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AR — RIS gauigafer= (PET) 3R a1Rer & qalqaAe #Agcaqul e g it Jerrdl Bael Irsfelr
3R geue 7 3gA ofFe fema €1 5§ eEwe #, WRd # @R fAfRE o (LGP) & sifasa & PET
3R ghiFed DI (ER) # Seolld HT Hodihed Fal & AT el Iellger Hholeled Hisel (GCMs) & e
ol IROTAT T SEAATST fHIT AT g Fediehel & TAT Iafeat & forw fohar aram #eg-erdrsdr (2030-
2040) 3T T F NMTR (2070-2090) & T, o Rusiefed Fae wad (RCP) FaARAT (RCP 4.5 3%
RCP 8.5) &I 39T ieh| STeid1g 3ielAlell I ST3eieehel el & T MarkSim DSSAT deX HIgel Sieliex
FT SEAATS foraT 17| Aisel g@nT Regeie Fu T avaA, @k ffeor ik aifter & #& & e gea
w9 A G g%, e queh & feda & T deera g3l @l ®RE & AT For PET 7 RCP 4.5 & dgd
2030-2050 & faw 2.02 mm 9fd a¥ 3R 2070-2090 & fav 0.88 mm wfd a¥ #i X ¥ Jef™y gt H
3TAT g1 RCP 85 & dgd, JeT &X 2030-2050 & fw 2.29 mm wfd a¥ 3ik 2070-2090 & fow 3.02
mm i a¥ S 30 & aew 3w wfdw PET &5 & o fham 9| gkl & ofiax aTRer & a9
Seeld & S1aele, RCP 4.5 & ol et secdl Ygf (eFTsreT 5.5%) @S, siefeh RCP 8.5 & wed ygfa
g | woaml (a1 S &) F 3w WA & ool F T F W@ aF (RCP 8.5) PET 7 wor
It fRmEe (22.38%) fe@r$| sfafad @og @ar &, "ER - PET" & & & g Sieen, s s &
9T I 3T AT F 2T g1 IROMAT & $Sedd 3cuiee I TAST A o fow HHeAl Hr 3w Arstear 7
HoTAle STelhl FeleT |

ABSTRACT. Future predictions of potential evapotranspiration (PET) and rainfall are important factors that play
pivotal role in effective crop planning and management. In this study, ensembled results of three Global Circulation Models
(GCMs) were used to evaluate the changes in future PET and effective rainfall (ER) of the Lower Gangetic Plain (LGP) in
India for two time slices: mid-century (2030-2040) and late-century (2070-2090) using two Representative Concentration
Pathway (RCP) scenarios (RCP 4.5 and RCP 8.5). The MarkSim DSSAT Weather File Generator was used to downscale
the climate projections. Temperatures, solar radiation, and rainfall simulated by the model majorly increased over the
century, with slight decadal variations. The ensemble total PET for all stations combined has been projected to increase at
the rate of 2.02 mm per year for 2030-2050 and 0.88 mm per year for 2070 — 2090 under RCP 4.5. Under RCP 8.5, the
same is as high as 2.29 mm per year for 2030 - 2050 and 3.02 mm per year for 2070-2090. The highest monthly PET is
recorded in May. Despite large variation in rainfall within decades, RCP 4.5 showed an overall increasing trend
(approximately 5.5%), whereas RCP 8.5 showed a decreasing trend. Kalyani (New alluvial zone) demonstrated maximum
decline in PET (22.38%) by late century (RCP 8.5) compared to other stations. Over the projected timeframe, "ER - PET"
value will decrease, indicating a high demand for irrigation water. The results provided valuable insights into the economic
planning of crops to support optimum production.

Key words — Climate change, Hydrologic projection, MarkSim weather generator, GCMs, RCPs.
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1. Introduction

Agricultural production is estimated to expand
approximately by 70% by 2050 with the ever-growing
population (World Bank, 2020) Water in Agriculture
(worldbank.org). The future projection of climate change
as reported by the 6™ Intergovernmental Panel on Climate
Change (IPCC) assessment indicates that the average
earth’s temperature will escalate by 1.5 °C or more by the
next 20 years. It has been predicted that by 2025, an
estimated 1.8 billion people will live in areas with water
scarcity; 66% of the global population residing in water-
constrained regions (Hinrichsen and Tacio, 2002).
According to a projection made by Seametrics, India, with
its rising population, is expected to reach a water demand
of 1.5 trillion cubic meters by 2030. A 40% depravity in
water is predicted by 2030, if the current rate of water usage
is not monitored. Water management and sustainability are,
therefore, a top priority of concerned organizations.

The Lower Gangetic Plains is one of the most densely
populated areas in India where agriculture serves as a major
source of income. Irrigation doubles crop production per
unit of land compared to rainfed farming, promoting both
crop diversification and intensification (World Bank,
2020). Estimation of evapotranspiration and crop water
requirements assist in successful planning of irrigation
projects. Rainfall, temperature, and evapotranspiration are
major  parameters  controlling  climate  change.
Understanding long term evapotranspiration and rainfall
pattern will help in better management of crop production
(Idso et al., 1975; Su, 2002) by predicting irrigation
requirements and thereby regulating crop water demand.
PET serves as a vital input in planning crop water
requirement and hydrological models (Allen et al., 1998).
Predominant cropping systems followed in LGP are Rice-
Rice, Rice-Wheat, Jute-Wheat, Jute-Pulses-Rapeseed, Jute-
Rapeseed-Rice, Rice-Rapeseed-Rice, Jute-Rice-Rice, Jute-
Pulses-Rice (Biswas et al., 2006).

Several researchers (Moratiel et al., 2011; Huo et
al., 2013; Delghandi et al., 2017; Gimenez and Garcia-
Galiano, 2018; Dong et al., 2019a; Yang et al., 2020;
Ouhamdouch et al., 2020) have used General Circulation
Models (GCMs) or Regional Climatic Models (RCMs) to
find relationship between evapotranspiration and climate
change. In a more recent trend analysis study conducted by
Ndiaye et al. (2021) in Senegal River Basin, West Africa,
a significant increment was seen in PET from 2036-2065.
Theoretically, global warming would increase
evapotranspiration, but some regions disagreed with this
inference. Hobins et al. 2004 researched on trend analysis
of actual ET and pan evaporation across U.S. and
documented results showing a decrease in PET over time.
Roderick and Farquehar (2002) also made similar
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conclusions. Research done in Canada (Burn and Hesch,
2007), Greece (Papaioannou et al. 2007), India
(Chattopadhyay and Hulme, 1997), Thailand (Tebakari et
al. 2005) and Japan (Asanuma and Kamimera, 2004)
showed likewise. However, these researches were
conducted in the past decades and are unlikely to reflect on
modern climatic environment. Banerjee and Biswas (2020)
assessed that the impact of climate change on future
evapotranspiration in West Bengal (India), which showed
an increment of 13-32% in RET by 2050 along with
reducing trend in post-autumnal showers.

In addition, large-scale water fluxes are determined by
climatic factors (Yuan and Bai, 2018; Chen et al., 2012).
The response of evapotranspiration rates is diverse and
shows regional variations (Shi et al., 2013). Therefore,
understanding how climate change affects hydrology of a
particular region is imperative.

General Circulation Models (GCMs) do not find any
direct use for regional hydrological models (Wigley et al.,
1990; Carter et al., 1994). Statistical downscaling helps in
providing a relation between global and local variables.
Systematic  relationship is utilized by statistical
downscaling techniques from the observed data (Wigley et
al., 1990). MarkSim Weather generator is one such
efficient tool to downscale data, particularly in this case, as
it requires minimal data input and has global data
applicability (Trotochaud et al., 2016).

