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I would like to submit the revised version of the manuscript entitled ‘Investigating the
impact of land-use land-cover change on Indian summer monsoon daily rainfall and
temperature during 1951-2005 using a regional climate model’ by authors S. Halder, S.
K. Saha, P. A. Dirmeyer, T. N. Chase and B.N. Goswami. Along with revised version |
would also like to submit other files that show point-by-point response to the reviewers’
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I) Reply to comments by the Editor

1) Comments to the Author: Dear Dr. Halder, We have now at last received to
reviewer reports on your manuscript - my apologies for the delay. Itis my pleasure
to report that the reviews report positively on the topic of study and the relevance of
the obtained outcomes. However, both reviewers raise relevant points about the
experimental setup, and I agree with the reviewers that these will have to be
addressed before the manuscript can be considered for publication in HESS, if not
by adjusting the experiment then at least with a detailed justification of the current
setup.

Ans. We would like to thank the editor for his comments and suggestions. We have
provided justification for the current experiments with a RCM in the sections
Introduction (P6 and P7) and Design of Experiments and Methodology (P11). Out
justifications for using a RCM are as follows:

‘Krishnan et al. (2015) 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 20™ century. However, the impact of
LULCC as a lone forcing component on the Indian summer 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 have
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.

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’nik 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 climate to the global climate is not allowed. Such interactions between large-
scale forcing such as El Nifio—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
drawbacks of regional climate modeling is that lateral boundary conditions are not
perfect.’

‘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 HLC 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
intraseasonal 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 regional 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.’

Furthermore, we have also addressed the comments made by the respective reviewers in
detail.

Additionally, reading carefully through the manuscript, I identify a couple of
further issues with the presentation, which I think need addressing:

2) I believe that the manuscript needs further editing for language, but can also
benefit from a more condensed, less repetitive, and more precise writing style. For
instance, try to avoid qualitative statements such as ""reasonably well" (p6593, 6594,
6595), use the more formal "until" instead of "till". On p.6588, 1.1-4: remove this
section; it is sufficient to outline the structure of the manuscript once (p6583) and
then simply follow the outlined structure. These are just a couple of examples, but I
encourage you to go carefully through the whole manuscript.

Ans. We thank the editor for his suggestions and have incorporated the suggested
changes in the revised manuscript.

P16, 1386: ‘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.’

P16, 1402: ‘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.’



P17, 1420: “The RCM captures the location of these large-scale low-level features very
well in both PLC and PLCS (Fig. S2b and c).’

The line in page P6595 that was the older version of the manuscript has now been
deleted.

The section on p.6588, 1.1-4 in earlier version of the manuscript has been removed in
order to avoid repetition.

3) The literature review reads rather like a listing of past findings with references. I
would encourage you to make this more strongly into a coherent argumentation
about the state of the art in the research field, and how your experimental setup will
push the boundaries of current knowledge.

Ans. We appreciate the editor’s suggestion about this aspect. Keeping that in mind, we
have modified the Introduction (P3-P7) to make it a more coherent argument about the
state of the art in the research field, and how our experimental setup will help in
investigating the impact of regional LULCC on the Indian summer monsoon and its
changes during 1951 until 2005.



IT) Reply to Interactive comments by Reviewer 1 (Dr. O. Tuinenburg) on “Investigating
the impact of land-use land-cover change on Indian summer monsoon daily rainfall
and temperature during 1951-2005 using a regional climate model” by S. Halder et
al.

General comments

The authors study realistic land-use and land-cover changes from 1951-2005 over
India in a regional climate model and show that moderate rainfall events are
impacted significantly by these changes. Moreover, they have repeated the
simulations without the observed ocean warming trend to confirm the effects of the
land surface on the Indian climate.

In my opinion, this is an important subject to study as India is a part of the world
where land-use has changed significantly and the effects of changes in rainfall
distribution are important, for example for agriculture.

I think the study is well executed and the conclusions drawn are supported by the
experiments. My main concern is the fact that only one model is used. As regional
climate models respond different to these kinds of land surface changes, this
uncertainty should be discussed more thorough. Moreover, some textual
improvements should be made.

