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Abstract
This study uses a state-of-the-art regional climate model (RCM) to examine how tropical 
deforestation affects the meteorology of the Indian Summer Monsoon (ISM). Incorporating 
insights from existing research on deforestation by climate scientists, alongside evidence of 
environmental deterioration in semi-arid, hilly and tropical regions of Southeast Asia, this 
research seeks to elucidate the critical influence of anthropogenic reasons of climate change 
on the hydroclimate of ISM. Employing “tropical deforestation” design experiments with 
the ICTP-RegCMv4.4.5.10 RCM the study evaluates the effects on meteorological parame-
ters including precipitation, circulation patterns and surface parameters. This experimental 
design entails substituting vegetation type in the land use map of RegCMv4.4.5.10 model, 
such as deciduous and evergreen trees in Southeast Asia with “short grass” to mimic tropi-
cal deforestation. Findings reveal that deforestation induces abnormal anti-cyclonic cir-
culation over eastern India curtails moisture advection, diminishing latent heat flux and 
moisture transport, leads to a decrease in precipitation compared to control experiment sce-
nario. Alterations in albedo and vegetation roughness length attributable to deforestation 
impact temperature, humidity, precipitation, consequently exacerbating drought and heat-
wave occurrences. Additionally, the study also explores deforestation-induced feedback on 
ISM precipitation variability. The study concludes that deforestation substantially alters 
land-surface characteristics, water and energy cycle, and atmospheric circulation, thereby 
influencing regional climate dynamics. These findings offer foundational insights into 
comprehending land-use and land-cover changes and their implications for climate change 
adaptation strategies.

Keywords Regional climate modelling · RegCMv4.4.5.10 · Tropical deforestation · Albedo 
change · UW-PBL · Holtslag-PBL · Precipitation response · Droughts · Climate mitigation

1 Introduction

Anthropogenic activities such as tropical deforestation are eroding carbon sinks and driv-
ing the release of greenhouse gasses (GHG) to the atmosphere (Watson et al. 1997; Stocker 
et al. 2013). These emissions alter the regional and global climate patterns and can impact 
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the ability to predict and react to important weather events. Indian summer monsoon (ISM) 
is the seasonal migration of winds from equatorial region towards the Indian monsoon zone 
with changes in the atmospheric circulation features in lower and upper atmosphere. In the 
twenty-first century climate change scenario, the ISM activity over the Indian subcontinent 
is known to be linked to both atmospheric GHG content and the alterations of vegetative 
cover associated with intensive forest management. The ability to predict the conditions of 
monsoon events is important because in addition to climate impacts, it also has significant 
socio-economic implications. Studies using remote sensing across the tropics have revealed 
that during the 1990s and the 2000s, net deforestation increased by 62 percent (Kim et al. 
2015). Due to its connection to major weather patterns, deforestation poses acute threats 
to human health, ecological systems and other socio-economic sectors (Revi et al. 2022). 
Thus, it is crucial to understand the impact of increasing deforestation rates on monsoon 
variability to estimate, adapt and mitigate its wide-ranging socio-economic ramifications. 
This is especially true in resource-constrained underdeveloped and developing economies 
such as in India. Agriculture is a key sector susceptible to the repercussions of tropical 
deforestation and other land degradation activities. Recently, leaders from across the globe 
met at the 27th annual United Nations Climate Change Conference (COP27) held in Sharm 
El-Sheikh, Egypt, resulting in the commitment to halt and reverse deforestation and land 
degradation by 2030. India in particular risks falling short of its commitments to combat 
climate change if urgent action is not taken. Deforestation extends beyond a simple, local 
ecological concern by exerting controls on large-scale monsoon patterns that are detrimen-
tal to human health and agricultural supply chains (Yasuoka and Levins 2007; Lawrence 
and Vendecar 2015). These manifestations of climate variability either due to natural or 
man-made reasons, presents substantial financial implications, as they mandate consid-
erable expenditure for adaptation and policy adjustments regarding resource utilization, 
diverting public investments away from key sectors such as education, health and other 
basic services (Chambwera et al. 2014; Farid et al. 2016; Srinivasan et al. 2023). Thus, the 
forested areas of the Indian subcontinent hold economically important natural resources 
such as coal and iron-ore. Extraction of these essential minerals not only leads to defor-
estation, but also reduces the capacity of the region to act as carbon sinks. Therefore, the 
magnitude of tropical deforestation has significant environmental and sociological implica-
tions (Strandberg et al. 2023). Notably, deforestation leads to desertification which further 
compounds environmental challenges by reducing the recovery capacity of formerly for-
ested land area. Desertification refers to the deterioration of land in regions with arid, semi-
arid, and dry sub-humid climates, driven either by natural climate change and/or human 
action (Lodh 2021). For example, deforestation can result from urban expansion and indus-
trial growth such as agricultural land conversion. In the tropics, both desertification and 
deforestation have been responsible for shifts in local and regional weather and climate 
(e.g. in the Thar desert, India and deforestation in north-east India). As per the Food and 
Agriculture Organization of the United Nations (FAO), deforestation entails changing for-
est areas to other types of land uses such as farming lands, urbanized zones, barren lands, 
or any other usage that leads to a significant decrease in tree canopy, dropping below a 10% 
threshold (Lodh 2021). Hence, halting deforestation is crucial for efforts to limit global 
warming to less than 1.5° Celsius and reduce the rate of biodiversity loss and protect jobs 
and livelihoods. Forests can act as both source and sinks of carbon dioxide. Forests world-
wide release approximately 8.1 billion metric tons of carbon dioxide annually as a result 
of deforestation and other land-related disruptions, whereas they intake about 16 billion 
metric tons of carbon dioxide each year (Harris et al. 2021).
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Studying the land surface mechanisms in the dry and semi-dry areas of north-west 
India, reveals their impact on mesoscale atmospheric circulations at a regional scale (Bol-
lasina and Nigam 2011; Lodh 2020; 2021). This can occur through the transfer of heat, 
moisture and momentum between the Earth’s surface and the atmosphere (BaidyaRoy and 
Avissar 2002). Previous studies using general circulation models have indicated that global 
climate change resulting from land-use and land-cover changes, particularly deforestation 
and land degradation, has severe consequences on weather and climate (Henderson-Sell-
ers et. al. 1993; Xue and Shukla 1993; Polcher and Laval 1994a, b; Gupta et  al. 2005; 
Hasler et  al. 2009). The land surface and its vegetation interact directly with the atmos-
phere to exchange heat and moisture. Consequently, they play a pivotal role in moderating 
responses within the climate system (Polcher and Laval 1994b; Pielke et  al. 1998). Sig-
nificant reduction in precipitation over Indian land region (~ 18%) has been reported due 
to impacts of deforestation across monsoon impacted regions, due to shift in Inter-Tropical 
convergence zone (Devaraju et al. 2015). Similar studies project that, rapid deforestation 
over India would result in a decrease in rainfall over north India by 2 mm/day (Gupta et al. 
2005). Polcher and Laval 1994b modeled the impacts of deforestation to be statistically 
significant and independent of ENSO effects. Bathiany et al. (2010) reported that complete 
deforestation of the tropics would exert a global warming of 0.4 degree Celsius. Spracklen 
and Garcia-Carreras (2015) asserted that by the 2050s deforestation will reduce regional 
rainfall over the Amazon basin by 12% (21%) in the wet (dry) season. Under global climate 
warming, there are increasing uncertainties on the projections of compounded extreme 
weather events, leading to low confidence of how their impacts will feedback into future 
climate change. Thus, improved sensitivity and accuracy of numerical models tuned to cur-
rently observed land use change (like tropical deforestation scenarios) are important for 
better predicting the impacts of future global change.