Estimation of PET can be made via several methods.
Research has demonstrated that the PET formula employed
determines how climate change affects discharge (Seiller
and Anctil, 2016; Bae et al., 2011; Sperna Weiland et al.,
2012). According to 2013 IPCC Report, anthropogenic CO;
emissions will continue to have major influence on global
temperatures throughout the course of the next century, and
as a result, the estimated PET increases significantly when
temperature-based calculations are used. To provide
evidence of the effect of global warming on future PET and
crop water requirements, estimation of PET has been
carried out primarily with two temperature based empirical
approaches- Hargreaves-Samani (H/S) method
(Hargreaves and Samani, 1985; Samani, 2000) and Turc
method (Turc, 1961) and to support them Makkink method
(Makkink, 1957) has been used. Relation between ET and
rainfall has been made to assess their combined impact on
future water requirement availability to improve
management strategies. In the past years, particularly last
decade, many research studies, have been carried out
worldwide, aiming the hydrological projections of
evapotranspiration and rainfall using empirical methods.
However, in India, very few studies focused on a regional
scale targeting future ET and rainfall pattern, especially on
a long —term basis and how it might affect the future of
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Fig. 1. Map of West Bengal showing study locations (1: Bolpur, Red
laterite zone; 2: Burdwan, Old alluvial zone; 3: Canning, Coastal
and saline zone; 4: Hooghly, New alluvial zone; 5: Howrah, New
alluvial zone; 6: Kalyani, New alluvial zone)

irrigation and crop growth. No published study has ever
projected future ET in the LGP region of India. The paucity
of studies, in this specific region, has motivated us to
conduct the study. It analyses the variability of ET and
rainfall taking into account temperature (minimum and
maximum) and solar radiation for hydrological forecasts
for the 21% century using two Representative Concentration
Pathways (RCP) scenarios: an uncontrolled climate change
scenario with continuous high greenhouse gas emissions
(RCP8.5) and a midway greenhouse gas mitigation
scenario (RCP4.5). Empirical methods have been used to
find daily PET estimates for six stations using three GCMs
namely, GFDL-ESM2G, HadGEMZ2-ES and MIROC5
under RCP 4.5 and 8.5 scenarios for the future. Daily values
were then summed up and averaged for the time period to
find monthly total value for each method used to project the
future PET pattern. The differences in PET estimates as
indicated by future projections and baseline period have
been studied to understand the climate change impact on
PET process under both RCPs, separately.

Therefore, the major objectives of performing the
study were: 1) to assess the outcomes of H/S, Turc and
Makkink methods in relation to FAO PM method, 2) to
observe the variation of future PET and effective rainfall
for projected climatic scenario of RCP 4.5 and 8.5, 3) to
assess the trend of the difference between effective rainfall
and PET for both scenarios.
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2.  Data and methodology

2.1. Study area

The Lower Gangetic Plains region forms a
sub-division of the Indo-Gangetic Plain. It is one of the
fifteen agroclimatic zones in India spanning an area
of approximately 81,000 km?2 (Sirohi, 1989). This
region specifically falls under the state of West
Bengal. Agriculture plays an important role in
the economy, providing livelihood for 70% people of
this region. Rice and potato are the main cultivated
crops. Alternate periods of flood and drought
make growing of crops quite unpredictable. The average
rainfall is 157 cm annually. Ground water utilization of
this region is more than 35%. However, changing and
warming climate has threatened the farming practice here
due to augmented water scarcity despite of plentiful
precipitation.

Six stations of LGP viz., Bolpur, Burdwan, Canning,
Hooghly, Howrah and Kalyani, with climatic diversity,
have been considered for this study [Fig. 1]. The zone, in
general, shows tropical climate with hot summers and
moderately cold winters. The day temperature during
summer months ranges from 38 °C to 45 °C while the
winter temperature may fall to 6 °C to 7 °C. Monsoons start
in the month of June caused solely due to the current of
winds developed in the Bay of Bengal. The annual
precipitation lies between 140 cm - 170cm approximately
[Table 1].

2.2.  Simulated data collection

The present study is based on secondary data
of climatic parameters simulated for the future, in two
time slices (2030-2050) and (2070-2090) along
with baseline (2010-2020), derived from MarkSim
GCM - DSSAT Weather File Generator - the online
version for IPCC CMIP5 data (MarkSim® GCM - DSSAT
weather file generator (cgiar.org)). Temperature (minimum
and maximum) and global solar radiation (GSR) have
been simulated along with rainfall for six stations.
Statistical downscaling is done which uses the output of
the GCM to compute a statistical relationship with
existing meteorological data from observatory which is
then used to scale the results of the GCM to that of the
station of the particular location. To create long-term
weather data for crop production simulations, MarkSim is
a frequently used weather generator (e.g., Mavromatis and
Hansen, 2001; Jones and Thornton, 2003; Thornton et al.,
2009; Claessens et al., 2012; Jones and Thornton, 2013).
MarkSim has been used over other methods as it has
minimal input requirements and global database
applicability (Trotochaud et al., 2016).
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TABLE1

Geographic coordinates, altitude, soil type and annual rainfall of the
six stations on which the study was done

Location IDas LAT LONG Altitude Soiltype  Annual
N °N)  (°E) (Abovem. rainfall
Fig 1. s. 1) (m) (mm)
Bolpur 1  23°40° 87°43" 58 Red lateritic 1476
Burdwan 2  23°13° 87°51° 40  Coarsesandy 1496
Canning 3 22°31° 88°%6" 6 Fine loamy 1746
Hooghly 4  22°90° 88°39° 200 Clay sandy 1500
loam
Howrah 5 22°57° 88°32° 7 Clay loam 1744
Kalyani 6  22°97° 88°43" 14 Silty clay 1467

In this study, multi-model bi-scenario projection has
been made by taking the average (ENSEMBLE) of three
GCM models - GFDL-ESM2G, HadGEMZ2-ES, and
MIROCS (details of which are given in Table 2) and RCPs
4.5 and 8.5 scenarios. Although, the multi-model ensemble
(MME) provides a more realistic representation of the
climate system as compared to individual models (Taylor
et al., 2012; Yin et al., 2015; Dong et al., 2019b), MME
from all 17 models would have reduced interannual
variability and therefore lower the range of water
availability, affecting its projection.

The said models have been chosen from a pool of 17
models (available in MarkSimGCM) based on performance
evaluations by multiple researchers such as Srinivasa Raju
& Nagesh Kumar, 2015; Srinivasa Raju, Sonali & Nagesh
Kumar, 2017; Chandran et al., 2022.

2.3. Weather data collection from observatory

Climatic data for the baseline period (2010-2020) was
collected from the observations made by the
meteorological observatory maintained by All India
Coordinated Research Project on Agrometeorology
(AICRPAM) compared with those obtained from MarkSim
Weather Generator to see to what extent model run data
matches with actual data.

2.4. Evaluation of PET

To evaluate PET for present weather situation and
future climatic scenario, H/S method (Hargreaves and
Samani, 1985; Samani, 2000) (eqn.1), Turc Method (Turc,
1961) (egn. 2) and Makkink Method (Makkink, 1967)
(egn. 3) were used. The former two are temperature -
based while the latter is a radiation based empirical model.
While there are certain drawbacks with the temperature-
based PET formula compared to the physically based
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TABLE 2

Brief of the GCMs used in this study

Model Institution  Resolution (Lat  Reference
x Long i)
GFDL-ESM2G  Geophysical 2.0x25 Dunne et al.
Fluid Dynamics (2012).
Laboratory
HadGEM2-ES Met Office 1.2414x1.875 Collinsetal.
Hadley Centre (2011)..

