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Dynamical and moist thermodynamical processes associated
with Western Ghats rainfall decadal variability

Subrota Halder®'**, Anant Parekh’, Jasti S. Chowdary@®' and C. Gnanaseelan

The Western Ghats (WG) is a vast montane forest ecosystem known for its biodiversity and endemism. The decadal variability of WG
summer monsoon rainfall is higher than most of the other regions of India. Spectrum and wavelet analysis of century-long rainfall
observation confirm significant decadal variability (at 90% confidence level) in WG rainfall, with amplification of magnitude (about
1.5-2 times) in the recent years compared to the previous half-century. Correlation analysis of WG rainfall with Indian (Pacific)
Ocean sea surface temperature (SST) shows a significant relationship during 1901-1942 (1943-1977 and 1978-2010). The analysis
associated with decadal rainfall variability reveals the dominance of dynamical processes during 1901-1942 and moist
thermodynamical processes during 1943-1977 and 1978-2010. The study concludes that decadal variability of WG rainfall is robust
and the forcing mechanisms are essentially maintained by the Indian and Pacific Oceans variability, adding value in developing
decadal prediction systems and may also contribute towards understanding the evolution of WG ecosystem.
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INTRODUCTION

Indian summer monsoon rainfall (ISMR) exhibits spatial and
temporal variability, including diurnal to decadal scale'-3, which
are strongly linked to different oceanic and land surface
phenomena*?. The spatial distribution of ISMR shows high rainfall
along Western Ghats (WG) and the Eastern Ghats, moderate
rainfall in central India, and low rainfall towards northwest India'®.
WG is a north-south-oriented mountain range having narrow
zonal width and a maximum height exceeding 2650 m, and the
average elevation is 1200 m. WG form one of the four watersheds
of India, feeding the perennial rivers of India. The Godavari, Kaveri,
Krishna, Thamiraparani, and Tungabhadra are major river systems
originating in the WG''. Majority of streams draining WG join
these rivers and carry a large volume of water during the
monsoon months. There are more than 50 major dams along
WG'2, The mountain chain of WG comprises unique biophysical
and ecological processes and is home to more than 325 globally
threatened flora, fauna, bird, amphibian, reptile, and fish species.
WG represents one of the best examples of the monsoon system
on the earth by moderating the Indian Monsoon system through
its vast montane forest ecosystem. It is important to note that WG
is recognized as UNESCO world heritage center for its biodiversity
and endemism’2 and one of the world’s eight ‘hottest hotspots’ of
biological diversity along with Sri Lanka.

According to previous study'4, the cross-equatorial low-level
monsoon jet (LLJ) carries a large amount of moisture from the
southern Indian Ocean and the Arabian Sea (AS), gets lifted up,
and pours them as heavy rainfall over WG. The mountain chain lies
almost perpendicular to LLJ and hence, acts as a barrier, resulting
in orographic rainfall, and so WG receives about three times the
average rainfall of India’*"” and about 90% of its annual rainfall
during the Indian summer monsoon season'®. These mountain
ranges receive high rainfall, with an average annual rainfall of
about 380 cm on the windward side'®. The maximum rainfall on
the windward side of WG occurs not at the line of maximum
height but 5-10 km ahead of the maximum height?°. Thus, from

the west coast, rainfall increases along the slopes of WG and
rapidly decreases on the eastern leeward side due to the sinking
air?'. Summer monsoon rainfall of all the three subdivisions of WG
shows significant positive correlations with all-India rainfall; the
strength of correlation increases from south to north?2. On
average, 50% of the seasonal rainfall over WG is contributed by
days with heavy rainfall spells®>. According to Mooley**, WG
appears to play a differential role and contributes to the observed
major discontinuities in monsoon activity. The factors such as the
stationary gentle forced ascent of moisture-laden south-westerly
monsoon winds over WG with additional ascent provided by
transient synoptic, mesoscale systems contribute to the occur-
rence of high rainfall over the eastern AS, coastal area, and on WG
mountains'#192025-28 Two independent studies?>*° suggested
that the rainfall over the west coast of India is consistently
decreasing. Previous studies'”"32 also reported a negative trend
in WG summer precipitation. A recent study’> examined the
latitudinal variation of ISMR in different subdivisions of WG with
the main focus on changes in ISMR and epochal behavior of those
changes in the centennial time scale. They also discussed the
impact of Indian Ocean Dipole (IOD) and Nifio SSTs on rainfall
during individual monsoon months. A significant increase in
rainfall over the northern parts of the west coast of India and a
decrease over north India are attributed to the variations in the
west Pacific Ocean (120°E-150°E, 10°S-20°N) and the western
Indian Ocean (40°E-70°E, 10°S-20°N) SST respectively during the
period 1970-201433, Joshi and Pandey3* found a 15-year cycle for
the southwest region rainfall, and from correlation, with SSTs they
inferred that the warm phase of Atlantic Multidecadal Oscillation
(AMO) and cold phase of Interdecadal Pacific Oscillation (IPO)
enhance rainfall over the southwest region. Using long-term
observational data, another study>® also showed a strong positive
correlation between AMO and the rainfall over the WG and AS
region. It is important to note that the past studies were mostly
based on different grid-size/areas and different data sources,
leading to some differences in their conclusions. However, the
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Spatial distribution of mean and variability of summer monsoon rainfall over India. Spatial distribution of long-term mean summer
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monsoon rainfall (mm/day) from a GPCC, b UDEL, and ¢ IMD. Numerical values in the right top corner in a and b showing pattern correlation
with ¢ IMD data. The standard deviation of summer monsoon rainfall (mm/day) from d GPCC, e UDEL, and f IMD and standard deviation of
9-30 years bandpass filtered summer monsoon rainfall (mm/day) from g GPCC, h UDEL, and i IMD. EOF leading first mode of 9-30 years
bandpass filtered rainfall anomaly over Indian landmass from j GPCC, k UDEL, and I IMD. The percentage of total variability explained by EOF1
is shown in the top right corner in j, k, and I. The selected area in f using dashed lines representing the domain considered for Western Ghats