Pioneering climate modeling work on deforestation induced shifts in land-surface 
albedo (Charney 1975; Charney et al. 1975, 1977; Dickinson et al. 1983) forms the moti-
vation for the tropical deforestation design simulations conducted in this study. Although 
there have been prior attempts to understand the biogeophysical aspects of tropical defor-
estation, the central aim of this research is to investigate tropical deforestation within the 
scope of the  Biosphere–Atmosphere Transfer Scheme (BATS) vegetation module cou-
pled with RegCMv4.4.5.10 model, over southeast Asia. This is achieved by conducting 
climate model experiments involving changes in vegetation i.e. a proxy for land use land 
cover (LULC) change design experiments. The objective is to derive findings that not only 
support, but also enhance the insights obtained from earlier research endeavors (Xue and 
Shukla 1993; Polcher and Laval 1994a, b; Werth and Avissar 2002, 2005a, b; Gupta et al. 
2005; Bollasina and Nigam 2011; Devaraju et  al. 2015; Spracklen and Garcia-Carreras 
2015) while delving into the question of whether the degradation of land and the deforesta-
tion of tropical regions exert significant influences on the meteorological patterns of the 
Indian monsoon.

The idea is to identify potential alterations in regional precipitation and circulation 
trends within the Indian monsoon system by means of carefully devised sensitivity experi-
ments. These experiments seek to elucidate the underlying mechanisms that govern the 
interplay between land surface and vegetation, with a specific focus on the impacts of land 
degradation and tropical deforestation. Hence, to investigate feedback due to anthropogeni-
cally changing biogeophysical scenarios to the atmospheric circulations over the Indian 
subcontinent, the study conducted in this paper is important for identifying and bridging 
the gap in extant literature. In the wake of the recent COP 27 summit in Egypt, there is 
global consensus recognizing the urgent need for effective adaptation and mitigation 
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strategies against climate change. Hence, the study conducted in this paper aligns with 
this broader discourse by estimating the risks of climate variability on land and ecosys-
tems and their ripple effects in economic and social systems. In countries such as India, 
where there’s a limited capacity for adaptation and mitigation, the consequences of climate 
variability are particularly evident (Rasul and Sharma 2016). Tropical monsoons are vital 
for irrigation in these countries, and any disruption can threaten the agriculture that mil-
lions depend on for their livelihoods and food security (Marambe et al. 2015). Unfavorable 
changes in the monsoon patterns, thus, bear heavily on the poor and the vulnerable com-
munities in the rural areas which further triggers forced migration (Clement et al. 2021). 
Moreover, deforestation disrupts local and regional climate patterns that results in unpre-
dictable temperature variability, humidity fluctuations, and heat stress that potentially leads 
to fatalities (Kovats and Hajat 2008). In economic terms, the crowding out of investments 
from critical sectors like education, health care, infrastructure, and energy are some of the 
indirect risks associated with the financial burden of climate change adaptation and mitiga-
tion (Chambwera et al. 2014). Whereas, at the macro level, reduced agricultural productiv-
ity directly translates to falling export revenues and increased reliance on food imports, 
further constricting the state’s fiscal capacity.

Thus, understanding the intricate relationships between deforestation, monsoon vari-
ability, and their socioeconomic implications is crucial for devising effective adaptation 
strategies. This calls for an evidence-based policy making and governance that prioritizes 
sustainable land use planning, afforestation, and reforestation efforts to curtail the climate 
induced risks (Pörtner et al. 2022). The findings of this paper are relevant not only for India 
but also other Low- and Middle-Income Countries (LMICs) with populations substantially 
dependent on land and ecosystem services for their livelihoods. The framework of this 
study is underpinned by the IPCC AR6’s emphasis on socially just and equitable climate 
resilient development pathways (New et al. 2022). Therefore, the study aims to serve as a 
catalyst for informed, impactful policymaking, thereby fostering a sustainable future.

2  Materials and methods

2.1  Brief model description and region of study

The model used in this study is RegCM (version 4.4.5.10) which is one of the first lim-
ited area community model from ICTP (Dickinson et al. 1989). Operating on an Arakawa 
B-grid, RegCM is a hydrostatic, compressible model that utilizes a sigma-p vertical coordi-
nate system. In this model, thermodynamic and wind variables are staggered horizontally, 
employing a time-splitting explicit integration approach. The model dynamics are resolved 
using horizontal momentum, continuity and thermodynamic equations. The calibrated ver-
sion 4.4.5.10 of the ICTP regional climate model (RCM), RegCMv4.4.5.10, has the capa-
bility to simulate a range of atmospheric and land surface processes, including radiation, 
precipitation, soil moisture and vegetation dynamics, at high spatial and temporal resolu-
tions. The RegCMv4.4.5.10 was installed in “parallel” mode at the central high-perfor-
mance computing facility of the Indian Institute of Technology, Delhi. The model domain 
is over South Asia, spanning 17°E—123°E and 16°S—40°N, with a horizontal resolution 
of 60 km and 18 vertical levels in the atmosphere (using sigma coordinate) as shown in 
Fig.  1a. Different RCM studies have meritoriously used the ICTP-RegCM model for its 
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research purpose (Giorgi et al. 2012, 2015; Dash et al. 2015; Lodh 2017; 2021; Camara 
et al. 2022).

2.2  Details of the control experiment

The RegCMv4.4.5.10 model is a regional climate model that accurately simulates atmos-
pheric, cloud microphysics, land surface, planetary boundary layer and radiation processes. 
In this study, the BATS coupled RegCMv4.4.5.10 model (Dickinson et al. 1993; Elguindi 
et al. 2014) is invoked for numerical simulations (for both Control and tropical deforesta-
tion design experiments). The BATS1E vegetation scheme incorporates twenty vegetation 
types, soil textures ranging from fine (clay) to intermediate (loam), to coarse (sand) and 
different soil colors (light to dark) for the soil albedo calculations (Dickinson et al. 1986). 
The BATS scheme comprises of a vegetation layer, a layer for snow, a surface soil layer 
with a thickness of 10 cm, a root zone layer spanning 1–2 m and a third layer of deep soil 
measuring 3 m in thickness. The latent heat (LHF) and sensible heat (SHF) formulations 
are calculated from the bulk aerodynamic formulations. For the control run, the Emanuel 
convection scheme over land and the Grell convection scheme over the ocean, is com-
bined with the Arakawa Schubert 1974 closure, along with the University of Washington 
planetary boundary layer (PBL) and Holtslag scheme, for the two sets of control experi-
ments. They are abbreviated as RCM-CONTROL-UW and RCM-CONTROL-Holtslag, 

