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Daily moderate rainfall events, that constitute a major portion of seasonal summer
monsoon rainfall over central India, have decreased significantly during the period 1951
till 2005. Mean and extreme near surface daily temperature during the monsoon season
◦
have also increased by a maximum of 1–1.5 C. Using simulations made with a highresolution regional climate model (RegCM4) with prescribed vegetation cover of 1950
and 2005, it is demonstrated that part of the above observed changes in moderate
rainfall events and temperature have been caused by land-use land-cover change
(LULCC) which is mostly anthropogenic. Model simulations show that the increase in
seasonal mean and extreme temperature over central India coincides with the region
of decreased (increased) forest (crop) cover. The results also show that land-use landcover alone causes warming in the extremes of daily mean and maximum temperatures
by maximum of 1–1.2 ◦ C, that is comparable with the observed increasing trend in the
extremes. Decrease (increase) in forest (crop) cover reduces the evapotranspiration
over land and large-scale convective instability, apart from decreasing the moisture
convergence. These factors act together not only in reducing the moderate rainfall
events over central India but also the amount of rainfall in that category, significantly.
This is the most interesting result of this study. Additionally, the model simulations are
repeated by removing the warming trend in sea surface temperatures. As a result, there
is enhanced warming at the surface and decrease in moderate rainfall events over
central India. Results from the additional experiments corroborate our initial findings
and confirm the contribution of land-use land-cover change on increase in daily mean
and extreme temperature and decrease in moderate rainfall events. This study not
only demonstrates the important implications of LULCC over India, but also shows
the necessity for inclusion of projected anthropogenic changes in land-use land-cover
in future climate change scenarios for developing better adaptation and mitigation
strategies.
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Observational evidences show that globally averaged annual mean surface
temperature has increased by about 0.85 ◦ C between 1880 and 2012, with rapid
◦
warming in the recent past decades (about 0.72 C after 1951) (IPCC AR5, Stocker
et al., 2014). The IPCC AR5 also summarizes that the number of cold (warm) days
and nights have decreased (increased) globally, with increase in the frequency of heat
waves over large parts of Europe, Asia and Australia. Apart from surface temperature,
extreme (heavy) precipitation events have also increased over most of the global land
areas (Alexander et al., 2006; Stocker et al., 2014). The increase in mean precipitation
is expected to be much less than the extremes as it is constrained by the net rate
of cooling of the troposphere, which, in turn also depends on its temperature and
presence of Greenhouse Gases (GHGs) and aerosols (Allen and Ingram, 2002). The
IPCC AR5 summarizes that there is medium confidence on the contribution of human
influence on large-scale changes in land precipitation. Furthermore, Seneviratne
et al. (2012) argues that there is no general relationship between changes in total
and extreme precipitation. However, seasonal and regional or local changes in these
extremes can be of different magnitude and sign due to complex regional feedbacks
associated with the GHGs, clouds, aerosols and other anthropogenic activities. Haerter
and Berg (2009) argue that changes in humidity, atmospheric stability, wind direction
etc. strongly influence the local temperature variability. Observational uncertainty,
challenges in modeling and natural variability affect proper detection and attribution
of the changes. Therefore, quantification of the changes in regional climate and proper
attribution are both very important for the policy makers for devising better adaptation
and mitigation strategies.
Studies on trends in extreme temperature and precipitation events over the Indian
sub-continent have focused on different regions and periods. Kothawale et al. (2010,
2005) found an overall increase of about 0.5 ◦ C (0.71 ◦ C) in the annual mean
(maximum) temperature over seven homogeneous regions of India in the last century.
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They also reported an accelerated warming trend of 0.22 C decade in the mean
annual temperature in the recent decades (1971–2003). Jaswal et al. (2015) using
station observations reported a significant increase in high temperature in summer over
India during the period 1969–2013. Pai et al. (2013) also reported a significant increase
in occurrence of heat waves in summer during 1961–2010. Sheikh et al. (2014),
using daily station data found a general increase in warm temperature (precipitation)
extremes during 1971–2000 (1961–2000), with enhanced warming over the desert
of Thar. They associated those changes with the effect of increasing aerosols. Over
central India (CI, 74.5–86.5◦ E; 16.5–26.5◦ N), heavy and very heavy (moderate) rainfall
events during the monsoon season (June–September, JJAS) have been reported
to show a significant increasing (decreasing) trend from 1951 to 2000 (Goswami
et al., 2006). Rajeevan et al. (2008) and Pai and Sridhar (2015) supported that result
and reported a similar but relatively weaker trend in heavy and moderate rainfall events
over that region from 1901 to 2000. Singh et al. (2014) reported a significant decrease
in monsoon precipitation over that core (CI) region of India from 1951 till 2011, along
with a significant increase in frequency of dry spells and intensity of wet spells and
decrease in intensity of dry spells. Niranjan Kumar et al. (2013) found an increase in
the intensity of droughts during 1901 till 2010 over India. Panda et al. (2014) reported
a significant decrease in wet days and moderate and total rainfall during the summer
monsoon (1971–2005) over the northeast, central and southwest of India. Both studies
attributed their observed trends with evolving SST anomalies over the Pacific and
Indian Oceans. Although Goswami et al. (2006) and Rajeevan et al. (2008) pointed at
warming of the Indian Ocean sea surface temperature (SST) to be the governing factor
for increase in precipitation extremes, the probable reason for decrease in moderate
rainfall events was left unaddressed. Observed changes in daily high temperature
and moderate/extreme rainfall events over the Indian region may be attributed to both
natural variability and anthropogenic activity. Extreme high or low temperature phases
are not only harmful for crop growth and yield but heat/cold waves and heavy rainfall
events also cause fatality of living beings. Light to moderate rainfall events constitute
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Land use/land cover change (LULCC) is an important driver of climate change at local,
regional and possibly, also on global scale (Snyder, 2010) and on time scales interdecadal and beyond (Pitman et al., 2012; Mahmood et al., 2014; Dirmeyer et al., 2010;
Solomon et al., 2007). LULCC affects the surface albedo, fluxes of radiation and
that of momentum, heat, water vapor, carbon dioxide (CO2 ) and other trace gases,
aerosols and dust, and turbulence in the boundary layer (Pielke et al., 2011; Mahmood
et al., 2014). In the last 300 years (1700–2000), about 42–68 % of the global land
surface has been affected due to land use practices (Hurtt et al., 2006). There has
been an increase in global cropland (Ramankutty et al., 1999, 2008) and pastures
(Goldewijk et al., 2001). For a concise summary of the evolution of LULCC across
centuries, refer Fig. 1 of the paper by Pielke et al. (2011) that is based on the
Land Use Harmonization data (http://luh.unh.edu). Cropland areas and pastures in
general, decrease the surface temperature on account of their higher albedo than
forests. Likewise, irrigated agricultural landscapes also contribute to surface cooling
and rainfall (Pielke et al., 2011; Mahmood et al., 2014). However, the effects of
deforestation and agricultural intensification vary regionally and also depend on the
seasons, making resulting land–atmosphere interactions complex. Robust results show
that albedo changes leading to decrease in surface temperature tend to dominate
over the mid-latitudes, whereas decrease in evapotranspiration (ET) and roughness
length play a primary role in increasing surface warming in the Tropics (Garratt, 1993;
Sampaio et al., 2007; Davin and De Noblet-Ducoudr‘e, 2010; Pitman et al., 2012).
The above conclusions are supported in studies by Lawrence and Chase (2010),
Bounoua et al. (2002) and Feddema et al. (2005). Deforestation and increases in crop
6580
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a major portion of the seasonal rainfall over India and are an important source for
replenishment of ground water. The aim of this study is to understand the processes
responsible for observed changes in moderate rainfall events and daily mean and
maximum temperature over India during the monsoon season.
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Over India, industrialization and urbanization has grown immensely from the middle
of the 20th century, apart from the Green revolution. This has lead to widespread
deforestation and changes in land-use practices towards agriculture. A recent study
over India by Tian et al. (2014) using high-resolution remote sensing datasets from
the Resourcesat-1 satellite and historical archives at district and state level show
loss (gain) of about 26 (48.1) million ha of forests (crops) over the period 1880–
2010. Greater cropland expansion and urbanization occurred during 1950–1980 but
mostly over central, eastern and northwest India and eastern and western parts of
peninsular India (refer Fig. 4 in their paper). Such regional changes in LULC could have
