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Abstract

In light of the rapidly growing agricultural sector, spotting signs of climate change is crucial. Even a slight change in climate
behaviour can hinder crop development. As a result, it is necessary to investigate these climatic signals at a localised regional
scale. The current methods mainly emphasise on outliers when identifying abnormalities in geographical and temporal data.
This disregards the possibility of negative impacts brought on by climatic changes at each location. This paper introduces a
novel mathematical approach, named the probabilistic convolution neighborhood technique (PCNT), that finds the temporal
and spatial coherence at each point. Its ability to examine distribution at all grid points makes it easy to identify even a slight
change in climatic variables. This new approach has been applied to study the variations in parameters, namely humidity,
precipitation, mean, and maximum temperatures, that are collected from the Indian Monsoon Data Assimilation and Analysis
(IMDAA) for the time period 1980 to 2020. The datasets are daily single-level datasets from which annual and seasonal
(Kharif, Rabi, and Zaid) data are obtained. Spatio-temporal properties, along with inter-vicennial and inter-decadal variations
of climatic variables with regions having low, high, and normal probability distributions, are studied. The findings showed
a pattern in the temporal features between Kharif and Rabi. The mean temperature for the annual and seasonal data showed
decreasing trends for tail diagnostics. The study brings out an understanding in the probable change in various metrics, which
are crucial in the context of crop growth and agricultural practice.

1 Introduction

In India, agriculture has been a part of human civilization for
centuries, moulding it into the most prominent sector. The
direct contribution of this sector may seem to be minimal,
however, it accounts for about 17 to 18% of the country’s
GDP (Gross Domestic Product) and provides employment
for a larger population (Nath et al. (2020)). Over 43% of the
nation’s geographical area is used for farming, making India
the second-largest producer of agricultural products (Pant
et al. (2010)).
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Food demand has surged due to the drastic population
growth. To satisfy the need for food, there is always a
need to enhance food production (Saranya and Amudha
(2016)). Agriculture is impacted by several elements, none of
which are interrelated. Many factors, including climate, ter-
rain, history, geography, biology, politics, institutions, and
socioeconomic issues, have an impact on Indian agriculture.
Therefore, this potential risk affects the ongoing production
of food as well (Mishra et al. (2016)).

Global warming and other climatic changes are mostly due
to man-made greenhouse gas emissions, which are caused by
industrialisation and urbanisation ( Raj and Singh (2012)).
The sector most vulnerable to climate change is agricul-
ture (Motha and Baier (2005)). The estimate put forward by
FAO (Food and Agriculture Organization) points out that by
2100, climate change-related agricultural losses in Nigeria
and other West African nations might reach 4% (Food and
Agricultural Organisation, Annual Statistical Report (2005)).
Many of the issues confronting agricultural products are
climate-related, according to Ayoade (Ayoade (2002)). Based
on the findings, by the year 2050, the production of corn
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would fall by 20-40% as a result of climatic changes (Leng
and Huang (2017)) in Contiguous Unites States. In a research
conducted in northeast China, relationship between spring
maize yield and other climate factors were found. The main
climatic parameters limiting the yield of spring maize were
then determined (Zhao et al. (2015)). Another study con-
ducted in 2015 (Ray et al. (2015)) indicates that climate
fluctuation has a significant impact on crop yield. Crop yields
have already declined due to climate change in a number of
areas; for instance, it has been reported that between 1981
and 2002, the worldwide production of maize fell by 12 Mt
a year (Lobell and Field (2007)). Furthermore, the effects
of climate change on agriculture using crop yield simulation
models such as CORAC (Mozny et al. (2009)) or statistical
models, (Roudier et al. (2011)) suggest that climate change
may limit crop production. The first stage in assessing the
impact of climate change on crops is quantifying changes
in climate variables such as temperature and precipitation
(IPCC-TGICA (2007)).

According to the report of IPCC 2007, a rise in global
temperature of about 0.74°C from 1906 to 2005 is recorded
(Gohari et al. (2013)). Temperature increase, has an impact
on most crops, resulting in decreased crop yields and com-
plex growth responses. As per a study, an increase in the
temperature by 1°C may lower wheat productivity by 3—
10% (You et al. (2009)); and under future warmer and
drier conditions, winter wheat production would be lowered
by 5-35% (Ozdogan (2011)). The pace of physiochemi-
cal reactions and the rate at which water evaporates from
crops and soil surfaces are both influenced by temperature,
which also has an impact on grain production (Ismaila et al.
(2010)). Changes in precipitation levels and patterns are also
caused by global warming due to increased evapotranspi-
ration and water vapour levels in the atmosphere (Zhang
et al. (2008)). This shift generates extreme events such as
drought and flooding, which may have an impact on agri-
culture (Coscarelli and Caloiero (2012))(Caloiero (2014)).
One such example is the winter drought of 2008/2009 which,
caused a considerable loss in crop productivity in Nepal
(Mishra and Tripathi (2010)).

India is also regarded as one of the most sensitive coun-
tries to climate change (INCCA (Indian Network for Climate
Change Assessment) (2010)), which adds a new dimension
to the current challenges by posing a substantial threat to
Indian agriculture (Rao et al. (2016)). Farming activities in
India are carried out by selecting crops that are specific to
the climate, soil characteristics, resource availability, and so
on. As a result, agricultural production and productivity are
entirely dependent on climatic conditions (Rao et al. (2016)).
According to researchers, the periodic droughts that began in
1966 resulted in significant crop loss in India, and if warmer
nights and less rainfall had not occurred, rice yield would
have increased by about 4% (Auffhammer et al. (2012)).
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Another recent study conducted at the Indian Agricultural
Research Institute (IARI) indicates that every 1°C increase in
temperature during the growing season of wheat may resultin
aloss of 4-5 million tonnes of wheat production in the future
(Mahato (2014)). All of these studies illustrate the impact of
climate change on Indian crops. At the moment, annual aver-
age agricultural losses due to extreme weather events result
in losses estimated to be roughly 0.25 percent of India’s GDP
(Datta et al. (2022)).

This research focuses on Kerala, one of the smallest states
in India, with a high population density (Nithya (2013)).
Kerala’s agriculture sector employs around 17.15% of the
population and contributes approximately 11.6% of the
state’s GDP (Mathew et al. (2021)). Thus, it is an extremely
significant region of India. In a study from 1956 to 2004, the
maximum temperature in Kerala increased by 0.64°C, while
the minimum temperature increased by 0.23°C (Rao et al.
(2009)). Furthermore, studies have been done which show the
adverse effects of climate change in Kerala. Crops are also
greatly affected by these climatic changes. One such exam-
ple is the crops grown in Kuttanad, the rice bowl of India.
According to initial estimates, farmers in Kuttanad have lost
Rs 9608 crore in crops spread across 6582 ha (Varughese
(2022)) and the irregular rainfall pattern has caused constant
flooding, affecting the crop quality.

Hence, there is an urgent need to study the characteris-
tics of various parameters affecting crops over Kerala. There
are various approaches that can be deployed to evaluate and
analyse the effect of climate change on agricultural pro-
ductivity. The three primary types of statistical approaches
are the time series method, panel method, and cross-section
method. Despite the fact that they have no significant flaws,
they are vulnerable to issues with co-linearity between pre-
dictor variables such as temperature and precipitation (Lobell
and Burke (2010)). Ecophysiological models (White et al.
(2011)) and crop simulation models, such as the decision
support system for agrotechnology transfer (DSSAT) (Dias
et al. (2016)), are often used to examine the impact of cli-
matic factors on crop growth. Some of the techniques used in
machine learning include artificial neural networks (ANN),
information fuzzy networks, and decision trees (Mishra et al.
(2016)).

In each of the aforementioned situations, it is crucial to
first look at the variations in climate factors throughout a
certain time period in a region. In order to study the vari-
ations in climatic variables affecting crop yield, both the
spatial and temporal variations must be analysed. Many of
the studies like (Zhao et al. (2018)), (Pravalie et al. (2019)),
(Huang et al. (2016)),(Gocic and Trajkovic (2014)),(Song
et al. (2019)), and (Toros (2012)) focus on either tempo-
ral or spatial differences. Location-wise analysis (LWA) is a
standard methodology that is used to find anomalies in spa-
tial and temporal data separately. But the major drawback
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faced by this technique is that it neglects temporal and spa-
tial coherence (Mitra and Seshadri (2019)) single time. To
rectify this drawback, in 2019 researchers developed a new
method called Markov random fields (MRFs) that consid-
ers both the coherences (Mitra and Seshadri (2019)). Studies
(Nanzad et al. (2019)), (Mukherjee et al. (2023)), and (Wu
et al. (2008)) are a few examples of other research works that
have been established to find anomalies. Each of these meth-
ods, however, simply considers the variations in the outliers,
ignoring the potential impact that even a slight modification
at any time could have profound effects. Therefore, climatic
variations at points must be examined, including outliers.

In this study, the objective is to develop a method that anal-
yse variations in every single grid point taking into account
the spatio-temporal coherence. One such novel approach
developed in this study is the probabilistic convolution neigh-
bourhood technique (PCNT). The benefits of PCNT include
the ability to observe distributional changes at all grid points
and the fact that every point is affected by neighbouring
points, which aids in the analysis of regional variations
in meteorological data useful for identifying changes in
crops. Climatic variables like relative humidity, maximum
temperature, mean temperature, and precipitation are con-
sidered. These changes are analysed annually as well as in
the three crop seasons of Kerala: Kharif (June to Septem-
ber), Rabi (October to March), and Zaid (between March
and June)( PscAriVukal (2020)).

The entire manuscript is arranged in the following way:
the data acquired and the methodology used are discussed in
Section 2, in Section 3, the results and findings are explained,
and the results are discussed in Section 4. The study is finally
concluded in Section 5.

2 Materials and methods
2.1 Study area

Kerala is a state on the Malabar Coast of India, located
between 8.15°N and 12.50°N and latitudes and between
74.50° E and 77.30° E longitudes. The state is approximately
570kms long and 120kms wide at its widest point, span-
ning an area of around 3.8 million hectares (Mathew et al.
(2021)). Kerala has a wet and maritime tropical climate
affected by the southwest summer monsoon and the north-
east winter monsoon. Approximately 65% of the rainfall is
received between June and August (2250-2500 kg /m?), cor-
responding to the southwest monsoon, and the remainder
falls between September and December (450-500 kg/m?),
relating to the northeast monsoon ( Planning Commission,
India (2007)). The average daily temperature ranges from
292.95 to 309.85 Kelvin ( Sudha (2011)). Mean yearly tem-
peratures in the coastal lowlands range from 298.15—300.65

t0 293.15—295.65 K in the eastern highlands ( Brenkert and
Malone (2003)).