rainfall index (WGI).

evolution of monsoon rainfall statistics over WG through the 20th
century is dominated by variations in the interannual to
interdecadal time scale. It is worthwhile to re-examine this
problem using a longer time-series of rainfall data. It is also
important to examine its link with the SST variations over the
global ocean and the associated mechanisms using recently
released century reanalysis data.

RESULTS

Interannual and decadal variability of Western Ghats rainfall
Figure 1a-c shows the June-July-August-September (JJAS,
summer) mean rainfall/precipitation climatology over the Indian
subcontinent from three different datasets: Global Precipitation
Climatology Centre (GPCC), University of Delaware (UDEL), and
India Meteorological Department (IMD). Central India, the WG, and
the Meghalaya region recorded maximum seasonal precipitation
during the summer monsoon. Figure 1d-f shows the standard
deviation of summer monsoon rainfall; the WG region displayed
1.7-1.9 mm/day standard deviation, which is consistent in all three
datasets. Figure 1g-i shows the standard deviation of 9-30 years
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bandpass filtered summer monsoon rainfall anomaly. The max-
imum rainfall variability (0.8-0.9 mm/day) is seen in the WG and
some parts of Central India and North-Eastern India. The normal-
ized standard deviation for filtered WG rainfall anomaly (Supple-
mentary Fig. 1) also confirmed the noticeable amplitude of
decadal variability over the WG. EOF analysis of the bandpass
filtered summer monsoon rainfall anomaly for all India reveals that
the decadal variance of rainfall has significant strength over the
monsoon core zone and WG (Fig. 1j-I), which is consistent with
the finding of Vibhute et al.3. The above analysis suggests the
presence of strong observed decadal to multidecadal variability
over the WG region, followed by North Eastern and Central India,
which is consistent in all three datasets. Considering the maximum
rainfall and highest variability on the decadal scale over the WG, it
is a prerequisite to explore the processes responsible for such a
strong rainfall variability.

Figure 2a shows the time-series of WG precipitation index (WGI)
from GPCC, UDEL, and IMD datasets; they displayed high
coherence with each other. The intercorrelation of WGI are 0.94,
0.95, and 092 for GPCC-UDEL, GPCC-IMD, and UDEL-IMD
respectively, supporting interconsistency in the WGl among the
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Fig. 2 Temporal evolution of rainfall variability over WG. a Time-series of summer monsoon rainfall anomaly (mm/day) over the Western
Ghats (WG) from different rainfall datasets. Dashed lines indicate +1 std of rainfall anomaly over the WG from IMD. b Power spectrum of IMD
rainfall anomaly of WG. The dashed line displays white noise spectrum at 90% confidence level. ¢ Wavelet spectrum of IMD rainfall anomaly of
WG. Black thick solid line contours indicate signal qualifies 90% confidence level. d 9-30 years bandpass filtered summer monsoon rainfall
anomaly (mm/day) over the WG from different datasets. Dashed magenta color lines are =1 std of filtered rainfall anomaly from IMD. e 31-
years running correlation of 9-30 years bandpass filtered WGI with different filtered SST indices manifest major climate variability over the
different parts of the global ocean. The solid magenta line represents the 90% confidence level for the correlation.