caused changes in the Indian climate through their impact on the surface moisture
and heat budget, and may have amplified or compensated other potential changes
due to increased GHGs, aerosols, large-scale circulation changes or natural variability.
Therefore, it is important to quantify whether the decrease in moderate rainfall events
6581
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cover reduces the surface roughness and also decreases the moisture convergence
and rainfall (Sud et al., 1998). Spatial heterogeneity in vegetation has been shown
to affect convective rainfall through changes in surface fluxes of heat and moisture
and atmospheric stability (Pielke et al., 2001). Lawrence and Chase (2010) further
demonstrated that alteration of potential vegetation to present day land cover state
can lead to regional warming as well as reduction in precipitation. In an interesting
study, Avila et al. (2012) demonstrated that changes in the temperature extremes
due to LULCC could be of comparable magnitude but of similar or opposite sign as
due to increase in CO2 , depending on the region. Pitman et al. (2012) supported
those conclusions using a multi-model ensemble study, and also extended their
analysis for rainfall extremes. Since it is difficult to segregate the impact of LULCC on
temperature and precipitation extremes when analyzed in a globally averaged sense
(Pielke et al., 2011; Pitman et al., 2012), one needs to carefully design sensitivity
studies with climate models and focus on specific regions to better understand its role.
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over CI and how much of the observed changes in daily mean and extreme surface
temperature over India in the later half of the 20th century is attributed to LULCC?
As mentioned earlier, the increasing trend in heavy rainfall events over CI has been
potentially associated with a significant increasing trend in SST over the tropical Indian
Ocean (Goswami et al., 2006; Rajeevan et al., 2008) that has been also reported in
Roxy et al. (2014). Sen Roy et al. (2007, 2011) found a significant decrease (increase)
in pre-monsoon (March–May) surface temperature (precipitation) over India due to
irrigation activity. Lee et al. (2009) showed that pre-monsoon irrigation activity could
affect the early part of the Indian Summer Monsoon Rainfall (ISMR) through changes
in land-ocean temperature contrast. Niyogi et al. (2010) found an overall decrease in
rainfall during monsoon season over the northwest of India due to irrigation and landuse change. Similarly, Tuinenburg et al. (2011) used model simulations to conclude that
large-scale irrigation might increase local precipitation over eastern and southern India
through land–atmosphere feedbacks. Nayak and Mandal (2012) used model studies
to attribute increased warming over western India (1973–2009) to LULCC. There have
been similar other studies as well like Lohar and Pal (1995), Douglas et al. (2006),
Saeed et al. (2009), Dutta et al. (2009). Kishtawal et al. (2010) reported an influence of
growing urbanization on the increasing trend of extreme rainfall events over India. Ali
et al. (2014), on the contrary, found large-scale climate variability and not urbanization
in India responsible for observed changes in extreme rainfall events. LULCC not only
involves an increase in irrigated lands but also deforestation, afforestation, conversion
to bare, pasture or cropland and urbanization as well. Global model simulations
by Takata et al. (2009) using historical reconstructed LULC (years 1700 and 1850
during the pre-industrial period) showed a weakening of the Indian summer monsoon
circulation and a decrease in seasonal rainfall due to an increase in crop and pasture
land. Earlier studies have not focused on the changes in the frequency and intensity
of daily rainfall or temperature extremes. Likewise, the mechanism for decrease in light
and moderate rainfall events is not understood and has also not been investigated.
In this study, we demonstrate that LULCC over India has contributed partly to the
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observed decrease in moderate rainfall events during the monsoon season from 1951
till 2005. Apart from that, we also show that LULCC has contributed to the significant
increasing trend in surface daily mean and maximum temperatures during summer
season. For that purpose, we have used high resolution improved and up-to-date LULC
data over the Indian region.
High-resolution regional climate model (RCM) simulations with RegCM4 have been
made to support our hypothesis. RCMs have shown improvements over global models
in terms of representation of spatio-temporal details of climate (Laprise et al., 2008;
Leduc and Laprise, 2009) and in dynamical downscaling ability (Xue et al., 2014).
RCMs add value in simulation of topography induced phenomena and extremes of
short spatio-temporal character (Feser et al., 2011; Feser and Barcikowska, 2012;
Shkol’nik et al., 2012). They have also shown improvement in representation of largescale monsoon features over East Asia (Gao et al., 2012). The main advantage of
a RCM in the context of the Indian monsoon is that it can isolate external forcing
generated in remote areas by the local feedback processes within the monsoon region
or else, they may interact with the internal monsoon dynamics and produce more
variability. In that way, a RCM better resolves regional land–atmosphere feedback
processes than a GCM. However, one of the disadvantages is that the lateral boundary
conditions may not be perfect. Studies by Saha et al. (2011, 2012) have demonstrated
the capability of the RCM RegCM3 (previous version of RegCM4) in simulating the
mean and interannual variability of the Indian summer monsoon.
This paper is organized as follows. Observed data, the RCM and the design of
experiments are described in detail Sect. 2. Method of preparation of the LULC data
used for model experiments is described in the Supplement. Herein, a brief description
about preparation of the LULC data that is used in model simulations is also presented.
The observed changes in near surface temperature and rainfall and LULC over the
Indian subcontinent in the last 55 years are discussed in Sect. 3. Results from model
experiments pertaining to changes in rainfall and surface temperature are discussed in
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detail in Sect. 4. Discussions are presented in Sect. 5 and the conclusions drawn are
summarized in Sect. 6.
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Annual harmonized LULCC data (LUHa.v1) from the University of New Hampshire
(UNH, http://luh.unh.edu) at 0.5◦ × 0.5◦ horizontal resolution (Hurtt et al., 2006) that
comprises of crop, pasture and primary and secondary vegetation types has been
used. This data has been transformed in the form of 17 Plant Functional Type (PFT)
6584
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Daily 2 m mean and maximum temperature data (1969–2005, at 1 × 1 resolution)
from the India Meteorological Department (IMD) (Srivastava et al., 2009) are used
for analysis of trends and validation of the model simulations. In addition to that, we
have also used daily 2 m mean temperature data (at 2.0◦ × 2.0◦ resolution) of the
twentieth century reanalysis (20CR) project (Compo et al., 2011) that is available
for a longer period (1951–2005). For analysis of trends in daily rainfall events and
◦
◦
their intensities in different categories daily gridded data (at 1 × 1 resolution) for
57 years (1951–2007) from IMD (Rajeevan et al., 2006) is used. These observed
data available from IMD are one of the most reliable data sets at high resolution (http:
//www.imdpune.gov.in/publication/pub_index.html). Monthly rainfall from GPCP version
◦
◦
2.2 (Adler et al., 2003) for the period 1979 to 2008 (at 2.5 × 2.5 resolution) is also
used for validation of model simulated rainfall. Apart from that, the National Centers for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
monthly reanalysis winds, temperature and specific humidity (Kalnay et al., 1996) for
◦
◦
the period 1982–2008, at 2.5 × 2.5 horizontal resolution and multiple pressure levels
are used for validation of the model simulated large-scale features during monsoon.
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The RCM RegCM version4.0 (Elguindi et al., 2010; Giorgi et al., 2012) is used for
this study. The dynamical core of RegCM4 is from the NCAR-Pennsylvania State
University (PSU) Mesoscale Model version 4 (MM4), which is a compressible, finite
difference model with hydrostatic balance and vertical σ-coordinates. The NCAR CCM3
radiation scheme (Kiehl et al., 1996) and a planetary boundary layer scheme based
on a non-local diffusion concept (Holtslag et al., 1999) are used for our simulations.
We also used the new parameterization scheme of Zeng et al. (2005) that allows for
a realistic representation of the diurnal variation sea surface skin temperature. Apart
from that, the Grell convective parameterization scheme (Grell, 1993) with the Fritsch
and Chappell closure (Fritsch and Chappel, 1980) is used. The model configuration
comprises of 23 vertical sigma coordinate levels in the atmosphere and a horizontal
resolution of 60◦ × 60◦ km with Normal Mercator map projection. The model domain
extends from 40.2–116.3◦ E and 10.8◦ S–47.7◦ N with the Indian subcontinent at the
center. Recent studies with a similar model configuration as this (Saha et al., 2011,
2012) has demonstrated fidelity of the RCM in simulating the climatological features
of Indian summer monsoon. The NCEP/NCAR reanalysis data (Kalnay et al., 1996)
at 2.5◦ × 2.5◦ horizontal resolution and 6 hourly frequency for the period 1982 to 2008
is used as lateral boundary conditions for the model. Reynolds weekly SST at 1◦ × 1◦
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|
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5