2.2 Data

IMDAA daily single-level dataset for the parameter’s rela-
tive humidity, maximum temperature, mean temperature, and
precipitation is taken from the National Centre for Medium-
Range Weather Forecasting (NCMRWF) website ( Rani et al.
(2021)). It offers 12km /h high-resolution data. The avail-
able data had values for the whole of India, from which
the values of Kerala (Fig. 1) were acquired. Mean and maxi-
mum temperature data were given in Kelvin, precipitation in
kg/m?, and relative humidity in percent. All the grid points
located within Kerala, which are 234 in number, are found,
and their latitude and longitude are determined. The data val-
ues at these points for the climatic variables under study are
extracted.

The seasonal data of paddy crops were taken from the web-
site of the Department of Economics and Statistics, for the
state of Kerala (1980-1981 to 2019-2020), and its districts
(2004-2005 to 2019-2020).

As the current study’s objective is to look into the changes
in climatic variables caused by the varying climatic condi-
tions, data from 41 years (1980-2020) is considered.

The aforementioned climatic variables were also used to
create a dataset for the seasons of Kharif (June to Septem-
ber), Rabi (October to March), and Zaid (between March and
June).

2.3 Methodology

In this section, detailed information will be given about the
proposed methodology. To derive the method, firstly differ-
ent components namely convolution and fitting of Gamma
distribution are described. Following that, a thorough expla-
nation of the PCNT approach is provided.

2.3.1 Convolution

Convolution can be conceptualised as a function that mea-
sures the degree of overlap as one function is shifted over
another and is the integral or sum of two component func-
tions ( Kim and Casper (2013)). Mathematically, if f is an
integrable function defined on R" and g is a bounded, locally
integrable function then the convolution product of f and g
is the function R" defined by the integral

Frg(x) = /H% F— Oy )

In other words, Eq. 1, describes how much a function, g,
overlaps with another function f when they are shifted over
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Fig.1 The study area - Kerala

one another ( Daners (2019)). When the same idea is applied
to images, it results in convolution in 2D ( Sameer (2021)).
In the concept of convolution 2D, a mathematical operation
and a matrix are applied to an image, producing a filter effect
on the images. It operates by combining the values of the
core pixels, which are calculated using the weighted average
of all of their neighbouring values ( Ludwig (2007)). The
mathematical formulation of 2-D convolution is given by

yli.jl= > Y him.nl-xli —m,j—n] )

m=—0o0 n=—00

where in Eq. 2, the kernel matrix 4 and the input image
matrix x are convoluted to create the new matrix y, which
represents the output image. Here, the indices i and j deal
with the image matrices, while m and n deal with the kernel
matrices ( Sneha (2018)).

2.3.2 Gamma distribution

For values of x > 0, the Gamma function is defined using an
integral formula as in Eq. 3.

'(x) = /oo e ldr 3)
0
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The Gamma distribution’s probability density function is
represented by the following formula as in 4,

X
xozfle—g

PO =gty

“

The mean of the Gamma distribution is o and the vari-
ance is «8% ( Hosch (2022)).

Due to its statistical properties, including skewness with
few locations showing high frequencies when taking only the
positive values into consideration, the Gamma distribution
is judged to be the best fit for describing the rainfall data
( Sivajothi and Karthikeyan (2016),Papalexiou and Kout-
soyiannis (2012),Koutsoyiannis and Onof (2001)). Similar
to rainfall, all parameters considered in the study depict the
same property; hence in all other cases Gamma distribution
is employed.

2.3.3 Probabilistic convolution neighbourhood technique

Every grid point within the domain under consideration
has been subjected to the PCNT method. To evaluate the
spatio-temporal coherence all at once, the basic idea is to
convolute around the fixed points with a specified radius and
fit a Gamma distribution. The steps of the process are listed
below:

1. A gridpoint from the domain is selected;

2. Ineach of the points in step 1, the theory of convolution is
applied. Here, in Eq. 2, the input x is taken as the image
of Kerala and £, a circle with a fixed radius as shown in
Eq. 5;

B =/ = 102 + (6 — y0)? <05 )

3. All the data points inside and on the circle from step 2 are
extracted;

4. The points obtained in step 3 are then fitted with the
Gamma distribution;

5. The process is repeated for each gridpoint until all the
points are convoluted.

2.3.4 Selection of quartiles

To evaluate the changes in the parameters, the quartile dif-
ferences are found based on the probabilities of Gamma
distribution. The lower quartile is considered for the prob-
ability less than 0.30 while the upper quartile is considered
for > 0.95 probabilities. The normal is considered between
> 0.30 and < 0.95 ( Dash et al. (2011)).

All results were performed using Matlab software.
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3 Results

Even under normal conditions, a small change in the weather
can have a direct and indirect impact on crop growth. This
may have a detrimental effect on people’s quality of life. For
instance, as the population increases, so does the need for
food. Variations in the weather, such as rising carbon dioxide
levels and shifts in temperature, radiation, and rainfall, have
an impact on crop growth and output, leading to a food crisis
that has an influence on people’s livelihoods ( Rial-Lovera
et al. (217))( Daloz et al. (2021))( Lal et al. (2020)). Exam-
ining these significant changes in parameters and taking the
appropriate measure, to some extent can help in enhancing
crop growth.

Due to the limited usage of the IMDAA dataset in research
studies, it is vital to examine the temporal and spatial prop-
erties of each of the climatic variables; relative humidity,
precipitation, and maximum and mean temperature on an
annual and seasonal timescale.

3.1 Temporal changes on the annual and seasonal
timescale

3.1.1 Climatological average change

To comprehend the data more clearly, properties namely,
maximum and minimum values, mean, median, skewness,
kurtosis, standard deviation, and coefficient of variation, for
temporal data are found.Table 1 shows the values obtained
for annual and seasonal temporal data.

The annual relative humidity ranges from 78.42 to
82.69%. The dataset for humidity has a maximum standard
deviation of 1%, which indicates that it is widely dispersed
when compared to other variables.The maximum and mini-
mum values obtained by mean temperature are 299.56 K and
298.63 K, respectively, whereas the maximum temperature
fluctuates between 303.62 and 302.19 K. Both these temper-
ature variables have negative skewness, stipulating that more
of the data values are clustered around the right tail. The
annual precipitation is positively skewed with a high coeffi-
cient of variation and ranges from 5.71 kg /m? to a maximum
of 9.82 kg /m?.

The characteristics of the temporal data for the three
seasons of Kharif, Rabi, and Zaid are shown in Table 1.
Comparing the three seasons, Kharif showed maximum rel-
ative humidity (90.59%), while Rabi showed the minimum
(72.60%). The highest maximum temperature was obtained
for the season Zaid (306.70 K), whereas Kharif (299.73 K)
recorded the lowest. Compared to the other two seasons,
the standard deviation of the maximum temperature was
lower in Kharif season, thus showing less dispersion of data
from the mean. Kharif has the highest recorded precipitation
(18.79kg /m? ) and Rabi has the lowest (2.10 kg /m?) values.

The seasons with the highest and lowest mean temperatures
are Zaid (302.13 K) and Kharif (297.42 K), respectively.
The skewness of the relative humidity is positive during the
Rabi season (0.62%) and negative during Kharif (—0.47%)
and Zaid (—0.04%). This shows that the relative humidity
data values for Rabi are concentrated around the left tail, and
for both Kharif and Zaid, they are concentrated on the right
tail. The standard deviation of precipitation has the lowest
value in the Rabi (0.71kg/m? ) season. Skewness for max-
imum temperature is negative in both Rabi (—0.53 K) and
Zaid (—0.51 K) whereas it is positive for Kharif (0.13 K).
The kurtosis for the three seasons is platykurtic for relative
humidity, leptokurtic for maximum temperature in Kharif
and Zaid, and platykurtic for Rabi. The same is true for the
mean temperature. In the event of precipitation, Rabi and
Zaid are leptokurtic, while Kharif is platykurtic. The coeffi-
cient of variation of precipitation is the highest during Zaid.

It is seen from the above analysis that the lowest relative
humidity reading is depicted by Rabi, which contributes to
the region’s low precipitation levels. Kharif, on the other
hand, had the highest relative humidity and the most

precipitation. A similar observation was made by Goparaju
and Ahmad (2019). Kharif experiences a drop in temperature
because of the high rate of precipitation. The kurtosis of all
the climatic variables indicates that the data values on an
annual and seasonal period congregated in the distribution’s
tails.

This observation suggests that the state’s distribution of
various climatic parameters varies from season to season-for
instance, precipitation (Jagannathan and Bhalme (1973)).

3.1.2 Year to year temporal variability

The available daily single-level data sets are used to obtain
year-to-year data in order to observe the temporal variations
from 1 year to the other. The temporal changes in the vari-
ables (relative humidity, precipitation, mean, and maximum
temperatures) over Kerala are normalised and depicted in
Fig.2.

In order to illustrate temporal changes, the variables
under consideration-relative humidity, precipitation, mean,
and maximum temperatures-are normalised and plotted. The
annual humidity reached its highest value in 2010 and its
lowest in 1987, as shown in Fig. 2. The observed mean, and
maximum temperatures were at their lowest in 1984 and
highest in 2019 and 2003, respectively. The maximum and
minimum annual precipitation were recorded in 2019 and
1999, respectively.