rainfall datasets and confirming the robustness of the WG rainfall
variability. Figure 2b shows the power spectrum of WGI from IMD
rainfall. The red dashed line shows white noise with 90%
confidence. Spectrum analysis of WGI shows two peaks crossing
the 90% confidence level; corresponding periods of peaks are 7
years and 12-20 years (with maximum strength at 17 years),
respectively, confirming the decadal and multidecadal variability
when considering the entire time-series. Figure 2c shows the
wavelet analysis of WGI, where the y-axis is frequency/period and
the x-axis is time; different color shades display the strength of the
signal of a particular frequency at that time. However, it is crucial
to know whether the strength of frequency is statistically
significant or not, for which white noise spectrum analysis is
applied at a 90% confidence level. The black thick line contour
displayed in Fig. 2c indicates the strength of this frequency/period
is qualifying the significant test. According to which, 6-10-year
period was significant during 1908-1930 and also during
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1998-2012; in the recent period, decadal to multidecadal
variability in 12-20-year time period is dominant during 1956 to
2015. Above spectrum and wavelet analysis is the basis to apply
9-30 years bandpass filtered to WGI from GPCC, UDEL, and IMD
datasets for extracting decadal and multidecadal signals (Fig. 2d).
Similar to interannual variability (Fig. 2a), decadal variability
strength is high after 1955 compared to the earlier period. The
horizontal dashed magenta lines show *1 standard deviation for
the index from the IMD dataset. Those years when WGI is greater/
smaller than one standard deviation are considered extremes; for
positive they are excess years, and for negative they are deficit
years. Figure 2d also shows the correlation between different
datasets for WGI decadal to multidecadal variability, and it has a
correlation of 0.91, 0.94 and 0.92 for GPCC-UDEL, GPCC-IMD, and
UDEL-IMD respectively. Individual SST indices with WGI are shown
as Supplementary Fig. 3.
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Table 1. Excess and deficit precipitation year for different periods.

Period Excess years

Deficit years

Period 1 (1901-1942)
Period 2 (1943-1977)
Period 3 (1978-2010)

1923, 1924
1957, 1958, 1959, 1960, 1961

1980, 1981; 2006, 2007, 2008, 2009, 2010

1917, 1918, 1919, 1920; 1938, 1939
1965, 1966, 1967
1986, 1987; 1999, 2000, 2001, 2002, 2003

Relationship of WG rainfall variability with dominant SST
modes

To identify the relationship between WGI and the dominant mode
of SST variability over the world ocean, 31-years moving
correlation analysis (Fig. 2e) is performed on filtered WGI and
filtered SST indices i.e., Tri-Polar Index3® (TPI) for IPO, Pacific
Decadal Oscillation3” (PDO), AMO3®, Tropical Indian Ocean (TIO)
basin mode index®°, Nifio 3.4 for El Nifio Southern Oscillation and
Dipole Mode Index (DMI) for 10D. It shows changes in the
relationship of WGI decadal variability with SST indices. WGI
displayed a significant positive correlation with DMI during
1901-1942. PDO modulated WG rainfall variability during
1942-1972 and 1980-1994 and is in phase with a significant
correlation of about 0.6. The phase relationship underwent some
changes after 1983 where Nifio3.4, PDO, DMI are all positively
correlated, and TIO, AMO are negatively correlated. From this
analysis, it is clear that there is a change in the relationship
between WGI decadal variability and SST Indices around 1942-43
and 1977-78. A recent study by Preethi et al., Figure 4a>* found
similar epochal changes in low-frequency variability of rainfall over
the west coast of India. The sensitivity of the above-discussed
result to the bandpass filter window supports that the classifica-
tion of time span in the selected three periods is well separated
and insensitive to bandpass filters window. However, some
difference is reported for AMO index to bandpass filter window.
Therefore, the decadal rainfall variability of WG is studied
separately for three periods: period 1 (1901-1942), period 2
(1943-1977), and period 3 (1978-2010). Table 1 listed excess and
deficit years for each period, which are the years having WGI
amplitude greater/lesser than 1 standard deviation. Period-wise
regression, correlation, and composite analysis for excess and
deficit years is carried out to understand the role of circulation and
thermodynamical processes.

Composite analysis of WG rainfall and SST for excess and
deficit years

Figure 3 shows the composite of summer monsoon precipitation
anomaly for excess and deficit years and their difference for each
period. During the first period, excess years composite (Fig. 3a)
displays a positive anomaly of rainfall over the southern part of
WG, and during deficit rainfall years, negative rainfall anomaly (Fig.
3b) is seen over the entire WG. So apparently, the difference in
excess and deficit years is confined over the southern part of WG
with an anomaly of 6.5 mm/day or more (Fig. 3c). In period 2 (Fig.
3d-f), a pattern of anomalous rainfall is different from period 1.
Positive and negative rainfall anomalies for respective composite
covers the entire WG region with anomalies of 0.5-5mm/day.
During period 3 (Fig. 3g-i) excess years, positive rainfall anomalies
are found over the entire WG region except the southernmost
region, but deficit years displayed negative rainfall anomalies
along the entire WG region. Spatial pattern of rainfall anomaly for
excess and deficit remains unchanged to different bandpass filter.