MIROC5  Japan Agency for 1.4063 x 1.4063 Watanabe et al.
Marine- Earth (2010).
Science and
Technology,
Atmosphere and
Ocean Research
Institute (The
University of
Tokyo), and
National
Institute for
Environmental
Studies

(source:MarkSim™ GCM
Documentation)

DSSAT weather file generator

formula, the latter is not a readily available formula because
it requires a large number of meteorological variables and
observational data. However, when evaluating PET from
in-situ observed data, FAO Penman Method (egn. 4) (Allen
et al., 1998) was used which is considered one of the best
methods to measure PET with maximum accuracy, as
stated by various past researchers and authors (Debnath et
al., 2015; Sentelhas et al., 2010). Depending available data,
formulae used for calculation of PET with the
aforementioned methods have been shown in egns. 1, 2, 3
and 4.

PET =0.0023 (T + 17.8) * V(Tmax — Tmin) *Ra (1)

PET =0.013 * 23.88 * [ T/( T+15)] * (R, + 50) (2)
PET = 0.61 * [A / (A+0.0665)] * (Rs / 2.45) — 0.12 (3)

900
0.408 A (R — G) + ¥ 7775 Uz (€5 —
A+y (1+0.34uy)

e.)
PET =

(4)

where, the potential evapotranspiration [mm/day] is
represented by PET; Tmax is the daily highest temperature
[°C] and "T is the daily mean temperature [°C]. Daily
minimum temperature [°C] is denoted by Tmin. [MJ/m?/day]
is the extra terrestrial radiation, or Ra. Rs stands for solar
radiation or incident solar radiation [MJ/m2/day]. The slope
vapor curve (A) is expressed in kPa °C™!, the crop surface
net radiation (R,) is expressed in MJm™2day!, and the soil
heat flux density (G) is expressed in MImday . The e; is
the saturation vapor pressure (kPa); e, is the actual vapor
pressure (kPa); T is the air temperature at 2 m height (°C);
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Figs. 2(a-c). The 1:1 line between daily PET values as estimated by (a)
HS, (b) Turc and (c) Makkink methods against the FAO
PM method

Uz is the wind speed at 2 m height (m/s); where y (kPa °C™")
is the psychrometric constant.

To measure the accuracy and reliability of PET
methods used in this study, monthly total PET estimates by
each method of the study region were compared with those
estimated by FAO PM method and their performances were
evaluated. Error in PET estimates from alternate methods
were quantified in relation to FAO Penman using (1) Mean
Bias Error (MBE), which gave an overall average of the
error stating whether PET was under or over-estimated by
considering sign of the error; (2) root mean square error,
that showcases how concentrated the PET was around the
line of best fit; (3) percent BIAS (PBIAS) which quantified
the average tendency of the model to overpredict or
underpredict observed values; and their relationship was
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studied using Pearson correlation coefficients which gave a
measure of association between the PET estimates.

2.5.  Calculation of effective rainfall

There are quite a few methods for calculating
effective rainfall like Renfro Equation, U.S. Bureau of
Reclamation method, Potential evapotranspiration /
precipitation ratio method (India), U.S.D.A. Soil
Conservation Service (SCS) method and empirical
relationships. Here, U.S.D.A. SCS method for calculating
effective rainfall (Obreza and Pitts, 2002) has been used for
both observed and predicted data. However, it is frequently
seen that temperature can be more accurately simulated
using GCM data than precipitation, especially when it
comes to regional distributions (Yuan and Bai, 2018). The
U.S.D.A. created this technique after analyzing long-term
soil moisture and climate data. 22 experimental stations
with fifty years' worth of precipitation data that represented
various meteorological and soil conditions were analyzed.
This method was developed keeping in mind that the
monthly E.R. always be less than plants’ consumptive use.
This method has medium accuracy and low relative costs.
The formula (egn. 5) used in calculation effective rainfall
is as-

E.R. = (P * (125 - 0.2 * 3 * P)) / 125; for P <= 250 /
3mm E.R.=125/3+0.1*P;forP>250/3mm (5)

It must be noted that with high precipitation, the
precipitation water loss is also high.

3.  Results and discussion

Performance of Hargreaves-Samani (HS), Turc and
Makkink method in relation to FAO 56 Penman Monteith
(PM) method

The PET values calculated through HS, Turc and
Makkink nethods for all the stations for past 11 years were
compared with FAO56 PM method. Table 3 shows the
error and correlation values of the three PET methods used
in the study against the PM method. The correlation
coefficients for all the methods were very close to each
other. The MBE and RMSE was found to be lowest in
Makkink method and highest for Hargreaves-Samani
method. Small value of RMSE and MBE indicates lower
disagreement between FAO PM and the empirical method
under consideration. The best model was selected based on
their orientation along the 1:1 line graph [Fig. 2], the lowest
value of MBE, RMSE and PBIAS and a strong correlation
coefficient. The HS method chiefly overestimated the PET
values [Fig. 2a]. The factor responsible for such
overestimation by HS could be the high difference between
maximum and minimum temperature (Tmax - Tmin) Which
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TABLE3

Error structure and correlation between the estimated PET derived
by Hargreaves-Samani, Turc and Makkink methods and FAO
Penman Monteith method

PET Methods Mean Root Mean Pearson’s Percent
Bias Square correlation  BIAS
Error Error  coefficient (pgjAS)
(MBE) (RMSE)
Hargreaves-Samani
vs FAO Penman 13 16 0.84 42.45
Monteith
Turc vs FAO Penman
Monteith 0.84 1.01 0.83 25.49
Makkink vs FAO
Penman Monteith 0.12 0.56 0.82 4.17

forms an essential component in the HS equation. The
MBE, RMSE and PBIAS values were considerably low
(0.12, 0.56 and 4.17 respectively) for the Makkink method
[Table 3]. Deflections of PET values from 1:1 line have
also been observed in Turc method [Fig 2b]. But in case of
Makkink method the PET data are well oriented along with
1:1 line [Fig 2c]. Thus, considering the cumulative
performance for 11 years (2010-2020), it was ascertained
that the Makkink method could efficiently reconstruct the
ET pattern with simulated input data with least error and
deviation and therefore, in this paper, the Makkink method
has been given priority in predicting actual ET for post-
monsoon and pre-monsoon seasons under climate change
scenario.

The mean increase in temperature (represented by T)
over the century was alike for all the stations. Increment in
daily T roughly ranged from 1.76 °C (as seen in Canning)
to 1.9 °C (as in Bolpur) for RCP 4.5 over the said time
frame; whereas temperature (T) is projected to rise by 3.96
°C in Canning and 4.22 °C in Kalyani for RCP 8.5 scenario.
Highest temperature is likely to be recorded at Bolpur (RCP
4.5) and Kalyani (RCP 8.5). The variation of T for the
months of March, April, May (pre-monsoon) [Table 4A
and 4B] and October, November and December (post-
monsoon) [Table 5A and 5B] are shown for the periods
2030-2050 (mid-century) and 2070-2090 (late-century)
under both scenarios, respectively.

For pre-monsoon period, it is observed that during the
mid-century, projected T ranges from 31 °C to 32.6 °C for
RCP 4.5 whilst for RCP 8.5, it varies from 30.98 °C to 32.8
°C [Table 4A]. The range of projected T for end-century
varies from 32.13 °C to 33.7 °C (RCP 4.5) and 33.14 °C to
35.5 °C (RCP 8.5) [Table 4B].

For post-monsoon period, it is observed that during
the mid-century, projected T ranges from 26.07 °C to 27.45
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°C for RCP 4.5 whilst for RCP 8.5, it varies from 26.14 °C
To 27.88 °C [Table 5A]. The range of projected T for end-
century varies from 27.06 °C to 28.21 °C (RCP 4.5) and
28.48 °C to 30.75 °C (RCP 8.5) [Table 5B].