mosaics for use as time invariant lower boundary condition for RCM simulations
coupled with the Community Land Model (CLM) land surface model in this study.
The four UNH vegetation categories are converted into different CLM PFT distributions
based on present day and potential vegetation CLM land surface parameters. We have
used the resulting PFT distributions and associated vegetation dependent parameters
such as LAI, Stem Area Index (SAI), roughness length etc. for the present day
conditions (year 2005) and historical period (year 1950) for our model simulations.
Detailed methodology of preparation of the LULC data is given in the Supplement.
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Two sets of model simulation, each for 27 years are carried out with similar Lateral
Boundary Conditions (LBCs) from NCEP/NCAR and Reynolds weekly SST prescribed
at the lower boundary, but different LULC of the years 1950 and 2005 as fixed
lower boundary condition. The LULC of 1950 and 2005 correspond to different PFT
distributions. The RCM is initialized at 00:00 GMT on 1 November 1981 and simulation
6586
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horizontal resolution (Reynolds et al., 2002) interpolated to daily values is prescribed
over the ocean.
RegCM4.0 is coupled to the Community Land Model (CLMv3.5) (Oleson et al., 2008;
Stockli et al., 2008) land surface model. There are 10 soil layers of variable depth
and up to 5 layers of snow. CLM3.5 uses a nested sub-grid hierarchy of mosaics in
the form of glaciers, lakes, wetlands, urban and vegetated land to better represent
surface heterogeneity in a grid box. The vegetated land portion of a grid cell may be
composed of multiple columns. Furthermore, in each column 4 most abundant PFTs
out of possible 17 that include forests, grasses, crops and bare ground co-exist. The
fractional areas of the 4 PFTs do not vary with time but their monthly LAI and stem
area index (SAI) values vary seasonally, which are all interpolated from global datasets
at 0.5◦ × 0.5◦ horizontal resolution to the model grid. Fluxes are computed at the PFT
level and their weighted averages constitute the net upward flux from a column. Several
PFT based parameters are also prescribed in the model. A global soil texture dataset at
5 min spatial resolution from the International Geosphere Biosphere Program (IGBP)
(Bonan et al., 2002) is used with varying sand and clay content in each of the 10
layers. Soil color dataset (8 classes) at 2.8◦ spatial resolution is from Zeng et al. (2002).
CLM3.5 also uses global datasets on canopy top and bottom height (resolution 0.5◦ ×
◦
◦
◦
◦
◦
0.5 ), percentage of glacier (resolution 0.5 × 0.5 ), lake and wetland (resolution 1 × 1 )
with corresponding spatial resolution included in brackets (Elguindi et al., 2010). Details
about the land surface parameterization schemes in CLM3.5 are also presented in
Oleson et al. (2010) and Tawfik and Steiner (2011).
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is continued up to 18:00 GMT on 31 December 2008. In CLM3.5 coupled to RegCM4,
soil moisture is initialized based on climatology (as in Tawfik and Steiner, 2011;
Giorgi and Bates, 1989), in order to reduce model spin-up time for deeper layers.
Soil points are initialized with temperatures of 283 K (Oleson et al., 2010). Hereafter,
these simulations with LULC of 2005 and 1950 will be referred as Present Land Cover
(PLC) and Historical Land Cover (HLC) experiment, respectively. No added external
forcing in terms of aerosols or GHG concentration is used in our RCM experiments.
Although, our RCM simulations are not time-slice experiments in the true sense, the
statistics of their difference are expected to reveal the effect of LULCC and associated
regional land–atmosphere interactions on daily temperature and rainfall variability in
a climatological sense. Kothawale et al. (2010) and Chowdary et al. (2013) have
shown surface temperatures over India and the Indian Ocean SSTs to be strongly
linked on low-frequency interannual time scales. Apart from that, Goswami et al. (2006)
and Rajeevan et al. (2008) speculated that the increasing trend of extreme rainfall
events might be associated with the warming trend in SST over the Indian Ocean.
Therefore, in order to isolate the effect of Indian Ocean SSTs on the temperature
and rainfall variability over the monsoon region, another two sets of model simulation
for 27 years are carried out using the fixed LULC of years 1950 and 2005, but with
de-trended weekly Reynolds SSTs over the Indian Ocean. The de-trended weekly
SSTs from November 1981 till December 2008 are interpolated to daily values for
model simulation. The LBCs from NCEP/NCAR reanalysis and the initial conditions
for land remained exactly same as in the earlier experiments. Henceforth, these RCM
simulations will be referred as Present Land Cover de-trended SST experiment (PLCS)
and Historical Land Cover de-trended SST experiment (HLCS), respectively. The four
experiments are briefly summarized in Table 1.
Observed changes in LULC used as fixed boundary condition in the RCM are
described in Sect. 3, which also includes discussion on observed changes in surface
temperature and daily rainfall distribution during 1951 to 2005. Simulation of the largescale climatological features of Indian summer monsoon by the RCM in the PLC and
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PLCS experiments are discussed in the following Sect. 4.1. Differences in simulated
rainfall statistics between experiments with past (1950) and present land cover (2005)
are discussed in Sect. 4.2. Of particular importance is our discussion on changes in
moderate rainfall events (Sect. 4.2.1). Extreme rainfall events are less frequent but
intense, with long return periods. They are associated with deep convective activity
that is triggered by local instabilities or large-scale moisture convergence and drain
out the atmospheric moisture content very fast, thus increasing the atmospheric
stability. On the other hand, light and moderate rainfall events are relatively less
intense and long-lived and require time for large-scale moisture and instability to
build up for them to sustain. Thus, due to the smaller spatial scale and random
frequency of occurrence of extreme rainfall events, analysis of their trends over stations
sparsely spaced or individual grid points is not expected to give a robust or consistent
result about their temporal variability. Therefore, more meaningful information on the
statistics of extreme rainfall events can be obtained when analyzed in a spatially
aggregated sense (Goswami et al., 2006; Rajeevan et al., 2008). This approach has
also been followed by Singh et al. (2014). For our study, CI domain that is considered
homogeneous in terms of the mean and variability of the Indian summer monsoon
rainfall (Goswami et al., 2006) is used for the analysis of moderate and extreme rainfall
events. Significance of the results have been tested on the basis of Student’s t test. The
effect of LULCC on surface air temperature extremes over India in the experiments with
realistic prescribed SSTs and the experiments with de-trended SSTs are discussed
in Sect. 4.3. For the analysis on temperature extremes in the model we have used
data for the period JJAS (instead of JAS used for observation) that will be discussed
in Sect. 4.1. Based on the experiments and further analysis, we propose a physical
mechanism responsible for the observed changes in Sect. 4.4.
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from 1951 till 2000, but extreme and moderate rainfall events have changed over CI
significantly (Goswami et al., 2006; Rajeevan et al., 2008). While moderate rainfall
−1
events (5 > rainfall ≤ 100 mm day ) show a significant decreasing trend, the heavy
−1
−1
(rainfall ≥ 100 mm day ) and very heavy rainfall (rainfall > 150 mm day ) events show
a significant increasing trend. As mentioned earlier, increase in heavy and very heavy
rainfall events over CI have been potentially associated with a significant increasing
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Figure 1 shows the distribution of PFTs of all forests and crops (including grasses) in
the year 1950 and 2005 used as lower boundary condition in the RCM and also gives
an overview of past changes in land cover. The northwest of India, the hilly terrain
over CI, western states of Gujarat and Maharashtra, foothills of the Himalayas and
northeastern states are mostly dominated by forest cover (Fig. 1a and c). Agriculture
or crop cover is mostly concentrated along the northern states of India such as Punjab,
Haryana, Delhi, the Gangetic plains, the plains of east and west CI and peninsular India
(Fig. 1b and d). Difference between PFT distribution under present climatic condition
(year 2005) and historical period (year 1950) show that forest cover is reduced and
crop cover is increased in the recent period by about 5–30 % (Fig. 1e and f). Maximum
increase in crop fraction is seen largely over CI, peninsular India, north and northwest
India and extreme northern part around the plains of river Indus. This increase in crop
fraction also matches very well with the changes shown in Fig. 5 in the paper by Tian
et al. (2014) over the period from 1950 to 2010. Observed surface evaporation has
significantly decreased over continental India during the monsoon season from 1971
to 2000 (Jaswal et al., 2008) and may have been associated with the changes in LULC.
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The pre-monsoon season in India (March–April–May) is characterized by days that
are hot and dry. The climatological onset date of the southwest monsoon over Kerala
(southern tip of India) is 1 June. There is large year-to-year variability in the date
of onset and in many years, onset takes place during the middle of June (Wang
et al., 2009). Therefore, to investigate the changes in observed daily mean temperature
and its extreme during the monsoon season, trends are calculated using temperature of
the months July–September (JAS) only. A warming trend in the JAS mean temperature
by 0.2–0.4 ◦ C decade−1 is observed over the northwest, northeast and southern parts
of India (Fig. 3a). Similar to the mean, extreme of daily mean temperature in JAS (its
90th percentile) also shows a warming trend, but over a larger region (Fig. 3b). Based
on this trend from 1969 till 2005, the daily mean surface temperature and its extreme
in JAS have increased by a maximum amount of about 1.11–1.48 ◦ C. Daily maximum
temperature represents the maximum temperature attained during the day. Figure 3c
shows the trend in JAS averaged daily maximum temperature. It is evident that warming
6590