Figure 4 shows the composite of summer SST anomaly (SSTA)
from Extended Reconstructed Sea Surface Temperature version-5
(ERSSTV5) for excess and deficit years for different periods.
Contours in Fig. 4c, f, i show the correlation coefficient of filtered
WGI with filtered SST at 90% confidence level, with solid (dashed)
lines showing positive (negative) correlation values. In period 1,
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composite SSTA for excess rainfall years (Fig. 4a) shows a positive
IOD pattern and a negative 10D pattern for deficit rainfall years
(Fig. 4b). This analysis further suggests that apart from 10D, Pacific
Ocean SSTA also shows the coherent response with WGI, and the
pattern of anomaly has some resemblance with the PDO pattern.
However, associated signals in the eastern equatorial Pacific SSTA
are out of phase (Fig. 4c), which is also supported by the
correlation analysis of WGI with SSTA. In period 2 (Fig. 4d-f), a
positive (weak negative) PDO type pattern is observed over the
Pacific Ocean for excess (deficit) rainfall years; however, IOD signal
is absent in the Indian Ocean. Spatial pattern of significant
correlation (Fig. 4f) shows PDO pattern, where WGI is positively
correlated with north-eastern Pacific and negatively correlated
with the north-central Pacific. Figure 4g-i shows the SSTA
composite for excess and deficit years during period 3. IPO
displayed a transition from positive to negative phase around
1999-2000°, and so SSTA composites in the two IPO phases are
also studied. Post-2000 composite is given in Supplementary Fig.
4. Composite analysis shows IPO/PDO type SSTA pattern, positive
IPO/PDO pattern supports excess phase and vice versa prior 2000
(figure not shown). Krishnan and Sugi (2003) carried out a
diagnostic analysis of historical climate datasets to study the
influence of the Pacific Ocean decadal variability on ISMR. Their
findings suggest an inverse relationship between the Pacific SST
variations associated with the PDO and ISMR. The correlation map
of SSTA with WGI also displayed IPO type pattern in the Pacific
Ocean and IOD type pattern in TIO for the period 1978-2000, with
the confidence level of 90%. An opposite pattern of SSTA for
excess and deficit composite is evident (Supplementary Fig. 4) for
the post-2000 analysis.

Regression analysis of dynamical and thermodynamical
parameters with WGI

Figure 5a-c shows regression of WGI with low-level wind anomaly
and vertical wind anomaly (Fig. 5a), with vertically integrated
moisture transport (VIMT) anomaly and vertically integrated
moisture (VIM) anomaly (Fig. 5b), with tropospheric temperature
anomaly and moist static energy (MSE) anomaly (Fig. 5¢) for
period 1. Corresponding correlation analysis and composite
analysis for excess and deficit years and their differences are
displayed in Supplementary Fig. 5a—c and 6 respectively.
Regression and correlation analysis reveals that the significant
relation qualifies 90% confidence level with low-level monsoon
circulation over the AS and associated moisture transport;
however, significant relation is found for the troposphere
temperature and MSE over central India and monsoon trough
region. With all these fields, correlation is carried out with the WGI
for period 1 (Supplementary Fig. 5a-c), which displays a significant
correlation with the monsoon circulation fields. However, for MSE,
a high correlation is found over northwest India. The composite
analysis of low-level winds during excess years shows anomalous
easterly winds near the equator associated with positive I0D*'
turn towards right and converge over WG as a response to east
equatorial cooling followed by a Matsuno-Gill type mechan-
ism?243, Westerlies all along the latitudes of WG with a positive
magnitude of 2 m/s and positive vertical wind anomaly with high
(3x1073m/s) anomaly north of 10°N are found during the
excess years (Supplementary Fig. 6a), however, during deficit
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Fig. 3 Spatial distribution of rainfall over WG for excess and deficit phases. Composite of summer monsoon rainfall anomaly (mm/day)
over WG from IMD for a excess, b deficit years, and ¢ their difference (a, b) for period 1 (1901-1942). d, e, and f same as a, b, and ¢ but for
period 2 (1943-1977). g, h, and i same as a, b, and ¢ but for period 3 (1978-2010).