3.1. Rainfall projection under changed climatic
scenario

The future precipitation pattern is decisive in giving
an idea on drought assessment adaption and mitigation
techniques to overcome it. Although its significance is
not as pivotal in humid and sub-humid regions (area under
study) as in dry and semi- arid areas, a brief knowledge of
the same can prove handy in predicting soil moisture status
and understanding crop water requirement, especially in
irrigation-based locations.

Rainfall has been projected differently under the two
different climatic scenarios. Rainfall in the six stations
under study was mainly towards the high end; however,
few anomalies could be seen. Regarding rainfall,
no uniform trend was observed for the various time
slices considered. June and July were the months of
highest rainfall. It is the time of onset of South
West monsoon. November and December received little to
no rainfall on isolated days throughout the century. October
witnessed high precipitation (due to the collision between
retreating South West monsoon wind and incoming North
East wind which caused cyclonic depression). Pre-
monsoon showers occurred in the months of March and
April. January received light showers which decreased
by February. Overall, Howrah experienced maximum
precipitation and Burdwan received the least rain [Fig. 3(a)
and 3(b)].

3.2. Rainfall under RCP 4.5 scenario

In Howrah, highest rainfall was recorded during the
baseline period (610 mm in June) [Fig. 3(a)]. Rainfall
decreased in the mid-century but increased perpetually
in the late century time slice in Kalyani, Canning and
Howrah. No rain in December and negligible rainfall in
November was a common trait for all areas under
study. Fig. 3(a) shows variation of present and
future rainfall (under RCP 4.5 scenario) of the six
stations under study. Increasing trend of rainfall was
projected for Hooghly and Canning stations. Burdwan
(mid-century) and Hooghly was anticipated to receive
considerable rain in September and very restricted rain in
October (a deviation from general trend followed in all
stations). Studies by different authors using CMIP5 models
have highlight a rise in seasonal precipitation, driven by
enhanced monsoonal activity due to increased atmospheric
moisture content (Das et al., 2020; Mallik and Ghosh,
2022).
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TABLE 4A

Projected daily average temperature during the pre-monsoon period for 2030-2050 (mid-century)

Year BOLPUR BURDWAN CANNING HOOGHLY HOWRAH KALYANI

RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85

2030 31.6 31.62 SIRSS 31.82 31 30.89 31.45 31.47 31.34 31.25 SIS 31.42
2031 31.63 31.66 31.38 31.86 31.05 30.98 31.52 31.52 31.39 31.33 31.35 31.46
2032 31.68 3171 31.44 31.9 31.09 31.04 31.56 31.56 31.43 31.38 31.39 31.52
2033 31.73 31.77 31.44 31.95 31.13 31.09 31.6 31.62 31.47 31.43 31.43 31.57
2034 3177 31.82 31.49 31.96 31.17 31.14 31.65 31.68 3151 31.48 31.47 31.63
2035 31.81 31.88 31.55 32.01 31.21 31.19 317 3173 31.55 31.54 31.52 31.68
2036 31.85 31.94 31.6 32.05 31.25 31.24 31.74 Sl 31.59 31.59 31.55 31.73
2037 31.9 32 31.66 32.09 31.25 313 31.79 31.85 31.63 31.64 31.59 31.8
2038 31.93 32.05 31.72 32.13 31.33 31.35 31.83 31.9 31.67 31.7 31.64 31.85
2039 31.98 32.05 31.87 32.17 31.36 31.4 31.87 31.96 31.71 31.75 31.67 31.91
2040 32.02 32.17 31.93 32.21 31.4 31.46 31.91 32.02 31.74 31.81 317 31.97
2041 32.05 32.23 31.99 32.24 31.43 31.51 32.05 32.08 31.78 31.86 31.74 32.03
2042 32.09 32.29 32.04 32.28 31.46 31.57 32.07 32.14 31.81 31.92 31.78 32.07
2043 32.29 32.35 32.1 32.39 315 31.62 32.11 32.19 31.85 31.98 31.82 32.13
2044 32.25 32.41 32.16 32.42 31.54 31.68 32.14 32.25 31.88 32.03 31.85 32.19
2045 32.28 32.47 32.22 32.46 31.57 31.73 32.17 32.31 31.92 32.09 31.88 32.25
2046 32.32 32.47 32.28 32.49 31.6 31.79 32.21 32.37 31.95 32.15 31.91 32.31
2047 32.35 32.58 32.34 32.52 31.63 31.85 32.25 32.43 31.98 32.21 31.95 32.37
2048 32.39 32.65 324 32.56 31.66 31.9 32.28 32.49 32.01 32.26 31.98 32.43
2049 3241 32.71 32.46 32.59 31.69 31.96 32.31 32.54 32.04 32.33 32.01 325
2050 32.45 32.77 32.52 32.62 31.72 32.02 32.34 32.61 32.08 32.38 32.04 32.56

TABLE 4B

Projected daily average temperature during the pre-monsoon period for 2070-2090 (end-century)

Year BOLPUR BURDWAN CANNING HOOGHLY HOWRAH KALYANI

RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP8.5

2070 32.98 34.11 33.12 33.78 32.14 33.09 32.78 33.85 32.52 33.61 32.49 33.79
2071 33 34.15 33.14 33.82 32.16 33.14 32.8 33.91 32.54 33.66 32.51 33.9
2072 33.02 34.18 33.17 33.9 32.17 33.2 32.81 33.98 32.56 33.72 32.52 33.97
2073 33.05 34.28 33.19 33.97 32.18 33.27 32.83 34.05 32.58 33.79 32.54 34.03
2074 33.07 34.35 33.21 34.04 32.2 33.33 32.84 34.12 32.6 33.85 32.55 34.1
2075 33.17 34.42 33.23 3411 32.22 33.4 32.86 34.18 32.61 33.92 32.57 34.17
2076 33.19 34.49 33.25 34.18 32.23 33.46 32.88 34.25 32.63 33.98 32.59 34.24
2077 33.21 34.56 33.28 34.25 32.25 33.52 32.9 34.32 32.65 34.05 32.61 34.3
2078 33.23 34.63 33.34 34.32 32.26 33.59 32.92 34.39 32.67 34.11 32.63 34.38
2079 33.26 34.7 33.37 34.39 32.28 33.65 32.93 34.46 32.69 34.18 32.65 34.45
2080 33.28 34.78 33.39 34.42 32.3 33.72 32.95 34.53 32.71 34.25 32.67 34.52
2081 33.23 34.87 33.42 34.46 32.32 33.79 32.97 34.6 32.72 34.32 32.69 34.59
2082 33.26 34.94 33.45 34.6 32.33 33.85 33 34.67 32.75 34.38 32.71 34.66
2083 33.29 35.01 33.47 34.59 32.35 33.92 33.02 34.66 32.77 34.45 32.73 34.73
2084 33.32 35.09 335 34.66 32.37 33.98 33.04 34.73 32.79 34.52 32.75 34.81
2085 33.35 35.17 33.53 34.74 32.39 34.06 33.07 34.8 32.82 34.59 32.77 34.88
2086 33.38 35.25 33.55 34.81 32.41 34.06 33.11 34.88 32.84 34.66 32.8 34.95
2087 33.42 35.33 33.58 34.89 32.44 34.19 33.03 34.97 32.86 34.67 32.83 35.03
2088 33.45 35.4 33.61 34.96 32.46 34.17 33.06 35.04 32.89 34.74 32.85 35.11
2089 33.49 35.48 33.65 35.05 32.48 34.24 33.09 35.12 3291 34.82 32.88 35.18
2090 33.56 35.56 33.68 35.12 32.51 34.31 33.13 35.19 32.94 34.89 32.9 35.26
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TABLE 5A