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trend in SST over the Indian Ocean. However, the physical mechanism for decrease
in moderate rainfall events over CI is unknown and is investigated in this study. After
◦
◦
counting daily rainfall at each grid point (1 × 1 ) over CI as an event, we find that
the number of moderate rainfall events between 1951 and 2005 have significantly
decreased by about 520, (which is about 10 % of the initial value in 1951), (Fig. 2a).
Associated with that, the total rainfall in moderate category has also decreased during
JJAS (Fig. 2b). On the contrary, number of extreme rainfall events over CI has
significantly increased by about 10 (almost double the value in 1951) between 1951
and 2005 (figure not shown). On the basis of earlier modeling studies that addressed
the impact of vegetation cover on rainfall and observed changes in vegetation over
India we propose that, LULCC might have contributed to the observed decrease in
moderate rainfall over CI. We substantiate our hypothesis using multiple simulations
with the RCM RegCM4.
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in the daily maximum temperature is of the same order, but is more widespread
as compared to the daily mean and includes areas north of CI. Furthermore, 90th
◦
percentile of daily maximum temperature has increased by more than 1.48 C over
north-central India, which is greater than increase in the mean (Fig. 3d). It may be
noted that the spatial pattern of increase in daily temperature over CI is consistent
with the area of increase in crop PFTs over CI and northwest (Fig. 1f). Similarly,
the decreasing trend in daily temperature over areas south of CI also coincides well
with the small increase in forest cover over that region (Fig. 1e). Increased observed
temperature over the western coast of peninsular India may have happened due to its
region specific mean climate that is predominantly determined by the adjoining Arabian
Sea and Indian Ocean.
We also analyzed the trend in daily 20CR 2 m mean temperature data and
its extreme (90th percentile) during JAS for the period 1950–2005. A significantly
increasing trend is evident both in the mean and its extreme, over northern India
(Fig. 3e), north of CI (Fig. 3f) and southern parts of peninsular India. The maximum
increase in daily mean temperature in JAS is about 1.11 ◦ C. The pattern of increase
in daily maximum temperature is not only more widespread (possibly due to coarser
resolution of the model) but its magnitude is also comparable to that seen over the
37-year period (1969–2005). Apart from that, a decrease south of CI and an increase
towards the extreme south is also evident. However, while comparing the trends shown
by the above two datasets we note that the model used to generate the 20CR data
did not assimilate surface temperature observations. Therefore the resulting trend
is also partially model dependent. Observed increasing trend in daily mean surface
temperature and its higher extreme may be attributed to forcing of natural (solar,
volcanic) or anthropogenic origin (GHGs, aerosols etc.) or both. We aim to quantify
the contribution to such increase due to LULCC over India.
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The Indian summer monsoon is a large-scale phenomenon and an important driver of
boreal climate in the tropics as well as extra-tropics. The skill of the RCM in capturing
the mean spatial distribution of seasonal (JJAS) rainfall and its interannual variability
are assessed here. The observed seasonal mean monsoon rainfall in GPCP (Fig. 4a)
shows a region of maxima over the Western Ghats, head Bay of Bengal (BoB), hilly
terrain of Central India and north-east India. There is also a region of maximum
over east equatorial Indian Ocean. In comparison, rainfall in the PLC experiment is
overestimated near the Arabian Sea coast and over BoB. Apart from that, a secondary
rainfall maximum exists which is shifted to the west equatorial Indian Ocean region
is also noted in PLC. Although rainfall is also captured over CI and the northeast, the
magnitude seems to be underestimated, particularly over western India. Earlier studies
have shown that rainfall bias in RCMs over ocean is attributed to the lack of coupling
with the atmosphere and also to the choice of convective parameterization schemes
(Chow et al., 2006; Ratnam et al., 2009; Saha et al., 2011). However, it is interesting
to note that compared to an earlier version of the RCM (RegCM3) used for simulation
of the Indian summer monsoon with a similar model set-up (Saha et al., 2011, 2012),
this positive bias over the west-equatorial Indian Ocean region and western part of
BoB is relatively reduced. The rain-shadow area over peninsular India is captured by
the RCM. The dashed (solid) lines in Fig. 4b represent the CI (big-India, BI) domain
used for our analysis related distribution of daily rainfall. Seasonal mean rainfall in
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In the PLC and HLC experiments, we keep the atmospheric and oceanic boundary
conditions during 1982 to 2008 similar but the distribution of PFTs are altered
corresponding to years 2005 and 1950 respectively. This experimental set-up is meant
to help us understand the statistics of changes in rainfall and temperature due to
LULCC.
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PLCS experiment follows a similar spatial pattern as in PLC and captures the locations
of rainfall maxima (Fig. 4c). However, the magnitude is relatively less everywhere
compared to PLC. Maximum decrease in seasonal total rainfall over CI between PLCS
and PLC experiments is about 4 cm (figure not shown). This decrease is possibly due to
relatively colder SSTs over the Indian Ocean that leads lesser evaporation over ocean
and hence moisture convergence over land. These aspects will be discussed further in
Sect. 4.2.
Seasonal rainfall over the land part in PLC (Fig. 4e) is compared with that from IMD
and APHRODITE data (Fig. 4c and d). On closer examination it is revealed that the
RCM reproduces the regions of rainfall maxima and the spatial pattern reasonably well.
However, it seems to slightly underestimate the magnitude of rainfall over peninsular
and western part of India. The pattern correlation between rainfall in PLC experiment
and APHRODITE is 0.71. The Mean Bias calculated over the presented domain with
−1
respect to APHRODITE rainfall for the period 1982–2007 is −0.48 mm day and the
−1
RMSE is 3.53 mm day . Although there are more station observations aggregated into
the IMD data, the APHRODITE dataset has also been chosen for its greater spatial
extent over land part compared to IMD. Although daily CI averaged rainfall during
JJAS in both observation (IMD) and the PLC experiment (CI domain for the RCM is
◦
◦
75.30–86.63 E, 16.92–26.43 N) follows the Poisson distribution, the number of very
heavy rainfall events in the RCM is relatively less (figure not shown). This deficiency in
climate models in terms of capturing the observed frequency distribution of daily rainfall
realistically is a well-known problem (Frei et al., 2003; Kang et al., 2014) and may
be attributed to the model dynamics, choice of convective parameterization schemes
and their interplay (Frei et al., 2003). The mean and interannual standard deviation of
CI averaged rainfall (1982–2007) in PLC (IMD) are 77.59 cm (87.28 cm) and 7.57 cm
(8.8 cm), respectively. The model performs reasonably well in capturing the observed
interannual variability of seasonal rainfall over CI (which is about 10 % of the seasonal
mean), although it underestimates both quantities.
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Air temperature at 2 m has been used in modeling studies to validate simulated
features of the Indian summer monsoon by the RCM (Pal et al., 2007; Saha
et al., 2011). JJAS averaged 2 m near-surface air temperature simulated by the model
is compared here with the IMD data for the period 1982 till 2005. Mean surface
temperature in observation in highest over the north, east, north-west and the rainshadow region to the east of peninsular India (Fig. S1a in the Supplement). In the
model, surface temperature is high particularly over the north-west (Fig. S1b). As
◦
a result, a cold bias of about 3–4 C is found over northern, western and eastern
India that is probably linked with the land-surface and other parameterization schemes
in the model such as radiation, convection etc. (Fig. S1c). Bias is much higher over
extreme north and north-east India. The pattern correlation between IMD and RegCM4
JJAS 2 m air temperature is 0.76. A similar pattern of cold bias in 2 m near surface air
temperature is also seen in PLCS experiment (figure not shown). As our objective
is to analyze the mean differences between model simulations, these biases are not
expected to have significant effect on the results.
Observed large-scale circulation features from NCEP/NCAR reanalysis in the lower
troposphere (850 hPa) shows the location of the low-level Somali Jet over the Arabian
Sea, cross-equatorial flow and the easterlies south of the Equator (Supplement
Fig. S2a). The RCM captures the location of these large-scale low-level features
reasonably well in both PLC and PLCS (Fig. S2b and c). However, the wind speed is
slightly overestimated in PLC experiment, particularly along the core of the Somali Jet
and the BoB. This overestimation conforms to the positive rainfall bias over the Ocean,
the Arabian Sea and the BoB in the RCM. Increased precipitation in the model leads
to greater release of latent heat in the atmosphere. As circulation and precipitation
are convectively coupled, this heating invigorates convection and vertical motion in
the atmosphere, which further increases large-scale low-level convergence and hence
the strength of circulation. On the contrary, low-level wind speed is reduced around the
core of the Jet, over the Indian Ocean, BoB and also over land in the PLCS experiment,
which is associated with the reduction in precipitation.
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Mean surface winds (at 10 m) during JJAS blow from west to east over peninsular
India and the Indian Ocean, carrying moisture from the Arabian Sea. They turn anticlockwise over the BOB to move north-west over the Gangetic plains, thus forming the
monsoon trough all along CI where the wind speed is very low (Fig. 5a). As forest
cover in HLC experiment is replaced by crop PFTs over most of the land part in
PLC experiment, surface roughness length is decreased due to reduction in vegetation
height and LAI. We note that surface wind has become more westerly (easterly) over
southern and western (northern) India and shows increased anti-cyclonic circulation
−1
