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Abstract. The study examines the monthly variation of rainfall in lower atmospheric level of different locations in Western Ghats (W.G.), and its nearby
cities in the states of Kerala, Karnataka, and Tamil Nadu. It uses high resolution gridded rainfall data from India Meteorological Department (IMD) with a
resolution of 0.259 x 0.250 (approximately 25kmx25km), which are used to analyze the trend of changing climate on the distribution of rainfall (measured
in millimeters) in different topographical zones of the Western Ghats and their nearby cities in India, from 2016 to 2023. Additionally, datasets of wind
direction from the power access data portal of NASA's MERRA-2 and intensities of El Nifio & La Nifia reports from the Golden Gate Weather Services portal
were also taken into account for this study. Daily rainfall data have been analyzed as monthly, seasonal, and annual variations. It indicates that there is
an increase in pre-monsoon, post-monsoon and winter rainfall, while monsoon rainfall decreased in the selected study areas. It has been observed that
Karkala in Udupi received the highest mean rainfall in the month of August, and Parameshwarpuram in Nagercoil received minimum mean rainfall in the
same month over Western Ghats (W.G.). Also, based on the variation of rainfall trend in the selected regions, the locations can be classified as low rainfall,

moderate rainfall, and heavy and/or very heavy rainfall region with reference to the Western Ghats (W.G.).

Key words: rainfall, wind speed, monsoon season, oceanic Nifio effects

1. INTRODUCTION

The Western Ghats (W.G.) of India, are considered to be
one among the world’s ‘hottest’ biodiversity hotspots and a
UNESCO World Heritage site (Sateesh, 2020). This mountain
range, which extends from north to south with a narrow
zonal width and a precipitous western face, runs parallel to
the western coast of India. The Western Ghats, start from
Songadh town of Gujarat, continue through Maharashtra,
Goa, Karnataka, Kerala and are ending in Marunthuvazh
Malai in Tamil Nadu, covering a total area of around 160,000
square kilometers, and having an average elevation of
1,200 m (3,900 ft). The climate in the Western Ghats varies
with the altitudinal graduation with an annual temperature
of 159 Cand itis witnessed that the temperature even reaches
freezing point during winter months. The 1,600 km long
Western Ghats mountains of peninsular India act as a barrier,
and interact with the southwest monsoon in a manner that
strongly influences the exceptionally varied climate pattern

of the Deccan. These mountain ranges receive abundant
precipitation, with an average annual rainfall of about
380 cm year~! on the windward side (Rao, 1976). The W.G.
play a key role in regulating Indian climate through regional
climate modifications (Varikoden et al, 2019). Numerous
studies have been carried out in the Western Ghats in Kerala
(Roy Bhowmik and Durai, 2008; Sijikumar et al., 2013) and
minimal comprehensive analyses of rainfall have been
carried out (Venkatesh et al., 2021). The northern and central
part of the Western Ghats is sensitive to climate change
and it has been reported that an increase in temperature
could cause high intensity rainfall (Gopalakrishnan et al.,
2011). Chandrashekar et al., (2017) analyzed the long-term
seasonal spatio-temporal variation trends of high resolution
(0.25°%0.25°) gridded daily precipitation data provided by the
Indian Meteorological Department (IMD) over the Western
Ghats and the coastal region of Karnataka and reported this
area as vulnerable to climate change risks. The south-west
monsoon is the main source of rainfall for the Western Ghats
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region (Pai et al., 2014). The onset of south-west monsoon
from the southern tip of peninsular India especially hits
the Western Ghats at the end of May, playing a key role in
regulating the Indian climate through regional climatic
modulations (Varikoden et al., 2019). It spreads across the
country within 10 to 15 days (Pascal, 1986), then gradually
retreat from northern India by late September, reaching the
southern tip of the peninsula by early December. A sharp
environmental gradient is observed on the immediate back
slope of the Ghats, where total annual rainfall can drop from
6000 millimeter to 600 millimeter over an area of about 80
square kilometers.

This is vigorously reflected in natural habitats like
landforms, soil, vegetation and crop patterns, and raises
the question of the relationship between the history of the
mountain barrier uplift at geological time-scale, the history
of the South Asian monsoon circulation, and the current
climatic pattern as seen today. It is recorded that climate
warming has changed the rainfall patterns in recent period
(Knight and Harrison, 2012; Li et al., 2020; Wu et al., 2020).
Precipitation trends in the northern and the southern
regions of Western Ghats suggest possible reasons for this
phenomenon, with an estimated average rainfall trend
of + 0.3-millimeter day-' decade~' in the northern and
— 0.39-millimeter day-' decade~! in the southern region of
the Western Ghats for the 1931 to 2015 period (Venkatesh

discussed the rainfall statistics from the last 50 to 100 years
in many locations around the globe, showing that the
average annual number of rainy days has decreased, but the
number of days with heavy rainfall has increased. Therefore,
monitoring the changes in the rainfall trends in the Western
Ghats is necessary for understanding regional climate shifts.