Comparing the seasonal plots, Zaid recorded the highest
humidity in 2004, whereas Rabi observed the lowest. The
highest and lowest humidity readings for Kharif were in 2010
and 1987, respectively. For both the Kharif and Rabi seasons,
the mean temperature peaked in 2015. Mean temperatures for
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Table 1 Temporal properties for climatic variables on annual and seasonal timescale

Annual Relative humidity(%) Maximum temperature(K) Mean temperature(K ) Precipitation(kg/ m?)
Maximum value 82.68918 303.6181 299.563 9.8177
Minimum value 78.4182 302.1915 298.6337 5.7128
Mean 80.35916 302.9546 299.1013 7.326595
Median 80.14182 303.0283 299.0838 7.237265
Skewness 0.248821 —0.29662 —0.04585 0.288205
Kurtosis 2.45015 2.337537 2.01247 2.321048
Standard veviation 1.036643 0.34078 0.267849 0.975244
Coefficient of variation 1.290013 0.112485 0.089551 13.31102
Kharif

Maximum value 90.59497 301.5735 298.8964 18.78918
Minimum value 86.25334 299.73 297.417 8.951166
Mean 88.89232 300.6064 298.2169 13.59201
Median 89.07091 300.634 298.247 13.32211
Skewness —0.47075 0.132581 —0.18384 0.133029
Kurtosis 2.322869 3.493598 3.323055 2.237273
Standard deviation 1.155065 0.385307 0.298371 2.51256
Coefficient of Variation 1.299398 0.128177 0.100052 18.48556
Rabi

Maximum value 80.54224 304.6651 299.77 5.266026
Minimum value 72.59506 302.4382 298.4234 2.099926
Mean 75.45559 303.7081 299.0298 3.418271
Median 75.38669 303.7887 299.0255 3.29191
Skewness 0.617689 —0.52645 0.248828 0.698424
Kurtosis 2.981556 2.376937 2.203905 3.09025
Standard deviation 1.820957 0.537413 0.36808 0.71335
Coefficient of variation 2.413282 0.17695 0.123091 20.86874
Zaid

Maximum value 82.8223 306.7011 302.1305 11.31115
Minimum value 72.79187 303.4416 299.7923 3.861242
Mean 77.94497 305.384 301.0822 6.511308
Median 77.91984 305.4394 301.0667 6.32471
Skewness —0.03677 —0.51327 —0.28041 0.82102
Kurtosis 2.80758 3.019079 3.242417 3.639778
Standard deviation 2.21406 0.770207 0.477029 1.591809
Coefficient of variation 2.840543 0.252209 0.158438 24.44684

the years 1998 and 1999 were found to be highest and lowest
during Zaid, respectively. Maximum rainfall was observed
in 2019 for Kharif, 1983 for Rabi, and 2004 for Zaid.

Analysing the Kharif season, it is observed that in 1987,
humidity and precipitation were the lowest and maximum
temperature the highest. India experienced a similar phe-
nomenon (Krishna Kumar et al. (2004)). A trend contrary to
Kharif was seen in 1983 by Rabi. That is low maximum tem-
perature and high humidity and precipitation. During Zaid,
this same pattern was repeated in 2004.
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To assess the trend of the temporal data, the Mann Kendall
(MK) test was applied to the annual and seasonal vari-
ables( Giiglii (2020)). The findings revealed an increasing
trend in the annual and seasonal timescales for relative
humidity, precipitation, maximum, and mean temperatures.

Humidity, maximum, and mean temperatures for the
annual data were all statistically significant at levels more
than 90%. The observed significance for humidity, mean
temperature, precipitation, and maximum and mean temper-
atures during Kharif and Rabi, respectively, were greater than
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Fig.2 Temporal changes for the 3
variables (a) Annual, (b) Kharif,
(c) Rabi, and (d) Zaid )

===Relative Humidity

w31 Temperature

90%. The relative humidity for Rabi and maximum temper-
ature for Zaid were also found to be insignificant as reported
by a similar study ( Roy (2015)).

3.2 Spatial properties on the annual and seasonal
timescale

Since the temporal characteristics depict only the overall
average characteristic of Kerala, it is necessary to evaluate
the characteristics on a regional spatial scale. The mean and
standard deviation for 234 grid points in Kerala have been
computed on an annual and seasonal scale.

Figure 3, depicts the mean and standard deviation of the
spatial data for the season as a whole. Idukki, Ernaku-
lam, Kottayam, Pathanamthitta, and areas of Wayanad and
Kozhikode are found to have relative humidity levels of
around 85%, whereas Kasaragod, Palakkad, Thrissur, Kan-
nur, and some parts of Thiruvananthapuram, and Kollam,

=== \laximum Temperature

s Precipitation

have relative humidity levels lying in the range of 70 to
80%. The average maximum temperature for 41 years in Ker-
ala showed high values in regions of Kasaragod, Kannur,
Malappuram, Kozhikode, Thrissur, Palakkad, Ernakulam,
Kottayam, Pathanamthitta, Kollam, and Thiruvananthapu-
ram. The average temperature was higher in coastal regions.
Except for some regions of Kannur, Kozhikode, Wayanad,
Idukki, Pathanamthitta, and Kollam, Kerala observed pre-
cipitation of about 10kg/m?>. However, the regions of Thiru-
vananthapuram, Kollam, and Wayanad recorded the lowest
precipitation.

Idukki has several areas with high precipitation compared
to other regions of the state, which also happens to have the
lowest temperature and maximum humidity. Low precipita-
tion is noted in the districts of Malappuram, Thrissur, and
Palakkad along with high temperatures and low humidity.

The standard deviation for the climatic variables for 41
years is shown in Fig. 3. The coastal parts of Kerala dis-
played a low value for relative humidity, even though some

@ Springer
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(e)

Fig.3 Annual mean (upper panel) and standard deviation (lower panel) of climatic variables for (a, e) relative humidity, (b, f) maximum temperature,

(¢, g) mean temperature, and (d, h) precipitation

areas of Wayanad and Idukki displayed a high value (1.8%).
Aside from a few places in Palakkad, Idukki, Kottayam,
Pathanamthitta, and Kollam, standard deviations for maxi-
mum temperatures for all other regions fell between 0.1 and
0.3 K. The maximum and mean temperature values highly
deviated from the mean in some areas of Idukki. The regions
of Kozhikode, Malappuram, and Palakkad showed high dis-
persion values for precipitation. A study that was carried out
in the districts of Kozhikode and Malappuram lends credence
to this fact( Abhinav et al. (2018)).

The mean seasonal spatial images of the climatic param-
eters are shown in Fig. 4. Various districts, including Idukki,
Ernakulam, Kasaragod, Kannur, and Wayanad, get their
highest relative humidity readings during Kharif, while the
season’s maximum temperature is reported to be around 304
K. Kerala experiences roughly the same average tempera-
ture throughout the Kharif season. Spatial images captured
during the Rabi exhibit that Kerala had practically constant
relative humidity. Some areas of Palakkad recorded maxi-
mum temperatures of up to 308 K.

The southern regions of Kerala experienced high mean
temperature values throughout the Rabi season, apart from
Idukki. All districts of Kerala have extremely low levels of
precipitation during Rabi except Idukki. During Zaid, rela-
tive humidity ranged between 70 and 90% throughout Kerala.

@ Springer

Kerala’s northern region displays high maximum temper-
ature readings during this season when compared to the
southern region. The mean temperature, however, is almost
uniformly distributed. During the season Zaid, Kerala’s
southern portion experiences comparatively more precipi-
tation than its northern area. As humidity and precipitation
rise during the seasons of Rabi and Zaid, temperature drops
in the Idukki district. Wayanad and Kannur exhibit the same
characteristics during Kharif. As precipitation decreases in
Wayanad during Zaid, so do temperatures.

The seasonal standard deviation for each climate vari-
able is shown in Fig. 5. The standard deviation of relative
humidity reported levels under 1.3% throughout Kerala dur-
ing the Kharif season. The districts of Thrissur, Ernakulam,
Kottayam, Idukki, Alappuzha, Pathanamthitta, Kollam, and
Thiruvananthapuram had finer standard deviation values for
the maximum temperature and mean temperature. A few
areas in the districts of Kozhikode, Wayanad, Malappuram,
Palakkad, Idukki, and Pathanamthitta revealed high values
of standard deviation when the spatial image of precipita-
tion was examined. During Rabi, the standard deviation of
relative humidity was analysed to be high in some districts,
namely, Palakkad and Idukki.

The coastal parts of Kerala reported lower values for the
standard deviation of the maximum and mean temperatures.
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Fig.4 Seasonal mean of

climatic variables for: Kharif (a)
relative humidity, (d) maximum
temperature, (g) mean
temperature, and (j)
precipitation; Rabi (b) relative
humidity, (e) maximum
temperature, (h) mean
temperature, and (k)
precipitation; Zaid (c) relative
humidity, (f) maximum
temperature, (i) mean
temperature, and (1)
precipitation
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Fig.5 Seasonal standard
deviation of climatic variables
for: Kharif (a) relative humidity,
(d) maximum temperature, (g)
mean temperature, and (j)
precipitation; Rabi (b) relative
humidity, (e) maximum
temperature, (h) mean
temperature, and (k)
precipitation; Zaid (c) relative
humidity, (f) maximum
temperature, (i) mean
temperature, and ()
precipitation
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However, precipitation values remained constant throughout
this season. During the month of Zaid, only a few places
in Kasaragod and Kannur showed high deviation for rela-
tive humidity values, however, other places in Kasaragod,
Kannur, Malappuram, and Palakkad showed higher standard
deviation for maximum temperature. Significant standard
deviations for mean temperature were observed in some
areas of Palakkad and Kannur. Other than the districts of
Kozhikode, Kannur, and Kasaragod, the standard deviation
of precipitation throughout the season is nearly constant.

In comparison to Kharif, Idukki’s temperature and rela-
tive humidity data are less reliable throughout the seasons of
Rabi and Zaid. Rainfall for the same district in comparison to
Kharif was less consistent. During the seasons of Kharif and
Rabi, Kerala’s southern region experienced the least devia-
tion in temperatures.

To evaluate the current changes, the variables are first
divided into two periods. The first phase lasted from 1980
to 2000, and the second from 2001 to 2020. The above-
proposed technique has two applications. The first strategy,
tail diagnostics, finds and compares the differences between
the upper quartiles of the two periods and the lower quartiles
of the two periods. This assesses the variations in climatic
variables over two timelines, highlighting the regions with
high and low differences. In the second approach, maximum
areal difference, the difference between the upper and lower
quartile is found and compared for each time. This provides
the disparities between the periods having normal values. The
same is done to find the Inter decadal changes, where differ-
ence of 10 years are taken. Spatial images of the values thus
obtained are plotted for easy understanding and comparison.

3.3 Inter-vicennial changes

To examine the variations in the climatic variables in this
section, the differences between the two periods are found
by deducting the values of period 1 (1980-2000) from period
2 (2001-2020).