Projected daily average temperature during the post-monsoon period for 2030-2050 (mid-century)

Year BOLPUR BURDWAN CANNING HOOGHLY HOWRAH KALYANI

RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85

2030 26.03 26.11 26.08 26.64 26.73 26.84 26.48 26.57 26.43 26.76 26.40 26.68
2031 26.07 26.14 26.12 26.69 26.77 26.90 26.52 26.62 26.47 26.80 26.44 26.71
2032 26.12 26.19 26.16 26.74 26.78 26.95 26.56 26.67 26.51 26.85 26.48 26.78
2033 26.16 26.24 26.20 26.74 26.82 27.00 26.61 26.72 26.55 26.90 26.52 26.83
2034 26.20 26.30 26.05 26.80 26.87 27.05 26.66 26.78 26.59 26.96 26.56 26.84
2035 26.25 26.35 26.28 26.85 26.89 27.10 26.70 26.83 26.64 27.00 26.61 26.89
2036 26.29 26.41 26.33 26.95 26.93 27.15 26.75 26.89 26.67 27.06 26.64 26.94
2037 26.33 26.46 26.37 27.01 26.93 27.20 26.79 26.93 26.71 27.10 26.68 27.00
2038 26.38 26.52 26.41 27.05 27.01 27.25 26.83 27.07 26.75 27.15 26.72 27.06
2039 26.41 26.52 26.44 26.93 27.05 27.30 26.87 27.13 26.79 27.21 26.76 27.11
2040 26.45 26.63 26.49 26.98 27.09 27.35 26.73 27.18 26.83 27.21 26.80 27.17
2041 26.50 26.69 26.52 27.03 27.12 27.41 26.77 27.23 26.86 27.31 26.84 27.22
2042 26.53 26.74 26.57 27.09 27.16 27.46 26.87 27.29 26.90 27.37 26.87 27.35
2043 26.21 26.79 26.40 27.14 27.20 2751 26.91 27.34 26.94 27.42 26.90 27.40
2044 26.42 26.84 26.45 27.20 27.23 27.56 26.95 27.39 26.97 27.47 26.95 27.46
2045 26.47 26.90 26.48 27.25 27.26 27.62 26.98 27.45 27.01 27.53 26.98 27.51
2046 26.50 26.90 26.52 27.31 27.29 27.66 27.02 27.50 27.04 27.58 27.01 27.57
2047 26.54 27.02 26.56 27.37 27.33 27.72 27.05 27.52 27.08 27.63 27.05 27.63
2048 26.57 27.08 26.59 27.42 27.39 27.77 27.08 27.61 27.11 27.69 27.08 27.68
2049 26.61 27.13 26.62 2751 27.43 27.83 27.12 27.63 27.15 27.74 27.12 27.74
2050 26.38 27.20 26.65 27.57 27.45 27.88 27.13 27.73 27.18 27.80 27.15 27.79

TABLE 5B

Projected daily average temperature during the post-monsoon period for 2070-2090 (end-century)

Year BOLPUR BURDWAN CANNING HOOGHLY HOWRAH KALYANI

RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85

2070 27.07 28.45 27.2 28.78 27.93 29.23 27.62 28.95 27.69 29.11 27.66 29.01
2071 27.09 28.49 27.21 28.84 27.94 29.28 27.64 28.98 27.72 29.05 27.68 29.05
2072 27.1 28.54 27.24 28.93 27.96 29.35 27.65 29.04 27.73 29.11 27.7 29.12
2073 27.12 28.64 27.25 28.96 27.98 29.41 27.67 29.11 27.75 29.18 27.72 29.19
2074 27.14 28.71 27.28 29.03 27.99 29.47 27.69 29.19 27.77 29.24 27.74 29.27
2075 27 28.79 27.3 29.1 28.01 29.53 27.7 29.25 27.78 29.32 27.75 29.33
2076 27.02 28.86 27.32 29.18 28.02 29.6 271.72 29.33 27.8 29.38 27.77 29.41
2077 26.98 28.94 27.33 29.26 28.03 29.67 27.74 29.41 27.82 29.45 27.79 29.48
2078 27 29.02 27.35 29.33 28.05 29.74 27.75 29.47 27.84 29.52 27.8 29.56
2079 27.01 29.1 27.37 29.41 28.06 29.82 27.78 29.55 27.86 29.6 27.82 29.64
2080 27.03 29.18 27.39 29.45 28.08 29.89 27.79 29.63 27.86 29.69 27.84 29.71
2081 27.22 29.26 2741 29.49 28.1 29.96 27.81 29.7 27.88 29.76 27.85 29.79
2082 27.24 29.35 27.43 29.65 28.11 30.03 27.82 29.78 27.89 29.84 27.86 29.87
2083 27.25 29.43 27.45 29.9 28.12 30.11 27.84 30.04 27.9 29.91 27.88 29.95
2084 27.27 29.52 27.47 29.98 28.13 30.18 27.85 30.13 27.94 30 27.89 30.03
2085 27.29 29.6 27.48 30.07 28.14 30.25 27.87 30.2 27.96 30.07 27.91 30.11
2086 27.31 29.7 275 30.21 28.15 30.25 27.79 30.28 27.97 30.15 27.92 30.2
2087 27.33 29.77 27.52 30.29 28.17 30.4 27.99 30.36 27.95 30.38 27.92 30.29
2088 27.35 29.86 27.54 30.38 28.18 30.6 28 30.45 27.97 30.47 27.94 30.38
2089 27.37 29.95 27.56 30.47 28.19 30.68 28.02 30.54 27.98 30.55 27.95 30.47
2090 27.39 30.05 27.59 30.55 28.21 30.76 28.04 30.63 28 30.61 27.96 30.57
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Fig. 3(b). Variation of present and future rainfall (under RCP 8.5 scenario) of six stations under study

3.3. Rainfall under RCP 8.5 scenario

Fig. 3(b) shows variation of present and future rainfall
(under RCP 8.5 scenario) of the six stations under study.
The amount of precipitation was higher than the RCP 4.5
scenario in case of Howrah and Burdwan stations [when
comparing both Figs. 3(a&b)]. Kalyani received
comparatively low rainfall, declining gradually by the
century. Such diminishing trend was also seen for Hooghly,
Canning and Bolpur (mid-century) stations. No rainfall in
November and isolated rain in December (2045-2050) [as
evident from the graph Fig. 3(b)], usually between the 10t
and 121 day of the month for Kalyani was expected. In
Bolpur, some rain in November could be seen. The results
showed that changes in predicted rainfall in most cases
were within an acceptable range (Debnath et al., 2023).

3.4. Variation of PET under projected climatic
scenario for RCP 4.5 and 8.5

PET is expected to rise globally and regionally due to
higher temperatures and increased vapor pressure deficits.
For instance, studies project a 4-8% increase in annual PET
by 2040-2059 compared to historical periods under RCP
8.5 scenarios (Shamir et al., 2024). All three methods
showed a rise in PET (Table 6 and 7). In general, PET
increment from mid-century to late century is higher than
from baseline to mid-century except in Bolpur where the
difference is higher from baseline to mid and in Burdwan
where the increment was uniform throughout. Maximum
PET growth over the century has been observed in Howrah.
In some areas of West Bengal, particularly the southern
region, PET increases could reach up to 31.8% by 2050
compared to baseline levels (Banerjee and Biswas, 2020).

