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Abstract

Daily moderate rainfall events, which constitute a major portion of seasonal summer

monsoon rainfall over central India, have decreased significantly during the period 1951

through 2005. On the other hand, mean and extreme near surface daily temperature during

the monsoon season have increased by a maximum of 1–1.5 ◦C. Using simulations made5

with a high-resolution regional climate model (RegCM4) and prescribed vegetation cover

of years 1950 and 2005, it is demonstrated that part of the 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 decrease in forest10

and increase in crop cover. Our results also show that LULCC 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 in forest

cover and simultaneous increase in crops not only reduces the evapotranspiration over

land and large-scale convective instability, but also contributes toward decrease in moisture15

convergence through reduced surface roughness. These factors act together in reducing

significantly the moderate rainfall events and the amount of rainfall in that category over

central India. Additionally, the model simulations are repeated by removing the warming

trend in sea surface temperatures over the Indian Ocean. As a result, enhanced warming

at the surface and greater decrease in moderate rainfall events over central India compared20

to the earlier set of simulations are noticed. Results from these additional experiments

corroborate our initial findings and confirm the contribution of LULCC in the decrease in

moderate rainfall events and increase in daily mean and extreme temperature over India.

Therefore, this study demonstrates the important implications of LULCC over India during

the monsoon season. Although, the regional climate model helps in better resolving land-25

atmosphere feedbacks over the Indian region, the inferences do depend on the fidelity of

the model in capturing the features of Indian monsoon realistically. It is proposed that similar
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studies using a suite of climate models will further enrich our understanding about the role

of LULCC in Indian monsoon climate.

1 Introduction30

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 number

of cold (warm) days and nights have also decreased (increased) globally, with increase in

the frequency of heat waves over large parts of Europe, Asia and Australia. There has35

also been an increase in extreme (heavy) precipitation events over most of the global

land areas (Alexander et al., 2006; Stocker et al., 2014). According to Allen and Ingram

(2002), 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.40

On the contrary, Seneviratne et al. (2012) opine that there is no general relationship

between changes in total and extreme precipitation. It is intriguing to note that seasonal

and regional or local changes in extreme weather events can be of different magnitude

and sign than global changes due to complex regional feedbacks associated with the

GHGs, clouds, aerosols and other anthropogenic activities such as Land-Use/Land-Cover45

Change (LULCC). For example, Haerter and Berg (2009) argue that changes in humidity,

atmospheric stability, wind direction etc. can strongly influence the local temperature

variability. However, due to observational uncertainty, challenges in modeling and natural

variability proper detection and attribution of the regional climate changes often becomes

difficult. Therefore, quantification of the changes in regional climate as well as proper50

attribution are both very important.
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1.1 Role of LULCC in climate

LULCC is an important driver of climate change at local, regional and possibly, global scale

(Snyder, 2010) and time scales inter-decadal and beyond (Pitman et al., 2012; Mahmood

et al., 2014; Dirmeyer et al., 2010; Solomon et al., 2007). However, the climate effects55

of deforestation and agricultural intensification vary regionally and also depend on the

seasons, making resulting land–atmosphere interactions complex. 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; Pielke et al. 2011), resulting in an an increase in cropland

(Ramankutty et al., 1999, 2008) and pastures (Goldewijk et al., 2001). Robust results60

have shown that albedo changes due to increase in croplands and pastures leading

to decrease in surface temperature tend to dominate over the mid-latitudes, whereas

decrease in evapotranspiration (ET), roughness length and cloudiness play a primary

role in increasing surface warming in the tropics (Garratt, 1993; Bounoua et al. 2002;

Fedora et al. 2005; Sampaio et al., 2007; Davin and De Noblet-Ducoudré, 2010; Lawrence65

and Chase, 2010; Pitman et al., 2012). Furthermore, deforestation can affect moisture

convergence, atmospheric stability and changes in rainfall (Sud et al., 1998; Pielke

et al., 2001). Studies also suggest 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 (Avila et al. (2012); Pitman et al. 2012). As it is difficult to70

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), carefully designed

sensitivity studies with climate models focussing on specific regions are required.

1.2 Changes in temperature, rainfall and LULC over India

Observed changes in daily temperature and rainfall extreme events over the Indian region75

may be attributed to both natural variability and anthropogenic activity. There has been an

increase of about 0.5 ◦C in the annual mean and 0.71 ◦C in the maximum temperature

over India in the last century, but increased warming in the recent decades (1971–

4
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2003) (Kothawale et al. 2010, 2005). Pai et al. 2013 have noted a significant increase

in the occurrence of heat waves in summer (1961–2010), whereas Jaswal et al. (2015)80

have shown an increase in temperature extremes (1969—2013). Observed changes

in temperature in recent decades have been associated with the effect of increasing

aerosols (Pai et al. 2013; Sheikh et al. 2014), as reported earlier by Krishnan and

Ramanathan, (2002). Over central India (CI, 74.5–86.5◦ E; 16.5–26.5◦ N), daily heavy and

very heavy rainfall events during the monsoon season (June–September, JJAS) have85

shown significant increasing trend during 1951 to 2000, whereas moderate rainfall events

have shown significant decreasing trend (Goswami et al., 2006; Rajeevan et al. 2008;