The highest relative humidity values at both times were
found in Ernakulam, Idukki, Kottayam, and Pathanamthitta,
as seen in Fig. 6. The changes that have occurred across
both of these periods are depicted on the difference map.
The above-mentioned district’s differences in values ranged
from 0.3 to —0.3%. Positive changes in specific areas of
Kasaragod, Kannur, Kollam, and Thiruvananthapuram indi-
cate that relative humidity levels in these areas during period
2 were higher. Kozhikode, Malappuram, and Ernakulam
regions all exhibited a maximum temperature greater than
0.1 K on the difference map. Period 1 had higher maximum
temperatures than period 2 in several regions of Wayanad,
Idukki, Palakkad, Kottayam, Pathanamthitta, Kollam, and
Thiruvananthapuram. A wide range of negative deviations
in mean temperature was seen in parts of Kannur, Wayanad,

Kozhikode, Malappuram, Thrissur, Palakkad, and Ernaku-
lam. In certain areas of Kannur, the amount of precipitation
that fell over the two time periods was nearly the same.

Thiruvananthapuram observed an increase in the max-
imum temperature, humidity, and precipitation compared
to period 1. For each period, the maximum temperature
decreased along with the humidity and precipitation. The
pattern that was noticed in the temporal and spatial features
is not present here. All district’s mean temperature dropped
in period 2. In the districts of Malapuram and Kozhikode,
relative humidity increased as well as decreased in both peri-
ods.

Figure 7 depicts the differences between the two time
periods for all climate variables for the three seasons of
Kharif, Rabi, and Zaid. The difference between the two peri-
ods during Kharif indicates that all districts in period 2 had
higher relative humidity than period 1. Kozhikode, Wayanad,
Malappuram, Thrissur, and the borders of Palakkad, Ernaku-
lam, Kottayam, Alappuzha, Idukki, and Pathanamthitta all
experienced relative humidity differences of roughly 0.3 %.
In the case of Rabi, indicating that period 1 had the high-
est value in these areas, a difference of —0.6% was seen
in Kozhikode, Wayanad, Malappuram, Thrissur, Palakkad,
Ernakulam, Kottayam, and Alappuzha. Only some areas
of Idukki experienced negative differences during the Zaid
season. Kannur marked positive humidity with a differ-
ence greater than 0.9%. During Kharif, a positive differ-
ence in maximum temperature was observed in Thrissur,
Palakkad, Ernakulam, Idukki, Kottayam, Alappuzha, and
Pathanamthitta. Kasaragod experienced a constant maximum
temperature in both periods. The maximum temperature
varies during the three seasons in both positive and nega-
tive directions. The areas of Thiruvananthapuram, Kollam,
Pathanamthitta, Idukki, and Palakkad showed the largest
negative fluctuations during Rabi. Meanwhile, Wayanad,
Malappuram, Thrissur, Palakkad, Ernakulam, Alappuzha,
Kottayam, and Idukki all had a mean temperature greater
than —0.2K. During Zaid, variances in maximum tempera-
ture readings of roughly —0.2 K were recorded in Kannur,
Wayanad, Malappuram, Palakkad, Idukki, Pathanamthitta,
and Kollam. The difference in mean temperature for this
season is consistently negative, showing that period 1 had
higher values than period 2. The differences in precipita-
tion during the Kharif season are all negative, except in
some areas of Kannur. While in Rabi, all regions except for
a small portion of Idukki displays a negative value. When
compared to other areas, Kerala’s coastal regions experi-
enced substantial precipitation differences during the Zaid
season.

During Kharif and Zaid, an increase in relative humidity
and a decrease in mean temperature is observed in Kerala.
In Kasaragod, the maximum temperature is steady during
the seasons of Kharif and Rabi. On the contrary, fluctuations
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Fig.6 Annual inter vicennial
difference: 1-20 years (a)
relative humidity, (d) maximum
temperature, (g) mean
temperature, and (j)
precipitation; 2141 years (b)
relative humidity, (e) maximum
temperature, (h) mean
temperature, and (k)
precipitation; difference (c)
relative humidity, (f) maximum
temperature, (i) mean
temperature, and ()
precipitation
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Fig.7 Seasonal inter vicennial
difference: Kharif (a) relative
humidity, (d) maximum
temperature, (g) mean
temperature, and (j)
precipitation; Rabi (b) relative
humidity, (e) maximum
temperature, (h) mean
temperature, and (k)
precipitation; Zaid (c) relative
humidity, (f) maximum
temperature, (i) mean
temperature, and (1)
precipitation
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are seen in Zaid. In Kannur, the maximum temperature and
precipitation fall off during Zaid and Kharif, but relative
humidity increases. Abrupt variations in climatic variables
are observed in many parts of Kerala.

3.3.1 The tail diagnostics

The districts Malappuram, Ernakulam and regions of Kannur,
Kozhikode, Wayanad, Thrissur, Palakkad, and Idukki all had
the same difference in the upper quartiles of the two periods
for relative humidity as shown in Fig. 8.

Kasaragod, Thiruvananthapuram, and parts of Kollam and
Pathanamthitta districts recorded a difference of 0.5%. Kan-
nur, Thrissur, Palakkad, Ernakulam, Idukki, Kottayam, and
Alappuzha are among the regions with values in the lower
quartiles, at 0.2%. The northern and southern parts of Kerala
have positive relative humidity at both tails. In the upper quar-
tile, Kasaragod, Kannur, Kozhikode, Wayanad, Malappuram,
Thiruvananthapuram, and some regions of Kollam recorded
positive differences in maximum temperatures. Kasaragod
and Kannur exhibited a high positive difference in the lower
quartile and negative differences in the lower part of Ker-
ala. When the mean temperatures are examined, a value of
about —0.25K is found in several areas of Kannur, Thrissur,
Palakkad, Ernakulam, Kottayam, and Idukki, in the upper

quartile, while the same difference is found in Thrissur,
Palakkad, Kottayam, Alappuzha, and Ernakulam in the lower
quartile.

Parts of Malappuram, and Palakkad in the upper quartile and
Kozhikode, Wayanad, Malappuram, Palakkad, Alappuzha,
Kottayam, and Pathanamthitta, in the lower quartile showed
a difference in precipitation of about —0.8 kg/m?.

Relative humidity exhibited positive differences in the
upper and lower parts of Kerala. This implies that relative
humidity has increased in these regions during period 2. The
maximum temperature increased in the northern part, and
the mean temperature decreased significantly in the southern
part of Kerala for both quartiles for Period 2.

In Kannur and areas of Malappuram, Ernakulam, Kot-
tayam, and Alappuzha during the Kharif season, the relative
humidity is the same for both quartiles, as shown in Fig. 9. In
the two quartiles, in the regions of Kasaragod and Thiru-
vananthapuram, the differences obtained were the same,
indicating that the maximum temperature for regions hav-
ing low and high values has not changed over time. During
Kharif, the mean temperature is approximately the same
in Kasaragod for both quartiles. Throughout Kerala, all
the districts observed a negative difference in both tails
for mean temperature. Precipitation in the upper quartile
is greater than -2 kg /m2 in Thiruvananthapuram, Kollam,

(e)

Fig.8 Annual tail diagnostics - upper quartile (a) relative humidity, (b) maximum temperature, (¢) mean temperature, and (d) precipitation; lower
quartile (e) relative humidity, (f) maximum temperature, (g) mean temperature, and (h) precipitation
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Alappuzha, and portions of Pathanamthitta. However, for the
lower quartile, a similar disparity is visible in some regions
of Idukki. Parts of Kozhikode, Wayanad, and Malappuram
experienced the same relative humidity differences in both
quartiles (—0.6%) during the Rabi season. Since the relative
humidity showed no differences in the regions of Alappuzha,
Pathanamthitta, Kollam, and Thiruvananthapuram, the lower
tails are the same for both periods. The spatial images of the
maximum temperature for both quartiles were virtually sim-
ilar. Thiruvananthapuram and some regions of Kollam have

mean temperatures of —0.4K in the upper quartile, whereas
Thiruvananthapuram, Kollam, and portions of Pathanamthitta
and Idukki have mean temperatures greater than —0.4K
in the lower quartile. For precipitation during Rabi, in the
upper quartiles of Alappuzha, parts of Thiruvananthapu-
ram, Ernakulam, and Kottayam recorded no difference. The
same is observed in the regions of Kollam, Alappuzha, and
Pathanamthitta in the lower tail. In some areas of Idukki dur-
ing Zaid, the relative humidity difference in the upper tail is
zero percent. Both quartiles have positive relative humidity

M)

Fig. 9 Seasonal tail diagnostics: Kharif-upper quartile (a) relative
humidity, (b) maximum temperature, (¢) mean temperature, and (d)
precipitation, lower quartile (e) relative humidity, (f) maximum temper-
ature, (g) mean temperature, and (h) precipitation; Rabi-upper quartile
(i) relative humidity, (j) maximum temperature, (k) mean temperature,

and | precipitation, lower quartile (m) relative humidity, (n) maximum
temperature, (0) mean temperature, and (p) precipitation; Zaid-upper
quartile q) relative humidity, (r) maximum temperature, (S) mean tem-
perature, and (t) precipitation, lower quartile (u) relative humidity, (v)
maximum temperature, (W) mean temperature, and (X) precipitation
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1-04

-0.8

Fig.9 continued

differences. The maximum temperature changes observed in
the parts of Kasaragod, Kannur, and Idukki are nearly the
same during the Zaid season in both tails. The mean temper-
ature (—0.15K) in Kozhikode, Wayanad, Ernakulam, and in
some areas of Malappuram, Thrissur, Palakkad, Idukki, Kot-
tayam and Alappuzha in the upper quartile and Kasaragod,
Kannur, Ernakulam, and regions of Kozhikode, Thrissur, and
Kottayam in the lower quartile is the same. The lower tail dif-
ference for some areas of Kasaragod, Ernakulam, Kottayam,
and Alappuzha recorded positive maximum temperature.
Positive difference in precipitation was found in Kasaragod

@ Springer

and Kannur, in the upper quartile, and in Thiruvanantha-
puram, Kollam, Alappuzha, Kottayam, and some parts of
Pathanamthitta and Ernakulam, in the lower quartile.