Ans. We appreciate the views of the reviewer and the encouragement. Our reply to his
queries may be found below.

Specific comments

1) P6593, 120: Here, you state that RCMs have trouble to capture the observed
frequency distribution of rainfall. I think this is true. However, in the discussion
(section 5), it is only briefly mentioned. I think that is a place to convince the reader
that the results found are due to the changes in the model and not due to other
factors (parameterization schemes, resolution differences, boundary forcing, etc.).

Ans. We appreciate the reviewer’s comments in this aspect. We have now modified that
portion in section 5 (P28, 1719-1725).

‘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 bearing
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.’

We have further added few lines at the end of the Abstract (P2, 125-127 and P3 128-129).

‘Although, the regional climate model helps in better resolving land-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 studies
using a suite of climate models will further enrich our understanding about the role of
LULCC in Indian monsoon climate.’

2) In many places, the text is vague or grammatically incorrect. Please have a look
at it. (See textual comments below for some examples.)

Ans. We thank the reviewer for identifying these deficiencies in the text. Due care has
been taken in rectifying them in the revised manuscript.

Minor and textual comments:
3) Use of brackets to state the opposite is confusing to me, maybe separate sentences
can be made. One example, but many occurrences in the text: ’... region of

decreased (increased) forest (crop) ...’ (P6578,110).

Ans. We thank the reviewer for identifying this aspect. We have modified that sentence
(P2, 19-111) and other such sentences wherever it was suitable, in the revised manuscript.

‘Model simulations show that the increase in seasonal mean and extreme temperature
over central India coincides with the region of decrease in forest and increase in crop
cover.’

4) P6578, 115: argues —> argue.

Ans. We have corrected that word (P3, 141)

‘On the contrary, Seneviratne et al. (2012) opine that ...’

5) P6580, 120: the effects — the climate effects

Ans. We thank the reviewer for this suggestion. The correction has been made
accordingly (P4, 155).

6) P6580, 126: fix accent in Ducroudre.

Ans. We thank the reviewer suggesting the correction for the accent. That has now been
fixed (P4, 165).

7) P6584, 113: I visited the website, but found that the data are only available for
purchase. This makes it hard to repeat the detection of precipitation changes.
Would it not be better to use the APHRODITE dataset, which is publicly available?

Ans. We have repeated the analysis with APHRODITE data (P8, 1165-1169) and replaced
the earlier figure. The new Figure 2 is based on APHRODITE data.



‘For 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° x 0.5° resolution is used.’

8) P6586, 121: remove degree signs.
Ans. We have removed the degree signs (P10, 1220-1225).

‘CLM3.5 also uses global datasets on canopy top and bottom height (resolution 0.5x0.5),
percentage of glacier (resolution 0.5x0.5), lake and wetland (resolution 1x1) with
corresponding spatial resolution included in brackets (Elguindi et al., 2010).’

9) Paragraph 2.3: How is the orography treated? This is a very important aspect, so
maybe include it here.

Ans. We thank the reviewer for this suggestion. We have included information on the
orography in P10, 1215-1217.

‘The 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.’

10) P6588, 14-5: "Extreme rainfall ... return periods.", this is a strange sentence,
seems to be a truism, maybe it can be changed into something more informative.

Ans. We thank the reviewer for this suggestion. The sentence has now been modified
(P11, 1265).

‘Extreme rainfall events are short lived, less frequent but intense.’
11) P6589, 121: till — to.

Ans. We have corrected the word from ‘till’ to ‘to’ (P13, 1301).

12) Section 3.2: Some of this section could go to the introduction.

Ans. We appreciate the suggestion. We have moved some of the discussion to the
Introduction (P35, 184-191).

‘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) have 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 changes in moderate
rainfall events remained unexplored.’

Furthermore, we have made modifications to the text in section 3.2 (P13, 1305-1311)
based on the additional analysis using APHRODITE data.

‘After counting daily rainfall at each grid point over CI as an event during JJAS from
1951 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 2005 (figure not shown).’

13) P6590, 17-8: ""On the contrary ...", this is a strange sentence.