If we consider the annual scale variation, it is
observed that the ensemble mean PET for LGP is expected
to increase at ~2 mm/year (mid- century) and ~ 1 mm/year
(late - century) under RCP 4.5. Pre-monsoon months
experience more pronounced PET changes coinciding with
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higher temperatures; RCP 8.5 being the higher emission
scenario shows the greatest rise [evident from tables 6 and
7] Similar results have been found by researchers who
predicted future PET using CMIP5 models. Very high PET
values were projected for Howrah and Kalyani in the month
of May under both scenarios.

Inclination of the monthly dataset is similar to those
of the daily. Table 6 and 7 shows monthly variation in
PET for different stations under study. January was
the month with lowest PET estimate while May showed
the highest value. Mean monthly PET values varied from
93.5 mm in January to 208.2 mm in May. Kalyani and
Howrah stations showed maximum variation between
winter and summer PET values. A steady fall in PET was
seen after May which continues decreasing further after a
slight increase in August. Burdwan was the only station
where the mean monthly PET values had been found
highest in April (also seen during baseline period). The
simulation projects an overall increase in PET in all the
stations in the mid-century timeline. The significant
contribution of monthly PET to annual PET in order of
rank, was highest in the month of May (except in Burdwan)
followed by April, June and March. Towards the end
century, the orientation in PET rates showed slight
variation. The rate of increase of PET estimates were
expected to slim down and in certain months like January,
October and November PET estimates were projected to
decrease towards the late century period. This was an
aberration from the principal relation between temperature
and ET variation which stated that with an increase in
temperature, PET was likely to increase.

Intra-annual variability was lower compared to other
data sets. The ensemble mean PET for LGP is expected
to increase at ~2.5 mm/year (mid - century) and ~3.9
mm/year (late century) under RCP 8.5. The
increase/decrease in daily PET was not uniform in all the
six stations. Howrah showcased the highest PET value by
the end of century.
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TABLE 6

Variation of present and future PET as calculated through Makkink's method (RCP 4.5) for different study location

Month BOLPUR BURDWAN CANNING
Present Future mid Future late Present Future mid  Future late Present Future mid Future late
" 64.72 70.63 72.86 70.05 68.8 72.97 74.69 76.11 80.09
(0.026)  (0.045)  (0007)  (0.004)  (0.012)  (0.008)  (0.012)  (0.007) (0.003)
ot 82.08 84.34 82.34 80.07 80.90 80.55 86.38 89.30 92.66
(0.004)  (0.119)  (0008)  (0.004)  (0018)  (0.011)  (0.003)  (0.01) (0.002)
12494 12691 1265 12042 12752 13396 12649 12903
bAEL (0002 (0012  (0.004)  (0012)  (0014)  (0.007)  (0.002)  (0.006)  13212(0.0013)
. 13189 13303 13379 13358 13186 13444 13295 13465
Apiil - 0005)  (0.004)  (0.005)  (0.002)  (0.002)  (0.008)  (0.001)  (0.004)  137-14(0.0009)
13341 13348 1353 12336 12624 11921 14210 14390
My 00049)  (0.028)  (0.005  (0019)  (0.015)  (0.006)  (0.001)  (0.004)  -46:71(0002)
11383 11892 11151 11463 11836 11112 10092 1041
Jun (0052)  (0.054)  (0.045)  (0.039)  (0.009)  (0.014)  (0.003)  (0.009)  10713(0.008)
l 91.52 918 97.39 74.37 80.43 85.23 77.27 83.82 92.12
(0.006)  (0421)  (0013)  (0008)  (0015)  (0.041)  (0.007)  (0.025) (0.008)
13866 13500 14787 1182 12273 13466 13407 13751
Aug (0003)  (0.037)  (0.007  (0002)  (0.025)  (0.023)  (0.0003)  (0.012)  “46:65(0.006)
11044 11599 11684 11136 10926 12213  137.34 13860
=2 (0001)  (0.023)  (0.024)  (0.008)  (0.04)  (0.036) (00003  (0.005)  13356(0.018)
out 10455 10552 10655  107.89 10698 10307 9827 99.17 97.83
(0001)  (0.033)  (0.008)  (0.002)  (0.007)  (0.051)  (0.0007)  (0.003) (0.001)
Nov 87.046  90.26 91.62 88.34 90.96 93.42 91.61 89.09 96.50
(0.005)  (0.029)  (0.007)  (0.006)  (0.006)  (0.007)  (0.004)  (0.037) (0.001)
Dec 75.79 78.08 79.52 75.25 73.33 78.52 80.84 82.17 85.44
(0.001)  (0.012)  (0.005)  (0.007)  (0012)  (001)  (0.0014)  (0.006) (0.005)
Month HOOGLY HOWRAH KALYANI
Present  Future mid Future late Present  Future mid Future late Present  Future mid Future late
" 72.59 72.45 76.27 75.99 74.93 78.58 74.02 74.39 7817
(0.002) (0005  (0.009)  (0.010)  (0.006)  (0.003)  (0.0006)  (0.006) (0.003)
84.23 85.18 89.35 85.03 87.32 91.78 86.52 86.86
Feb (0003)  (0011) (0016  (0.013)  (0009)  (0.0008)  (0.003)  (0.009) 149 (0.0009)
13176 13678 13648 12981 13150 13429 12876 13082
b4 1 (0.008)  (0.004)  (0.0009)  (0.001)  (0.004)  (0.001)  (0.002)  (0.005)  -33:60(0.001)
. 12034 13198 13271 13396 13458 13630 13297 13416
Apil - 0001)  (0010)  (0.022) (0002  (0.002)  (0.0006)  (0.0009)  (0.003) 13594 (0.0008)
14532 14646 14819 14651 1489 15151 14675 14832
b7 (0001)  (0.007)  (0.024)  (0.004)  (0003) (0.0008)  (0.001)  (0.003)  190-99(0.0009)
o 1115 11000 11418 10606 10893  112.89 10626 10954 1132
0002  (0.023)  (0.025) (0002  (0.009)  (0.010)  (0.003)  (0.009) (0.009)
75.68 77.96 83.95 84.99 91.88 10016  86.99 93.16
Ll (0002  (0.020)  (0.024)  (0009)  (0021)  (0.007)  (0.006)  (0021)  -01:39(0007)
14157 14417 1511 13218 13648 14420 1355 13818
Aug 0.002)  (0022)  (0011)  (0.006)  (0.010)  (0.005)  (0.0003)  (0.010)  45:52(0.005)
13129 1273 12761 13778 12950 13246 13648 12885
S (00009)  (0.012)  (0.035)  (0.002)  (0.004)  (0.003)  (0.0002)  (0.005)  3182(0009)
out 92.56 9875 10413  96.58 97.28 103.2 96.28 97.17 102.8
(0.001)  (0.059)  (0.048)  (0.0008)  (0.003)  (0.028)  (0.001)  (0.003) (0.020)
Nov 91.96 80.44 95.92 90.84 93.98 96.16 91.24 94.26 96.44
(0.005)  (0.004)  (0004)  (0.005)  (0.007)  (0.001)  (0.005)  (0.007) (0.001)
bec 79.72 94.29 82.66 79.12 80.39 83.97 78.77 80.17 83.81
(0.009) (0007  (0011)  (0.008)  (0.006)  (0.006)  (0.0003)  (0.006) (0.006)

(CV is indicated within parentheses)
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TABLE 7

Variation of present and future PET calculated through Makkink's method (RCP 8.5) for different study locations