Areas of Idukki witnessed an increase in relative humid-
ity during Kharif in period 2, while mean temperature and
precipitation levels fell. Relative humidity in Thiruvanan-
thapuram and Kasaragod showed no differences from one
another in Rabi. In every region throughout Zaid, rela-
tive humidity increased in period 2. In the same period,
Kasaragod experienced higher maximum temperature read-
ings.
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3.3.2 Maximum areal difference

The relative humidity in Thiruvananthapuram, Kollam,
Pathanamthitta, Idukki, and Ernakulam varied by zero per-
cent. While it is evident from Fig. 10 that a difference of
0.3 % was observed in Kasaragod, some areas of Kannur,
Thrissur, Palakkad, Alappuzha, and Kottayam. The maxi-
mum temperature differences in the Kozhikode, Wayanad,
and Idukki regions recorded a value of 0.1 K, whereas Kerala
as a whole showed negative differences in mean tempera-
ture. There wasn’t any difference in precipitation in certain
areas of Kannur, Kozhikode, Wayanad, Malappuram, and
Palakkad.

Periods 1 and 2 with normal relative humidity displayed
the same values throughout Kerala. The maximum tempera-
ture in the majority of Kerala showed a positive difference,
indicating that maximum temperature values have increased.
However, mean temperature values have decreased over time.
Except for Wayanad, period 2 observed a decline in precip-
itation. According to research by Sethi et al. (2022), this
validates our findings.

During Kharif, there were no variations in relative humid-
ity for both the periods in Kasaragod, Kannur, Kozhikode,
Thrissur, Ernakulam, Kottayam, Alappuzha, and in the
regions of Wayanad, Malappuram, Palakkad, Idukki, and
Pathanamthitta. Figure 11 refers to this observation. Certain
regions in Kannur, Thrissur, Ernakulam, Kottayam, Alap-
puzha, Kollam, and Thiruvananthapuram also experienced
the same during Rabi. Parts of Thiruvananthapuram, Kollam,
Pathanamthitta, Kottayam, and Idukki showed no difference
in humidity during Zaid. Idukki recorded its maximum tem-
perature difference during Kharif (which is greater than 0.1
K), while Kerala as a whole recorded negative mean tem-
peratures. Parts of Kasaragod, Idukki, and the borders of
Kozhikode and Wayanad experienced a maximum temper-
ature difference of 0.1 K during the season of Rabi. In

75"E 76" E 77°E ) 75°E 76" E 7°E

some areas of Kasaragod, the seasonal difference in mean
temperature recorded a value of —0.15 K. Zaid exhibited
a maximum temperature difference of 0.1 K in areas of
Wayanad, while the mean temperature across Kerala depicted
negative readings. Precipitation in Kharif showed no differ-
ence in some areas of Kannur, Kozhikode, and Wayanad.
However, in Rabi, areas of Thrissur, Palakkad, Ernakulam,
and Alappuzha experienced zero variations. On the borders
of Kannur, Kozhikode, and Wayanad, no difference in pre-
cipitation amounts were observed during Zaid.

Season Kharif observed a decrease in values for the sec-
ond period for the zones with normal relative humidity. The
values also decreased for Rabi, except Kasaragod and several
areas of Kannur, and during Zaid, values increased in period
2 except for several areas in Idukki, Pathanamthitta, and Kol-
lam. During the seasons of Kharif and Rabi, Idukki noticed a
pattern. In other words, a rise in relative humidity and precip-
itation during period 1 was linked to a decline in maximum
temperature, whereas a decline in relative humidity and
precipitation during period 2 was linked to an increase in
maximum temperature. During Zaid, Kasaragod, and Kannur
exhibited the same phenomenon. Period 2 in Zaid exhibited
a decline in precipitation when Idukki recorded both positive
and negative readings for temperature and humidity.

Table 2 depicts the overall summary of annual and sea-
sonal inter vicennial variations in climatic variables at the
234 grid points over Kerala.

It can be noticed that maximum positive change is seen in
the mean temperature where all gridpoints depict an increase
in annual and Kharif season whereas maximum negative can
be noticed for relative humidity for the Rabi season. The
upper and lower tail diagnostic suggest a decrease in all grid-
points for all the parameters (except relative humidity) on an
annual and seasonal scale (except Zaid). Results from max-
imum areal difference depict significant changes for relative
humidity, mean temperature and precipitation.

8'N

(a)

(b)

Fig. 10 Annual maximum areal difference: (a) relative humidity, (b) maximum temperature, (¢) mean temperature, and (d) precipitation
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Fig.11 Seasonal maximum areal difference: Kharif (a) relative humid-
ity, (b) maximum temperature, (¢) mean temperature, and (d) precipi-
tation; Rabi (e) relative humidity, (f) maximum temperature, (g) mean

3.4 Inter-decadal changes

In the following section, three time periods (period 1, period
2, and period 3) are considered to analyse the decadal changes
in the climate variables. Period 1: difference of the years
1980-1990 from 1991 to 2000; period 2: difference of 1991—
2000 from 2001 to 2010; and period 3: difference of 2001—
2010 from 2011 to 2020.

@ Springer

temperature, and (h) precipitation; Zaid (i) relative humidity, (j) maxi-
mum temperature, (k) mean temperature, and (1) precipitation

Relative humidity difference declined (—0.3 %) in cer-
tain places in Thrissur, Alappuzha, Wayanad, Kozhikode, and
Kollam during period 1 as shown in Fig. 12. In some areas of
Idukki, Alappuzha, Thrissur, Kollam, Kozhikode, Kannur,
Wayanad, Malappuram, and Palakkad, the maximum tem-
peratures difference were recorded between —0.1 and —0.3
K. Mean temperature and precipitation at the time period
1991-2000 decreased when compared to 1980-1990. The
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iT:tZI:vziceﬁﬁﬁﬂhﬁiéﬁ?&ﬂ Inter-vicennial difference Grid point nature Annual (%) Kharif (%) Rabi (%) Zaid (%)
grid points of Kerala (in Relative humidity Positive 70 99.57 21.79 98.72
percentage) . . .
Relative humidity Negative 30 0.43 78.21 1.28
Maximum temperature Positive 99 96.15 56.41 32.05
Maximum temperature Negative 1 38.5 43.59 67.95
Mean temperature Positive 100 100 90.17 91.45
Mean temperature Negative 0 0 9.83 8.55
Precipitation Positive 98.29 97.86 36.75 91.03
Precipitation Negative 1.71 2.24 63.25 8.97
Upper tail diagnostics
Relative humidity Positive 47.44 5.13 92.74 1.28
Relative humidity Negative 52.56 94.87 7.26 98.72
Maximum temperature Positive 0 0 0 79.49
Maximum temperature Negative 100 100 100 20.51
Mean temperature Positive 0 0 0 2.56
Mean temperature Negative 100 100 100 97.44
Precipitation Positive 0 0 8.12 0.43
Precipitation Negative 100 100 91.88 99.57
Lower tail diagnostics
Relative humidity Positive 27.35 0 78.21 0
Relative humidity Negative 72.65 100 21.79 100
Maximum temperature Positive 0 0 0 82.05
Maximum temperature Negative 100 100 100 17.95
Mean temperature Positive 0 0 0 0.43
Mean temperature Negative 100 100 100 99.57
Precipitation Positive 0 0 0 6.41
Precipitation Negative 100 100 100 93.59
Maximum areal difference
Relative humidity Positive 17.09 2.99 8.55 71.79
Relative humidity Negative 82.91 97.01 91.45 28.21
Maximum temperature Positive 62.39 45.73 71.78 41.03
Maximum temperature Negative 37.61 54.27 22.22 58.97
Mean temperature Positive 82.91 48.72 91.03 82.05
Mean temperature Negative 17.09 51.28 8.97 17.95
Precipitation Positive 97.44 97.86 41.45 79.06
Precipitation Negative 2.56 2.14 58.55 20.94

highest negative relative humidity difference (—0.6 %) was
recorded during period 2 in the Wayanad district, as well as in
parts of Malappuram, Kozhikode, Palakkad, Ernakulam, and
Idukki. The places with the highest maximum temperature
differences (—0.4 K) during this time period were observed
in Wayanad, Palakkad, and Idukki, as well as certain regions
of Kozhikode, Malappuram, Thrissur, Ernakulam, Kottayam,
and Pathanamthitta. Precipitation did not differ significantly
in this period. During period 3, there were no variations
in humidity in Kasaragod and regions of Malappuram. Its
difference fluctuated between 0.3 and 0.6% in the districts

of Kozhikode, Kannur, Thrissur, Thiruvananthapuram, and
some parts of Palakkad, Alappuzha, Ernakulam, and Idukki.
Parts of Wayanad, Malappuram, and Idukki showed positive
differences in maximum temperature.

Relative humidity showed positive variations in periods
1 and 3 but negative variations in most of Kerala in period
2. Period 2 witnessed no difference in Thiruvananthapuram.
The maximum temperature difference in Period 1 marginally
fluctuated in positive and negative directions. There was a sig-
nificant negative difference in period 2 except for Kasaragod
and Thiruvananthapuram. The difference in the temperature
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Fig. 12 Annual inter decadal difference: Period 1 (a) relative humidity,
(b) maximum temperature, (¢) mean temperature, and (d) precipitation;
Period 2 (e) relative humidity, (f) maximum temperature, (g) mean

dropped across the board in period 3, except for a few areas
in Idukki and Wayanad. Kerala experienced negative mean
temperature differences for all three periods. Kasaragod
observed a difference of —0.15 K in the average temperature
in period 3. Difference in precipitation is observed as nega-
tive throughout Kerala for periods 1 and 3.

In some parts of Thiruvananthapuram, Kollam, and
Pathanamthitta during period 1 of Kharif, the difference in
relative humidity ranged from 0.6 to 0.9% (Fig. 13). Max-
imum temperature differences of —0.1 K were recorded in
some areas of Pathanamthitta, Kollam, and Thiruvanantha-
puram. In this time frame, Thiruvananthapuram, Kollam,
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temperature, and (h) precipitation; Period 3 (i) relative humidity, (j)
maximum temperature, (k) mean temperature, and (1) precipitation

Pathanamthitta, Kottayam, and some areas of Idukki, Ernaku-
lam, and Kannur experienced differences in precipitation
ranging from —0.5 to —1.6 kg/m?. Kasaragod has the
highest positive relative humidity difference during period 2.
In several areas of Thiruvananthapuram, Kollam, Alappuzha,
Kottayam, Ernakulam, Thrissur, Malappuram, Kozhikode,
and Kannur, the difference in maximum temperature of —0.1
K was recorded. In several areas of Kasaragod, the mean
temperature variations were extremely negative. Malappu-
ram reported no variations in precipitation, and parts of
Kasaragod recorded positive differences. In the districts of
Thiruvananthapuram and Kannur, the humidity during period
3 exhibited no variations.
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Fig. 13 Seasonal inter decadal difference for Kharif: Period 1 (a) rel-
ative humidity, (b) maximum temperature, (¢) mean temperature, and
(d) precipitation; Period 2 (e) relative humidity, (f) maximum temper-

In Kharif, most areas of Kerala witnessed positive humid-
ity differences throughout periods 1 and 3. In period 2,
the variations in humidity did not significantly change. The
northern region of Kerala in period 1, the southern part in
period 2, and the coastal parts in period 3 all exhibited positive
differences in maximum temperature. In Kerala, the highest
mean temperature differences were marked in period 1. Pre-
cipitation and mean temperature showed negative changes
throughout period 3, while relative humidity showed posi-
tive shifts.