Ans. Earlier studies by Goswami et al. (2006) and Rajeevan et al. (2008) have analyzed
changes in both moderate and extreme rainfall events over CI. Hence, for information, we
have included that sentence and modified it in the revised manuscript (P13, 1309-1311).

‘The number of extreme rainfall events over CI has significantly increased by 8 (almost
double the value in 1951) between 1951 and 2005 (figure not shown).’

However, a figure has not been included as investigating the reason for changes in
extreme rainfall events is out of the scope of this study.

14) P6590, 126: "Daily maximum... day.", Remove this sentence or replace with
something more informative.

Ans. We thank the reviewer for this suggestion. However, we would like to state that the
sentence is meant to give an estimate about the change in observed mean and extreme
surface temperature that has taken place during the mentioned period. We have now
modified that sentence in the revised manuscript (P14, 1326-1327).

‘We have also analyzed the maximum temperature attained during the day, that
represents the higher extreme.’

15) P6591, 17: Can the statement about the coincidence of decreasing trend in daily
temperature and forest cover be substantiated with a spatial correlation?

Ans. This is a very good question. Unfortunately, we do not have data on forest cover or
crops at high temporal resolution (yearly) that can be used to analyze the spatial
correlation.

16) P6592, 125: This rain-shadow area relates strongly to the orography in the
model, so please include details on the orography.



Ans. We appreciate this suggestion. The GTOPO30 topography data at 30 arc seconds
(approximately 1 km) resolution courtesy of the U.S.G.S. (United States Geological
Survey) EROS Data Center and obtained from the following source
http://users.ictp.it/~pubregcm/RegCM4/globedat.htm, has been used in this study. We
have now included details about orography (P10, 1215-1217). A figure based on the
orography used in the model is also included as panel (f) of Figure 4.

17) P6593, 19: "On closer examination...", this wording could be a bit more formal.
Ans. We have corrected that wording (P16, 1386-1388).

‘It is evident that the RCM reproduces the regions ...’

18) P6599, 19: warmer — higher.

Ans. We thank the reviewer for suggesting this correction (P21, 1544).

19) P6599, 110: "relatively less than the observed increased", this is an unclear
statement, please be more specific.

Ans. We thank the reviewer for this correction. That statement has been deleted in the
revised manuscript (P21, 1544-545). The revised statement is:

‘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).’

20) P6604, 14: Difference —> The difference.
Ans. The correction has been incorporated (P26, 1676).

21) P6621, caption: switch crop and forest to have them in the same order as the
figures are.

Ans. We appreciate this correction. Please see the corrected caption in P43.

‘Figure 1. PFT distribution of forest and crop cover (in %) used as fixed lower boundary
condition in the model experiments.’

22) P6624, fig 4: Could the shading be made with the same scale, that would be
clearer. Moreover, the APHRODITE and IMD data do not seem to differ very
much, so why not use only APHRODITE as that one is freely available.

Ans. We appreciate the reviewer’s suggestion. The intent behind keeping the scale in the
lower panel different is to bring out the high resolution spatial features of daily seasonal
mean rainfall over land, which is lesser than that simulated over the ocean. However, we



have now used slightly different shading for the upper and lower panels to show the
contrast.

We admit that only the APHRODITE rainfall data could be used and have agreed to the
suggestion. Furthermore, we have included a plot based on the orography used in the
model simulations to depict the rain-shadow region (P46).

23) P6599, 124: 925 the hPa level —> the 925 hPa level (or at 925 hPa?).

Ans. We have corrected this error (P22, 1558).

‘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.’

24) In some places in the text, words are capitalized that should not be, some
examples:

Ans. We appreciate the reviewer’s efforts in identifying these mistakes in detail.

— P6601,122: Bowen Ratio.
Ans. Correction has been incorporated (P24, 1110-611).

— P6601,124: Tropics (not sure whether this should be capitalized)
Ans. The said portion has been deleted in the revised manuscript.



IIT) Reply to comments by anonymous Reviewer #2 on the paper “Investigating the
impact of land-use land-cover change on Indian summer monsoon daily rainfall and
temperature during 1951-2005 using a regional climate model” by S. Halder et al.

