
instances, with a significance level kept at 5% for
accuracy. A multi-linear regression model has been
used for the SISP prediction using spring ST and
CFSv2 model data as predictors.

I1I.

RESULTS AND DISCUSSION
A. Spring ST Influence on the SISP

Detrended Correlation: Summer Precipitation and EIMR index

T _

¥ o0rF WF L T |IK‘|1 HOF

Fig. 2Detrended correlation between the summer precipitation and
EIMR index. The EIMR and SISP regions are marked with cyan and
light-green coloured boxes, respectively.
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EIMR index for 1983-2022
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Fig. 3(a) The EIMR (10° N to 30° N and 70° E to 110° E) index (b) Southern India (8° N to 19° N and 73° E to 84° E) summer
precipitation index.

The long-term detrended correlation between the
summer precipitation and the EIMR index is shown
in Fig. 2. Also, the EIMR and SI regions are
marked with cyan and light green boxes,
respectively, on the map. Both EIMR and SISP
indices (Fig. 3) were calculated by looking for
anomalies in the average summer precipitation for
the regions corresponding to each index,
respectively as defined earlier. The correlation
coefficient between the EIMR and SISP indices was
about 0.71.

The correlations map indicates how the SISP is
influenced by regional spring ST. Spring ST over
equatorial Africa was found to have a significant
positive correlation with the SISP index (Fig. 4).
The regions that were identified encompassed the
areas inside 14° S to 9° N and 14° E to 39° E over
equatorial Africa, as depicted in figure with the
green coloured boxes. The dotted areas are
statistically significant at the 5% level based on the
student’s t-test.

After identifying the regions of spring ST that
correlated with the SISP index, the area index was
calculated for that region. Accordingly, the resulting
area index represents the average anomalies of
boreal springtime ST conditions over equatorial
Africa.

Then, the long-term detrended ST area index was
plotted alongside the annual variations in the SISP
index (Fig. 5). The dotted green line depicts the
detrended precipitation index of the SI region. This
detrended index is created by removing long-term
trends from a dataset. This allows for a clearer

analysis of the year-to-year variations in the
series.Then the correlation coefficients between the
detrended normalized equatorial Africa’s Spring ST
indices and the SISP index remained 0.50.

20°E

40°E 60°E 80°E 100°E 120°E 140°E

Fig. 4The detrended correlation between the spring ST and the SISP
index. The significantly correlated region, according to the 5% level
student t-test, is marked with a light-blue box,

Based on the previously mentioned results, it has
been confirmed that a statistically significant
correlation exists between Africa preceding spring
ST and SISP index. Fig. 6 visually represent the
correlation of Africa Spring ST with the SISP and
the selected SI region marked by a light blue box on
map. In the map, the long-term trend has been
removed, and the 5% level of statistically
significant areas is shown by dotted.

The equatorial Africa Spring ST correlation
influences the SI region, particularly in southern
and western coastal areas of the Indian subcontinent.
However, it shows a weak correlation with the
northern and northeastern parts of India and over
the north Bay of Bengal region. This weak

SISP index and Spring ST index over Equtorial Africa (IN-14S, 14E-39E)
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Fig. 5The SISP index with the trended and detrended spring ST indices over the equatorial Africa
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correlation is likely due to the presence of the
Western Ghats Mountain range along the western
coastal region of India, which blocks the spread of

_t o - <
20°E FE BFE S0°E

10°E
Fig. 6The detrended correlation between summer precipitation and

equatorial Africa boreal spring ST index. The dotted areas are
statistically significant at the 5% level based on the student's t-test.

B. Possible Physical Mechanism

In the identified area of equatorial Africa (14° S
to 9° N and 14° E to 39° E), the Northern
Hemisphere is in the spring season (boreal spring),
a period when the sun's energy is at its maximum.
Because the sun is overhead in the equatorial
African region as it migrates from south to north,
anomalous solar radiation reaches the region during
the boreal spring season. Also, it is the first rainy
season in equatorial Africa [33], [34], [35]. As a
result of these two occurrences during the same
period, the capacity to store thermal energy in the
soil increases due to wet soil's ability to absorb
more energy. Because of the memory of the soil
temperature for about 2-3 months [19], it persists
until the following summer (Figure 7).

The soil surface becomes hotter than the
atmosphere due to the warm and wet soil in the
summer. The heat energy is then transferred
through the surface layer into the inner soil layers,
increasing the ST in the region. In addition, the
region sees an increase in convective rain during
the spring [33]. As a result, the evapotranspiration
process is enhanced by land-atmosphere
temperature  contrast. The local low-level
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atmosphere becomes a favorable upward motion
and develops circulation.

Detrended Correlation: Summer ST and Africa spring ST index

20°E 40°E 60°E S0°F 100°E 120°E 140°E

Fig. 7The Detrendedcorrelation between Summer ST and Spring
ST index over equatorial Africa.The dotted areas are statistically
significant at the 5% level based on the student's t-test.

Furthermore, the regional middle and upper
levels block upward motion by influencing sinking
motions or strong subsidence over the vicinity of
the North African desserts [15]. The local
circulation turned eastward, further strengthening
the westerly (Figure 9a), the LLJ flow over the
Arabian Sea. And then it reinforced the SISP. Now,
let us try to clarify that situation through results.
Additionally, as shown in Figure 8, the correlation
coefficient between the two indices of the SISP and
Africa ST area index was 0.50, which was
statistically significant at the 5% level based on the
student's t-test.

Furthermore, Fig. 7 and Fig. 8 show a significant
correlation between the summer ST and spring ST
area indices over the equatorial Africa region, with
a correlation coefficient of about 0.39. Accordingly,
spring and summer ST may be correlated due to the
memory of 2-3 months in ST. Thus, during summer,
evapotranspiration increases due to the high soil
surface temperature, which is favourable for
forming atmosphere circulations.