(Fig. 5b). It has intensified significantly by about 1 m s over peninsular India and
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At the upper level (200 hPa) large-scale circulation in observations show the subTropical Westerly Jet stream about north of 30◦ N, the Tropical Easterly Jet over the
◦
equatorial Indian Ocean and the Tibetan Anticyclone south of 30 N (Fig. S2d). Location
of these characteristic circulation features is also well captured in the simulations
PLC and PLCS (Fig. S2e and f). The model simulated wind speed is stronger than
observations in the PLC experiment at upper level like at 850 hPa. The pattern
correlation between NCEP/NCAR reanalysis and PLC simulated wind at 850 hPa
(200 hPa) is 0.81 (0.95).
The climatological onset date of Indian summer monsoon rainfall (ISMR) based
on the Tropospheric Temperature Gradient (TTG) index (Xavier et al., 2007) in the
PLC experiment is around 20 May, with interannual standard deviation of about 8
days. Hence, it is advanced by about 10 days from the observed onset. Unlike in the
observations, ISMR onset in the model happens to be in the month of May for most
years. Therefore, for our analysis of temperature extremes in the model we have used
data for the period JJAS (instead of JAS) in order have a longer time series and more
confidence in the model results. We infer that the model RegCM4 performs reasonably
well in simulating the climatological mean features of Indian summer monsoon. This
gives us confidence to conduct sensitivity experiments with the model.
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0.5 m s over the northern India (Fig. 5c). This implies less convergence of moisture
and also a reduction in rainfall in the PLC experiment (see Sud et al., 1998; Takata
et al., 2009) to be discussed in the following paragraph. This intensification of surface
wind speed further extends up to the depth of the boundary layer that interacts more
directly with the large-scale circulation (figure not shown). Surface and boundary layer
winds also intensify in a similar fashion in the PLCS experiment when compared to
HLCS and depict the effect of reduced roughness length. It is interesting to note that
these significant changes take place only over the land portion of the domain and partly
over water bodies close to its boundaries.
The climatological seasonal (JJAS) distribution of rainfall over the Indian
subcontinent has been discussed in detail in Fig. 4. Difference in seasonal rainfall
between PLC and HLC shows a significant reduction over a large part of CI, peninsular
and northwest India (Fig. 6a). It is interesting to note that the pattern of decrease
matches very well with the regions that show an increase in crop PFTs from 1950 to
2005, with maximum changes over the northwest of India. The magnitude of decrease
in seasonal rainfall is quite high (by 5–7 cm) over certain regions, however it is difficult
to find out exact reason for such changes at every grid. It may be due to changes in
local instability brought about by land–atmosphere feedback processes or changes in
large-scale moisture convergence or both. A part of these changes also depend on the
choice of parameterization schemes in the RCM. Observational evidence suggests that
despite increase in water holding capacity of the atmosphere on a large scale, changes
in rainfall are very localized. It is plausible that large-scale conditions and moisture
convergence in the PLC experiment might be relatively unfavorable for formation of
rainfall compared to the HLC experiment. In order to find out changes in the largescale moisture convergence, we first calculated vertically integrated moisture flux
(qV ) from surface to 300 hPa. Following Helmholtz’s theorem and the methodology
of Behera et al. (1999), velocity potential is further calculated that represents the
divergent component of that moisture flux. It turns out, from the difference of that
divergent component, that large-scale moisture convergence is reduced in the PLC
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We shall study next how changes in seasonal rainfall over CI are also associated with
the changes in daily rainfall in the moderate and extreme category. We adopted the
criteria for determining thresholds for categorizing moderate and extreme daily rainfall
events over CI in the model, that is not exactly the same but is consistent with the
method of Goswami et al., 2006. Any daily rainfall total averaged in a grid box is
considered as an event. Percentiles of observed (IMD) daily rainfall over CI during
JJAS are calculated for the period 1982 till 2007 to identify the value that corresponds
to the range of moderate rainfall and lower threshold of extreme rainfall events (see
6597
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experiment and contributes to the reduction in rainfall over CI (Fig. 6a). However, it also
remains to be explored how much do the changes in LULC contributes to reduction in
surface evaporation and hence moisture convergence over land. This will be discussed
in Sects. 4.3 and 4.4. It is known from earlier studies that precipitation variance is
amplified by land–atmosphere feedback over regions that are least affected by SST
(see Koster et al., 2000). Therefore, it is possible that higher decrease in precipitation
over the northwest of India, which is far away from the influence of SST is dominated
by local land surface processes.
As the monsoon circulation in the PLCS experiment is relatively weaker than in
the PLC experiment and SSTs are cooler, large-scale moisture flux into the monsoon
domain is also expected to be less. Therefore, changes in rainfall over land would better
reflect the impact of local land–atmosphere feedbacks due to LULCC. It is evident from
Fig. 6b that there is indeed a significant reduction in seasonal rainfall in PLCS, and over
a much wider area of CI and the Western Ghats region than in PLC. Enhancement
of rainfall is also evident over some parts of the north and west of India that depict
an increase in forests. Maximum decrease in seasonal rainfall (about 3–4 cm) occurs
over most parts of CI. Decrease in large-scale moisture convergence in the PLCS
experiment is also much widespread extending up to the Arabian Sea, and stronger
than in PLC experiment (as evident from denser dashed contours).
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Sect. 3.3). The observed percentiles are then compared with those calculated for the
model to categorize daily moderate and extreme rainfall events in the model. In this
way, moderate (extreme) events are identified in the model when 5.34 < daily rainfall ≤
−1
−1
41.72 mm day
(daily rainfall > 59.94 mm day ). Figure 7a (Fig. 7b) depicts the
difference in total number of moderate rainfall events (intensity of rainfall in moderate
category) between PLC and HLC experiments during JJAS from 1982 till 2008. Note
that for PLC, there is a significant and widespread decrease over CI and the spatial
pattern coincides with the increase in crop PFTs in PLC experiment. It may also
be noted, that the pattern of decrease matches very well with that of the changes
in seasonal rainfall. Following the above methodology, moderate (extreme) rainfall
events are identified in the PLCS and HLCS experiments when 4.97 < daily rainfall ≤
41.62 mm day−1 (daily rainfall > 59.80 mm day−1 ). The spatial pattern of changes depict
that this decrease takes place over a larger part of CI as well as the BI domain (shown
in Fig. 4b). On the contrary, changes in extreme rainfall events or the intensity of rainfall
in that category are not found to be significant between PLC and HLC or between PLCS
and HLCS, whether looked at spatially (figure not shown) or in an aggregated sense
over CI.
The mean decrease in the number of moderate rainfall events between PLC and HLC
(PLCS and HLCS) is 388 (450), which is significant at the 90 % level of significance.
Over the larger BI domain, decrease in moderate rainfall events between PLC and
HLC is even greater and is about 642 (significant at 95 %). We note that the order of
decrease is comparable to the observed decrease in the number of moderate rainfall
events over CI (about 500) in the last 55 years. Along with the number of events,
intensity of rainfall amount in a season in the moderate category also decreases
significantly at the 95 % level of significance. The decrease in number of moderate
events and corresponding rainfall intensity between PLCS and HLCS is even greater,
aided by further reduction in large-scale convergence of moisture apart from local land–
atmosphere feedbacks. The additional set of sensitivity experiments with de-trended
SSTs further help in establishing our hypothesis. As moderate rainfall events constitute
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a major portion of the seasonal (JJAS) rainfall, we conclude that decrease in seasonal
mean rainfall over CI is mainly attributed to differences in the moderate rainfall category
due to increase in crop PFTs. Inclusion of light rainfall events (1 < daily rainfall <
−1
5.34 mm day ) in the experiments along with the moderate category does not change
our result. We further investigate changes in surface temperature over land and other
associated fluxes in order to better understand the above large-scale changes.
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Daily 2 m mean air temperature during JJAS in PLC is warmer than HLC by a maximum
of 0.3 ◦ C over CI and parts of south (Fig. 8a), which is relatively less than the observed
increase. A significant increase in daily maximum temperature (0.4 ◦ C) over the same
region as in the mean is also evident (Fig. 8b). The pattern of increase does coincide
with increase in crop fraction in PLC (Fig. 1f). Widespread warming is also seen
beyond the dry northwestern region of India where the increase in fraction of crop
PFTs is more than over CI. Significant cooling is found along a thin belt of the
Himalayan foothills in the north that may be attributed to an increase in precipitation
(see Fig. 4) as well as changes in albedo and net radiation. A decrease in mean and
extreme temperature over small regions of western India is attributed to an increase
in forest PFTs (Fig. 1e). At night, the land surface gets de-coupled from the overlying
atmosphere on account of cooling, is capped by a layer of inversion and the effect
of land surface processes or vegetation on 2 m temperature is minimized. Therefore,
and as discussed in Kothawale et al. (2010), the increase in daily mean temperature
is mostly dominated by the increase in daily maximum temperature. However, we also
noted an increase in temperature at 925 the hPa level (figure not shown), implying that
the surface warming extends further up to the depth of the boundary layer.