In this study, the authors investigate the impact of land use land cover change over
Indian region on the change in the moderate rainfall events and surface
temperature using a regional climate model. Four sets of experiments are
performed, with pre and present LULC, and with/without the impact of SST trend.
In questions posed in the manuscript is important in terms of understanding the
variability in Monsoon and is adequate to address through a small study like this.
The results are also positive.

However, there are some limitations in the experimental designs those need to be
addressed before this can be accepted for publication.

We are thankful to the referee for his comments and encouragement, and also for
addressing certain limitations. Our answers to the referee’s comments may be found
below.

1. This study uses a regional model, where the lateral boundary condition is
provided from reanalysis data, from 1982-2008. The surface boundary condition
(over ocean) in the PLC and HLC experiments are also from Reynolds SST during
the same period. This makes the model simulations transient in time and any change
such as LULC will need time to get into equilibrium. Ideally, such a study need to be
done in a global modelling framework with fully coupled components. Or, even to
avoid a transient simulation, the boundary conditions can be repeated (e.g.,
climatology) for several years to get ensemble simulations at equilibrium.

Ans. We thank the reviewer for the queries. Our replies to the comments are as follows.

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 HLC experiments. The lateral boundary forcing and prescribed SSTs in our
experiments are transient in nature. As each year of forcing is different from the other,
long-term mean (in our case, it is 27 years) is expected to be closer to the reality.

2) Use of climatological boundary conditions is a possibility. However, in that case the
model will have problem in properly capturing the synoptic and intraseasonal rainfall
variability that contribute to the seasonal mean rainfall of Indian summer monsoon
significantly.

3) Repetition of a single year (such as ENSO/non-ENSO year) of boundary conditions is
not a suitable option as that may lead to biased response of the model climate to LULCC.

These aspects are now mentioned in the revised manuscript (P11, 1249-1264).

These justifications may also be found in the text as:



‘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 HLC 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
intraseasonal 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 regional 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.’

Use of simulations with a coupled global model is another option. However, that would
also require large computational power. We have proposed that method as an option for
possible future experiments in the Conclusions section (P30, 1792-794).

‘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.’

2. The prescription of the boundary conditions virtually imposes the remote impact
over this region to the present climate scenario (1982-2008). Therefore, the impact
seen between HLC and PLC simulations are really only local impact, which might
get enhanced or even eliminated when remote feedback is present.

Ans. The climatology of long-term simulations made with a RCM is determined by a
dynamic equilibrium between the time-varying lateral boundary forcing as well as
internal model dynamics (Giorgi and Mearns, 1999). The respective model climates
simulated in the PLC and HLC experiments are a result of interactions between the
prescribed LULC, time varying lateral boundary conditions that impose the remote
impact over this region and also internal variability of the model. Hence, partial remote
influence on the response of the regional LULCC is a possibility. However, this study
tries to point out that for a given large scale condition, what would be the effects of the
LULC change on the rainfall events.

3. In the detrended SST experiments, SST trend is removed only over Indian Ocean

(the domain of the model). Therefore, these experiments do not include the impact
of change in SST over other regions like the Pacific or Atlantic Oceans, where
multidecadal oscillations is SST are observed.



Ans. The Indian Ocean has shown significant warming trend in the past few decades and
studies suggest that SSTs over that ocean can affect rainfall variability over the Indian
region significantly (Roxy et al., 2015). Therefore, the Indian Ocean SST warming trend
is removed in our additional set of experiments to further support our hypothesis about
the impact of LULCC on changes rainfall and temperature variability. However, the
impact of the changes in SST over other regions like the Pacific or Atlantic Oceans is
imposed over the Indian monsoon domain through the imposed lateral boundary
conditions (NCEP/NCAR reanalysis). This aspect is now mentioned in the revised
manuscript (P11, 1258-1261).

‘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 regional LULCC is possible.’

It is only ensured that the two-way feedback between model generated climate and
climate in the remote region is not allowed. Therefore, our set of experiments does
include the impact of changes in remote SST in the monsoon domain.

References

Giorgi, F. and Mearns, L. O.: Introduction to special section: Regional climate modeling
revisited, J. Geophys. Res., 104, D6, 6335-6352, 1999.