years, WG experienced easterly wind anomalies and negative
vertical wind anomalies (Supplementary Fig. 6b). The difference
(Supplementary Fig. 6¢) shows that the convergence of westerly
winds toward WG and associated positive vertical wind anomaly is
visible. Similarly, the composite of VIMT and VIM anomalies
(Supplementary Fig. 6d-f) in excess years shows anomalous VIMT
flow towards WG from equatorial western Indian Ocean and AS,
whereas, in deficit rainfall years, anomalous moisture transport is
out of WG region, towards the ocean. This VIMT anomalies are
consistent with excess (deficit) rainfall occurrence in period 1,
which is also clearly seen in the difference (Supplementary Fig. 6f).
The Tropospheric Temperature (TT) excess and deficit composite
(Supplementary Fig. 6g-i) is not much different, high TT is
reported over northwest India and negative over the tropical
Indian Ocean in the difference. Monsoon-associated heating is
represented by TT anomaly, and its meridional gradient maintains
large-scale monsoon circulation**~47. MSE for both phases shows
weak anomalies resulting in a positive MSE difference over
northwest India during period 1. Hence, regression, correlation,
and composite analysis support that during period 1, circulation
associated with monsoon is primarily responsible for the rainfall
variability and moisture transport and MSE plays a secondary role.

Figure 5d-f shows regression of WGl with low-level wind
anomaly, vertical velocity (Fig. 5d), with VIMT anomaly and VIM
anomaly (Fig. 5e), with tropospheric temperature anomaly and
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MSE anomaly (Fig. 5f) for period 2. This analysis shows significant
relationship between low-level circulation north of Madagascar
and over the Somalia region, whereas VIMT, VIM, tropospheric
temperature, and MSE displayed significant regression almost over
the entire AS and WG region apart from some part of Bay of
Bengal and monsoon trough region. Supplementary Fig. 7 shows
the composite analysis similar to Supplementary Fig. 6 but for
period 2. Low-level wind (Supplementary Fig. 7a-c) is weak
westerly over the WG region for excess precipitation years and
weak easterly for deficit years. The vertical wind (at 500 hPa)
anomaly is positive throughout WG, central India, over the
southeastern AS and eastern equatorial the Indian Ocean for
excess years, and negative over most of the region except some
part of northeast India and eastern equatorial the Indian Ocean for
deficit years. In the difference (Supplementary Fig. 7c), westerly
anomaly (~3 m/s) and positive vertical wind anomaly are seen
over WG and central and north India, exhibiting intense monsoon
activity over the region. VIMT anomaly (Supplementary Fig. 7d-f)
is towards WG for excess year composite and away from WG for
deficit year composite. Similarly, the VIM anomaly is positive
(negative) over the whole of India for excess (deficit) years; the
difference between the two composites is positive north of the
equator (Supplementary Fig. 7f), which indicates more moisture
transport favoring excess rainfall. The lower panel (Supplementary
Fig. 7g-i) shows the composite of TT and MSE anomaly for excess,

npj Climate and Atmospheric Science (2022) 8
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Fig. 4 Teleconnection of WG rainfall variability to Indo-Pacific SST. Composite of summer mean SSTA (°C) from ERSSTV5 for a excess,
b deficit rainfall years and c difference (a, b) for period 1 (1901-1942). d, e, and f same as a, b, and c but for period 2 (1943-1977). g, h, and i
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confidence upon student t-test. Boxes in h are representing the area taken for calculating SST indices: Nifl03.4 (red box), TPl (blue boxes), and

DMI (black boxes).

deficit years, and difference. In excess (deficit) years, the MSE
anomaly is positive (negative) throughout India and the surround-
ing region, which is also observed in the difference plot
(Supplementary Fig. 7i). With all these fields, correlation analysis
is also carried out with WGI for period 2 (Supplementary Fig. 5d-f),
significant correlations are found with VIMT associated with
monsoon and MSE; however, for winds, it shows a significant
correlation over the Somali coast. Hence regression, correlation,
and composite analysis are consistent with each other, indicating
that compared to period 1, in period 2, apart from circulation,
moisture content also displayed relative changes during the
respective phases of WGI.