Pai and Sridhar, 2015). Above studies proposed that significant warming of sea surface

temperatures (SSTs) over the equatorial Indian Ocean in recent decades could be the

plausible reason for increase in precipitation extremes, however the mechanism for changes90

in moderate rainfall events remained unexplored. There has also been an increase in the

intensity of droughts over India during 1901 to 2010 (Niranjan Kumar et al. 2013) and

a significant decrease in wet days and moderate and total rainfall during the summer

monsoon (1971–2005) (Panda et al. 2014). Both studies have associated the observed

changes to variations in SST over the Indian and Pacific Ocean. Furthermore, rapid95

warming of the Indian Ocean compared to land has been shown to have significantly

affected the land-sea thermal contrast and decreased summer rainfall during 1901 through

2012 (Roxy et al. 2015). Apart from regional changes in the concentration of anthropogenic

aerosols and Greenhouse Gases (GHGs) or Indian Ocean SSTs, industrialization and

urbanization over India have lead to widespread deforestation and changes in land-use100

practices in recent decades. According to Tian et al. (2014), there has been loss of about

26 million ha of forests and gain of about 48.1 million ha of crops in India during 1880

through 2010 (cf. Fig. 4 in their paper). Therefore, the impact of LULCC alone on changes

in the distribution of moderate rainfall events or surface temperature extremes during 1951

through 2000 needs to be investigated.105

Studies have attempted to understand the mechanisms through which LULCC affects

the regional climate over India. For example, Sen Roy et al. (2007,2011) demonstrated that
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irrigation can lead to a significant decrease (increase) in pre-monsoon surface temperature

(precipitation) over India. Irrigation activity has also been shown to affect the Indian

Summer Monsoon Rainfall (ISMR) through changes in land-ocean temperature contrast110

(Lee et al. 2009) or land-atmosphere feedbacks (Niyogi et al. 2010; Tuinenburg et al. 2011).

There have been several other studies addressing the effects of LULCC over the Indian

region (Lohar and Pal (1995), Douglas et al. (2006, 2009), Niyogi et al. (2007), Saeed

et al. (2009), Dutta et al. (2009), Nayak and Mandal (2012)). Apart from them, Lei

et al. (2008), Kishtawal et al. (2009) and Ali et al. (2014) have explored the impact of growing115

urbanization in India and large-scale climate variability in the changes in extreme rainfall

events. Interesting time slice experiments made with a global model have shown that an

increase in crop and pasture land lead to a decrease in seasonal rainfall over India during

the pre-industrial period (years 1700 through 1850) when the impact of anthropogenic

activity or natural climate variations were minimal (Takata et al. 2009). Krishnan et al. (2015)120

made several experiments with a high resolution global atmospheric model and concluded

that a multitude of factors such as aerosols, land-use change, Indian Ocean warming as well

as GHGs have together contributed to the observed weakening of the south-Asian monsoon

and changes in frequency distribution of daily rainfall events during the later half of the 20th

century. However, the impact of LULCC as a lone forcing component on the Indian summer125

monsoon has not been quantified. It is also plausible that feedbacks due to variations in

remote SSTs and snow cover may have modulated the local impacts due to LULCC. In this

study, we hypothesize and demonstrate that LULCC has partly contributed to the observed

decrease in moderate rainfall events over CI during the monsoon season from 1951 through

2005, apart from the increasing trend in daily mean and maximum temperatures. We have130

conducted experiments with a high-resolution regional climate model (RCM) RegCM4.0

and accurate LULC data over the Indian region to prove our hypothesis. No added external

forcing in terms of aerosols or GHG concentration is used in our experiments. Furthermore,

additional experiments by removing the positive trend in Indian Ocean SSTs have also been

made to isolate the impact of LULCC.135
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RCMs have shown much improvement over global climate models (GCMs) in terms of

representation of spatio-temporal details of climate (Giorgi and Mearns, (1999); Laprise

et al., 2008; Leduc and Laprise, 2009) and dynamical downscaling ability (Xue et al., 2014)

and add value in simulation of topography induced phenomena and extremes of short

spatio-temporal character (Feser et al., 2011; Feser and Barcikowska, 2012; Shkol’nik140

et al., 2012). Saha et al. (2011, 2012) and Halder et al. (2015) have made experiments

with the RCM RegCM3 and RegCM4, respectively to better resolve regional land–

atmosphere feedback processes and demonstrate their role in the mean and variability

of the Indian summer monsoon. When time-dependent lateral boundary conditions are

used as forcing for a RCM in one-way mode, feedback from the model-simulated climate145

to the global climate is not allowed. Such interactions between large-scale forcing such

as El Niño–Southern Oscillation (ENSO) that is external to the Indian monsoon region

and internal monsoon dynamics may lead to more variability than due to local feedback

processes. Therefore, our methodology helps in segregation of the impact of regional

LULCC on the Indian summer monsoon and its changes. However, one of the drawbacks150

of regional climate modeling is that lateral boundary conditions are not perfect. Our paper

is organized in the following way. 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. The observed changes in near surface

temperature and rainfall and LULC over the Indian subcontinent in the last 55 years are155

discussed in Sect. 3. Results from model experiments pertaining to changes in rainfall and

surface temperature are discussed in detail in Sect. 4. Discussions are presented in Sect. 5

and the conclusions drawn are summarized in Sect. 6.
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2 Data and methods

2.1 Observed data160

Daily 2m 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

2m 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). For165

analysis of trends in daily rainfall events and their intensities in different categories daily

gridded data for 55 years (1951–2005) from the Asian Precipitation Highly—-Resolved