Roxy, K. M., Kapoor, R., Terray, P., Murtugudde, R., Ashok, K., and Goswami, B. N.:
Drying of Indian subcontinent by rapid Indian Ocean warming and a weakening land-sea
thermal gradient, Nat. Commun., 6, doi:10.1038/ncomms8423, 2015.



IV) Reply to interactive comment by Dr. R. Pielke Sr. on “Investigating the impact of
land-use land-cover change on Indian summer monsoon daily rainfall and
temperature during 1951-2005 using a regional climate model” by S. Halder et al.

I found this an informative and important paper that further documents the role of
land use change as a first order climate forcing. I only have recommendations for
papers the authors might like to add to their citations:

We would like to thank Dr. Roger Pielke Sr. for the encouraging comments. The
suggested papers have been included in the revised manuscript.

1) Roy, S.S., R. Mahmood, D. Niyogi, M. Lei, S.A. Foster, K.G. Hubbard, E. Douglas,
and R.A. Pielke Sr., 2007: Impacts of the agricultural Green Revolution - induced land

use changes on air temperatures in India. J. Geophys. Res. - Special Issue, 112, D21108,
doi:10.1029/2007JD008834.

Ans. We have included the reference in P5, line 106.

2) Douglas, E., A. Beltran-Przekurat, D. Niyogi, R.A. Pielke, Sr., and C. J. Vérosmarty,
2009: The impact of agricultural intensification and irrigation on land-atmosphere
interactions and Indian monsoon precipitation — A mesoscale modeling perspective.
Global Planetary Change, 67, 117-128, doi:10.1016/j.gloplacha.2008.12.007.

Ans. We have included the reference in P6, line 113.

3) Niyogi, D., H.-I. Chang, F. Chen, L. Gu, A. Kumar, S. Menon, and R.A. Pielke Sr.,
2007: Potential impacts of aerosol-land-atmosphere interactions on the Indian monsoonal

rainfall characteristics. Natural Hazards, Special Issue on Monsoons, Invited
Contribution, DOI 10.1007/s11069-006-9085-y.

Ans. We have included the reference in P6, line 113.

4) Lei, M., D. Niyogi, C. Kishtawal, R. Pielke Sr., A. Beltran-Przekurat, T. Nobis, and S.
Vaidya, 2008: Effect of explicit urban land surface representation on the simulation of the
26 July 2005 heavy rain event over Mumbai, India. Atmos. Chem. Phys. Discussions, 8,
8773-8816.

Ans. We have included the reference in P6, line 114-115.

5) Kishtawal, C.M., D. Niyogi, M. Tewari, R.A. Pielke Sr., and J. Marshall Shepherd,
2009: Urbanization signature in the observed heavy rainfall climatology over India. Int. J.

Climatol., doi:10.1002/joc.2044.

Ans. We have included the reference in P6, line 115.



V) The marked-up manuscript version has been created separately using LATEX,
whereas the responses to the reviewer’s comments have been prepared in MS Word.
Hence, the marked-up manuscript ‘markup_changes hess-2015-173-
discussions.pdf’ file is attached separately along with the e-mail to the Editor.
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Abstract

Daily moderate rainfall events, that-which constitute a major portion of seasonal summer
monsoon rainfall over central India, have decreased significantly during the period 1951
titt—through 2005. Mean—On_the other hand, mean and exireme near surface daily
temperature during the monsoon season have alse-increased by a maximum of 1-1.5°C.
Using simulations made with a high-resolution regional climate model (RegCM4) with-and
prescribed vegetation cover of years 1950 and 2005, it is demonstrated that part of the
abeve-observed-changes in moderate rainfall events and temperature have been caused
by land-use-tand-cover-change-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