Month BOLPUR BURDWAN CANNING
Present Future mid Future late Present  Future mid  Future late  Present Future mid  Future late
Jan 64.72 71.63 77.09 70.05 74.15 78.37 74.69 76.95 81.96
(0.026) (0.019) (0.01) (0.004) (0.004) (0.017) (0.012) (0.008) (0.007)
Feb 82.08 86.32 87.12 80.07 84.11 86.37 86.38 89.93 98.83
(0.004) (0.003) (0.011) (0.004) (0.018) (0.012) (0.003) (0.008) (0.012)
Mar 124.94 130.17 132.68 120.42 131.47 132.9 126.49 129.43 130.59
(0.002) (0.009) (0.006) (0.012) (0.011) (0.006) (0.002) (0.004) (0.007)
April 131.89 134.79 145.59 133.58 135.58 139.75 132.95 135.44 140.74
(0.005) (0.026) (0.051) (0.002) (0.007) (0.008) (0.001) (0.004) (0.01)
May 133.41 141.42 145.48 123.36 136.85 130.89 142.10 144.43 148.07
(0.0049) (0.013) (0.005) (0.02) (0.032) (0.028) (0.001) (0.004) (0.004)
Jun 113.83 109.47 116.39 114.63 113.59 130.51 100.92 105.83 114.21
(0.052) (0.027) (0.01) (0.039) (0.038) (0.028) (0.003) (0.007) (0.015)
Jul 91.52 106.08 108.30 74.37 80.78 92.33 77.27 95.09 103.91
(0.006) (0.076) (0.043) (0.009) (0.025) (0.052) (0.007) (0.014) (0.031)
Aug 138.66 150.7 142.06 118.20 129.84 123.28 134.07 143.78 149.83
(0.003) (0.034) (0.008) (0.002) (0.027) (0.016 (0.0003)  (0.009) (0.011)
Sep 110.44 112.62 111.58 111.36 106.11 123.26 137.34 140.1 145.99
(0.001) (0.033) (0.012) (0.001) (0.014) (0.023)  (0.0003) (0.004) (0.009)
oct 104.55 87.47 97.15 107.89 110.35 100.84 98.23 96.1 114.44
(0.001) (0.056) (0.012) (0.002) (0.003) (0.008)  (0.0007)  (0.004) (0.036)
Nov 87.046 86.63 90.44 88.34 91.48 92.26 91.61 94.91 99.52
(0.005) (0.024) (0.01) (0.006) (0.003) (0.052) (0.004) (0.007) (0.005)
Dec 75.79 83.22 84.31 75.25 78.40 83.021 80.84 84.5 88.46
(0.001) (0.012) (0.011) (0.008) (0.021) (0.009) (0.001) (0.006) (0.006)
Month HOOGLY HOWRAH KALYANI
Present Future mid Future late Present  Future mid  Future late  Present Future mid  Future late
Jan 72.59 74.62 78.64 75.99 77.84 83.06 74.025 73.96 79.26
(0.002) (0.018) (0.005) (0.010) (0.008) (0.007) (0.006) (0.008) (0.008)
Feb 84.23 87.40 92.48 85.03 87.19 93.43 86.52 87.50 92.41
(0.003) (0.008) (0.011) (0.012) (0.009) (0.023) (0.003) (0.008) (0.010)
Mar 131.76 136.98 135.72 129.81 132.24 137.72 128.76 135.93 135.13
(0.008) (0.004) (0.006) (0.001) (0.004) (0.006) (0.002) (0.004) (0.008)
April 129.34 131.00 136.56 133.96 133.77 139.30 132.97 130.03 135.43
(0.001) (0.006) (0.014) (0.002) (0.014) (0.007) (0.009) (0.007) (0.002)
May 145.32 149.63 152.36 146.51 148.21 153.31 146.75 150.38 159.25
(0.001) (0.008) (0.020) (0.004) (0.004) (0.004) (0.001) (0.002) (0.005)
Jun 1115 111.43 123.11 106.04 110.91 118.48 106.26 112.52 125.62
(0.002) (0.018) (0.016) (0.002) (0.007) (0.017) (0.003) (0.015) (0.012)
Jul 75.68 84.23 106.22 84.99 100.23 108.37 86.1 88.58 108.61
(0.002) (0.022) (0.056) (0.009) (0.014) (0.023) (0.006) (0.024) (0.038)
Aug 141.57 145.57 155.18 132.18 140.87 149.13 135.5 147.1 153.17
(0.002) (0.009) (0.007) (0.006) (0.008) (0.015) (0.003) (0.006) (0.01)
131.29 137.78 137.26 136.48 134.38 140.28
Sep (0.0009) 133.52 (0.019) 140.98 (0.015) (0.002) 132.29 (0.004) 0.012)  (0.0002) (0.014) (0.007)
Oct 92.56 100.77 98.74 96.58 103.33 114.27 96.28 99.87 101.45
(0.001) (0.042) (0.005) (0.008) (0.003) (0.034) (0.001) (0.04) (0.008)
91.96 98.07 90.84 94.26 98.45 91.24 95.73 99.06
Nov ©0005) B0 5503 (0005  (0.008)  (0.006) (0005  (0.011)  (0.005)
Dec 79.72 81.21 86.46 79.12 83.76 86.1 78.77 81.88 86.43
(0.0009) (0.009) (0.006) (0.008) (0.006) (0.019) (0.003) (0.009) (0.007)

(CV is indicated within parentheses)
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Fig. 4. Seasonal projection of future irrigation requirement (ER-PET) of six stations under study
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Monthly trends observed were alike to those in RCP
4.5 (Table 7). January was the month with lowest PET
estimate while May showed the highest value (except
Burdwan where April records highest PET during end
century period). Maximum difference between monthly
PET was observed in Kalyani (2070-2090). Burdwan
showed the least variation in monthly estimates. Unlike
RCP 4.5, no decrease in PET estimate towards end century
had been noticed. It was a fairly upward graph with all
estimates showed an increasing trend (except Burdwan for
the month of October).

3.5. Comparison of PET values between pre-
monsoon and post-monsoon seasons

The seasons were classified according to India
Meteorological Department classification - January and
February were taken as winter months; March, April and
May comprised as Pre-monsoon / Summer; Monsoon
consisted of June, July, August and September; whereas
October, November and December were considered as
Post-monsoon/Autumn months.

Highest increment in PET throughout the century was
projected in Monsoon months, followed by winter and
summer season in interchangeable order and finally the
lowest rise was witnessed in Autumn season by all three
methods in all stations under study. The degree of variation
in rise was, however, different for different methods and
stations. In Hooghly, the magnitude of rise was similar in
all four seasons.The largest variation in PET estimate was
shown by Howrah station during monsoon season (~49
mm) by the end of century (as estimated by H/S method).
Along with reduction in PET difference between summer
and winter months, the annual change in PET has also been
diminished to -1mm to 0.5 mm towards the late 2080s. This
may be contributed by the fact that temperature rise is also
reduced leading to low evapotranspiration.

PET variation throughout the century was different
under both scenarios as shown in tables 6 and 7. Overall, a
similar upward trend in seasonal PET increment was
observed under RCP 8.5, although the increase was largely
augmented. Monsoon was the season where PET increase
over the century was highest, followed by pre-monsoon
(summer) and winter seasons in intermediate places. Post-
monsoon (autumn), as usual, showed the least rise in PET
value. The largest variation in PET estimate was shown by
Hooghly station during monsoon season (111.5 mm) by
the end of century, as estimated by Hargreaves Samani
method, which was roughly 3.3 times more in RCP 8.5 than
in RCP 4.5 scenario. However, a few exceptions could be
observed. In case of Bolpur and Burdwan stations, PET
estimate in autumn increased minimally in the mid-century
period (2030-2050) only to decrease by the end of the
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century. It was the only season where adecreasing trend
had been observed. This was despite the fact that mean
temperature was consistently increasing. The estimate in
Bolpur was lower for RCP 8.5 than that seen in RCP 4.5.
Also, Bolpur was an exception in the regard that summer
season surpassed Monsoon in terms of PET increment over
the century.