Observational Data Integration Towards Evaluation of Water Resources (APHRODITE

Water Resources, Yatagai et al., 2012) at 0.5◦× 0.5◦ resolution is used. Monthly rainfall

from GPCP version 2.2 (Adler et al., 2003) for the period 1982 to 2008 (at 2.5◦× 2.5◦170

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 1982–2007, at 2.5◦× 2.5◦ horizontal resolution and multiple pressure

levels are used for validation of the model simulated large-scale features during monsoon.175

2.2 LULC data

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) mosaics for use as180

a time invariant lower boundary condition for simulations with the RCM. The four UNH

vegetation categories are converted into different PFT distributions based on present day

and potential vegetation for Community Land Model (CLM) land surface parameters. We

have used the resulting PFT distributions and associated vegetation dependent parameters

8
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such as leaf area index (LAI), stem srea index (SAI), roughness length etc. for the present185

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.

2.3 RegCM4.0 and the CLM3.5 land surface model

The RCM RegCM4.0 (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)190

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 have also used the parameterization

scheme of Zeng et al. (2005) that allows for a realistic representation of the diurnal variation195

of 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 the200

Indian subcontinent at the center. The NCEP/NCAR reanalysis data (Kalyan 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◦ horizontal

resolution (Reynolds et al., 2002) interpolated to daily values is prescribed over the ocean.

RegCM4.0 is coupled to the Community Land Model (CLM3.5) (Oleson et al., 2008;205

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 the four most abundant PFTs out of possible 17 that include210

forests, grasses, crops and bare ground co-exist. The fractional areas of the 4 PFTs do

not vary with time but their leaf and stem area indices vary seasonally, which are all

9
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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. The215

GTOPO30 topography data at 30 arc seconds resolution courtesy of the U.S.G.S. (United

States Geological Survey) EROS Data Center has been used in this study. 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× 2.8 spatial resolution is from Zeng220

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 parameterization schemes in CLM3.5 are also presented in Oleson et al. (2010)

and Halder et al. (2015).225

2.4 Design of experiments and methodology

Two sets of model simulations, each for 27 years are carried out with similar Lateral

Boundary Conditions (LBCs) from NCEP/NCAR reanalysis and Reynolds weekly SST

prescribed at the lower boundary, but different LULC for the years 1950 and 2005 as

fixed lower boundary condition. The LULC of 1950 and 2005 correspond to different PFT230

distributions. The RCM is initialized at 00:00 GMT on 1 November 1981 and the simulation

is continued up to 18:00 GMT on 31 December 2008. In CLM3.5 coupled to RegCM4,

soil moisture is initialized based on climatological values (as in Giorgi and Bates, 1989;

Halder et al., 2015), in order to reduce model spin-up time for the deeper soil layers.

Therefore, we have discarded the initial seven months for model spin-up. Soil points are235

initialized with temperatures of 283K (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. Studies have suggested that changes in surface

temperature (Kothawale et al. 2010; Chowdary et al. 2013) and extreme rainfall events

(Krishnan et al. 2015) over India are related with variations in the Indian Ocean SSTs.240

10
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Therefore, in order to isolate the effect of Indian Ocean SSTs on the temperature and

rainfall variability over the Indian region, another pair of model simulation for the same

27 years are carried out using the fixed LULC of years 1950 and 2005, but with de-

trended Reynolds SSTs over the Indian Ocean. The LBCs from NCEP/NCAR reanalysis

and the initial conditions remained exactly same as in the earlier experiments. Henceforth,245

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.

Our objective is to analyze changes in the climatological mean of the number of moderate

rainfall events over CI and intensity of rainfall in that category, between PLC and HLC250

experiments. The lateral boundary forcing and prescribed SST in our experiments are

transient in nature and impose the global warming signal on the model climate. As each

year of forcing is different from the other, long term mean is expected to be closer to the

reality. However, use of climatological boundary conditions is not an option, as in that

case the model will have problem in properly capturing the synoptic and intraseasonal255

rainfall variability that contribute to the seasonal mean rainfall significantly. Similarly, a

single year (ENSO/non-ENSO year) of boundary condition cannot be repeated as that may

lead to biased response of the model climate to LULCC. As time varying lateral boundary

conditions also impose the effect of variations in remote SSTs, such as that of the Pacific

Ocean on the model, partial remote influence on the nature of response due to regional260

LULCC is possible. 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 feedbacks on daily temperature and rainfall variability

in a climatological sense.

Extreme rainfall events are short lived, less frequent but intense. They are associated265

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

11
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build up and be sustained. Thus, due to the smaller spatial scale and random frequency270

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. However, 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; Singh et al. 2014). For our study, the CI domain that275

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.

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 further discussed in Sect. 4.1.280

3 Observed changes

3.1 LULCC

Figure 1 shows the distribution of PFTs 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,285

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 is290

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 study by

Tian et al. (2014) over the period from 1950 to 2010. It is interesting to note that observed295

12
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surface evaporation has significantly decreased over continental India during the monsoon

season from 1971 to 2000 (Jaswal et al., 2008) which may have been associated with the

changes in LULC.

3.2 Rainfall over central India

There is no clear trend in the all India mean summer monsoon rainfall during JJAS from300

1951 to 2000, but extreme and moderate rainfall events have changed over CI significantly.