Figure 5g-i shows the regression of WGI with low-level wind
anomaly, vertical velocity (Fig. 5g), with VIMT anomaly and VIM
anomaly (Fig. 5h), with tropospheric temperature anomaly and
MSE anomaly (Fig. 5i) for period 3. In the case of low-level wind
opposite significant regression vectors indicate out of phase
relation between WGI and low-level winds of the north of Somali
in the AS, whereas VIM and MSE show significant positive
regression over the north Indian Ocean and over the WG.
Supplementary Fig. 8 shows composite analysis similar to
Supplementary Fig. 6 but for period 3. The low-level wind
(Supplementary Fig. 8a-c) is south south-easterly over WG
associated with anti-cyclonic circulation over the Bay of Bengal
(BoB), manifesting weaker monsoon low-level circulation for
excess years (Supplementary Fig. 8a). In deficit years, the anti-
cyclonic wind circulation is found over the AS and mostly
northerly wind over WG (Supplementary Fig. 8b). In the difference,
wind anomaly is southerly over WG, and anomalous cyclonic
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circulation is reported off WG, which supports northward wind
over WG (Supplementary Fig. 8c). The anomalous positive
(negative) vertical wind is observed over WG region during excess
(deficit) years. The VIMT anomaly shows the transport of moisture
from east and south-east to WG during the positive phase,
whereas during the negative phase, transport is from the north
(Supplementary Fig. 8d, e). The corresponding VIM anomaly is
positive for excess composite, indicating easterly and south-
easterly bringing moisture-laden air for excess years, while
northerly bringing dry air to the region and leads to negative
VIM anomaly during deficit years. The VIM anomaly is positive over
the entire domain except in the southern BoB in excess years and
negative over WG, AS, and BoB in deficit years. The difference
shows anomalous positive VIM throughout WG and adjacent
areas. Their difference (Supplementary Fig. 8f) also displays twin
cyclonic circulation around the equator near 60°E, and the
northern one is relatively asymmetric with strong northward
winds in the eastern flank which is on WG and east of it. This
cyclonic circulation is favorable for enhancing convective activity
supporting excess rainfall during the positive phase and vice versa
for the negative phase. Supplementary Fig. 8g-i shows the
composite of TT anomaly and mean MSE anomaly for excess,
deficit years, and their difference respectively. During excess year
composite (Supplementary Fig. 8g) mean MSE anomaly over the
whole study region is positive, whereas, during deficit year
composite (Supplementary Fig. 8h), an anomaly is negative over
AS and the western part of India including WG region. The
difference (Supplementary Fig. 8i) shows a high MSE anomaly in the
AS and the western equatorial Indian Ocean. Correlation analysis is
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Fig. 5 Association of WG rainfall variability to circulation and moist thermodynamical processes. Regression of WGI (mm/day) with
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g, h, i same as a, b, and ¢ but for Period 3. Only values qualifies 90% confidence level are shown.

carried out with WGI filtered data for period 3 (Supplementary
Fig. 5g-i), which shows a significant positive correlation with the
VIMT and MSE associated with monsoon; however, for winds, it
shows a significant correlation off the Somali coast. Hence
correlation analysis is consistent with the composite analysis,
which supports that MSE is in phase with the rainfall variability
during period 3.

Figure 6 shows latitude-height section for the difference of
excess and deficit year anomaly composite for zonal winds, MSE,
and virtual temperature averaged over 70°E-73°E for respective
periods, where contour display regression of particular filed with
WGI. Figure 6a shows a positive zonal wind anomaly difference
throughout the troposphere; indicates zonal wind anomaly is
positive in the lower and middle troposphere and negative in the
upper troposphere for excess composite, whereas for deficit
composite (Supplementary Fig. 9a, b), opposite nature of zonal
wind and wind speed anomaly is reported for period 1. Regression
analysis with WGI for zonal wind reveals that coherent relation
qualifies significant level with 90% confidence in the lower to
midtroposphere. Corresponding MSE anomaly difference is also
studied (Fig. 6b), weak positive anomaly north of 13°N (regression
analysis also shows significant relation between WGI and MSE) is
found for MSE while for the rest of the area it is negative. During
deficit (excess) years, it is negative (positive) almost throughout
the WG region (Supplementary Fig. 9¢, d). Figure 6¢ shows the
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difference in virtual temperature anomaly for excess and deficit
rainfall years respectively. Weak negative (positive) anomalies are
found between 800hPa to 600hPa for virtual temperature for
excess (deficit) composites (Supplementary Fig. 9¢, d), which are
inconsistent with the rainfall anomaly. This analysis also supports
that circulation features off WG display clear differences in excess
and deficit year composite during the first period.

Figure 6d-f is for period 2, the zonal wind anomaly is positive
with vertical extent up to 400 hPa for excess composite, whereas
during the deficit composite, the zonal wind anomaly is negative
and confined to the north of 15°N (Fig. 6d, Supplementary Fig.
10a, b). It is important to note that compared to period 1, wind
anomalies for both the phases are less in period 2. Regression of
zonal wind with WGI (Fig. 6d) shows a significant positive
regression coefficient over the north of 17 °N only. MSE anomaly
is positive for excess years composite and vice versa in deficit year
composite (Fig. 6e, Supplementary Fig. 10c, d), and MSE displayed
significant regression with WGI over almost the whole tropo-
sphere. Virtual temperature anomaly is positive in excess years
and negative or almost zero during deficit years (Supplementary
Fig. 10c, d), suggesting higher vapor pressure during excess years
than deficit years and confirming that instability and convective
activity is stronger in excess years than in deficit years. Regression
analysis (Fig. 6f) shows significant relation between virtual
temperature and WGI for mid to upper troposphere region.
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g-i are same but for period 2 and period 3, respectively.