The correlation with the spring ST index in the
equatorial Africa region with 850 hPa and 200 hPa
winds in the summer, the SI region, and the
equatorial Africa region is marked (as the cyan-
coloured box) in those two maps (Fig. 9).
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Detrended: SISP index , Spring and Summer ST indics over Africa (9N-145, 14E-39E)
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Fig. 8Correlation between detrended SISP index, summer ST and spring ST indices over Africa.

Detrended Correlation: Summer 200hpa U, V' winds and Africa Spring ST index

20°N
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20PW 1L 4FE ML 100°E 130°L

40°8
20°W 70 100°E. 13O°E

Fig. 9Detrended correlation between Africa Spring ST area index and summer U, V winds at (a) 850 hPa & (b). 200 hPa. The shaded areas
are statistically significant at the 5% level based on the student's t-test.

Considering summer 850 hPa, an equatorial
Africa region shows winds blowing into the SASM
across the Arabian Ocean and a circulation over
west and northwest India. The African region's flow
has the potential further to enhance the westerly
LLJ. The upper level (or 200 hPa) winds show a
divergence (or mild anti-cyclonic circulation) over
the northwestern part of India, which might be
associated with the low-level cyclonic circulation
inthe 850 hPa correlation map.

Accordingly, the influence of the spring ST in
equatorial Africa results in an increase in SISP
intensity. Considering the correlation map between
Africa Spring ST and summer 850 hPa winds in
Figure 9a, although the winds reached the Indian
landmass from the west through the Arabian Sea,
they did not travel to the east of India and the Bay
of Bengal, and a cyclonic circulation has occurred
in the west of India. It may be due to the influence
of the western Ghats Mountain range in that region
of India. The flow chart schematically shows this
possible process of equatorial Africa Spring ST
influence on SISP (Fig. 10).

Equatorial Africa Spring ST
]

Equatorial Africa Summer ST

¥
Temperature gradient near the
surface

Enhance the evapotranspiration

¥

Wind flow towards Indian Ocean
(Correlation: 850 hPa wind & ST)
¥ ¥
Enhance the westerly low-level
winds

Induce low-level circulation

A cyclonic circulation in west India Effect from Orographic features
(Correlation: 850 hPa wind & ST) including Western Ghats mountain
¥ i
Upward motion of the westerly
winds
1

Enhance the SISP

Fig. 10The possible mechanism for equatorial Africa Spring ST influence on

the Sout India summer precipitation

C. Seasonal Prediction

In this study, the 40-year ERAS5 reanalysis
monthly precipitation data from 1983 to 2022 are
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Cor.coef Obs_cfs: 0.56

South India: Obs(Era5) Vs CFSv2 Model
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Fig. 11South Indian Region's annual summer monsoon precipitation variation. Observation and (a) CFSv2 model, (b) the multi-linear
regression model using spring ST and the CFSv2 data

considered observation data for the performing

SISP index. Amulti-linear regression model can be

written using the following equation:
Y=aX,+bX,+c

An input feature matrix, 'X' was initially created
with two factors or features. Subsequently, the
target variable matrix, "Y' was formulated using the
above equation. The coefficients of 'a’ and 'b'
represent the factors, and 'c' represents the intercept
in the formula. The model yielded values for these
coefficients. Then, the target variable matrix Y
contains the corresponding values for the target
variable.

Using the above-identified equatorial Africa
Spring ST and the CFSv2 model data, the
prediction skill of the SISP was investigated for the
study period 1983 to 2022. It is shown that the
prediction skill of CFSv2 model data for SI region
is about 0.56 (Figure 1la). When a multi-linear
regression model was used using the CFSv2 model
data with the identified Africa Spring ST values as
features, the prediction skill could be increased to
0.67, as shown in the Figure 11b. A study using a
combined spring ST and CFSv2 model data for the
40-year period shows improved prediction accuracy
in most years. This approach also reduced the

tendency of the CFSv2 model to overestimate or
underestimated flow rates.

Iv. CONCLUSIONS

Analysis of the SISP index with equatorial
African spring ST revealed a significant correlation
and the correlation coefficient is about 0.50 at the 5%
significance level using a student’s t-test. The study
examined possible mechanisms to understand the
influence of spring ST on SISP. Various
climatological  parameters were considered,
including summer and spring seasons SST, low-
level winds, upper-level winds, etc. Through the
analysis of these correlations and the insights from
previous studies, helped explain the underlying

mechanism.
The correlation coefficient between the
observations and the CFSv2 dynamic model

predictions for the SI region over the 40-year study
period is about 0.56 indicating significant
prediction skill. When the multi-linear regression
model is used with the CFSv2 model data and the
Africa Spring ST variables, the prediction exhibits a
significant level of skill reaching approximately
0.67. The proposed model using spring ST with
CFSv2 shows better proficiency in extreme event
detection as well as seasonal prediction.Also, when

ISSN : 2581-7175

©IJSRED: All Rights are Reserved

Page 1076



International Journal of Scientific Research and Engineering Development-— Volume 7 Issue 3, May-June 2024

the CFSv2 model data is used with Africa Spring
ST, the error of the seasonal prediction is reduced
from 0.94 to 0.76.

Based on the above finding, signals related to the
seasonal variability of the SISP can be obtained by
ST during the preceding spring season in equatorial
Africa. Accordingly, leveraging the Spring ST data
available by the end of May, it becomes feasible to
develop a model forecast. The CFSv2 model
prediction can be improved by using the equatorial
African spring ST variable at the beginning of June,
when SISP begins, thereby supporting water
management and managing the potential impacts of
extreme events in the region.
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