Following, Goswami et al., (2006); Rajeevan et al., (2008) moderate rainfall events are

defined in this study as 5> rainfall≤ 100mmday−1, whereas heavy and very heavy rainfall

events are defined as rainfall≥ 100mmday−1 and rainfall> 150mmday−1, respectively.

After counting daily rainfall at each grid point over CI as an event during JJAS from 1951305

until 2005 and fitting a linear trend, we find that the number of moderate rainfall events

in these 55 years have significantly decreased by about 640, (which is about 3 % of the

initial value in 1951), (Fig. 2a). Associated with that, total rainfall in the moderate category

has also decreased during JJAS (Fig. 2b). The number of extreme rainfall events over CI

has significantly increased by 8 (almost double the value in 1951) between 1951 and 2005310

(figure not shown). We propose that LULCC during these 55 years might have contributed

to the observed decrease in moderate rainfall over CI and substantiate our hypothesis using

multiple simulations with the RCM RegCM4.

3.3 Surface air temperature

The pre-monsoon season in India (March–April–May) is characterized by days that are hot315

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–September320

(JAS) only. A warming trend in the JAS mean temperature by 0.2–0.4 ◦C decade−1 is

13
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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 until 2005, it is

estimated that the daily mean surface temperature and its extreme in JAS have increased325

by a maximum amount of about 1.11–1.48 ◦C. We have also analyzed the maximum

temperature attained during the day, that represents the higher extreme. Figure 3c shows

the trend in JAS averaged daily maximum temperature. It is evident that warming 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, the 90th percentile of daily330

maximum temperature has increased by more than 1.48 ◦C over north-central India, which

is greater than the 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 region335

(Fig. 1e). Increased observed temperature over the western coast of peninsular India may

have happened due to its region specific mean climate predominantly determined by the

adjoining Arabian Sea and Indian Ocean.

Trends in daily 20CR 2m mean temperature data and its extreme (90th percentile) during

JAS are further analyzed for the extended period 1951–2005. A significantly increasing340

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 data)

but its magnitude is also comparable to that seen over the 37-year period (1969–2005).345

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 attributed350
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to forcing of natural (solar, volcanic) or anthropogenic origin (GHGs, aerosols, LULCC etc.)

or both. We aim to quantify the contribution to such increase due to LULCC over India.

4 Results from RCM experiments

In the PLC and HLC experiments, we keep the atmospheric and oceanic boundary

conditions during 1982 to 2008 same but the distribution of PFTs are altered corresponding355

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.

4.1 Indian summer monsoon features in PLC and PLCS experiment

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 monsoon360

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 that is shifted to the west equatorial Indian Ocean region is also noted365

in PLC. Although rainfall is also captured over CI and the northeast region, the magnitude

appears to be underestimated, particularly over western India. Earlier studies have shown

that the rainfall bias in this RCM over the 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; Halder et al., 2015). However, it is370

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 dashed (solid) lines in Fig. 4b represent the CI (big-India,

BI) domain used for our analysis related to the statistics of daily rainfall. Seasonal mean375

rainfall in the PLCS experiment follows a similar spatial pattern as in the PLC and captures
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the locations of rainfall maxima very well (Fig. 4c). However, the magnitude is relatively

less everywhere compared to the PLC experiment. Maximum decrease in seasonal total

rainfall over CI between the PLCS and PLC experiments is about 4 cm (figure not shown).

This decrease is possibly associated with relatively colder SSTs over the Indian Ocean380

that leads to lesser evaporation over ocean and hence moisture in the atmosphere. These

aspects will be discussed further in Sect. 4.2.

Seasonal rainfall over the land part in PLC (Fig. 4e) is further compared in detail with

that from APHRODITE data (Fig. 4d). The representation of orography in the model is

depicted in Fig. 4f which suggests that the surface topography is very well captured by385

the model. It is evident that the RCM reproduces the regions of rainfall maxima and

the spatial pattern very well, particularly over the Western Ghats section over peninsular

India, CI, north-east India and the Himalayan foothills. The rain-shadow area east of the

Western Ghats is also captured by very well the RCM. However, it slightly underestimates

the magnitude of rainfall over the peninsular and western part of India (also reported in390

Halder et al., 2015). The pattern correlation between rainfall in the PLC experiment and

APHRODITE is 0.71. The Mean Bias calculated over the presented domain with respect

to APHRODITE rainfall for the period 1982–2007 is −0.48mmday−1 and the RMSE is

3.53mmday−1. Although daily CI averaged rainfall during JJAS in both observation and

the PLC experiment (CI domain for the RCM is 75.30–86.63◦ E, 16.92–26.43◦ N) follows395

the Poisson distribution, the number of very heavy rainfall events simulated 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 and400

interannual standard deviation of CI averaged rainfall (1982–2007) in PLC (APHRODITE)

are 77.59 cm (87.28 cm) and 7.57 cm (8.8 cm), respectively. Therefore, the model performs

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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We further evaluate JJAS averaged 2m near-surface air temperature simulated by the405

model with the IMD data for the period 1982 until 2005. Mean surface temperature in

observation in highest over the north, north-west, east and the rain-shadow region over the

peninsular India (Fig. S1a in the Supplement). In contrast, surface temperature simulated

by the model is high particularly over the north-west (Fig. S1b). A cold bias of about 3–

4 ◦C in temperature is found over rest of the Indian region that is linked with biases in the410

land-surface as well as other parameterization schemes in the model such as radiation,

convection etc. (Fig. S1c). Such biases have also been noted and discussed in Halder

et al., 2015. The pattern correlation between IMD and RegCM4 simulated JJAS 2m air

temperature is 0.76. A similar pattern of cold bias in 2m near surface air temperature is

also seen in PLCS experiment (figure not shown). As our objective is to analyze the mean415

differences between model simulations, these biases are not expected to have significant

effect on the results.