{eropcover—TFhe-decrease in forest and increase in crop cover. Our results also show
that tand-use-tand-eeverLULCC 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 fincrease)-inforest{erop)-eoverin forest cover
and_simultaneous increase in crops not only reduces the evapotranspiration over land
and large-scale convective instability, apartfrom—decreasing-the-moisture—convergence
but also_contributes toward decrease in_moisture convergence through reduced surface
roughness. These factors act together net-onty-in—+edueing-in reducing significantly the
moderate rainfall events over—centrat-tndia—but-also—and the amount of rainfall in that
category ;-significantty—This-is-the-mestinteresting-result-of-this-study—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, there-is-enhanced warming at
the surface and greater decrease in moderate rainfall events over central India compared
to the earlier set of simulations are noticed. Results from the-these additional experiments

corroborate our initial findings and confirm the contribution of tand-use-land-coverchange

on-LULCC in the decrease in moderate rainfall events and increase in daily mean and

extreme temperature and-decrease-in-moderaterainfatt-events—This—study-not-onty-over
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India. Therefore, this stud demonstrates the |mportant |mpI|cat|ons of LULCC over India ;

W&Wm%mmmm
resolving land-atmosphere feedbacks over the Indian region, the inferences do depend

1 Introduction

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 ARS5, Stocker et al., 2014). The {PCGC-AR5
also—summarizes-that-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. Apart-from-surface-temperature;_There has also been an increase in
extreme (heavy) precipitation events have-alse-increased-over most of the global land areas

(Alexander et al., 2006; Stocker et al., 2014). The-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{Aﬂeﬁ—&rad%Hgf&m

g@m Seneviratne et al. (2012) a%gue%mthat there is no general relationship
between changes in total and extreme precipitation. Hewever-lt is _intriguing to note that
seasonal and regional or local changes in these-extremes-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

3

1odeJ UOISSNOSI(]

JodeJ UOISSNOSI(]

JodeJ UOISSnosI(|

JodeJ UOISSnoSI(]



60

65

70

75

80

Land-Use/Land-Cover 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. Observationat-However, due to observational uncertainty,
challenges in modeling and natural variability affeet-proper detection and attribution of the

changesregional climate changes often becomes difficult. Therefore, quantification of the
changes in regional climate and-as well as proper attribution are both very importantfor-the
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1.1 Role of LULCC in climate

1.2 Role-ofland-use/land-coverchange-in-climate-
Land-useftand-eever-ehange(EBECGE)-LULCC is an important driver of climate change at

local, regional and possibly, alse-en-global scale (Snyder, 2010) and en-time scales inter-
decadal and beyond (Pitman et al., 2012; Mahmood et al., 2014; Dirmeyer et al., 2010;
Solomon et al., 2007). EBLCC—affects—the—surface—albedo;fluxes—ofradiation—and-that

%However the climate effects of deforestatlon and agricultural |nten3|f|cat|o

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)-There-has

been-an-inerease-in—global—; Pielke et al. 2011), resulting in an an increase in cropland
(Ramankutty et al., 1999, 2008) and pastures (Goldewijk et al., 2001). For—a—concise
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WIMWMQJhat albedo changes due to increase in cro Iands and
pastures leading to decrease in surface temperature tend to dominate over the mid-

latitudes, whereas decrease in evapotranspiration (ET)ane+reughnesstength-, roughness
length and cloudiness play a primary role in increasing surface warming in the fropies
tropics (Garratt, 1993; Bounoua et al. 2002; Fedora et al. 2005; Sampaio et al., 2007;
Davin and De Noblet-Ducoudreé, 2010; Pitman—et-al;—2612)—Theaboveconctusions
are—supported—in—studies—by-Lawrence and Chase{, 2010},Bounoua—et-al—(2002)-and
Feddema—; Pitman et al. ﬁe%%Deterestaﬂeﬁﬁan%ﬂemaseH%emeemfeHeduee&Hee

- -, 2012). Furthermore,

eforestatlon can affect morsture conver ence atmos herrc stability and changes in rarnfall
(Sud et al., 1998)—Spatia y '

tha%Studles also suggest tha changes in the temperature extremes due to LULCC could
be of comparable magnitude but of similar or opposite sign as due to increase in CO,,

dependmg on the region AQEmaPﬁ(AyﬂaNet al. 2012)suﬁpeﬁed+hes&eeﬂeltrs+eﬂs—usrﬂg

P|tman et al. 2012). As it is drffrcult to segregate the |mpact of LULCC on temperature
and precipitation extremes when analyzed in a globally averaged sense (Pielke et al., 2011;

Pitman et al., 2012), oneneeds-to—carefully-design-carefully designed sensitivity studies
6
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with climate models and-fectis-focussing on specific regions te-betier understand-itsroteare
required.