3.6. Evaluating water availability status through
ER and PET
Many studies reported that alterations in

evapotranspiration is a result of precipitation changes
(Reynolds et al., 2000; Zhang et al., 2013; Yang et al.,
2016;Kundu et al., 2017). This relation mainly relied on
the tele-connections, air-sea interactions and solar activity
(Zhang et al., 2013). It may be noted that fluctuations in
rainfall projection was highly erratic and requires more
critical analysis than PET.

Knowledge of water availability status by calculating
water surplus (wetness) and deficit (dryness) using the
water balance equation (ER-PET) is imperative for
interpreting the crop water demand along with soil moisture
status. The “ER - PET” component (ER: effective rainfall;
PET: potential evapotranspiration) gives the net water flux
and is a key element of the hydrologic cycle. Fig. 4
showcases boxplot illustrating the projected variability in
simulated effective rainfall and potential
evapotranspiration (PET) for both mid-century and end-
century periods across the selected stations. This
comparison provides insights into future irrigation demand
by highlighting the potential imbalance between water
availability and atmospheric water demand. Makkink
method for PET estimation had been used as it showed least
deviation with FAO Penman-Monteith [Table 3 and Fig 2].
The combined role of precipitation and PET is helpful in
studying the influence of climate change on hydro-climate
conditions.

An obvious difference in values between the results
estimated by different methods of PET calculation could be
noticed; where Makkink overestimated themoisture status,
Turc under-estimated the result; HS method gave
intermediate output. However, surplus in rainfall was
projected to diminish (towards the end century andin RCP
8.5 scenario) which indicated higher irrigation requirement.
Compared to the baseline period, all stations showed an
enlarged gap (ER-PET) post midcentury. Kalyani is
simulated to exhibit highest difference between ER and
PET.

Hydrological and climatic extremes in future are
results of climate change. In almost all stations, June and
July saw an excess of rain, hence no irrigation is
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recommended during that period. It can be marked that
Kharif (Monsoon) season gets a surplus of rain in all
stations. During this period, pre-Kharif rice and jute are the
main crops planted. Both being water intensive crops get
benefit from the excess rain situation. February, March and
April were the months that faces highest water deficit.
Therefore, pre-monsoon crops grown in this region heavily
depend on irrigation. October also witnessed surplus rain in
Bolpur and Canning. Potato is an important winter crop
grown in the LGP region. Irrigation is recommended from
time to time as per requirement. It must, nevertheless,be
noted that midcentury period under RCP 8.5 recorded low
water deficiency compared to other period-scenario
combinations.

Soil properties affect the water retention capacity of
the soil. Bolpur station having red lateritic soil has low
water retention capacity. Hence, despite substantial
precipitation in the month of June, it faced water deficit
(Hargreaves-Samani) (although estimation via Makkink
says otherwise). RCP 8.5 exhibited hydrologic extremes -
dry periods get drier and wet periods get wetter, particularly
by the end century. This extreme weather event is
detrimental to crops and needs utmost concern and
planning.

It is clear from the figures that under the background
of global warming, enhanced evapotranspiration and
reduced precipitation towards late century would lead to
very high irrigation water demand, mainly under RCP 8.5.
The value of “ER - PET” is good indicator of freshwater
availability, which shows a declining trend under climate
changed scenario.

Crops grown under pre-monsoon in LGP are jute, pre-
Kharif (Aus) rice, summer maize, mesta, sesame,
groundnut (summer, irrigated) and summer vegetables like
cucurbits, etc. Except Aus rice (120-150 cm), the water
requirement of other crops (jute, sesame, mesta and
groundnut) are around 50 cm. Summer vegetables require
about 50 mm of water per week.

The post-monsoon (autumn) season paves the way for
Rabi crops. They are sown in autumn (or October) and
harvested in spring. Crops grown under this period in LGP
are wheat, potatoes, lentils and grams, chickpeas, pigeon
peas, rapeseed-mustard having water requirement of 35 cm,
32 cm, 24 cm, 25 cm, 60 cm, and 50 cm, respectively
(Biswas et al., 2006).

The increasing irrigation application rate will
definitely take a toll on total farm economics. Thus, the
economic use of water to ensure a profitable return is
mandatory. Not all irrigation sources are cost-effective and
give the same economic return, and hence ensuring a
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profitable venture, keeping in mind optimum crop yield, is
encouraged. Surface irrigation is the most widely used
method and has an application efficiency of 60% (Abou
Zeid, 2002).

Projected climate has shown that the inclination to
irrigated crop production will be dominant in all
traditionally rainfed production regions. Demand on
farmers’ use of irrigation water is predicted to be a direct
result of the use of irrigation water as an economic input for
crop production (Xu et al., 2019). Water deficit [as
suggested by negative values of ‘ER-PET’ (Fig. 4)] is more
in the case of pre-monsoon season than post-monsoon
season. However, the crops grown during pre-monsoon
have a higher water requirement. If we grow wheat, lentil,
gram, and mustard in post-monsoon season, the pressure on
surface and groundwater storage will be less. The farmers
who choose to grow two crops per year are also encouraged
to take up post-monsoon crops so that the total irrigation
requirement will be less.

4. Conclusions

Climate change has a direct impact on agricultural
production. Alterations in hydrologic events lead to
unprecedented changes in crop water requirement pattern.
Sound knowledge of hydrologic processes helps in accurate
planning of irrigation, enhancing water utilization by plants
and minimizing wastage, leading to sustainable crop yields
and improvement in water productivity. The pattern of
changes in various climatic variables has been duly
investigated to estimate the long-term water resources of
the region. Temperature — both minimum and maximum,
show an increase over time and is expected to reach
maximum by late century period under the RCP 8.5
scenario. Highest mean temperature rise (by almost 3.5 °C)
has been simulated for Kalyani (late RCP 8.5 scenario) for
pre-monsoon period [when comparing Tables 4A and 4B].
Least impact of global temperature rise has been observed
in Canning. PET increase is substantial in all stations and
scenarios; a higher increase is evidently seen during
monsoon months. All six stations exhibit dissimilar pattern
of variation. Maximum PET growth under RCP 4.5
scenario has been observed in Howrah. Under RCP 8.5
scenario, Canning shows highest PET. Although projected
daily mean temperature is low, enhanced PET is a result of
high solar radiation. High PET is detrimental to soils of
sodic origin due to heavy accumulation of salts that hamper
plant growth. January is consistently the month with lowest
PET while highest is predicted in May. Increased PET
generally results in shortening of crop growth period. Crop
growth pattern is also expected to be altered based on the
resultant meteorological conditions by the end of the
century. Makkink method showed the least variation
throughout the century in all stations and scenarios.
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Although an overall increase in rainfall (5-6.8%) is
estimated for RCP 4.5 scenario, rainfall tends to decrease
under RCP 8.5. Kalyani shows maximum decline in
precipitation (22.8%). Rainfall estimates are quite unsteady
throughout the future scenario. The trend of increase is not
uniform with episodes of increase and decrease within
decades under both scenarios for all stations under study.
The wet months get wetter and dry months get drier leading
to many possible flood and drought periods, adhering to
Chao et al. (2013), Murray-Tortarolo et al. (2016) and
Mallakpour et al. (2018). Excess rain during monsoon
months compensates for excessive ET losses during the
season and hence irrigation is not recommended then.
However, during other months a negative ‘ER-PET’ value
is seen which suggests the requirement of irrigation. Data
comparison with FAO PM method shows that in a data-
scarce situation as seen in this study, it might be feasible to
make hydrological projections and therefore, such
projections are useful in efficient crop planning. Results
indicate a higher possibility of water shortage for Kalyani
and Hoogly in late_8.5 scenario and adaption measures
assist in mitigating the effects of substantial drought in crop
production.
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