Observed large-scale circulation features from the 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). The420

RCM captures the location of these large-scale low-level features very well in both PLC

and PLCS (Fig. S2b and c). However, the wind speed is slightly overestimated in the PLC

experiment, particularly along the core of the Somali Jet and the BoB. As mentioned earlier,

this overestimation conforms to the positive rainfall bias over the Ocean, the Arabian Sea

and the BoB in the RCM. On the contrary, low-level wind speed is reduced around the core425

of the Jet, over the Indian Ocean, BoB and also over land in the PLCS experiment, which

is associated with the reduction in precipitation. 200 hPa circulation in observations show

the sub-Tropical 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). The location

of these characteristic circulation features is also well captured in the simulations PLC and430

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). We
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infer that the model RegCM4 performs well in simulating the climatological mean features

of Indian summer monsoon. This gives us confidence to conduct sensitivity experiments435

with the model.

The climatological onset date of 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 in440

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.

4.2 Changes in circulation and seasonal rainfall due to LULCC

Mean surface winds (at 10m) during JJAS blow from west to east over peninsular India and445

the Indian Ocean, carrying moisture from the Arabian Sea. They turn anti-clockwise over

the BOB to move north-west over the Gangetic plains, thus forming the monsoon trough

all along CI where the mean wind speed is very low (Fig. 5a). As forest cover in the HLC

experiment is replaced by crop PFTs over most of the land part in the PLC experiment,

surface roughness length is decreased due to reduction in vegetation height and LAI. We450

note that surface wind has become more westerly (easterly) over southern and western

(northern) India and shows increased anti-cyclonic circulation (Fig. 5b). It has intensified

significantly by about 1ms−1 over peninsular India and 0.5ms−1 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) that is discussed in the following455

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

due to LULCC. It is interesting to note that these significant changes take place mainly over460

the land portion of the domain and partly over water bodies close to its boundaries.
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The climatological seasonal (JJAS) distribution of rainfall over the Indian subcontinent

has been discussed in detail in relation to Fig. 4. Differences in seasonal rainfall between

PLC and HLC show 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 with465

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.470

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 order475

to analyze changes in the large-scale moisture convergence, we calculated vertically

integrated moisture flux (qV ) from surface to 300 hPa. Following Helmholtz’s theorem,

velocity potential is further calculated that represents the divergent component of that

moisture flux (cf. Behera et al. 1999). From the difference, it turns out that large-scale

moisture convergence is reduced in the PLC experiment and contributes to the reduction480

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. Studies have shown

that precipitation variance is amplified by land–atmosphere feedback over those regions

that are least affected by SST (cf. Koster et al., 2000). Therefore, it is possible that higher485

decrease in precipitation over the semi-arid northwest region of India, that is farther away

from the influence of SST is dominated by changes in 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 impact490

19



D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

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 (Fig. 1e).

Decrease in seasonal rainfall, by a maximum of about 3–4 cm is evident over most parts495

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).

4.2.1 Changes in frequency of daily rainfall and intensity

We study next how changes in seasonal rainfall over CI are also associated with the500

changes in daily rainfall in the moderate and extreme category. We adopt 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 (APHRODITE) daily rainfall over CI during JJAS are505

calculated for the period 1982 until 2007 to identify the value that corresponds to the range

of moderate rainfall and lower threshold of extreme rainfall events (see 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 events are

identified in the model when 5.34< daily rainfall≤ 41.72mmday−1 and extreme events are510

identified when daily rainfall> 59.94mmday−1. 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 until 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 can also be noted, that the pattern515

of decrease matches very well with that of the changes in seasonal rainfall. Following

the above methodology, moderate rainfall events are identified in the PLCS and HLCS

experiments when 4.97< daily rainfall≤ 41.62mmday−1. Likewise, extreme rainfall events
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are identified when daily rainfall> 59.80mmday−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 in520

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 analyzed 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

is 388, and that between PLCS and HLCS is 450, which is significant at the 90 % level of525

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 640) 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 % level530

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. Therefore, the

additional pair of sensitivity experiments with de-trended SSTs further help in establishing

our hypothesis. As moderate rainfall events constitute a major portion of the seasonal535

(JJAS) rainfall ( 85 % in observations) 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< 5.34mmday−1)

in the analysis along with the moderate category does not change our result. We further

investigate changes in surface temperature over land and other associated fluxes in order540

to better understand the above large-scale changes.

4.3 Changes in surface air temperature

4.3.1 PLC and HLC experiments

Daily 2m mean air temperature during JJAS in PLC is higher than HLC by a maximum

of 0.3 ◦C over CI and parts of south (Fig. 8a). A significant increase in daily maximum545
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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 around the Himalayan foothills in the north that may be attributed to an increase in550

precipitation (see Fig. 4) as well as changes in albedo and net radiation. A decrease

in mean and extreme temperature over small parts 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 2m temperature is minimized. Therefore,555

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 the 925 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 of560

daily mean and maximum temperature as evident from Fig. 9a and b. There is 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 daily565

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 HLC570

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 warm by the same order
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as depicted in observations. Apart from that, the model does not capture the observed575

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).