Figure 6g-i, is for period 3, it is important to note that the zonal
wind and wind speed for excess and deficit composite (Fig. 6g and
Supplementary Fig. 11a, b) does not show major differences; they
are negative in the lower to middle troposphere with small
magnitude compared to period 1 and regression analysis does not
show any strong significant relation with WGI. This indicates that
the monsoon circulations of the WG and WG rainfall are relatively
inconsistent during period 3. However, the MSE anomaly (Fig. 6h,
Supplementary Fig. 11c, d) is positive and strongest for excess
composite among all three periods and vice versa for deficit
composite and regression with WGI is positive throughout the
troposphere and significant with a confidence level of 90%. The
positive anomalies of virtual temperature in excess years and
negative anomalies in the deficit years leads to positive difference
by more than 1°C (Fig. 6i, Supplementary Fig. 11c, d), which
endorse the presence of the higher amount of vapor in the
atmosphere and convective instability during the positive phase
and vice versa in the negative phase, which is resembled in the

npj Climate and Atmospheric Science (2022) 8

regression analysis between WGI and virtual temperature. Hence
analysis further supports that during period 3, monsoon circula-
tion is not in line with WGI; however, monsoon moist thermo-
dynamics is favorable with the observed rainfall variability. Thus
during the recent period, moist thermodynamics processes are
playing a dominant role in the WG rainfall decadal variability,
while in period 1, the monsoon circulation/dynamics played a
dominant role in the rainfall variability.

DISCUSSION

WG region receives more than 14 mm/day rainfall during the
summer monsoon season; whereas, all-India averaged summer
monsoon rainfall is about 7mm/day'®. The decadal and
multidecadal-scale rainfall variability over the WG region remains
unexplored. Recent release of century-long rainfall data by the
GPCC, UDEL, and IMD, more than one and half-century-long SST
analysis data from ERSSTv5, and century reanalysis data by
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National Oceanic and Atmospheric Administration (NOAA) gives
an opportunity to study the decadal variability of rainfall and the
associated processes. Spectrum and Wavelet analysis confirm the
existence of decadal variability of rainfall over the WG, with a
confidence level of 90%. Filter analysis of WG rainfall shows
decadal rainfall variability with a strength of 1.6 mm/day, post
1950 period displayed enhancement of decadal variability
amplitude by 1.5-2 fold compared to the previous half-century.
The decadal-scale rainfall SST correlation shows variation with
time, during 1901-1942, DMI indices show significant correlation
with WG rainfall, while in 1943-1977, mostly PDO displayed a
significant correlation with the WGI, whereas during the recent
period (i.e., 1978-2010), PDO, IPO, and DMI showed significant in-
phase relation. In contrast, TIO basin mode and AMO show out of
phase relation.

The above analysis indicates that the decadal variability in WG
rainfall undergoes changes in temporal correlation with dominant
SST modes. This has motivated us to study the WG rainfall
variability during three different periods, which are as follows:
period 1 (1901-1942), period 2 (1943-1977), and period 3
(1978-2010). The spatial pattern of rainfall reveals that during
period 1, decadal variability of rainfall was confined to southern
WG (south of 16 °N), whereas, during periods 2 and 3, the whole
WG region shows decadal variability of rainfall with amplitude 3 to
6 mm/day. Corresponding regression, correlation, and composite
analysis of monsoon circulation and moisture fields with WG
ranfall decadal variability are studied for each period respectively.
During period 1, monsoon circulation is in phase with the WG
rainfall decadal variability; however, moisture fields are relatively
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weak and inconsistent. In the case of periods 2 and 3, circulation
fields are weaker/inconsistent with the rainfall decadal variability,
but moisture fields are consistent with the rainfall decadal
variability of WG regions.

Figure 7 shows a scatter diagram of 1000 hPa zonal wind
anomaly (Fig. 7a, d, g), 1000 hPa vorticity anomaly (Fig. 7b, e, h),
and mean MSE anomaly (Fig. 7c, f, i) with rainfall anomaly for
different periods separately. The rainfall during period 1 displays a
positive correlation with 1000 hPa zonal wind (Fig. 7a, r=0.36)
and relative vorticity (Fig. 7b, r = 0.39), but the mean MSE shows
poor correlation (Fig. 7c). During period 2, the correlation of
1000 hPa zonal wind has reduced (Fig. 7d, r =0.22), also a similar
relation is observed for the 1000 hPa relative vorticity (Fig. 7e). The
mean MSE (Fig. 7f) contributed to rainfall with the correlation of
0.62, supporting that the rainfall variability is consistent with the
moisture variability. Similarly, in period 3 also, the rainfall has a
correlation of 0.50 with mean MSE (Fig. 7i), and the correlation
with 1000 hPa zonal wind (Fig. 7g) and vorticity (Fig. 7h) is less.
This further confirms that rainfall variability during periods 2 and 3
is coherent with moist thermodynamic processes, whereas rainfall
variability in period 1 is dynamically driven. The present study
concludes that decadal variability of rainfall over WG region is
robust, and its relation with dominant SST decadal modes has
temporal variations. ldentification of decadal rainfall variability
over WG and associated processes may add value to decadal
prediction. In addition, it may help to understand the evolution of
WG ecosystem and runoff variability of the southeastern Indian
rivers.
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METHODS