In Thiruvananthapuram, Kollam, Alappuzha, Malappu-
ram, and Wayanad in period 1 of Rabi, relative humidity

(k) M

ature, (g) mean temperature, and (h) precipitation; Period 3 (i) relative
humidity, (j) maximum temperature, (k) mean temperature, and (1) pre-
cipitation

did not vary (figure not shown). In Pathanamthitta, Kot-
tayam, Idukki, Ernakulam, Thrissur, Palakkad, and in areas
of Thiruvananthapuram, Kollam, and Malappuram districts,
the maximum temperature difference was extremely negative
(—0.4 K). The same mean temperature was reported in parts
of Pathanamthitta, Idukki, Wayanad, Thrissur, Kottayam,
and Palakkad. Differences in precipitation of about —0.8
kg/ m? were witnessed in the districts of Kasaragod, Kannur,
and Thiruvananthapuram. Alappuzha, Kottayam, Ernaku-
lam, Thrissur, Palakkad, Malappuram, Kozhikode, Wayanad,
and Kannur districts experienced a difference in humidity of
—0.6 % during period 2. Positive fluctuations in maximum
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temperature differences were seen in Kottayam, Ernakulam,
Thrissur, and in the regions of Alappuzha, Idukki, Palakkad,
Malappuram, Kozhikode, Wayanad, Kannur, and Kasaragod.
In some areas of Kozhikode, Wayanad, Thrissur, and Idukki,
there were significant changes in the amount of precipitation
(-2 kg/mz). In period 3, Kasaragod, Kannur, Kozhikode,
and a few areas in Malappuram and Thrissur all exhibited
positive humidity differences. Maximum temperature differ-
ences in some regions of Thiruvananthapuram, Kollam, and
Pathanamthitta increased.

Kerala’s humidity in period one during Rabi differed pos-
itively in the majority of the regions when compared to
other periods. During the same period, Kerala’s southern and
central parts showed significant negative differences in the
maximum temperature. Compared to periods 1 and 3, the
mean temperature over Kerala in period 2 showed marginal
variations.

Parts of Malappuram, Thrissur, Palakkad, Ernakulam,
Idukki, Kottayam, Pathanamthitta, and Kollam reported high
positive humidity differences (0.9 %) during the season
of Zaid in period 1 (figure not shown). Mean temperature
observed negative differences of —0.4 K inregions of Malap-
puram, Thrissur, Palakkad, Ernakulam, Kottayam, Idukki,
Pathanamthitta, and Kollam. In some areas of Wayanad,
Palakkad, and Idukki, the variation in precipitation was
significant (=2 kg/m?). In period 2, the relative humidity
in the districts of Kasaragod, Kannur, Kozhikode, Thiru-
vananthapuram, and Kollam, and some regions of Thrissur,
Malappuram, and Alappuzha varied from 0.3 t00.9%. No sig-
nificant positive differences in maximum temperature were
observed. A mean temperature difference of —0.15 K was
recorded in parts of Palakkad, Ernakulam, Kottayam, and
Idukki. In the regions of Idukki and Pathanamthitta, pre-
cipitation showed severe disparities (—1.2 kg/m?). Many
areas, including Kasaragod, Kannur, Kozhikode, Malap-
puram, Thrissur, Palakkad, Ernakulam, Kottayam, Idukki,
Pathanamthitta, Kollam, and Thiruvananthapuram, experi-
enced positive differences in maximum temperatures for
period 3. Precipitation at this time showed no variations in
various regions of Idukki and Pathanamthitta.

During Zaid, humidity in period 3 experienced high neg-
ative differences comparatively. Compared to the other two
periods, Kerala experienced greater maximum temperature
variations (—0.4 K) during period 1. Throughout this time,
the majority of Kerala experienced a significant decrease in
the mean temperature and precipitation differences.

3.4.1 The tail diagnostics
All regions in the upper quartile of humidity during period
1 exhibited no difference, except for Kasaragod, Kannur,

Ernakulam, Kollam, and Thiruvananthapuram, as shown in
Fig. 14. The difference throughout Kerala was positive in
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the lower tail. In the upper tail, the districts of Thiruvanan-
thapuram and Alappuzha and some parts of Kollam and
Thrissur reported a maximum temperature difference that
was extremely negative (—0.4 K). However, in the lower
tail, every district recorded a temperature difference of —0.1
K except Alappuzha. The upper tail difference of the mean
temperature recorded values higher than —0.4 K in several
areas of Idukki. The case is the same in Kasaragod and Kan-
nur in the lower tail. Precipitation showed no variations in
parts of Alappuzha, Ernakulam, Kottayam, Pathanamthitta,
and Kollam in the lower tail. Kasaragod showed no varia-
tion in humidity during period 2 in any of the quartiles. In
the upper tail, Kasaragod, Kannur, Kozhikode, Wayanad, and
some areas of Thrissur, Ernakulam, and Idukki experienced
positive differences in maximum temperature. Meanwhile,
Malappuram, Kozhikode, Wayanad, Kannur, and regions
of Kasaragod reported positive variations in the lower tail.
Regions with high and low values for the mean temperature
difference declined over time. The lower tail of precipita-
tion in Thiruvananthapuram and the upper tail in Kasaragod,
Kannur, Kozhikode, and Wayanad both showed a positive
difference.

Pathanamthitta, as well as the areas of Idukki, Kottayam,
and Alappuzha, experienced a relative humidity difference of
0.9 % in the upper tail during period 3. A maximum temper-
ature difference of 0.1 K was observed in the upper quartile
for Kozhikode, Wayanad, Malappuram, and Palakkad. In the
lower quartile, Kasaragod and Thrissur recorded the same
temperature. The amount of precipitation in the upper tail
did not differ in the Kottayam, Idukki, Kozhikode, Wayanad,
and Kannur regions. The same is true in the lower tail for
several places in Kasaragod and Kannur.

The relative humidity differences in the two tails of period
2 of the yearly data were negative in most districts. During
the same time span, both quartiles of maximum temperature
exhibited positive changes in Kerala’s northern region and
adverse variations in its southern region. The upper and lower
tails of the mean temperature difference in Kasaragod were
reported to have the same value in period 3.

In the district of Wayanad and parts of Kasaragod,
Kozhikode, Malappuram, and Palakkad during Kharif, no
variations were observed in the upper quartile of humidity
(Fig. 15). In the lower tail, Thiruvananthapuram and some
areas in Kollam and Pathanamthitta exhibited high positive
differences. High negative deviations in the upper tails of the
maximum temperature (—0.4 K) were observed in Thiru-
vananthapuram, Kollam, and Alappuzha. The lower quartile
showed positive changes in the districts of Kasaragod, Kan-
nur, Kozhikode, Wayanad, Malappuram, Thrissur, Palakkad,
Ernakulam, Kottayam, Idukki, and Alappuzha. Kozhikode,
Wayanad, and areas of Malappuram, Idukki, Pathanamthitta,
Kollam, and Thiruvananthapuram recorded a mean temper-
ature of —0.4 K in the lower tails during this time period.
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Kannur, Ernakulam, and parts of Kasaragod, Thrissur, and
Palakkad experienced negative differences in precipitation
(—2 kg/m?) in the upper tail. The districts of Kozhikode and
Wayanad in both tails did not exhibit any changes in humidity
during period 2. Positive disparities in the maximum tem-
perature were observed at the upper and lower quartiles in
Idukki. Precipitation in the districts of Kasaragod and Kannur
showed positive differences in the upper tail. Highly positive
differences in the upper tail of maximum temperature were

observed in Kasaragod during period 3. However, this district
had the least variations in mean temperature.

Period 3 of Kharif witnessed positive changes in humidity
across the entire state of Kerala, while period 2 observed
negative differences in the southern regions of Kerala in both
tails. For maximum temperature during period 1, most of the
regions exhibited negative differences in the upper quartile
and positive differences in the lower quartile. In Kasaragod,
the lower tail of the precipitation during period 3 revealed no
differences.

(1)

Fig. 14 Annual tail diagnostics: Period 1-upper quartile (a) relative
humidity, (b) maximum temperature, (¢) mean temperature, and (d)
precipitation, lower quartile (e) relative humidity, (f) maximum tem-
perature, (g) mean temperature, and (h) precipitation; Period 2-upper
quartile (i) relative humidity, (j) maximum temperature, (k) mean tem-
perature, and (1) precipitation, lower quartile (m) relative humidity, (n)

maximum temperature, (0) mean temperature, and (p) precipitation;
period 3-upper quartile q) relative humidity, (r) maximum temperature,
(s) mean temperature, and (t) precipitation, lower quartile (u) relative
humidity, (v) maximum temperature, (W) mean temperature, and (x)
precipitation
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Fig. 14 continued

Kasaragod recorded positive changes in the upper tail of
humidity during Rabi in period 1, whilst the other regions
showed negative differences (figure not shown). The districts
of Kasaragod, Kannur, Kozhikode, and Wayanad, as well
as the regions of Malappuram and Palakkad, experienced
differences in humidity levels between 0.6 and 0.9% in
the lower tail. High negative differences (—0.4 K) in the
upper tail of the maximum temperature were observed in
the districts of Kasaragod, Kannur, Kozhikode, Wayanad,
Thrissur, and Palakkad. In the lower quartile, the mean tem-
perature difference ranged between —0.2 and —0.15 K in the
districts of Kozhikode, Wayanad, Malappuram, Alappuzha,
Kottayam, Idukki, Pathanamthitta, Kollam, and Thiruvanan-
thapuram. Positive variations in precipitation were observed
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in Kasaragod in the upper tail and Malappuram in the lower
tail. In Kasaragod and several areas of Kannur and Thrissur in
the upper quartile during period 2, no variations in humidity
were recorded. In the lower quartile, a humidity difference of
—0.6 % was recorded in the districts of Kannur, Kozhikode,
Wayanad, Malappuram, Thrissur, Palakkad, Ernakulam, Kot-
tayam, Idukki, and some parts of Pathanamthitta.