Changes in other surface variables and cloud cover during JJAS are further analyzed

to better understand the causes for surface temperature change. The black contours in580

different panels in Fig. 10 represent the JJAS mean value from the PLC experiment, while

the values in shaded color show the difference. Areas enclosed within the green contours

depict changes that are significant. 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 evident585

that surface pressure has increased over most of north, northwest and the Gangetic plains

of India in PLC compared to HLC. Although a part of CI and its west shows a decrease

in surface pressure (Fig. 6b), the changes are not significant. Therefore, changes in

surface roughness length mainly dominate the increase in surface wind speed, compared to

changes in surface pressure. There is also a significant decrease in soil moisture (Fig. 10b)590

associated with the decrease in precipitation, and specific humidity at 2m (Fig. 10c) over

those regions where the fraction of crop PFTs has increased in PLC.

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 in the PLC. An increase in albedo would tend to reduce the surface temperature.595

However, we also find that the cloud cover has decreased significantly over a large part of

CI, the west, north and peninsular India in PLC (Fig. 10e). This conforms to the reduction

in seasonal precipitation in PLC compared to HLC. Due to reduction in cloud cover, there is

also an increase in surface Net Radiation (NRAD) over those regions, although changes

are not found to be significant over CI (Fig. 10f). The increase in NRAD over central600

and southern India in PLC is contributed by a significant increase in net shortwave (SW)

radiation. Whereas the decrease in NRAD over the Himalayan foothills is associated with

a significant decrease in both net SW and longwave (LW) radiation. Over CI, decrease in
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net LW radiation partly compensates for the increase in net SW radiation in PLC (figure

not shown), hence changes in NRAD are small. Decrease in net LW radiation in PLC605

dominates over the northwest of India. The increased NRAD in PLC contributes to a

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, latent heat flux (LHF) that is directly associated with the ET shows significant

changes in the opposite sense (Fig. 10h), leading to an overall enhancement in the bowen610

ratio in PLC (figure not shown). Therefore, we infer that an increase in NRAD and SHF in

PLC dominates over changes in surface albedo over India south of 30◦ N and contributes

to the increase in surface temperature. Our results also conform to the inferences reported

in earlier studies (Lawrence and Chase, 2010; Sampaio et al., 2007; Davin and Noblet-

Ducoudre, 2010).615

It is interesting to note that about 30 % of the changes in LHF over CI, west and

southern India in PLC (Fig. 10h) are 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 higher over eastern India than towards CI, enhanced

ground evaporation arising from increased precipitation in PLC compared to HLC partly620

compensates for that. As a result changes in total ET are not significant towards the east

of India. Therefore, due to a reduction in surface ET, the increased NRAD absorbed at

the surface over central and southern India is primarily used in enhancing the SHF and that

further contributes to the increase in mean and higher extreme surface temperatures in PLC

during JJAS. As mentioned in the introduction, the daily spatio-temporal variability of surface625

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 results differ from earlier studies that have shown 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 an630

enhanced source of soil moisture and hence cools the surface and lowers the temperature

due to evaporation.
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4.3.2 PLCS and HLCS experiment

We find similar changes when simulated surface temperatures in the PLCS and HLCS

experiments are compared. Daily 2m mean as well as maximum temperature are635

significantly enhanced in the PLCS experiment by maximum of 0.5 ◦C, but over a much

larger area covering central and southern parts of India compared to HLCS (Fig. 11a and

b). We note that the increase in temperature over CI due to similar LULCC is higher and

more widespread than in PLC. Likewise, over the northwest of India, the spatial pattern of

increase extends further to the north and shows higher increase (0.5 ◦C) in the maximum.640

Significant cooling is also evident over western and northern India in PLCS over those

areas that show increase in forest cover. The higher extremes i.e. 90th percentiles of the

daily mean (maximum) temperature have also increased in the PLCS experiment by 1.2 ◦C

(1.0 ◦C), which is more than in the earlier set of experiments PLC and HLC (Fig. 11c and d).

Increase in higher extreme temperature in the PLCS experiment extends further to the west645

and hence covers a much larger part of CI than in the PLC experiment. We further note that

the order of increase in temperature as evident from these two experiments is comparable

to that inferred from observations.

There are significant and widespread decreases in soil moisture, LHF and specific

humidity but increases in NRAD and sensible heat flux in the PLCS experiment compared650

to HLCS (figures not shown) that contribute to the increase in surface temperature. It is

interesting that in both set of experiments, the increase in surface temperature is slightly

towards south of the area that depicts an increase in observations. Apart from that, mean

monsoonal features simulated in the PLCS experiment also convey that there is a decrease

in large-scale moisture flow as well as precipitation over the land. As a result alterations655

in net radiation and surface fluxes between PLCS and HLCS experiments have a greater

impact on changes in surface air temperature. Therefore, our experiments with de-trended

SST further confirm the proposition that LULCC has partly contributed to the observed

increase in surface temperature from 1951 until 2005.
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4.4 Physical mechanisms660

After analyzing the changes in surface variables and the large-scale in the set of model

experiments, one pertinent question arises. How does LULCC lead to a reduction in

moderate rainfall events? Halder et al., 2015 showed that surface ET can strongly modulate

the terrestrial segment of land–atmosphere coupling strength (Dirmeyer, 2011) and the

chances of triggering of convection and precipitation during the Indian summer monsoon.665