2. MATERIALS AND METHODS
2.1. DESCRIPTION OF STUDY AREA

Although the Western Ghats Mountains start from Gujarat
and run through the states of Maharashtra, Goa, Karnataka,
Kerala and Tamil Nadu between the latitudes 8°to 21° N, and
the longitudes 70° to 78° E (Fig. 1), they can be classified as
Northern in Maharashtra, central in Karnataka and southern
Western Ghats in Kerala. The Nilgiris Mountains of Tamil
Nadu span the Western and Eastern Ghats which lie near the
Moyar River, from the Karnataka Plateau to the north (Fig. 1).
We have chosen the locations of Western Ghats in Tamil
Nadu, Kerala and Karnataka between the latitudes 8.25° to
14.75° N, and the longitudes 74° to 78.75° E, namely Kilamalai
RF (reserve forest), Mundathurai WLS (wild life sanctuary),
Mathikettansolai, Vallaparai, Mettupalayam, Nilgiris, Sathya
Mangalam, Mettur Ghats from Tamil Nadu, Ranni forest,
Idukki WLS (wild life sanctuary), Ghats of Trissur, Anamalai Hill
(Anamudi highest peak of about 2695 m elevation), Palakkad
WLS (wild life sanctuary), Ghats of Vadakara in Kerala and

et al., 2021). Mishra et al,, (2020) and Shou and Lin,, (2020)  Bandipore, Nagarahole Hills, Tala-Kaveri and Ghats of
Western Ghats of India
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Fig. 1. Western Ghats of India (Researchgate.net by Dr. Sudhakar Reddy. C).
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Chamarajanagar, Dakshin Kannada, Hassan, Chikkamagaluru,
Udupi, Shimoga, Uttara Kannada, and Davanagere of
Karnataka, respectively. Nearby towns, especially those
within a radius of less than 100 km from the Western Ghats
(W.G), are Karungal, Aralvaimozhi and Parameshwarapuram.

The nearby cities, particularly those within a radius of
less than 100 Km from the Western Ghats, were chosen
for the study. These are Karungal, Aralvaimozhi and
Parameshwarapuram of Kanyakumari district, Nanguneri,
Ambasamudram, Palayamkotai and Tirunelveli town from
Tirunelvelidistrict,Uthumalai, Sankarankovil and Kuruvikulam
from Tenkasi district, Andi Patti and Theni town from Theni
district, Peraiyur, Tirumangalam, Avarangulam, Pochi Patti hill,
Vadipatti and Melur from Madurai district, Kodaikanal, Athoor,
Chinapatti, Natham, Palani, Oddanchatram and Dindigul
town from Dindigul district, Udumalaipetai, Madathukulam,
Dharapuram, Palladam, Kangayam, Velankovil and Avinashi
from Tirupur district, Soolakal, Karamadai and Coimbatore
town from Coimbatore district, Perundurai, Madakkurichi,
Sathya Mangalam and Gobichettipalayam from Erode
districts from Tamil Nadu, Trivandrum town, Vakala and
Kumily from Trivandrum district, Puthussery, Palakkad
town, Shoranur, Pakkanji, Chittur and Mannarkkad from
Palakkad district, Edamann and Kollam from Kollam district,
Mavelikarra from Alappuzha district, Tiruvalla and Manimala
from Pathanamthitta district, Vaikom and Kottayam from
Kottayam district, Idukki town, Cumbummatu, Irunnoor
from Idukki district, Trissur, Ernakulam, Kolenchery, Kadavoor
and Idamalayar from Ernakulam district, Kayyoor, Thalasseri,
Pavannur, Edoor, Cheemeni, Udayagiri, and Kasaragod
town from Kasaragod district, Ponnai, Kottakal, Mukurthi,
Nilambur hills and Malappuram town from Malappuram
district, Arikkulam and Vanaparvam from Kozhikode
district, Peechamcode and Wayanad from Wayanad district,
Chamarajanagar, Srimangala and Kodagu from district
Kodagu, Ambalare, Diddahaali, Mavinikare and Mysuru
from Mysuru district, Hullambali, Pandavapura, Mandya,
Nagamangala, Maddur and Ambigarahalli from Mandya
district, Ramanagaram and Magadi from Ramanagaram
district, Sendragaya, Moodabedri, Belthangady, and
Beltangadi from Dhakshin Kannada, Puttur, Bantra, Pangala
and Yadtadi from Udupi, Koratikere and Hale Kallahalli from
Chitra Durga, Bangalore Urban, Arkalgud, Holenarasipura,
Hassan, Chakkanahalli, Channarayapatna, Belur, Arasikere,

Battihalli and Konanur from Hassan and Kunigal, Tiptur,
Tumkur and Hebbur from Tumkur.