Apart from changes in the mean temperature, there are also changes in the variability
of daily mean and maximum temperature as evident from Fig. 9a and b. There is
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significant increase in temperature variability over the central and eastern part of India
that is attributed to LULCC as well as changes in surface net radiation and advection
of moisture and heat. Increase in the variance of extreme is more widespread than in
the mean. As the mean and variance of daily surface temperature are altered over CI,
it is expected that daily extremes will also change. In order to find out the differences in
the extreme temperatures, percentiles are calculated using a time series of 122 days
for 27 years (June–September 1982–2008). Difference in the 90th percentiles of daily
mean and maximum temperature (in JJAS) between and PLC and HLC is shown in
Fig. 9c and d. The 90th percentiles represent the higher temperature extremes attained
within the season in the PLC and HLC experiment. The higher extreme values of both
daily mean and maximum temperature are about 1 ◦ C more in the PLC experiment over
CI. We note that the area of increase coincides very well with the region of maximum
increase in the fraction of crop PFTs from 1950 to 2005 (Fig. 1f). It is also interesting to
note that the higher extremes get hotter by the same order as depicted in observations.
Apart from that, the model does not capture the observed warming over the northwest
and peninsular India despite changes in the LULC. Over the northwest of India, the
mean as well as extreme temperatures decrease on account of an increase in forest
cover over a small region (Fig. 1e).
We further analyzed changes in other surface variables and cloud cover during
JJAS to better understand the causes for surface temperature changes due to
LULCC. The black contours in Fig. 10 represent the JJAS mean value from the PLC
experiment, while the values in shaded show the difference. Areas enclosed within
green contours depict significant changes. One would expect the surface pressure
over land to decrease and an increase in the land-ocean temperature gradient in the
PLC experiment on account of an increase in the surface temperature. However, from
Fig. 10a it is evident that surface pressure has increased over most of north, northwest
and the Gangetic plains of India. Although a part of CI and its west, the region that
captures the monsoon trough (Fig. 6b) and has the lowest surface pressure during
JJAS, shows a decrease, the changes are not significant. Therefore, such changes
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in surface pressure are not responsible for the increase in surface wind speed, but
changes in roughness length are. There is also a significant decrease in surface soil
moisture (Fig. 10b) associated with the decrease in precipitation, and specific humidity
at 2 m (Fig. 10c) over those regions where the fraction of crop PFTs has increased.
We note a significant increase in surface albedo over the land part (Fig. 10d) that
is attributed to the increase in crop PFTs and reduction in precipitation that leads to
drier soils. However the changes are much less compared to the mean albedo. An
increase in albedo would tend to reduce the surface temperature. However, we also
note that the percentage of cloud cover has decreased significantly over a large part
of CI, the west, north and peninsular India (Fig. 10e). This conforms to the reduction in
seasonal precipitation. Due to reduction in cloud cover, there is an increase in surface
Net Radiation (NRAD) over those regions, although changes are not significant over
CI (Fig. 10f). The increase (decrease) in NRAD over central and southern India (the
Himalayan foothills) is contributed by a significant increase (decrease) in net shortwave
(SW) radiation (in both net SW and long wave (LW) radiation). Over CI, decrease in
net LW radiation partly compensates for the increase in net SW radiation (figure not
shown). Decrease in net LW radiation dominates over the northwest of India. We note
significant enhancement (reduction) in the mean surface sensible heat flux (SHF) in
the PLC experiment over those areas that show an increase in crop (forest) cover
(Fig. 10g). On the contrary, the latent heat flux (LHF) that is directly associated with the
total evapotranspiration shows a significant change in the opposite sense (Fig. 10h),
leading to an overall enhancement in the Bowen Ratio. Therefore, we infer that an
increase in NRAD and SHF dominates over changes in surface albedo south of 30◦ N
(towards the Tropics) that also conforms to conclusions in earlier studies (Lawrence
and Chase, 2010; Sampaio et al., 2007; Davin and Noblet-Ducoudre, 2010).
It is interesting to note that about 30 % of the decrease in ET (or LHF) over CI,
west and southern India (Fig. 10h) is mainly contributed by a reduction in transpiration
from vegetation and evaporation of canopy-intercepted water due to LULCC (Fig. 10i).
Although this decrease is relatively more over eastern India than towards the center,
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We find similar changes when simulated surface temperatures in the remaining two
experiments are analyzed. Daily 2 m mean as well as maximum temperature is
significantly enhanced in the PLCS experiment by maximum of 0.5 ◦ C, but over a much
larger area covering central and southern part of India compared to HLCS (Fig. 11a
and b). We note that the increase in temperature over CI is greater and widespread
than in earlier experiments. Likewise, over the northwest of India, the spatial pattern
of increase extends further to the north and shows greater increase (0.5 ◦ C) in the
maximum. Significant cooling is also evident over western and northern India over
those areas that show increase in forest cover. The higher extremes (90th percentile)
of the daily mean (maximum) temperature have also increased in the PLCS experiment
◦
◦
by 1.2 C (1.0 C), which is greater than in earlier set of experiments (Fig. 11c and d).
Increase in extreme temperature in the PLCS experiment extends further to the west
and hence covers a much larger part of CI than in the PLC experiment. We also note
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enhanced ground evaporation arising from increased precipitation partly compensates
for that. As a result changes in total ET are not significant towards the east. Therefore,
due to a reduction in surface ET, the increased NRAD absorbed at the surface over
central and southern India is used up in enhancing the SHF and that further contributes
to the increase in mean and higher extreme surface temperatures during JJAS. As
mentioned earlier, the daily spatio-temporal variability of surface temperature may
be attributed to local thermodynamic effects due to changes in low-level moisture
and surface fluxes as well as large-scale dynamics. In this regard, we note that our
inferences differ from earlier studies that showed a decrease in growing season surface
temperatures over India due to irrigated crops (e.g. Sen Roy et al., 2007; Lee et al.,
2009) because we did not use any parameterization scheme for irrigation. Irrigation
provides an enhanced source of soil moisture, and hence cools the surface due to
evaporation.
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After analyzing changes in local surface variables and the large-scale in the model,
one pertinent question arises. How does LULCC lead to reduction in moderate
rainfall events? Calculations based on regression show that evapotranspiration over
land controls about 10–20 % of the interannual variability in rainfall over CI (Saha
et al., 2012). In another study (Halder et al., 2015) we found that surface ET
can strongly modulate the terrestrial segment of land–atmosphere coupling strength
(Dirmeyer, 2011) for precipitation during the Indian summer monsoon. We note, that
in the PLC experiment, decrease in total evapotranspiration over CI is around 3 cm
−2
−1
(when LHF in W m is converted to mm day ) that constitutes about 40–60 % of
the maximum decrease in total rainfall. Although an increase (decrease) in crops
(forests) increases the temperature near the surface and within the boundary layer,
the associated decrease in local moisture flux could possibly also lower the largescale convective instability. Vertically integrated moist static energy (VIMSE) is a good
measure of instability and precipitation in the Tropics (Srinivasan et al., 1996). VIMSE
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that the order of increase in temperature as evident from these two experiments is
comparable to that inferred from observations.
There is a significant and widespread decrease in surface soil moisture, specific
humidity and LHF and increase in NRAD and sensible heat flux that contributes toward
the increase in surface temperature in PLCS experiment (figure not shown). It may be
noted that in both set of experiments, the increase in surface temperature is slightly
towards south of the area that depicts increase in observation. Apart from that, mean
monsoonal features in PLCS experiment convey that there is a decrease in largescale moisture flow as well as precipitation over the land. As a result alterations in
surface fluxes and radiation have a greater impact on changes in air temperature in
these additional experiments. Therefore, our experiments with de-trended SST further
confirm the proposition that LULCC has partly contributed to the observed increase in
surface temperature.
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LULCC in the form of extensive cropland and pasture expansion and deforestation have
taken place over India ever since the inception of the Green revolution in the 1960’s,
associated with urbanization and industrialization. This study explores the hypothesis
how LULCC over India has contributed to the observed decrease in moderate rainfall
events and increase in extreme surface temperatures during the monsoon season.
A RCM, on account of its dynamical downscaling capability and better representation
of land–atmosphere feedbacks over the monsoon region has been used to prove
the hypothesis. The statistics of the differences between the simulations with fixed
present day and historical land cover demonstrate the impact of LULCC on daily
surface temperature and precipitation variability during the monsoon (JJAS). Another
two similar experiments are also made, but with SSTs de-trended over the ocean in
order to eliminate the effect of warming trend in SSTs on temperature and precipitation
changes over land. The climatological mean features of Indian summer monsoon are
very well captured by the RCM.