In the districts of Kasaragod and Kannur, the maximum
temperatures during this time period showed positive dif-
ferences in both tails. Idukki, in the upper quartile, and
Kozhikode, Wayanad, and Malappuram, in the lower quar-
tile, recorded a mean temperature difference of —0.15 K.
Positive changes were evident in the lower tails of the pre-
cipitation in the districts of Thiruvananthapuram and Kollam.
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The humidity for both quartiles varied significantly in some
areas of Idukki throughout period 3. Positive differences
were observed in the upper tail of maximum temperature
in Kozhikode, Wayanad, and Malappuram. The same is
true for Kasaragod in the lower tail. For mean temperature,
differences obtained in both tails were identical. Positive
differences were observed in Alappuzha, Idukki, Kottayam,
Pathanamthitta, and Kollam in the upper quartile of precipi-
tation and Idukki in the lower quartile.

Throughout the rabi season, there were negative changes
in the lower quartile for humidity in period 2. Negative
fluctuations were also noted in the upper tail, exclud-
ing the regions of Kasaragod, Kannur, and Thrissur. For
period 2, the maximum temperature differences in the
districts of Pathanamthitta, Thiruvananthapuram, and Alap-
puzha are the same in both tails. The upper tail of the
precipitation at Kasaragod during Period 1 exhibited positive
differences.

¢

Fig.15 Seasonal tail diagnostics for Kharif: Period 1-upper quartile (a)
relative humidity, (b) maximum temperature, (¢) mean temperature, and
(d) precipitation, lower quartile (e) relative humidity, (f) maximum tem-
perature, (g) mean temperature, and (h) precipitation; Period 2-upper
quartile (i) relative humidity, (j) maximum temperature, (k) mean tem-
perature, and (1) precipitation, lower quartile (m) relative humidity, (n)

maximum temperature, (0) mean temperature, and (p) precipitation;
Period 3-upper quartile (q) relative humidity, (r) maximum temper-
ature, (S) mean temperature, and (t) precipitation, lower quartile (u)
relative humidity, (v) maximum temperature, (W) mean temperature,
and (x) precipitation
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Fig. 15 continued

In the lower quartile difference during Zaid in period 1,
relative humidity values higher than 0.6 % was observed
in the districts of Kasaragod and in the regions of Kannur
(figure not shown). Idukki, which is in the upper quartile
of mean temperature, and Thrissur, Palakkad, Ernakulam,
Alappuzha, Kottayam, Idukki, Pathanamthitta, Kollam, and
Thiruvananthapuram, which is in the lower quartile, observed
a difference of —0.4 K. In the upper quartile, Kasaragod and
regions of Kannur had positive precipitation differences, and
in the lower quartile, Alappuzha and regions of Kottayam
and Pathanamthitta. Period 2 humidity witnessed a positive
difference in the state’s upper tail and all regions in the lower
tail, except Idukki. The maximum temperature in the lower
tail exhibited positive variations in Ernakulam and Kottayam.
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Kasaragod and Kannur, as well as Thiruvananthapuram and
Kollam, both experienced values greater than —0.4 K in the
upper and lower tails of the mean temperature difference,
respectively. The maximum temperature in the upper tail
fluctuated positively in Idukki, Alappuzha, Pathanamthitta,
Kollam, and Thiruvananthapuram during period 3; simi-
larly, the lower tail showed positive variations in Kasaragod,
Thrissur, Palakkad, Ernakulam, Kollam, and Thiruvanantha-
puram. The regions of Idukki, Pathanamthitta, and Kollam
experienced a difference of —0.15 K in the upper quartile of
mean temperature.

The southern and northern parts of Kerala’s upper and
lower tails of humidity, respectively, showed negative vari-
ations during Zaid in period 1. The disparities in the lower
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quartile were found to be —0.6 % across the state in period
3. For both tails, the same pattern was observed for the
maximum temperature (—0.4 K) in period 1. Kasaragod
and Kannur experienced positive differences in precipita-
tion during period 2; however, during period 3, both districts
exhibited negative differences in both quartiles.

3.4.2 Maximum areal difference

The humidity during period 1 in the Ernakulam district
exhibited no variations, and the state’s maximum temper-
ature ranged from —0.1 to —0.3 K, as shown in Fig. 16.

The average temperature difference in Idukki observed val-
ues greater than or equal to —0.35 K. However, Kasaragod
and Kannur showed temperature differences that were lower
than —0.15 K. In Thrissur, Palakkad, and Idukki districts
during period 2, there were positive changes in humid-
ity. Variations in the maximum temperature experienced
positive deviations in the districts of Kozhikode, Malap-
puram, Pathanamthitta, Kollam, Thiruvananthapuram, and
some parts of Kannur, Wayanad, Palakkad, and Idukki. Pre-
cipitation in the districts of Kasaragod, Kannur, Kozhikode,
and Wayanad exhibited positive changes. Maximum tem-
perature differences higher than 0.1 K were observed in
the districts of Kozhikode, Wayanad, and Malappuram

0.1 0
10 1-0.4
0.1 -0.8
-0.2 -1.2
-0.3 -1.6
-0.4 -2
0.1 0
10 -0.4
-0.1 -0.8
-0.2 -1.2
-0.3 -1.6
-0.4 -2
0.1 0
{0 1-04
0.1 -0.8

Fig. 16 Annual maximum areal difference: Period 1 (a) relative
humidity, (b) maximum temperature, (¢) mean temperature, and (d) pre-
cipitation; Period 2 (e) relative humidity, (f) maximum temperature, (g)

(k) (M

mean temperature, and (h) precipitation; Period 3 (i) relative humidity,
(j) maximum temperature, (k) mean temperature, and (I) precipitation
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during period 3. In these areas, the average temperature var-
ied from —0.2 K to —0.15 K. There were noticeable positive
fluctuations in the precipitation in several areas of Kannur,
Kozhikode, Wayanad, Ernakulam, Kottayam, Idukki, and
Pathanamthitta.

Positive changes were observed in the state as a whole
in period 3 for relative humidity. However, for maximum
temperature in period 1, negative differences were recorded.
In several areas of Idukki, precipitation during periods 1 and
3 exhibited no variations.

In the districts of Kasaragod, Kannur, Kozhikode, Palakkad,
and some areas of Wayanad, Malappuram, Thrissur, Ernaku-
lam, Kottayam, Pathanamthitta, and Idukki, no variations
were recorded during period 1 of Kharif (Fig. 17). Significant
variations in the maximum temperature (—0.4 K) were
observed in Alappuzha. Mean temperature differences higher
than —0.15 K were recorded in the districts of Kozhikode,
Wayanad, and Malappuram. During period 2, for humidity,
Positive differences were observed in Kozhikode, Wayanad,
Malappuram, Palakkad, and the regions of Thrissur and
Idukki. The districts of Thrissur, Palakkad, Ernakulam, Kot-
tayam, Idukki, Pathanamthitta, Kollam, and some regions
of Thiruvananthapuram and Malappuram depicted no differ-
ence in maximum temperature. The Idukki district showed
the least negative changes in mean temperature. Positive
differences in precipitation can be observed in Kasaragod
and Kannur. Kasaragod witnessed a difference in the humid-
ity of more than 0.6 % during the third period. The Maximum
temperature in the districts of Kasaragod and Kannur exhib-
ited difference greater than 0.1 K. In some parts of Wayanad,
positive fluctuations in precipitation were observed.

In the districts of Wayanad, Malappuram, Thrissur, Palakkad,
and Idukki during Kharif in period 3, difference in humidity
values of more than —0.6 % were recorded. The state as a
whole showed negative disparities in the maximum temper-
ature throughout period one. Compared to periods 2 and 3,
the mean temperature in period one exhibited small negative
differences. Except for Kozhikode and Wayanad in the third
period, precipitation experienced negative shifts throughout
the state.

In the Kozhikode and Wayanad regions, the maximum
temperature difference during period 1 of Rabi ranged from
—0.3 to —0.4 K (figure not shown). The average temper-
ature varied from —0.35 K to —0.4 K in the Kozhikode,
Wayanad, and Idukki districts. The least negative difference
noticed in precipitation was in the district of Kasaragod.
Idukki, Pathanamthitta, and Kollam experienced difference
in humidity levels of —0.6 % during period 2. Positive differ-
ences in maximum temperature were recorded in the districts
of Malappuram, Alappuzha, Kottayam, Pathanamthitta, Kol-
lam, and some parts of Kasaragod, Kozhikode, Wayanad,
Palakkad, Ernakulam, Idukki, and Thiruvananthapuram. The
mean temperature in the Idukki district varied by —0.15
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K, and precipitation in regions of Palakkad showed posi-
tive differences. During period 3, humidity variations greater
than 0.9 % were observed in Pathanamthitta. The districts
of Kozhikode, Wayanad, and Malappuram depicted maxi-
mum temperature variations greater than 0.1 K. Precipitation
levels witnessed positive differences in the districts of Alap-
puzha, Kottayam, Pathanamthitta, and Kollam.

The state’s overall humidity difference during Rabi’s first
period was —0.6 %. Compared to periods 2 and 3, all districts
experienced negative shifts in the maximum temperature dur-
ing period 1.

High negative humidity variations (—0.6 %) were noted in
the districts of Alappuzha, Kottayam, Idukki, Pathanamthitta,
Kollam, Thiruvananthapuram, and some areas of Ernakulam
during Zaid in period 1 (figure not shown). In the districts
of Kasaragod, Kannur, Kozhikode, Wayanad, Malappuram,
and Palakkad, positive deviations in maximum temperature
were observed. In Idukki, the difference in average temper-
ature was more than —0.4 K. The precipitation exhibited
positive differences in Kasaragod and some regions of Kan-
nur. In Kasaragod, Kannur, and some parts of Kozhikode
and Wayanad during period 2, humidity showed negative dif-
ferences. Positive variations in maximum temperatures have
been noted in some areas of Wayanad. An average temper-
ature difference of more than —0.15 K was recorded in the
Idukki district. The districts of Kasaragod and Kannur exhib-
ited a positive difference in precipitation. In period 3, the
districts of Alappuzha, Kottayam, Idukki, Pathanamthitta,
and Kollam recorded humidity variations of more than —0.9
%. A maximum temperature difference of more than 0.1 K
was recorded in Idukki. Precipitation observed positive dif-
ferences in Kottayam and some areas of Ernakulam, Idukki,
and Pathanamthitta.