2.2. DATA AND ANALYSIS

The study utilizes high spatial resolution (0.25° x 0.25°)
gridded daily rainfall (Bejagam et al, 2023), measured
in millimeters, between 2016-2023, across 135x129 grid
points over India, sourced from the Indian Meteorological
Department (IMD), Pune. The first data in the record is at
8.5%N and 76.25°E, and so on. The last data record taken for
analysis corresponds to 14.50N and 77.250E. (Guhathakurta et
al., 2011)

According to IMD’s criteria, “Rain rate (rain intensity) = (mm?

of rain) / (mm? rain gauge opening area) / (hour) = mm/hr (mm

per hour)” (Table 1).

« Light rain: Defined as a rain rate of less than 2.5 mm/hr
(under 0.1 inches/hour) or less than 0.04 mm/min (below
0.0007 inches/min). For a rain gauge with a 0.1 mm
resolution, this equates to 25 tipping bucket activations
per hour (25 pulses/hour).

« Moderate rain: Characterized by a rain rate of 2.6 to 7.5
mm/hr (0.1 to 0.3 inches/hour) or 0.04 to 0.125 mm/min
(0.0017 to 0.005 inches/min), corresponding to 26 to 75
tipping bucket activations per hour (26 to 75 pulses/
hour) for a 0.1 mm resolution rain gauge.

+ Heavy rain: Describes a rain rate exceeding 7.6 mm/hr
up to 50 mm/hr (0.3 to 2 inches/hour), or 0.125 to 0.83
mm/min (0.005 to 0.033 inches/min), which results in 76
or more tipping bucket activations per hour (76+ pulses/
hour) for a 0.1 mm resolution rain gauge.

« Violent rain: Sometimes used to denote exceptionally
high precipitation rates over 50 mm/hr (>2 inches/hour)
or over 0.83 mm/min (>0.033 inches/min), leading to
500 or more tipping bucket activations per hour (500+
pulses/hour), or more than 8 pulses per minute.

The years 2020 and 2021 recorded that most of the rainfall
is received from the southwest (June to Sept.) with maximum
rainfall rate in the months of August and September, as in the
last 8 years. The Table 2 below shows the total annual rainfall
(RF) in mm versus total number of days with rainfall from
2016-2023 for the selected study region of three states.

Table 1. Rainfall Classification, IMD’s criteria.

1. | Heavy Rainfall

64.4 mm <RF<124.4mm

Extremely Heavy Rainfall RF>244.4mm
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Table 2. Total Annual Rainfall.

Table 2.1. Study regions of Karnataka
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St.
No, deg-  des. e RFin  Noof RFin  Noof RFin  Noof RFin  Noof RFin  Noof RFin  Noof RFin  Noof RF No of
mm days mm days mm days mm days mm days mm days mm days inmm days

575 | 175 | g | 028 |30 | st | 6 | snsn | v | e | e | e | vo | e | m | venas| e | e | 1 |
5 | 6 | smgs | wse | ws | mon | |wewn | m [ mss | w o] w |wen| m |se | n | | w |
7 [ ss | e L | s | s | w9 || w0 [mw | w || 9 | ows| w || e | owaw | o |
s [ ss s (o 30w | 5 | s | | | s [ | w | sen | w |nwm | w o | | o | |

0 | 6 | s [moiwe | wnet | | o | w s | w e | o L | [ nen| v || m | ws | e
s | o5 | s |notveprn | o | o | e | i s | w0 [ oow | w Ly | w [ nes| w [mn| v | o | w0

7675 | 1275 :';g:';yl';ga'a 999.46 160.02 1489.49 1509.63 212964 1737.16 244783 1332.499
n 76.75 ?J::g;:ha"' 563.28 14351 1215.71 875.64 1438.86 1463.74 1549.83 743.0071

"1 | 725 | 275 | ron | o135 | m | vom | w0 | s | | oo | w | maso| s |wse | v | ves| w0 | s | w |