Fig. 1  a Control landuse map in the baseline experiment (b) modified land use map for the deforestation 
experiment using BATS coupled RegCMv4.4.510 model (*the legend colors represent the land cover/ veg-
etation classes in the BATS land surface model)
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respectively. In RCMs, PBL parameterization is employed to depict the impacts of sub-
grid-scale turbulence that cannot be explicitly resolved due to the model grid’s limited 
resolution. Parametrizing the boundary layer in climate models is essential for replicating 
processes within the boundary layer, such as vertical mixing and other turbulence-related 
phenomena. The UW turbulence closure scheme (Bretherton et  al. 2004) is a 1.5-order 
local, down-gradient diffusion parametrization scheme possessing the capability to com-
pute vertical fluxes within and outside of the PBL. The UW scheme also integrates directly 
the emission and deposition flux terms as part of the calculation of turbulent tracer ten-
dency. The Holtslag PBL scheme (Holtslag et al. 1990; Holtslag and Boville 1993) adopts 
a non-local diffusion concept, considering counter-gradient fluxes arising from large-scale 
eddies in an unstable mixed atmosphere. For more detailed information, please refer to 
Elguindi et  al. (2014). The details and results of the second control simulation, RCM-
CONTROL-HOLTSLAG (Emanuel over land and Grell over ocean with Arakawa Schubert 
1974 closure and Holtslag PBL scheme) are described in detail in Lodh (2021). The lateral 
boundary condition scheme employed is relaxation, exponential technique. The Subgrid 
Explicit Moisture Scheme (SUBEX) resolves the non-convective clouds and precipitation 
by linking the average grid cell humidity to the cloud fraction and cloud water (Elguindi 
et al. 2014; Sundqvist et al. 1989). The auto-conversion rate over land and ocean is 0.250E-
03. The details of the control experiments (RCM-CONTROL-UW and RCM-CONTROL-
HOLTSLAG) are provided in Table 1.

2.3  LULC map

The contemporary state of land cover mapped data over India as represented by the Global 
Land Cover Characterization (GLCC) datasets, used in the control simulations are shown 
in Fig.  1a. Figure  1b shows the LULC change map as used in the deforestation design 
experiment. “Tropical deforestation” is mimicked in the RCM by replacing vegetation 
classes along the principal axis of Asian monsoon i.e. over the tropical rain-belt regions 
over Myanmar, Indonesia, Sumatra, Thailand and Cambodia (Indo-Chinese peninsula, and 
Maritime subcontinent) by short grass. Terrestrial variables like elevation, sea surface tem-
perature, and three-dimensional isobaric meteorological data are horizontally interpolated 
from a latitude–longitude mesh to a high-resolution (166 × 108 × 18) domain on either a 
Rotated Mercator (ROTMER) projection.

2.4  Details of the deforestation design experiment

In the context of the deforestation design experiment, specific regions within north-east 
India, Eastern Ghats, Western Ghats, Indo-Gangetic plains, peninsular India and areas 
along the principal axis of the monsoon (encompassing Myanmar, Indonesia, Sumatra, 
Thailand, and Cambodia) are designated for alteration in LULC to mimic tropical defor-
estation in the model. These regions, originally in the LULC map is classified as having 
“forest” vegetation, irrigated crops and mixed farming are replaced with “short grass” in 
the RCM. This modification is applied to the original ASCII test land use map utilized 
for the RCM’s control simulation. The primary objective here is to isolate and analyze the 
climate change signal arising from tropical deforestation. The conversion process involves 
changing the land cover to “short grass” in all regions along the path of the monsoon’s 
principal axis where tropical deforestation is implemented. This shift to “short grass cover” 
aligns with findings from various studies (Scharn et al. 2021) indicating an increase in the 
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prevalence of evergreen shrubs. This phenomenon is driven by soil moisture conditions, 
which are in turn influenced by precipitation patterns.

Similar to the control experiments, the convection scheme is Emanuel over land and 
the Grell scheme over the ocean, combined with the Arakawa Schubert 1974 closure. For 
the tropical deforestation design experiments titled RegCMv4.4.5.10—DEFORESTA-
TION, both the University of Washington and Holtslag PBL schemes are utilized. They 
are abbreviated as RCM-DEF-UW and RCM-DEF-Holtslag, respectively. Since the sen-
sitivity to LULC change is dependent on the choice of parametrization and RCM used, 
hence we use two different PBL schemes. In these experiments, the original ASCII text 
land use map from the control simulation is modified to incorporate the land use change for 
the tropical deforestation design experiments. Important BATS vegetation parameters rel-
evant to the tropical deforestation design experiments, such as roughness length, vegetation 
albedo, maximum fractional vegetation cover, and leaf area index, for the land use type 
“short grass” are provided in Table 2. In the Holtslag PBL scheme, the value of critical 
Richardson number for land and ocean is 0.25. In the UW PBL scheme, standard T-QV-
QC advection is employed with 15 as the efficiency value of enhancement of entrainment 
by cloud evaporation. These adjustments are consistent across both RCM-DEF-UW and 
RCM-DEF-Holtslag experiments. Its significant to highlight that the implications from the 
tropical deforestation simulations, especially the insights from the second design experi-
ment (RCM-DEF-UW), represent novel contributions of the ICTP-RegCM model, that 
haven’t been addressed in prior research, as communicated in Lodh (2021). The simula-
tion length and initial condition for both the sets of control (RCM-CONTROL-UW, RCM-
CONTROL-HOLTSLAG) and design (RCM-DEF-UW, RCM-DEF-HOLTSLAG) experi-
ments is 00 UTC of 1st October 1999 to 00 UTC of 1st January 2011, where a spin-up 
time of 1  year and 3  months is neglected to mitigate errors due to initial values. While 
performing the design experiments (using the RegCMv4.4.5.10 simulations) the combina-
tion of physical parameterization schemes employed are the same as in control simula-
tions (for details, refer to Table 1). The experiments are run continuously around the year 
from 00 UTC of 1st October 1999 to 00 UTC of 1st January 2011 using six hourly NCEP/
NCAR-2 reanalysis data as boundary forcing (Kanamitsu et al. 2002) and Reynolds weekly 
SST (Reynolds et al. 2002). In both the control and deforestation design experiments, the 
RegCMv4.4.5.10 model employs a 30-s time step. The time step for the BATS land surface 
model is 600 s. Every 30 min, the radiation model is invoked, and emission computations 
are carried out every 18  h. This aligns with the model configuration described in Lodh 
(2021) where impact of extended desertification was studied.