We used ERSSTv5 monthly SST analysis data*®=>° from the NOAA with a
resolution of 2° x 2° for the period 1900-2018. The updates incorporated in
ERSSTv5 have improved the representation of spatial variability over the
global oceans, the magnitude of El Nifio and La Nifa events, and the
decadal nature of SST changes over the 1930s-40s when observation
instruments changed rapidly*’. To know the mechanism behind WG
rainfall variability, TIO index, Nifio 3.4 index, and DMI for IOD are calculated
from the ERSSTv5 dataset. IPO, PDO, AMO index are taken from NOAA
Physical Sciences Laboratory. The area considered to estimate DMI, TPI,
and Nino3.4 indices is provided in Fig. S1.

Precipitation dataset from the UDEL (version 4.01, 0.5° x 0.5° resolutions)
for the period 1900-2014 has been used. The UDEL Precipitation dataset
version 4.01 uses the Global Historical Climatology Network and annual
and monthly mean station observations of total precipitation®. In addition,
GPCC full data reanalysis®>>3 version 2018, 0.5°x 0.5°, monthly data
available from 1891 through 2016 is used. IMD has brought out a high-
resolution (0.25°x 0.25°) daily gridded rainfall dataset>*=>° for the period
1900- present using stations’ observations. Many monsoon-related
studies>>1°77>% used this dataset. Since the present analysis uses a fixed
rainfall network, it examines long-term rainfall climate variability like
decadal variability. This daily data are averaged for the summer monsoon
(June to September) to get seasonal mean data for the study. Vertical
profiles of temperature, zonal wind, meridional wind, wind speed, specific
humidity, and geopotential have been used from Twentieth Century
Reanalysis version 3 which is produced and supported by the NOAA, the
Cooperative Institute for Research in Environmental Sciences, and the U.S.
Department of Energy (NOAA20CRv3). NOAA20CRv3 uses upgraded data
assimilation methods, including an adaptive inflation algorithm; higher-
resolution forecast model; and assimilates a larger set of pressure
observations which improved the ensemble-based estimates of con-
fidence, removed spin-up effects in the precipitation fields, and diminished
sea-level pressure bias; improved more minor errors, reduced large-scale
model bias®. For all of the datasets used in this study, an anomaly is
computed by subtracting the long-term mean, and the linear trend is
removed by detrending the data to remove the signal due to climate
change. Power spectrum analysis is done to know the dominant frequency
of variability in WG precipitation Index. The wavelet analysis is also carried
out to get accurate localized time depending on frequency information.
The wavelet analysis used the Morlet function, which detects both the
phase and the time-dependent amplitude®'. 9-30 years bandpass filter is
applied on detrended anomaly to extract the decadal to the multidecadal
signal of variability. We defined the WGl as the area average summer mean
detrended precipitation anomaly over the WG region enclosed by the
following coordinates {(72.5°E, 21.5°N), (72.5°E, 18.0°N), (74.5°E, 13.0°N),
(76.5°E, 8.5°N), (77.5°E, 9.0°N), (76.5°E, 13.0°N), (74.5°E, 18.0°N), (74.5°E, 21.5°N),
(72.5°E, 21.5°N)}. The selected area is denoted with the dashed line in Fig.
1f. WGI from different datasets shows the correlation between them is
greater than 0.9 (Fig. 2a, d), confirming the robustness of the WGl in all the
precipitation datasets used in this study. It is important to note that all the
regression, correlation, and composite analyses carried out for diagnosis,
used a bandpass filtered (9-30 years) dataset for each variable. To know
the relation between WGI and SST indices, 31 years of moving correlation
analysis is carried out. From WGl filtered time-series (Fig. 2d), excess and
deficit years are identified for composite analysis. WGI regression/
correlation with SSTA, low-level winds anomaly, vertical wind anomaly at
500hPa, moisture fields anomaly, and troposphere temperature fields
anomaly is also studied. For process studies, MSES? VIM, VIMT®'3, and
virtual temperature®* are calculated. TT is computed using air temperature
data**.

DATA AVAILABILITY

The ERSSTV5 analysis, IMD rainfall, and NOAA 20th Century reanalysis gridded datasets are
downloaded, respectively, from https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/
netcdf/, https://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html,
and https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html. GPCC Precipitation data
are provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their Web site
https://www.psl.noaa.gov/data/gridded/data.gpcc.html.
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