Period 1 of Zaid witnessed humidity fluctuations in the
north that were positive, and in the south that were negative.
In periods 2 and 3, positive fluctuations in the southern part
were observed. The Northern part recorded positive devia-
tions in the maximum temperature during period 1, while
the Southern part witnessed negative deviations. For pre-
cipitation, in periods 1 and 2, Kasaragod depicted positive
differences.

3.5 Characteristics of the parameters affecting
paddy crop

In order to better understand the traits of the variables that
affect crops, paddy, a crucial crop grown in Kerala over the
three seasons, is taken into account ( Department of Agricul-
ture and Welfare (2019)). They are grown in regions having
high humidity, reliable water supply, a mean temperature of
21 to 37 degree Celsius, and a maximum temperature rang-
ing between 40 to 42 degree Celsius ( Government of India
(2015)).
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(1) §)

Fig.17 Seasonal maximum areal difference for Kharif: Period 1 (a) rel-
ative humidity, (b) maximum temperature, (¢) mean temperature, and
(d) precipitation; Period 2 (e) relative humidity, (f) maximum temper-

According to our study, it was seen that Kerala in 2019
witnessed high values of annual mean temperature and pre-
cipitation. In the same year, a decrease in the area of paddy
by 77.38% was observed ( Department of Agriculture and
Welfare (2019)). High mean temperatures may have forced
farmers to depend on some other crops causing a decline in
the paddy area which in turn affects the overall productivity.
Based on the study ( Giridhar et al. (2022)), the CPLI ( Crop
Production Loss Index) for paddy in Thiruvananthapuram
was found to be 0.020. This could be a consequence of the
increase in maximum temperature, humidity, and precipita-
tion that our model PCNT observed. Studies even indicate

(k) )

ature, (g) mean temperature, and (h) precipitation; Period 3 (i) relative
humidity, (j) maximum temperature, (k) mean temperature, and (1) pre-
cipitation

that the growth of paddy in Kerala can be impacted by a
slight increase in temperature ( Nambudiri (2023)). Our pro-
posed model found that the maximum temperature in Kharif
during 1987 increased while the humidity and precipitation
decreased, resulting in a decline in the area and productiv-
ity of the paddy crop, providing another example of how the
parameters affect the crops ( Government of Kerala (1987)).

In a nutshell, it is found that the trend of the area and the
productivity of the paddy showed significant decreasing (Z =
—8.63) and increasing (Z = 8.05) trends, respectively. At the
same time, a significant trend is found for the precipitation
(Z = 2.66), relative humidity (Z = 0.93), mean temperature
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(Z = 4.03), and maximum temperature (Z = 2.14) using the
MK test.

4 Discussions

In this study, a unique probabilistic method called the
probabilistic convolution neighbourhood technique (PCNT)
for assessing spatio-temporal changes was developed. The
developed methodology not only emphasises on spatial and
temporal coherence but also carefully monitors variations
occurring in areas with high and low values of distribution.
This technique was applied to various parameters majorly
affecting the crops-namely, relative humidity, maximum tem-
perature, mean temperature, and precipitation. The main
advantage of the proposed methodology includes the abil-
ity to observe distributional changes at all grid points, and
the fact that every point is influenced by its neighbouring
points, including the anomalies.

Till date, numerous studies were developed that take
account of spatio-temporal changes (Kamruzzaman et al.
(2018), Abaje et al. (2018), Rao et al. (2020)), but in all these
studies, the spatial and temporal characteristic are analysed
separately. Some studies like Mitra and Seshadri (2019),Nan-
zad et al. (2019), and Wu et al. (2008) wherein only outliers
are considered without considering the spatio-temporal rel-
evance.

In general, the proposed methodology PCNT depicts an
increase in mean temperature, relative humidity, precipita-
tion, and maximum temperature for annual inter-vicennial
variations.

One of the limitations of the present study is finding out
the probable distribution of the dataset. The conclusions may
vary depending on the choice of distribution.

5 Conclusions

An important global problem is the outgrowth of aberrant
climate conditions. Several economic damages have resulted
from this, particularly in the agricultural sector. India is one
of those nations that is severely impacted by erratic weather
patterns. A methodology must be developed in order to anal-
yse these patterns and identify the changes.

The Probabilistic Convolution Neighborhood Technique
(PCNT), a novel probabilistic method introduced in this
research, is one such approach that identifies the tempo-
ral and spatial coherence in each of the location-specific
time series, which detects changes in climate variables. This
methodology studies the variations in climate variables that
affect crops: relative humidity, precipitation, and mean and
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maximum temperatures. The IMDAA dataset is used to anal-
yse climate variability because of its high resolution. The
study is conducted over the spatial domain of Kerala on a
seasonal (Kharif, Rabi, and Zaid) and annual scale.

The proposed method was applied and changes in cli-
matic variables over Kerala were analysed for the time period
1980-2020. The variability of different parameters over Ker-
ala having extreme and moderate values was also scrutinized
using PCNT.

The following are the main findings obtained from the
study:

1. It is seen that in Kharif and Rabi, seasonal temporal
features exhibit a trend in which the variables precip-
itation and humidity are directly proportional to one
another and inversely proportional to temperature;

2. Annual spatial features in the regions of Idukki, Malap-
puram, Thrissur, and Palakkad displayed similar pat-
terns. These trends were visible in Idukki during the
seasons of Rabi and Zaid and also during Kharif in
Wayanad and Kannur;

3. The trend of the temporal data was analysed using the
Mann- Kendall (MK) test to check whether the increas-
ing or decreasing trend of the variables is statistically
significant or not. All parameters show a statistically
significant trend (90 %)on an annual (except precipi-
tation) and seasonal scale (except Zaid). The observed
significance for humidity, mean temperature, precipi-
tation, and maximum and mean temperatures during
Kharif and Rabi, respectively, were greater than 90%.
Similar to our study, Roy (2015) has also evaluated
that, the relative humidity for Rabi and maximum tem-
perature for Zaid were found to be insignificant;

4. The climate characteristics that are specific to each
region can be used to explain the findings on the spatial
and temporal pattern. The southernmost and northern-
most regions of Kerala, as well as the central region of
Kerala, except Ernakulam and Idukki, had comparably
low relative humidity according to annual data. Kharif
had the lowest temperatures and the highest levels of
precipitation and relative humidity when compared to
other seasons. In the case of Rabi, low relative humidity
and precipitation all over the state except Idduki were
observed, whereas the maximum temperature is high-
est except for Idukki. In Zaid, the northernmost part
of Kerala experienced high temperatures together with
relatively low humidity and precipitation;

5. In the southern region, the mean temperature and pre-
cipitation decreased over time in the tails based on the
annual data. The seasonal data revealed that during
Kharif, the regions of Kannur with high and low val-
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ues for precipitation and relative humidity increased
over time. Kerala experienced an increase in relative
humidity in the extremes during Zaid;

6. In regions having normal values for distribution, no
differences in relative humidity were found. In most
of Kerala, the maximum temperature values exhib-
ited a positive difference, showing that the values have
increased over time while the mean temperature values
have fallen. Seasonal data showed that a decrease in
humidity was observed during Kharif;

7. For the annual data, period 1991-2000 and 2011-
2020 witnessed an increase in humidity but a decrease
in mean temperature and precipitation. During period
2001-2010, Kasaragod observed increased precip-
itation and humidity while the mean temperature
decreased in Kharif. In Rabi, Kasaragod experienced
increased humidity for all periods. Humidity dur-
ing 2011-2020 increased in Kozhikode, but temper-
ature and precipitation decreased. During Zaid for the
same time period, humidity decreased in Idukki and
Pathanamthitta, although the maximum temperature
increased. Palakkad and Idukki, for the years 1991-
2000, recorded a decrease in precipitation, whereas
humidity in these districts increased;

8. In period 2001-2010, Kasaragod witnessed increased
precipitation and maximum temperature in the upper
quartile for annual data. In the Pathanamthitta and Kol-
lam districts during Kharif for the years 1991-2000,
in the lower quartile, the mean temperature highly
decreased, and the humidity extremely increased. Dur-
ing the same time span, humidity and precipitation
increased in the upper tail of Rabi in Kasaragod,
while maximum temperature highly decreased. In the
lower quartile, precipitation increased during period
2001-2010 in Thiruvananthapuram and Kollam dis-
tricts, although maximum temperatures significantly
decreased. During period 2011-2020, humidity and
precipitation increased in Idukki for both quartiles. In
the upper tail, the districts of Kasaragod and Kannur in
Zaid during 1991-2009 observed an increase in humid-
ity and precipitation, whereas maximum temperature
decreased. A similar pattern was observed in the dis-
tricts of Alappuzha, Kottayam, and Pathanamthitta in
the lower tail;

9. For regions having normal values, an increase in
humidity and maximum temperature were observed in
some parts of Idukki during 2001-2010, and Kozhikode
experienced an increase in the maximum temperature
and precipitation. In Wayanad, for the period 2011-
2020, maximum temperature and precipitation during
Kharif increased, whereas humidity decreased. For the

same period for Pathanamthitta, during Rabi, maxi-
mum temperatures decreased while humidity and pre-
cipitation increased. The Kasaragod district witnessed
an increase in maximum temperature and precipita-
tion during 1991-2000 for Zaid. Humidity showed a
decrease in period 2001-2010, while precipitation in
Kasaragod and Kannur increased. In Idukki, 2011-
2020 witnessed an increase in maximum temperature
and humidity;

10. The most significant crop in Kerala, paddy, was used
to analyse the characteristics of the variables that influ-
ence the crop. An increase in precipitation and tem-
perature promotes the growth of paddy and improves
productivity for a short time span. But a further increase
in these parameters can ruin the panicle and reduce
productivity. Varied crops require different climatic
circumstances, and these meteorological factors have
diverse effects on the crops.

This study analysed spatio-temporal regional characteris-
tics of different climatic variables on an annual and seasonal
time scale. Future research can be conducted to examine the
direct effect of these variables on crop growth, on a more
finer scale.
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