This research study offers new perspectives on the impacts of tropical deforestation, lev-
eraging the RegCMv4.4.5.10 model in conjunction with two PBL schemes. To assess the 

Table 2  BATS vegetation table 
for the deforestation design 
experiment  (Source ICTP 
RegCM Version 4.4 User 
Manual; Elguindi et al., 2014)

Short Grass

Roughness length (m) 0.05
Min stomatal resistance (s/m) 60
Vegetation albedo for Wavelengths < 0.7 μ m 0.10
Vegetation albedo for Wavelengths > 0.7 μ m 0.30
Maximum fractional vegetation cover 0.85
Maximum leaf area index 6
Minimum leaf area index 0.5
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significance of the changes in precipitation (and other meteorological variables) resulting 
from the deforestation of tropical rainforests, the Wilcoxon’s nonparametric signed rank 
test is performed. The Wilcoxon Signed Rank Test computes the sum of ranks for posi-
tive and negative differences after ranking the differences between matched observations 
in absolute values. The lesser of these two sums is subsequently taken into consideration 
to establish the test statistic. The null hypothesis assumes that the median of the differ-
ences is zero, indicating no systematic shift between the paired samples. If the calculated 
test statistic falls within a critical region, determined by the chosen significance level, the 
null hypothesis is rejected, suggesting a significant difference between the paired samples 
(Lodh 2021). Hence, the objective, of the design experiment is to enumerate the effects 
of “tropical deforestation” on the ISM precipitation, circulation, surface fluxes, and other 
meteorological variables.

3  Results and discussion

The rainfall climatology for the JJAS (June, July, August, September) season across India, 
based on 10 years of data (2001–2010) sourced from IMD, TRMM observations, and the 
RegCMv4.4.5.10 model, are depicted in Figures S1 and S2 (from here on, figures labeled 
with ‘S’ can be found in the supplementary material). Figure S1 displays the spatial dis-
tribution of rainfall during the JJAS period, with the highest rainfall concentrations in the 
Western Ghats and north-east India. In contrast, the least rainfall is seen over north-west 
India. The RCM-CONTROL-UW model proficiently reproduced actual rainfall distribu-
tion across all studied regions, except northeastern India and the southern peninsula, where 
the rainfall level is higher than the IMD climatology.

The accuracy and verification of rainfall, temperature, and soil moisture measurements 
produced by the RegCMv4.4.5.10 model was previously established in Lodh (2021). Fig-
ure S2 also depicts that the rainfall bias with respect to TRMM observations falls within 
the range of − 1 to − 2 mm/day over the monsoon core region of India (MCRI), which is 
located in central India. Concurrently, the JJAS mean surface temperature bias (Figure S3) 
over MCRI ranges from + 0.5 to 2 °C (Lodh 2021). The sensitivity of the atmospheric cir-
culation and precipitation in the lower and middle troposphere over the Indian monsoon 
domain region to the tropical deforestation has been examined through anomalies of wind 
at 850  hPa and 500  hPa, moisture transport (MT) fluxes, precipitation, 500-hPa vertical 
velocity, surface fluxes, near surface air temperature, soil wetness, albedo etc. for monsoon 
JJAS season.

The control experiments are classified into two distinct types: RCM-CONTROL-UW 
and RCM-CONTROL-Holtslag. Analogously, the design experiments have their respective 
categorizations as RCM-DEF-UW and RCM-DEF-Holtslag for each simulation set. Here 
and in the subsequent section describing tropical deforestation results, anomaly is defined 
as the difference fields (design-control) between the corresponding fields. In the three panel 
figure the top panel is “Control” experiment run, middle panel is “design” experiment run 
and bottom panel is “anomaly (design-control)” with positive anomaly in “blue” and nega-
tive anomaly in “red” shades.
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3.1  Effect of tropical deforestation on mean ISM meteorology

The tropical deforestation design experiment is to test the role and importance of vegeta-
tion along principal axis of monsoon travel (Krishnamurti and Bhalme 1976). Figure  2 
shows the JJAS (2001–2010) mean precipitation (mm/day) and anomaly (design-con-
trol) for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, 
respectively. Seasonal mean JJAS precipitation is decreasing by approximately − 2  mm/
day (i.e. ~ 30% less w.r.t control run, p < 0.01), over north-east India, western Himalayan 
region of north India, Chennai and its nearby locations of peninsular India and Indonesia, 
Thailand and Myanmar regions of the South-east Asia dur to tropical deforestation. It is 
important to mention here that both the RCM-DEF-UW and RCM-DEF-Holtslag design 
experiments are for capturing the impact of tropical deforestation within the scope of the 
RegCMv4.4.5.10 model. All the parameterization schemes to run the RCM-DEF-UW and 
RCM-DEF-Holtslag model are the same except, UW PBL scheme is used to represent 
boundary layer processes in first design experiment whereas Holtslag PBL scheme is used 
in the second design experiment.

Figure S4 and S5 shows the probability distribution functions of annual precipitation 
(mm/day) over central India from the Control (RCM-CONTROL-UW) and deforesta-
tion (RCM-DEF-UW) design experiments. The mean precipitation over central India and 
north-west India is decreasing by − 6.2 mm/day and − 3.4 mm/day, respectively over the 
period 2001–2010 due to deforestation. Also, the precipitation variability is decreasing due 
to tropical deforestation implemented in the RCM. Figures 3, 4 show the anomalous wind 
at 850 hPa and 500 hPa level during JJAS season and it can be concluded that magnitude 

Fig. 2  The JJAS (2001–2010) composite precipitation (mm/day) and anomaly (design-control) for defor-
estation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, respectively. (The regions where 
there is decrease in precipitation is significant at 99% confidence level) [*(top) CONTROL exp, (middle) 
DESIGN exp; and (bottom) anomaly (design-control)]
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of wind has decreased over South-east Asia, Bay of Bengal (BOB) and central India region 
with a tendency to form anomalous anticyclonic circulation at 850  hPa extending up to 
500 hPa, in both the RCM-DEF-UW and RCM-DEF-Holtslag simulations. The subsidence 
during JJAS season has increased over east India, Bangladesh and the maritime subconti-
nent wherever deforestation is implemented in the model, as seen in Fig. 5. The anoma-
lous positive values of 500-hPa vertical velocity, represents subsidence. From Fig. 6, it is 
observed that MT at 850 hPa, has decreased over South-east Asia, BOB, Eastern Ghats, 
Bengal and western Himalayan region of north India. It is important to note here that due 
to tropical deforestation, the direction of the anomalous flow in MT is opposite to the 
direction of mean JJAS monsoon flow. The decline in monsoon precipitation over India 
due to tropical deforestation can be linked to reduction in MT at 850 hPa, vertically inte-
grated moi  sture transport flux upto 300 hPa (Figure S6) over north India, Bay of Bengal 
(BOB) and its neighboring land region over south-east Asia (approx. by − 15 kg/m/sec). 
Due to deforestation the meridional component of vertically integrated moisture transport 
flux is reduced over South-east Asia, BOB and north India, whereas the zonal component 
of the vertically integrated moisture transport flux is reduced along the principal axis of 
monsoon, including the BOB region (Figure S6). Accompanying this reduction in MT, due 
to deforestation there is an increase in the height of the lifting condensation level (Figure 
not shown) over India by 15%, in the deforestation experiment compared to the control. 
Thus, tropical deforestation inhibits formation of clouds over the Indian sub-continent. Fig-
ure 7 explicitly showcases a divergence in the water vapor flux spanning the entire column 