23 75 12.75 | Sendragaya 2625.48 157 184.15 157 3766.38 168 3976.83 180 5423.36 180 3276.03 225 4050.46 | 188 3336.639 158

SBUIPUNOLINS 11U PUD SIDYD LIISI Y1 JA0 PRI} [[DJUIDI Y3 J0 ABOJDUD Uy — DULIDS “N")'Y'S S DINBNPDWaJIDY ‘UDUDAYPDY UDYPUSADY



$207/1 € bulID}-033-099

SLL

Table 2 (continued)
Table 2.1. Study regions of Karnataka
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Table 2 (continued)
Table 2.1. Study regions of Karnataka

long®  Latd Location 2016/366 2017/365 2018/365 2019/365 2020/366 2021/365 2022/365 2023/365
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Table 2 (continued)

Table 2.2. Study regions of Kerala

long®  Latd Location 2016/366 2017/365 2018/365 2019/365 2020/366 2021/365 2022/365 2023/365

St.
No, deg-  des. P RFin  Noof  RFin  Noof  RFin  Noof RFin  Noof RFin  Noof RFin  Noof RFin  Noof RF No of
mm days mm days mm days mm days mm days mm days mm days inmm days

| a5 [man o | w | msn | m || m || e | s w || w | wen | w || a |
7 s s [y L vsss| 1 | ww | s | w0 oo | s | amsas| | omsss| m | oawo| w0 | e | w |
o 705 | 1 vt s | w0 | 2w | m |avsr| w0 || o || @ | s | oo | o | w | wnes| w |
0 [ 7| o [ ne| w |y | 6 |wee| w | weo| w || w s m | oot w | e | e |
5 | 705 | 95 [t || w | s | o |owe| m | owss| m |anwe] m | eno| m || o || o |
o 7| s [ | wen | @ |me | m | me | o | es| m | ws| o | wss| w | ws | w | o] w |
o | 7| 0 [ Lo | | mw s | ouses| o | s | s | wan | | sae| o | oo | o |
"0 e | ws [ |wmn| | 5| m | oms| @ |ows| @ |wews| w || m | s w | sem| w ]
"5 | 705 | 0 [ty | wess| 1w | o5 | m | amso| m |wnn| m |wen| m | ows| m | wse| s |smm| w |

25 | 76.75 | 10.25 | ldamalayar 1327.66 193 223.02 225 2889.95 200 2729.64 207 5214.02 220 3992.88 262 4240.66 220 3140.239 222

SBUIPUNOLNS 11U} PUD SIDYD) UIISH Y1 JA0 PRI} [[DJUDI Y3 J0 ABOJDUD Uy — DULIDS “N')'Y'S S DINBRPDWAJIDY ‘UDUDAYPDY UDYPUSADY



8LL

$207/1 € bulID}-033-099

Table 2 (continued)

Table 2.2. Study regions of Kerala

long®  Latd Location 2016/366 2017/365 2018/365 2019/365 2020/366 2021/365 2022/365 2023/365
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Table 2 (continued)
Table 2.3. Study regions of Tamil Nadu
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No. Tamil Nadu
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Table 2 (continued)
Table 2.3. Study regions of Tamil Nadu

longd  Lat0 Location 2016/366 2017/365 2018/365 2019/365 2020/366 2021/365 2022/365 2023/365
st.

deg.  deg. . RFin Noof RFin Noof RFin Noof RFin Noof RFin Noof RFin Noof RFin Noof RFin Noof
No. Tamil Nadu
mm days mm days mm days mm days mm days mm days mm days mm days
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The wind speed data for this study are taken from NASA's
POWER CERES/MERRA-2 (NASA GMAOQ, 2015) and provided
at a spatial resolution of 0.625° longitude by 0.5° latitude
(which is approximately 50km by 50km), at 50-meters above
the surface of the earth, in m/s (WS50M_RANGE). The wind
speed dataset is plotted, analyzed and categorized within a
simplified classification as breeze (1-16 m/s), depression/gale
(17-33 m/s) and cyclone (34 m/s) for the period of 2016-2023.
National Oceanic and Atmospheric Administration (NOAA)
uses Oceanic Nifio Index (ONI) for classifying El Nifio (warm)
and La Nifa (cool) events in the eastern tropical Pacific. The
Oceanic Nifo Index (ONI) is a three-month running mean
of sea surface temperature (SST) anomalies in the Nifo 3.4
region, spanning latitudes 5°N to 5°S and longitudes 120°W