|

Abstract

|

25

12, 6575–6633, 2015

Discussion Paper

20

HESSD

|

15

Discussions

Discussion Paper

5

|

10

Discussion Paper

5

from surface to 500 hPa during JJAS depicts high values over those areas of land that
show maximum seasonal mean rainfall (Fig. 12a). There is a large-scale reduction
in VIMSE in the PLC experiment, with significant decrease over a major part of CI
and the north (Fig. 12b). Difference in the vertical profile of dry static energy (DSE,
blue line) depicts an increase in temperature at the lower levels of atmosphere over
CI. Despite that, the effect of decrease in moisture effectively reduces the MSE (red
line, Fig. 12c) thereby increasing atmospheric stability and hence lowers the chances
of triggering of moist convection over land in the PLC experiment. Lesser large-scale
low-level moisture convergence over the land part on account of a reduction in surface
roughness length (Fig. 6b) also contributes to the reduced convective instability. These
two factors together reduce rainfall in the moderate category.
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Differences show that seasonal rainfall and large-scale moisture convergence is
significantly decreased in the PLC and PLCS experiments when compared to the HLC
and HLCS experiments, respectively. The decrease is enhanced in case of the PLCS
experiment. That decrease in seasonal rainfall is mostly contributed by a significant
decrease in moderate rainfall events and amount. Changes in extreme rainfall events
are not significant. We demonstrate that a significant increase in surface wind speed
over land on account of reduction in surface roughness length is responsible for
the decrease in moisture convergence. This is the dynamical response to LULCC.
Decrease in forest cover also reduces the regional moisture flux emanating from
the surface significantly. Therefore, despite significant increase in surface and lowlevel temperature, decrease of moisture reduces the large-scale convective instability
and chances of precipitation over central and north India. This effect constitutes the
thermodynamic response. A decrease in total cloud cover increases the surface Net
Radiation that results in an increase in the surface sensible heat flux and the Bowen
ratio. Together, they contribute to the increase in surface temperature extremes. It
is important to note that the order of increase in surface temperature extremes is
comparable to that of observed changes when de-trended SSTs are used. Likewise,
the order of decrease in moderate rainfall events also become comparable to observed
changes in the period 1951–2005.
It is important to note choice of the model parameterization schemes, accuracy of the
lateral boundary conditions and the criteria for calculating thresholds for daily moderate
and extreme rainfall events have an influence on the results. Apart from that, the
model’s grid resolution is about half of that of IMD rainfall data. Hence area of a single
grid box in IMD data (which represents an event) is about four times of that of the model.
This could also be one of the reasons for disparity in the number of moderate rainfall
events between observations and the model. There is a cold temperature bias over land
in the model, and positive rainfall bias over the ocean (figure not shown). Apparently, in
all these experiments the global warming signal is also present in the large-scale LBCs
used from NCEP/NCAR reanalysis that force the model in one way only. A part of the
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Apart from an accelerated warming trend in the global mean surface temperature
in the later half of the 20th century, the number of extreme events in terms of
temperature as well as precipitation has been reported to increase. As regional or
local changes in these extremes in different seasons can have different signatures
due to complex regional feedbacks associated with the GHGs, clouds, aerosols and
other anthropogenic activities, they need greater attention and proper attribution.
Regional land–atmosphere feedbacks associated with LULCC are one of the potential
drivers of climate change. LULC data shows significant decrease (increase) in the
forest (crop) cover over central, south and northwest part of India between 1951 and
2005. From 1951 till 2005, mean (extreme) surface temperature has increased by
a maximum of 1.11 ◦ C (1.48 ◦ C). There have also been significant changes in the rainfall
distribution during last 55 years over central India. Observed extreme precipitation
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simulated surface temperature and rainfall in the model may also be attributed to nonlinear interactions (internal variability) that is model dependent. However, we expect the
differences between two simulations with the same model to reduce the effect of these
factors and demonstrate the impact of LULCC. Use of a high-resolution RCM is more
advantageous in excluding large-scale remote feedbacks that take place in a coarseresolution GCM and helps better resolve regional land surface processes. Apart from
that, we believe that the LULC data prepared from multiple sources and used as fixed
lower boundary condition is much improved compared to other historical reconstructed
data (such as that of Ramankutty et al., 2008), although there may be certain level
of uncertainty in their estimates, particularly during pre-satellite era. However there is
no ambiguity about a continuous decrease in forest cover over the last many decades
over the south Asian region. Nonetheless, our experiments show that the decrease in
moderate rainfall events over India is partly attributed to changes in LULC from 1950
to 2005.

Full Screen / Esc
Printer-friendly Version
Interactive Discussion

6607

|

12, 6575–6633, 2015

Investigating the
impact of LULCC on
Indian summer
monsoon
S. Halder et al.