Fig. 3  The JJAS (2001–2010) composite mean and anomaly (design-control) of wind (m/sec) and change 
in direction at 850 hPa for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, 
respectively
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Fig. 4  The JJAS (2001–2010) composite wind (m/sec) anomaly (design-control) and change in direction 
at 500 hPa for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, respectively

Fig. 5  The JJAS 850-hPa wind  (msec−1) and 500-hPa vertical velocity (hPa/sec; shaded, positive values 
representing subsidence) anomaly (design-control) for deforestation (a) RCM-DEF-UW (b) RCM-DEF-
Holtslag, design experiments, respectively



Natural Hazards 

1 3

up to 300 hPa, covering India and the maritime subcontinental region (with a significance 
level of p < 0.01). This divergence further contributes to the observed decrease in JJAS 
precipitation. It is worth noting that in this context, negative values linked with the conver-
gence of vertically integrated water vapor flux indicate convergence, while positive values 
denote the divergence of water vapor flux. Therefore, tropical deforestation induces a dis-
placement in water vapor over the primary monsoon axis. This leads to a shift in both the 
amount of precipitable water (Figure S7) and the moisture flux on a regional scale over the 
region under the principal axis of Asian monsoon.

The Monsoon Hadley Index has shown a noticeable decline of approximately − 1.2% 
per decade from 2001 to 2010, in tropical deforestation experiment in comparison to the 
control experiment (Fig. 8). This is evident for both RCM-DEF-UW and RCM-DEF-Holt-
slag design experiments. Consequently, the deforestation along the primary axis of mon-
soon destabilizes the wind patterns of the Indian monsoon up to 500 hPa. Other metrics 
such as near surface air temperature, SHF, soil wetness, LHF and evaporative fraction for 
the Control (RCM-CONTROL-UW) and deforestation (RCM-DEF-UW) design experi-
ments are represented in Figs. 9, 10, 11, 12, 13. As a consequence of deforestation there 
is increase in near surface (2  m) air temperature over Indo-Gangetic plains, north, east 
and north-east India and some regions in south-east Asia, as depicted in Fig. 9. Over the 

Fig. 6  The JJAS (2001–2010) composite mean and anomaly (design-control) of moisture transport at 
850  hPa (kg/m/sec) for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, 
respectively
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maritime sub-continent, near surface air temperature increases only in the RCM-DEF-UW 
design experiment. The SHF has increased by + 40  Wm−2 (p < 0.01) over the whole of the 
tropical rain-belt of south and south-east Asia, i.e., from India to Thailand and Cambodia 
(Fig. 10). There is increase in Bowen’s ratio over north-west India due to tropical deforest-
ation (Figure S8). This temperature shift can be attributed to the escalation in SHF, which 
is prominently observed across the tropical rain-belt, extending from India through to the 

Fig. 7  The JJAS (2001–2010) composite mean and anomaly (design-control) of convergence of vertically 
integrated water vapor flux (mm/day) for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design 
experiments, respectively

Fig. 8  Sensitivity of Monsoon Hadley (MH) index as calculated for deforestation (a) RCM-DEF-UW (b) 
RCM-DEF-Holtslag, design experiments, respectively
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regions of Thailand and Cambodia in Southeast Asia, as shown in Figs.  9, 10 (Boysen 
et al. 2020). There is decrease in surface soil moisture and LHF over south-east Asia, East-
ern Ghats, Western Ghats, peninsular India, Indo-Gangetic plain and north India, is high-
lighted in Figs. 11, 12. Due to deforestation the evaporative fraction (Fig. 13) and recycling 
ratio (Figure not shown) has also decreased over the Indian subcontinent and nearby areas. 
Tropical deforestation leads to a decline in precipitation recycling due to reduction in soil 
moisture and evapotranspiration, especially over the primary monsoon regions of India and 
Southeast Asia during the summer monsoon months (JJAS). Thus, the region of changes in 
the near surface parameters in the RCM-DEF-UW and RCM-DEF-Holtslag, design experi-
ments, is synonymous with the regions where tropical deforestation is done in the model. 
Thus, an impact of tropical deforestation on near surface temperature over Indian sub-con-
tinent is clearly derived from this study.

In the deforested zones, there’s a noticeable increase in upward longwave energy flux, 
ranging between + 20 to + 40  Wm−2, as depicted in Fig. 14. The albedo also increases by 
0.05 units (Fig. 15), which is also reported in similar studies (Mabuchi et al. 2005, Mabu-
chi 2011; Strandberg et al. 2023) on vegetation change. Conversely, there’s a reduction in 

Fig. 9  The JJAS (2001–2010) composite mean and anomaly (design-control) (p < 0.01) of near surface air 
temperature at 2 m (°C) for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, 
respectively
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net radiation at the surface by approximately − 5 to − 40  Wm−2. Net radiation, in this con-
text, is the sum of net upward longwave energy flux and net downward shortwave energy 
flux, which is calculated as (SWin − SWout + LWin − LWout), as illustrated in Fig.  16. 
The pattern of albedo alteration corresponds with the changes in net radiation, though 
with an inversion in polarity. Moreover, it has been observed that the regions subjected to 

Fig. 10  The JJAS (2001–2010) composite mean and anomaly (design-control) of sensible heat flux  (Wm−2) 
for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments respectively

Fig. 11  The JJAS (2001–2010) composite mean and anomaly (design—control) (p < 0.01) of soil wetness 
(mm) for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, respectively
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deforestation within the model see an increase in surface upward longwave-radiation flux 
(as corroborated by Sud et al. 1988, 1996; Eltahir 1996; Zheng and Eltahir 1997; Durieux 
et al. 2003; Sen et al. 2004; Li et al. 2016). Generally, an increase in OLR indicates cooling 
of the atmosphere or the atmosphere becoming drier or less conducive to cloud forma-
tion resulting in decrease in precipitation. Its important to note the sign convention used 
in this study: the direction of surface downward shortwave energy flux moving from the 
atmosphere to the land surface is taken as positive. On the other hand, the direction of sur-
face upward longwave energy flux transferring from the land surface to the atmosphere is 
considered negative. This is attributed to lower surface roughness, as surface warming and 
anomalous increase in sensible heating. Hence, decreased evapotranspiration, increase in 
net upward longwave flux, Bowen’s ratio, SHF lead to a warmer, higher and drier planetary 
boundary layer (p < 0.01; Figure  S9. Thus, due to tropical deforestation over a dry sur-
face the rate of ascent of the boundary-layer top and deepening of the convective boundary 
layer tends to be faster, with negative feedback of rainfall with soil moisture. Bhowmick 
and Parker 2018 also predicts the same using theoretical framework just that the negative 
or positive feedback depends upon the atmospheric profile, Bowen’s ratio (inversion) and 
convective instability parameter of the region. It is important to mention here that both the 
simulations, RCM-DEF-UW and RCM-DEF-Holtslag are unanimous in the deriving the 
conclusions from the deforestation experiments.