to 170°W (Trenberth, 1997; Tinmaker et al., 2017). El Nifo
Southern-Oscillation (ENSO) events are identified based
on the occurrence of SST anomalies that meet or exceed
+0.5°C for a minimum of five consecutive overlapping three-
month seasons. Anomalies > +0.5°C are classified as El Niflo
(warm phase) events, while anomalies < -0.5°C are identified
as La Nina (cool phase) events. These events are further
categorized by intensity: Weak (0.5 to 0.9°C), Moderate (1.0 to
1.4°C), Strong (1.5 to 1.9°C), and Very Strong (= 2.0°C), based
on the magnitude of the SST anomaly (Wahiduzzaman et al,
2022). Table 3 and Figure 2 present the periods during which
SST anomalies met or exceeded the +0.5°C threshold for at
least five consecutive overlapping seasons.

Table 3. Oceanic Nifio Index (ONI) Measures - NOAA / National weather service.

Months/
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Fig. 2. Oceanic Nifio Index (2016-2023).
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3. RESULTS AND DISCUSSION

The monthly rainfall trends of the selected study regions
were analyzed from 2016 to 2023 (Figs. 3a, 3b, 3¢). It can be
observed that January, February, and March did not exhibit
any appreciable trend in major cities of Karnataka (Fig. 3a).
The rainfall in the months of April (partially) and May shows
an increasing trend for all the study areas and is considered in
this study as pre-monsoon rainfall, except for a few negative
trends in the months of April and May for Kerala (Fig. 3b).
Rainfall in the month of June, generally considered as the
beginning of the monsoon season, is showing a normal trend
in general for all regions considered in this study, except for

a positive trend of ghats and river basins in few study areas.
The month of July also exhibited similar trend as of June.
The increasing trend in the month of July was predominant
as compared to June in cities and decreasing trends in
few ghats and river basins where shown. In contrast to the
behavior of rainfall in monsoon season of June, July, August
and September, the rainfall in the month of August showed
an increasing trend for all cases (Fig. 3 a, b, ¢). The month of
September showed a declining trend comparatively to the
rainfall in the month of August. The post monsoon months
like October and November also are showing an inclining
trend of rainfall except few lowlands of the Western Ghats
(W.G).
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Fig. 3. Annual Average Rainfall plots: (a) Karnataka; (b) Kerala.
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Fig. 3. Annual Average Rainfall plots: (c) Tamil Nadu.
4. CONCLUSIONS the minimal amount of rainfall in all the selected eight

years (2016-2023). Though Parameshwarpuram is nearer to
southern Western Ghats, it can be considered as a shadow
the annual rainfall rate in mm presented in the Figures 4a, b, region. Therefore Table 4 shows the classifications of low
¢, it can be seen that Udupi in Karnataka has the extremely  rainfall, moderate rainfall, and heavy and/or very heavy
heavy rainfall and Parameshwarpuram of Nagercoil receives  rainfall region with reference of Western Ghats.

After a thorough analysis of the rainfall pattern trends and

Table 4. (lassification of locations in the Western Ghats by annual rainfall rate.

Palayamkottai Madurai Nanguneri Shimoga

Hulllambali Coimbatore Trivandrum Malappuram

Ramanagaram Trissur Palakkad Dindigul

Bangalore Urban Mysuru Kodagu

Bijapur Davenegere

w
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Fig. 4. Locations and the annual rainfall rate for years 2016-2023: (a) Karnataka; (b) Kerala; (c) Tamil Nadu.
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Together, the extreme rainfall events and Land Use /
Land Cover (LULC) changes have an adverse impact on the
mountain environments over India. The extreme rainfall
events during the 2018 and 2019 monsoon seasons caused
flash floods and thousands of landslides in several places
in Western Ghats region, southern India, killing numerous
peopleand damaging their properties (Mishraand Shah, 2018;
Ramasamy et al., 2019; Sankar, 2018; Vishnu et al., 2019). The
W.G. region is known for wide spread deforestation, changing
the forest cover to plantation, mining and quarrying, and
unplanned infrastructure development. The year 2017 has
minimal rainfall intensity rate, year 2020 and year 2021 have
recorded the extremely heavy rainfall intensity rate.

Figure 5 shows the wind speed pattern for the years 2016-
2023 which does not exceed the range above 34 m/s as the
maximum is 19.8m/s, so it clearly exhibits there is no cyclonic
effect in the wind speed which could impact the trend in
rainfall. The years 2018-19 and 2015-16 were considered as
weak and very strong El Nifio events, similarly, 2016-18, 2022-
23and 2020-22 were considered as week and moderate La Nifia
events. These events can be one of the reasons for variation of
rainfall trends in the selected eight years of study (2016-2023).
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