From comparison of the PLC and HLC experiments, we note a decrease of about 3 cm in

the total evapotranspiration over CI, that is 40–60 % of the maximum decrease in the total

rainfall magnitude. Although an increase in crop cover and decrease in forest increases

the temperature near the surface and within the boundary layer, the associated decrease

in local moisture flux could possibly also lower the large-scale convective instability. To670

better understand that, we analyze changes in vertically integrated moist static energy

(VIMSE) which is a good measure of instability and precipitation in the Tropics (Srinivasan

et al., 1996). VIMSE from surface to 500 hPa during JJAS in PLC depicts high values over

those areas of land that show maximum seasonal mean rainfall (Fig. 12a). Differences

show that there is a large-scale reduction in VIMSE in the PLC experiment, with significant675

decrease over a major part of CI and the north (Fig. 12b). Additionally, the difference (PLC-

HLC) in the vertical profile of dry static energy (DSE, blue line) suggests an increase

in temperature in the lower levels of the troposphere over CI. Despite that, the effect of

decreasing moisture in the lower levels effectively reduces the MSE (red line, Fig. 12c)

thereby increasing atmospheric stability and hence lowering the chances of triggering of680

moist convection over land in the PLC experiment. Reduced large-scale low-level moisture

convergence over the land part in the PLC than HLC, on account of a reduction in surface

roughness length (Fig. 6b) also contributes to the reduction in convective instability. These

two factors together reduce rainfall in the moderate category.
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5 Discussions685

This study explores the hypothesis how LULCC over India has contributed to the observed

decrease in moderate rainfall events over CI and increase in extreme daily surface

temperatures during the monsoon season, from 1951 through 2005, using a RCM. The

climatological mean features of Indian summer monsoon are very well captured by the

RCM RegCM4. The statistics of differences between the long simulations with fixed present690

day (2005) and historical (1950) PFT distributions, LAIs and SAIs demonstrate the impact

of LULCC on daily surface temperature and precipitation variability during the monsoon

season (JJAS). Another two similar experiments are also conducted, but with SSTs de-

trended within the RCM domain in order to eliminate the effect of the positive trend in Indian

Ocean SSTs on temperature and precipitation changes over land.695

Differences show that seasonal rainfall and large-scale moisture convergence are

significantly decreased in the PLC and PLCS experiments when compared to the HLC

and HLCS experiments, respectively. The decrease is enhanced in the case of the PLCS

experiment compared to PLC. That decrease in seasonal rainfall is mostly contributed by

a significant decrease in moderate rainfall events and amount over CI. Changes in extreme700

rainfall events are not significant. We demonstrate that a significant increase in surface wind

speed over land is responsible for the decrease in moisture convergence. The increase in

surface wind speed is attributed to an increase in crop cover at the expense of forests

and hence a reduction in surface roughness length. This way, the dynamical response

of regional climate over India to LULCC is demonstrated. Decreases in forest cover and705

increases in crops between 1950 and 2005 also lead to reductions in the regional moisture

flux emanating from the surface significantly. Therefore, despite significant increases in

surface and boundary layer temperature, a decrease of moisture reduces the large-scale

convective instability and chances of triggering of convection and hence precipitation over

central and north India. This mechanism constitutes the thermodynamic response of the710

regional climate to LULCC. A decrease in total cloud cover increases the surface net

radiation, which together with a decrease in surface moisture results in an increase in the
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surface sensible heat flux and the bowen ratio. Together, these changes contribute to the

increase in mean surface temperature and its extremes. It is noteworthy that the order of

increase in surface temperature extremes over India during the summer monsoon season715

is comparable to that of the observed changes when de-trended SSTs within the model

domain are used. Likewise, the order of decrease in moderate rainfall events over CI also

become comparable to the observed changes during the period 1951–2005.

It is important to note that the deficiency in the RCM in terms of capturing the frequency

distribution of daily very heavy rainfall events over CI realistically could have a bearing720

on our inferences. Hence, our results are partly dependent on the choice of model

parameterization schemes. However, this is a well-known problem related to climate models

(Frei et al., 2003; Kang et al., 2014) and similar studies when repeated with other RCMs

is expected to give us further evidence on the role of LULCC in affecting the frequency

distribution of daily rainfall events over India. Apart from that, the criteria used for calculating725

thresholds for daily moderate and extreme rainfall events in the RCM may also have

influence on the results. There is a cold temperature bias over land in the model RegCM4,

and positive rainfall bias over the ocean (figure not shown), that is also evident from earlier

studies (Saha et al., 2011, 2012; Halder et al., 2015). Apparently, in all these experiments

the global warming signal is also present in the large-scale LBCs used from NCEP/NCAR730

reanalysis that force the model in one way only. A part of the change in simulated surface

temperature and rainfall in the model may also be attributed to non-linear 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 on regional climate over India. Use of a high-resolution RCM is735

more advantageous in excluding large-scale remote feedbacks that take place in a coarse-

resolution GCM and therefore helps to better resolve regional land-atmosphere feedbacks.

Apart from that, we believe that the LULC data prepared from multiple sources and used as

fixed lower boundary condition in this study is much improved compared to other historical

reconstructed data utilized in earlier studies. Nonetheless, our experiments demonstrate740
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that the decrease in moderate rainfall events over central India is partly attributed to

changes in LULC from 1950 to 2005.