Fig. 12  The JJAS (2001–2010) composite mean and anomaly (design-control) of latent heat flux  (Wm−2) 
(a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, respectively



 Natural Hazards

1 3

The ISM precipitation appears to decrease due to tropical deforestation. One significant 
reason is the albedo increase, which exceeds a critical point of 0.03 (Dirmeyer and Shukla 
1994). This deforestation leads to a notable decrease (increase) in net radiation and LHF 
(SHF). Such variations disrupt the radiative equilibrium over the Indian region, which, 
in turn, disrupts the ISM circulation, resulting in reduced ISM rainfall. This observation 
aligns with the conclusions drawn by studies by other researchers although their focus 
was on different global locations (Charney 1975; Charney et al. 1975, 1977; Ripley 1976; 
Shukla and Mintz 1982; Zeng and Neelin 1999; Zickfeld et al. 2005).

3.2  Statistical analysis of tropical deforestation design experiment

This section covers the statistical analysis of tropical deforestation using the 
RegCMv4.4.5.10 model in conjunction with the BATS vegetation module. The influence 
of the deforestation design experiment is examined through the substitution of forested 
areas with the “short grass” type of vegetation, characterizing deteriorated pastures, within 
the context of the “Control” vegetation map. The tropical deforestation design experiment 
entails methodical adjustment of the albedo, roughness length, and hydrological charac-
teristics of the surface. This is achieved by modifying the model’s namelist file, utilizing 

Fig. 13  The JJAS (2001–2010) composite mean and anomaly (design-control) of evaporative fraction for 
deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, respectively
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a “fudge” parameter set to “true,” and introducing the updated land-use map that accounts 
for tropical deforestation. The experimentation spans a duration of 11 years, wherein the 
analysis primarily focuses on the decade following a spin-up phase of 1 year and 3 months. 
Throughout the experimental phase, actual sea surface temperature (SST) data is incorpo-
rated, including significant El Nino and La Nina events. In order to assess the significance 
of the outcomes, the Wilcoxon rank sum statistical test (Lodh 2021; Lorenz et al. 2016) 
is applied to the anomalies of the 10 JJAS (June to September) months for both the con-
trol and deforested design experiment runs (as depicted in Figure S10). The anomalies for 
the JJAS months are calculated by taking the difference between the JJAS monthly figures 
from the control run and those from the experimental design run. We assume that these 
monthly anomalies are statistically independent, based on the justification that the auto-
correlation time frames within the samples don’t exceed one month. The observations in 
this segment echo the earlier results from Sect. 3.1. It is evident that variations in precipita-
tion, SHF, LHF, and the convergence of the integrated water vapor flux are not only con-
sistent with the previous findings but also statistically noteworthy with a significance level 
of p < 0.01.

Fig. 14  The JJAS (2001–2010) composite mean and anomaly (design-control) of net upward longwave 
energy flux  (Wm−2) for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, 
respectively
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3.3  Effect on variability of mean precipitation and surface fluxes

This section addresses the land–atmosphere feedback arising from tropical deforestation 
through fluctuations (measured as standard deviation) of the ISM rainfall, latent and sen-
sible heat transfers (Ferranti et al. 1999). For this purpose, data is collected from each grid 
point, spanning both the control study and the design experiments that simulate tropical 
deforestation. Figures 17(a–f) map out the standard deviations pertaining to precipitation, 
LHF and SHF, as observed in both control and deforestation scenarios. A consistent pat-
tern of precipitation variability is evident from Fig.  17a and b for both setups. Intrigu-
ingly, in months of May and June, in the control simulations there’s a pronounced fluctua-
tion in rainfall (i.e. variability in rainfall) especially over regions like the Western Ghats, 
north-east India and Himalayan foothills extending upto north-west India. In the experi-
ments simulating tropical deforestation, there’s a noticeable decrease in rainfall variability 
(both strength and spread) over northwest India during May and July. This suggests that 
tropical deforestation adversely impacts the variability of the Indian monsoon, particularly 

Fig. 15  The JJAS (2001–2010) composite mean and anomaly of albedo (design-control) for deforestation 
(a) RCM-DEF-UW (b) RCM-DEF-Holtslag, design experiments, respectively

Fig. 16  The JJAS (2001–2010) composite mean and anomaly (p < 0.01) of net radiation (W/m−2) anom-
aly (design-control) (positive is downward) for deforestation (a) RCM-DEF-UW (b) RCM-DEF-Holtslag, 
design experiments, respectively
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its movement towards the northwest. Also, the consistency of surface energy fluxes, nota-
bly LHF, is diminished over areas like the Indo-Gangetic plains and central India due to 
such deforestation. The SHF variability also experiences a drop, especially in the mon-
soon trough area that stretches from central India towards the north and north-west. As a 
result, reductions in surface fluxes, integral to the energy budget, simultaneously influence 

Fig. 17  Standard deviation of monthly rainfall in (a) baseline/control experiment (b) deforestation design 
RCM-DEF-UW experiment, c and d same as in (a and b) but for latent heat flux (LHF), e and f same as in 
(a and b) but for sensible heat flux (SHF)
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terrestrial parameters (Yuan et  al. 2021). These parameters include soil moisture, evap-
otranspiration processes, types of vegetation, and overall ecosystem dynamics. Conse-
quently, this plays a significant role in shaping the precipitation variability, as indicated 
by studies from Pielke et al. 1998 and Ferranti et al. 1999. Terrestrial coupling index of 
2 m-temperature and atmospheric coupling index of PBL (Lodh 2020) is also calculated 
for the two control experiments (RCM-CONTROL-UW and RCM-CONTROL-Holtslag) 

Fig. 17  (continued)
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Fig. 17  (continued)
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for the time period May to September 2001–2010 (Figures  S11 and S12). Over central 
India and north-west India, the value of terrestrial coupling index of 2 m-temperature and 
SHF ranges between 30–45 W  m−2 in the RCM-CONTROL-UW and RCM-CONTROL-
Holtslag simulations. However, the strength and domain of extent of coupling is larger 
in the RCM-CONTROL-Holtslag simulations. This is because the standard deviation (or 
variability) in SHF is more in the RCM-CONTROL-Holtslag simulations than RCM-
CONTROL-UW. The atmospheric coupling index of SHF and PBL across central and 
CI and north-west Indian sub-continent with values ranging between 150 and 250 m (200 
and > 250 m) in the RCM-CONTROL-UW (RCM-CONTROL-Holtslag) simulations (Fig-
ures not shown). Furthermore, the deforestation design experiments reveal heightened 
shifts in land–atmosphere interactions over northwestern India in terms of coupling 
between 2 m-temperature to SHF to PBL, abating (strengthening) the latent (sensible) heat 
feedbacks of land–atmosphere and convective activities in the region.