Title Page
Abstract

Introduction

Discussion Paper

Conclusions

References

Tables

Figures

J

I

J

I

|

Back

Close

Discussion Paper

25

HESSD

|

20

Discussion Paper

15

|

10

Discussion Paper

5

events have been increasing over central India during the monsoon season and
have been potentially associated with the significant warming trend over the Indian
Ocean. However, due to significant decrease in moderate rainfall events, the overall
seasonal rainfall has reportedly remained stable over India during the 55-year period.
In this study, we demonstrate that observed LULC over India has partly contributed
to the observed decrease in moderate rainfall events and increase in extreme surface
temperature during the monsoon season.
In order to examine whether changes in surface temperature and rainfall distribution
pattern are linked with changes in LULC, two sets of long simulations (27 years)
using PFTs of 1950 and 2005 as fixed lower boundary condition are carried using the
regional climate model RegCM4.0 coupled with the CLM3.5 land surface model. Model
simulations with PFT distribution of 1950 and 2005 are referred to as HLC and PLC
experiments respectively. Another two sensitivity experiments with similar model set-up
are conducted, but with de-trended SSTs over the ocean in order to remove the effect
of warming. They are respectively named as PLCS (with 2005 PFTs) and HLCS (with
1950 PFTs) experiments. It is found that, increase in mean and extreme temperatures
by 1–1.2 ◦ C over CI in PLC experiment coincides with the region of decrease (increase)
in forest (crop) type of PFTs. Furthermore, that increase is found to be even higher and
more widespread over the Indian land mass in the PLCS experiment.
Reduction in local evapotranspiration followed by an increase in surface sensible
heat flux and Bowen ratio in the PLC experiment is consistent with the decrease
in forest cover. Furthermore, wind speed at the lower atmospheric levels increase
significantly in the PLC experiment that suggests a decrease in the large-scale
moisture convergence over land. Therefore, there is a net decrease in moisture supply
over land in PLC as compared to the HLC experiment. Apart from that, decrease in
local moisture supply also significantly reduces the large-scale convective instability
over land and formation of clouds. Net radiation is increased and that contributes to
the increase in surface sensible heat flux and temperature extremes. As the major part
of monsoon rainfall occurs through moderate events (about 85 %), it is expected that
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decrease in total moisture flux and large-scale convective instability over land would
also decrease the moderate rainfall events. The model results indeed support that
theory, and show that regions with decrease in forest cover depict decrease the number
of moderate events as well as the quantity of total rainfall in that category. Changes in
heavy rainfall events that are more determined by large-scale moisture availability and
triggered by local instabilities, are not significant. These results are further supported by
the two additional sensitivity experiments PLCS and HLCS. Availability of local surface
moisture flux that is associated with the type of LULC is crucial in determining the
changes in large-scale instability over land and hence chances of convective triggering
of rainfall. Therefore, this study demonstrates that LULC changes in the last 55 years
have contributed partly to the observed decrease in moderate rainfall events over India
as well as increase in extreme surface temperatures.
Understanding the mechanisms responsible for observed changes in extreme
surface temperature and rainfall distribution in the monsoon regions is important for
the scientific community and policy makers as well. It is conceivable that, as the
global mean temperature becomes warmer and the climate unpredictable, LULC
change due to population growth, deforestation/afforestation, agricultural expansion
and urbanization would add more uncertainties through its dynamic (e.g. strength of
large-scale circulation) and thermodynamic effects (albedo, evaporation and instability
changes). Effect of urbanization is expected to increase warming, reduce local
evaporation and also possibly affect rainfall distribution. However, this study does not
include urbanization effects. Apart from that, impact of aerosols and irrigation activity
has also not been considered which would introduce competing influences. Therefore
part of the regional warming seen in observations could not be explained only through
changes in LULC that we have isolated here. It would be interesting to study in future
the effect of LULC change in a high-resolution global model where the effect of other
anthropogenic forcing are included, and also where the LULC changes with time or
dynamic vegetation is used. Nevertheless, this study shows that it is highly important
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Table 1. Experimental set-up for LULCC based simulations with RegCM4.
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Figure 1. PFT distribution of crop and forest cover (in %) used as fixed lower boundary condition
in the model experiments. (a) Forest and (b) crop of the year 1950 (HLC). (c) Forest and (d) crop
of the year 2005 (PLC). Differences (PLC-HLC) in (e) forest and (f) crop cover.
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Figure 2. Time series of number of observed moderate rainfall events over CI and total rainfall
in JJAS (in mm; 1951–2007) from moderate events in IMD rainfall data. (a) Moderate rainfall
events and (b) total amount of rainfall in moderate category. Black dotted line represents the
linear trend.
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Figure 3. Observed trend (1969–2005) in seasonal (JAS) 2 m air temperature from IMD (in
−1
C decade ). Trend in (a) seasonal average of daily mean, (b) 90th percentile of daily mean,
(c) seasonal average of daily maximum, and (d) 90th percentile of daily maximum temperature.
Observed trend (1951–2005) in (e) seasonal average of daily mean and (f) 90th percentile of
daily mean 2 m air temperature from 20CR reanalysis data (in ◦ C decade−1 ). Green contour
encloses the region where trends are significant at 90 % confidence level.
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Figure 4. (a) Seasonal (JJAS) averaged rainfall from GPCP (in mm day−1 , 1979–2008).
(b) Seasonal averaged rainfall (in mm day−1 ) in PLC experiment with RegCM4 (1982–2008).
−1
(c) Seasonal averaged rainfall in PLCS experiment (in mm day , 1982–2008). (d) Seasonal
−1
averaged rainfall based on IMD data (in mm day , 1979–2007). (e) Seasonal averaged rainfall
based on APHRODITE data (in mm day−1 , 1979–2007). (f) Seasonal averaged rainfall only
−1
over land in PLC experiment (in mm day ).
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Figure 5. Seasonal (JJAS) averaged wind at 10 m (in m s−1 , 1982–2008). (a) Climatological
mean (PLC experiment) and (b) difference (PLC-HLC). The shaded color depicts magnitude
and arrows show the direction. Green contour shows differences significant at 90 % confidence
level.
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Figure 6. (a) Difference (PLC-HLC experiment) in climatological mean seasonal rainfall (in
cm, 1982–2008) shown in shaded color. (b) Same as in (a) but for PLCS-HLCS experiments.
Dashed (solid) black contours show the decrease (increase) in velocity potential analog (or
the divergent component) of vertically integrated moisture flux qV (from surface–300 hPa). The
contour interval is in 1 × 106 kg s−1 . Green contour shows differences significant at the 90 %
confidence level.
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Figure 7. Difference (PLC-HLC) in (a) number of moderate rainfall events during JJAS
−1
and (b) total amount of moderate rainfall (in mm day , 1982–2008). Green contour shows
differences significant at the 90 % confidence level.
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Figure 8. Difference (PLC-HLC) in JJAS averaged 2 m air temperature (in ◦ C, 1982–2008), for
(a) daily mean, and (b) daily maximum temperature. Green contour shows significance at 90 %
confidence levels.
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Figure 9. Difference (PLC-HLC) in daily variance of 2 m air temperature in JJAS (in C ,
1982–2008) for (a) daily mean, and (b) daily maximum temperature. Green contour shows
significance at 90 % confidence level. Difference (PLC-HLC) in the 90th percentile of daily
2 m air temperature in JJAS (in ◦ C, 1982–2008), for (c) daily mean and (d) daily maximum
temperature.
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Figure 10. (a) Seasonal (JJAS) averaged surface pressure in PLC experiment (in black
contours) and its difference (PLC-HLC) in shaded color (in hPa, 1982–2008). Green contour
shows differences significant at 90 % confidence level. (b–i) Show similar differences as in (a)
but for surface soil moisture (0–10 cm, in mm), 2 m specific humidity (in g kg−1 ), surface albedo
−2
(unitless), total cloud cover (in %), surface net radiation (in W m ), surface sensible heat flux
−2
−2
(in W m ), surface latent heat flux (in W m ), respectively. (i) Shows only the difference (PLCHLC) in sum of transpiration and evaporation of canopy-intercepted water (in mm day−1 ). In (d)
and (i), only the differences significant at 90 % confidence level are shaded.
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Figure 11. Difference (PLCS-HLCS) in seasonal (JJAS) averaged 2 m air temperatures (in C,
1982–2008) for (a) daily mean, and (b) daily maximum temperature. Green contour shows
differences significant at 90 % confidence level. Difference (PLCS-HLCS) in the 90th percentile
of daily 2 m air temperature in JJAS (in ◦ C, 1982–2008), for (c) daily mean, and (d) daily
maximum temperature.
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Figure 12. (a) Seasonal average (JJAS) of vertically integrated moist static energy (VIMSE,
surface-500 hPa) in PLC experiment (in 1 × 104 kJ kg−1 , 1982–2008). (b) Difference (PLCHLC) in VIMSE (in kJ kg−1 , 1982–2008). Green contour shows differences significant at 90 %
confidence level. (c) Difference (PLC-HLC) in CI averaged moist static energy (MSE, in red)
−1
and dry static energy (DSE, in blue) in units of kJ kg .
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