6 Conclusions

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 as745

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 such as

LULCC, they need greater attention and proper attribution. Regional land–atmosphere

feedbacks associated with LULCC are one of the potential drivers of climate change. LULC750

data shows significant decrease in the forest and increase in crop cover over central, south

and northwest part of India between 1950 and 2005. From 1951 until 2005, the observed

mean (extreme) surface temperature over India has increased by a maximum of 1.11 ◦C

(1.48 ◦C) during the summer monsoon season. There have also been significant changes

in the rainfall distribution during those 55 years. While observed heavy and very heavy755

precipitation events have increased over central India, due to a significant decrease in

moderate rainfall events, the overall seasonal rainfall has reportedly remained stable during

that period. In this study, we cannot reject the hypothesis that LULCC over India has partly

contributed to the observed decrease in moderate rainfall events and increase in extreme

surface temperature during the summer monsoon season.760

It is found that, increase in mean and extreme surface temperatures by 1–1.2 ◦C over

CI in the present land cover experiment coincides with the region of decrease in forest

and increase in crop type of PFTs. Furthermore, that increase is found to be even

higher and more widespread over the Indian region when the positive trend in the Indian

Ocean SSTs is removed. There is a reduction in large-scale convective instability and765

moisture convergence over land that leads to decrease in seasonal precipitation in the PLC

experiment compared to HLC. As the major portion of monsoon seasonal rainfall occurs
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through moderate rainfall events (Goswami et al. (2006)), it is expected that the decrease in

moisture flux and large-scale convective instability over land would also lead to a decrease

in the moderate rainfall category. The model results indeed support our hypothesis, and770

show that regions with a decrease in forest cover also depict a decrease in the number

of moderate rainfall events as well as the amount of rainfall in that category. Changes in

heavy rainfall events are not found to be significant. These results are further supported by

the two additional sensitivity experiments PLCS and HLCS. We conclude that changes in

local/regional moisture flux and surface roughness length that are associated with this type775

of LULCC are crucial in determining the changes in large-scale instability and moisture

convergence over land and the frequency distribution of daily rainfall events over the Indian

monsoon region. Therefore, this study demonstrates that LULCC 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.780

Understanding the mechanisms responsible for observed changes in daily rainfall

distribution and extreme surface temperature 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 regional climates possibly more unpredictable,

LULC change due to population growth, deforestation/afforestation, agricultural expansion785

and urbanization would add more uncertainties through its dynamic (changes in large-

scale circulation) and thermodynamic effects (albedo, evaporation and instability changes).

However, this study does not include urbanization effects. Apart from that, impact of

aerosols, GHGs and irrigation activity have also not been considered here which would

introduce competing influences. Therefore, part of the regional warming over India seen790

in observations could not be explained only through LULCC that we have isolated here.

Investigation of the impact of LULCC in a high-resolution coupled global climate model

where the land cover changes with time or dynamic vegetation is used, would make another

interesting study. Furthermore, studies similar as this with a suite of climate models would

further augment our understanding about the role of LULCC in Indian monsoon climate.795
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Nevertheless, this study shows that it is highly important to include projected anthropogenic

changes in regional LULC in IPCC future climate change scenarios.

The Supplement related to this article is available online at

doi:10.5194/hessd-0-1-2015-supplement.
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Table 1. Experimental set-up for LULCC based simulations with RegCM4.

Experiment Lateral Sea Year of Period of

name boundary surface fixed simulation

conditions temperature LULC

PLC 01 Nov 1981–31 Dec 2008 Observed (1981–2008) 2005 27 years

HLC 01 Nov 1981–31 Dec 2008 Observed (1981–2008) 1950 27 years

PLCS 01 Nov 1981–31 Dec 2008 De-trended (1981–2008) 2005 27 years

HLCS 01 Nov 1981–31 Dec 2008 De-trended (1981–2008) 1950 27 years
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Figure 1. PFT distribution of forest and crop 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 APHRODITE 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) 2m air temperature from IMD (in
◦C decade−1). 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 2m 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, 1982—2008).

(b) Seasonal averaged rainfall (in mm day−1) in PLC experiment with RegCM4 (1982–2008).

(c) Seasonal averaged rainfall in PLCS experiment (in mm day−1, 1982–2008). (d) Seasonal

averaged rainfall based on APHRODITE data (in mm day−1, 1982–2007). (e) Seasonal averaged

rainfall only over land in PLC experiment (in mm day−1). (f) Representation of orography in RegCM4.

Units are in m.
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Figure 5. Seasonal (JJAS) averaged wind at 10m (in ms−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 and (b) total

amount of moderate rainfall (in mm day−1, 1982–2008). Green contour shows differences significant

at the 90 % confidence level.
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Figure 8. Difference (PLC-HLC) in JJAS averaged 2m 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 2m air temperature in JJAS (in ◦C2, 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 2m 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), 2m specific humidity (in g kg−1), surface albedo (unitless), total cloud

cover (in %), surface net radiation (in Wm−2), surface sensible heat flux (in Wm−2), surface latent

heat flux (in Wm−2), respectively. (i) Shows only the difference (PLC-HLC) 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.

54



D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

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 (PLC-HLC) 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) and dry static energy (DSE,

in blue) in units of kJ kg−1.
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