3.4  Effect on dominant modes of variability of precipitation, soil moisture 
and surface fluxes

This section explores into the impact of feedback, triggered by tropical deforestation, 
on the primary three modes of variability observed in precipitation, soil moisture, LHF 
and SHF. The variance percentage linked to each empirical orthogonal function (EOF) 
is marked at the top right of each corresponding graph, as seen in Figures S13, S14, S15, 
S16.  The figures from the control, RCM-CONTROL-UW and tropical deforestation, 
RCM-DEF-UW design experiment  is reported here. In the design experiment simulating 
tropical deforestation (see Figure S13), the spatial layout of EOF1 for precipitation largely 
mirrors its counterpart in the control, accounting for roughly the same variance (~ 67.8%). 
EOF1’s peak variability can be pinpointed over areas like the Western Ghats and north-east 
India, which are regions of substantial rainfall during the JJAS season over India. Turn-
ing to the control setup, as depicted in Figure S13(a and b), the spatial layout for EOF2 
highlights positive rainfall anomalies over regions like Western Ghats and north-east India, 
while negative anomalies are evident over the foothills of Himalaya. This distribution sig-
nifies the typical positioning of the tropical convergence zone in line with both the active 
and break cycles of the monsoon. Active monsoon phases align with positive time coef-
ficients of EOF2 precipitation, whereas negative values point to subdued monsoon phases, 
as detailed by Ferranti et  al. 1999. For the tropical deforestation design experiment, the 
spatial outline of EOF2 prominently features peaks where the control experiment’s EOF2 
has troughs. This suggests that alterations in land use due to tropical deforestation reshape 
the second dominant mode of precipitation variability. Similarly, the spatial representation 
of EOF2 for soil moisture (Figure S14) within the tropical deforestation design experiment 
underscores the repercussions of deforestation-driven changes in land use and cover on the 
variability of soil moisture, starting from the second mode. The positive time coefficients 
for both EOF2 and EOF3 in soil moisture, which account for variability percentages of 
roughly 6% and 4.5% respectively, distinctly demonstrate the influence of tropical deforest-
ation on soil hydration in areas that lie along the monsoon’s main trajectory. A consistent 
pattern emerges when evaluating the impact of deforestation on the second and third domi-
nant variability modes for LHF (with roughly 7% variability)  is depicted in Figure S15. 
Whereas from Figure S16, the second mode of variability in SHF (with roughly 9% vari-
ability), depicts the impact of deforestation on SHF, implying impact of LULC change on 
land surface fluxes.
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4  Conclusion

Numerical simulations assessing changes in LULC (tropical deforestation) were con-
ducted utilizing the ICTP RCM version RegCMv4.4.5.10. The RegCMv4.4.5.10 simula-
tions effectively determine the model’s capability to replicate the climate conditions in 
India. Also, the technique to implement “tropical deforestation” in the RegCMv4.4.5.10 
model was able to isolate the mechanisms that drive the development of meteorologi-
cal events in event of tropical deforestation. This study quantitatively demonstrates the 
impact of  tropical deforestation on the alteration of rainfall, temperature, and atmos-
pheric circulation over Indian subcontinent and its nearby regions (regions lying over 
the principal axis of Asian monsoon). These anomalies impact the local hydro-climate, 
leading to drought-like conditions, further decreasing the intensity and duration of mon-
soon rain, forming an irreversible hysteresis loop. This confirms the existence of tel-
econnection effects due to tropical deforestation. To investigate the influence of tropical 
deforestation design experiments, two distinct simulation sets were executed:

• Control simulation using the USGS natural land use map as its foundation.
• A design simulation that employs a modified land use map, specifically tailored to 

replicate the effects of deforestation.

The results of the tropical deforestation design experiments were assessed for ver-
satility by employing two unique combinations of PBL parameterization schemes: 
the Holtslag PBL and the University of Washington Turbulence closure PBL. Both of 
these were integrated with the RCM. For convection processes, the Emanuel convection 
scheme was applied over land, while the Grell scheme was used over the ocean, incor-
porating the Arakawa Schubert 1974 closure. The key findings of these experiments are 
outlined as follows:

 i. Due to tropical deforestation, the JJAS precipitation over India, Indo-Chinese penin-
sula and the maritime sub-continent, along the principal axis of the Asian monsoon, 
experience a statistically significant decrease. The observed reduction is ascribed 
to the emergence of an anomalous anti-cyclonic circulation over eastern India, a 
consequence of tropical deforestation. This results in diminished convective heating, 
leading to a notable drop in precipitation when contrasted with the control experi-
ment. Moreover, the anomalous anti-cyclonic flow that forms over the northern sector 
of the Bay of Bengal due to tropical deforestation curtails moisture advection and 
the vertically integrated moisture flux upto 300hPa, effectively diverting moisture 
away from adjacent areas, inhibiting the travel of atmospheric rivers. On land, the 
wind’s intensity diminishes, and its direction reverses due to a decrease in surface 
roughness. The findings from this current research using the RegCMv4.4.5.10 model 
corroborates these observations, highlighting both local impacts and a decrease in the 
ISM rainfall. Furthermore, the recycling ratio decreases, resulting in a negative soil 
moisture feedback due to deforestation (Leite-Filho et al. 2021). As mentioned earlier 
in the tropical deforestation experiment, the decrease in surface pressure combined 
with decreasing wind magnitude leads to a calm but dry northwesterly wind over 
the Indian (land) region. This prevents moisture-laden southerly winds from moving 
towards land. The experiments focused on deforestation underscore that an increase 
in vegetation albedo and a decline in surface roughness (refer to Table 2) lead to 
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reduced solar radiation absorption on the surface. This results in a cooling effect, 
especially pronounced over northwestern India. This cooling narrows the temperature 
differential between land and sea, consequently impacting the north–south pressure 
gradient and the Indian monsoon’s Hadley index. This shift means the easterly winds 
originating from the Bay of Bengal don’t reach the mainland, which subsequently 
results in diminished precipitation inland. Hence, the elevation in albedo, attributed 
to the loss of vegetation, negatively and significantly impacts the evolution of the 
monsoon (ISM). Deforestation further influences the variability and the primary three 
Empirical Orthogonal Functions (EOFs) linked to the oscillation of the ISM. This 
influence manifests through alterations in surface energy fluxes, soil moisture content, 
evapotranspiration, and, consequently, rainfall across the Indian region (See Fig. 18). 
Its pivotal to recognize, however, that the effects of deforestation on precipitation 
patterns possess inherent uncertainties too.

 ii. The experiments focusing on deforestation highlight that increases in albedo, owing to 
diminished plant cover, contributes to a decrease in JJAS soil moisture, evapotranspi-
ration, and rainfall. This increase in albedo results in more radiation being reflected. 
Within the framework of the tropical deforestation design experiments, there is a 
noted average decline in precipitation by approximately − 2 mm/day. Concurrently, 
albedo surpassed the pivotal threshold value of 0.03. Albedo is an important factor, 
acting as a thermostat in regulating the climate’s response to tropical deforestation. 
As deforestation affects tropical regions, there’s a marked elevation in albedo, leading 
to the cooling of the surface. This cooling prompts a greater atmospheric subsidence, 
essential for sustaining long-wave radiation emission into the atmosphere. The decline 
in rainfall over a broader geographical area, beyond the region where deforestation 
occurs (i.e., teleconnection effects), is influenced by the higher albedo of deforested 
surfaces and the reduced evapotranspiration of crops and pastures compared to natural 
vegetation. Both from this study and previous literature it is found out that LHF, a 
significant factor in maintaining the recycling ratio, is considerably reduced by 25% 
due to deforestation. Any alteration in the lower boundary condition in a regional 
climate model (RCM) when paired with a decrease in vegetation (such as deforesta-

Increase in tropical deforestation              Decrease in soil moisture              Decrease in precipitable water, 
recycling ratio, precipitation efficiency          Increase in albedo and decrease in net radiation            Decrease in 
convergence of  water vapour            Decrease in low level winds with formation of anomalous anti-cyclonic 
circulation            Decrease in VIMT            Increase in 2-metre, surface temperature, OLR            Decrease in 
Monsoon Hadley index            Decrease in  JJAS precipitation. 

Fig. 18  Flowchart of the consequences of tropical deforestation experiment
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tion or desertification) is further amplified by a reduction in rainfall, perpetuating heat 
wave and drought-like conditions.

 iii. Precipitation plays a crucial role in the terrestrial and atmospheric water cycle, and 
repercussions of human-induced climatic shifts (anthropogenic climate change) such 
as tropical deforestation, on rainfall patterns hold profound consequences for farming 
practices, especially in the prime grain-producing regions of India. The increase in 
tropical deforestation over the hot spot regions of land–atmosphere like South-east 
Asia leads to alterations in precipitation over India through various mechanisms like 
alterations in soil moisture, evapotranspiration (ET), and energy fluxes over India. 
This transformation is facilitated by multiple pathways, including shifts in soil mois-
ture, evapotranspiration (ET), and energy flux dynamics within India. A noticeable 
consequence is the diminished MT across the Bay of Bengal (BOB). Tropical defor-
estation leads to a decline in the total water content available in the atmosphere 
(precipitable water), the proportion of rainfall that returns to the atmosphere through 
evaporation (recycling ratio), and the efficiency with which rainfall is produced from 
available moisture (precipitation efficiency). In tandem, there’s an increase in surface 
reflectivity (albedo) and a decrease in the net radiation received at the surface. This 
ultimately hampers the upward movement and convergence of water vapor, dimin-
ishing the propensity for low-level cloud formation. A secondary consequence is 
the weakening of low-level winds, promoting the development of an anti-cyclonic 
circulation pattern. In general, the results from the deforestation experiment reports 
that large-scale deforestation reduces net radiation at surface and the total heat flux 
by ~  20Wm−2.

 iv. The alterations in LHF and MT combined with changes in the Monsoon Hadley index, 
have profound consequences on the water and energy cycles of the region. This results 
in a net reduction in summer monsoon (JJAS) rainfall over India. Furthermore, the 
increase in sensible heat flux (SHF), temperatures near the surface, and the increase 
in outgoing longwave radiation accentuate these shifts. Numerical analyses conducted 
using a regional climate model (RCM) reveal that tropical deforestation can amplify 
the effects of surface reflectivity (albedo) and evapotranspiration, leading to noticeable 
shifts in-ground and air temperature during the Indian monsoon by + 1 to + 1.5 °C. 
Consequently, higher land surface temperatures and increased SHF, coupled with 
a reduction in soil moisture and LHF, yield arid conditions. Such conditions can 
jeopardize the sustainability of the residual forested regions as well as agricultural 
activities in previously deforested areas (Dickinson and Henderson-Sellers 1988). 
Furthermore, tropical deforestation sets in motion a feedback loop: it fosters the propa-
gation of drought conditions and, when combined with elevated temperatures and 
heightened water stress, further exacerbates the mortality rates of trees. This cycle of 
deterioration ultimately perpetuates the adverse effects of deforestation.

 v. On a short-term (biophysical) timescale deforestation type LULC change influences 
both the weather and climate by altering the land-surface energy fluxes. While the 
conclusions drawn from proxy tropical deforestation design experiments using RCM 
(RegCMv4.4.5.10) are open for further exploration, possibly using a non-hydrostatic 
version of the ICTP-RegCM coupled with an earth system model, the research con-
ducted in this study provides simulations of the impact of various deforestation sce-
narios on the Indian monsoon hydro-climate. These insights can be used to inform 
policy and management decisions related to land use, conservation, and climate 
change adaptation in the region.
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 vi. The findings of the study add significant value to the existing knowledge on the impact 
of anthropogenic activities, particularly deforestation on climate change and monsoon 
variability. It specifically highlights how the deforestation induced feedback influences 
the interannual variability of ISM precipitation and surface fluxes. It has profound 
implications for diverse socioeconomic sectors from agriculture to human health in 
India and other LMICs where adaptation and mitigation capacities are constrained 
due to inequity, high rates of informality, high debt service ratios, and high costs of 
capital among others. The paper’s experimental design describes how deforestation 
contributes to alterations in albedo, roughness length, wind patterns, water evapora-
tion and surface hydrological properties. It also details how these changes can impact 
regional climate patterns, leading to unpredictable temperature variability and humid-
ity fluctuations. Such climate disruptions also bear financial implications for countries 
like India already dealing with many economic and infrastructure challenges.

 vii. From an agro-economic perspective, the evidence provided by the study underscores 
the direct ramifications of variable monsoon patterns on food security and agricultural 
sustainability. For instance, the standard deviation of rainfall as seen in Fig. 17(a and 
b) shows relatively small variability over north-western India during the months of 
May to July in the scenario of deforestation potentially disrupting agricultural pro-
ductivity (also monsoon precipitation decreases). This threatens the livelihoods of a 
large proportion of the population reliant on agriculture, potentially leading to forced 
migration and other socio-economic disruptions. From a policy perspective, these 
findings highlight the urgent need for effective adaptation and mitigation strategies as 
recognized in the recent COP 27 summit. Sustainable land-use planning, afforestation, 
and reforestation efforts should be a priority to alleviate the impacts of deforestation 
on monsoon patterns and related socioeconomic consequences. In this regards, land–
atmosphere interactions using Dirmeyer’s indices for various landuse—land cover 
change like afforestation, desertification, irrigation intensification is also planned as 
a future work.

 viii. The study also underscores the differential impacts of these environmental changes 
on various social groups. The vulnerable and marginalized resource-dependent com-
munities, particularly those with limited access to information are at high risk from 
climate change. It aligns with the IPCC Sixth Assessment Report, that emphasizes 
on socially just and equitable climate resilient development pathways, indicating a 
need for more inclusive, meaningful, and comprehensive communication and action 
strategies. The study thus provides a holistic perspective of tropical deforestation on 
climate of India, connecting climate research and need for climate adaptation. 
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