1.2 LULEC-Changes in thecontext-of temperature, rainfall and LULC over India

Observed changes in dail tem erature and rainfall extreme events over the Ind|an region

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 (1971-2003

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. (20+4)using

WWMH%%MMWW@QMW
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

monsoon season (June—September, JJAS) have shown significant increasing trend durin
1951 to 2000, whereas moderate rainfall events oever-Cland-how-much-of-the-observed
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been-potentially-associated-with-a-significant-inereasing-trend-in-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 changes 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 tropicat-tndian-Oecean(Goswami-Indian and Pacific Ocean. Furthermore, rapid
warming of the Indian Ocean compared to land has been shown to have significantly
2012 (Roxy et al.-2606;Rajeevan- 2015). Apart from regional changes in the concentration
changes in land-use practices in recent decades. According to Tian et al.;2068)that-has
been-alsoreported-in-Roxy-etal— (20144)-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.
moderate rainfall events or surface temperature extremes during 1951 through 2000 needs
regional climate over India. For example, Sen Roy et al. (2007,2011) found-demonstrated
that irrigation can lead to a significant decrease (increase) in pre-monsoon {Mareh—May)
surface temperature (precrpltatron) over Indladue%e—rrﬂgaﬁerﬁetﬂﬂ%y;i:eeee{—al—eeeg}

v ~ Irrigation
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activity has also been shown to affect the Indian Summer Monsoon Rainfall (ISMR)
through changes in land-ocean temperature contrast - Lee et aI 2009 or land-atmosphere
Ne\egQgAcAkASALNwogl etal. (2010

ue-to 3 V. ,Tumenburg

HGI&HS%—%GQH&I:HI:G& There have been aﬂmiaee%heestudfes—aeweMePseveral

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)-

Na ak and Mandal 2012)). Apart from them, Lei et al. %w#eﬁeﬁed—&ﬁ

MM@%JMAH et al. 2014) A}Hh&eeﬂﬂ%w#eunebhave
explored the impact of growing urbanization in India and large-scale climate variability and
neturbanization-inthdiaresponsible-for-observee-in the changes in extreme rainfall events.
LULGGnotonly-involvesInteresting time slice experiments made with a global model have
Man increase in wnga%ed%ands—bu%—als&de@estaﬂeﬂﬁaﬁefes{aﬂef%eeﬂvefﬁeﬂ

O0—1a '- O opt1a tHoa w1199 OC ’V[/QE

&W@M
eriod (years 1700 through 1850) when the impact of anthropogenic activity or natural
wmwwmhkata et aI (2009)usmg~hns%erie&kfeeeﬁs%rueted~l:bq:8
. ved-a—. Krishnan et al. (2015)
WB‘WMMM@W
that a multitude of factors such as aerosols, land-use change, Indian Ocean warming as
Mwmmmm&weakemng of the indian-summer
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notunderstood-and-has-alse-netbeen-investigated—events during the later half of the 20th
century. However, the impact of LULCC as a lone forcing component on the Indian summer
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 ever-india-has-contributed-partly
has partly contributed to the observed decrease in moderate rainfall events over Cl during
the monsoon season from 1951 til-2005—Apartfrom-that,—we—also—show-that LEULCC
has-contributed-te-the-significant-through 2005, apart from the increasing trend in surface
daily mean and maximum temperaturesduring-summer-season-—Ftorthat-purpose,we-have
used-high-resolution-improved-and-up-to-date—. We have conducted experiments with a
high-resolution regional climate model (RCM) RegCM4.0 and accurate LULC data over the

Indlan reglon -

O _prove

Ammm@%&ﬁa%@%ﬁ&w@ﬁww&&ﬁm&ﬁﬁ%%%uagﬂuagw@wag
used in our experiments. Furthermore, additional experiments by removing the positive
trend in Indian Ocean SSTs have also been made to support-our-hypothesis—isolate the
impact of LULCC.

RCMs have shown improvements—over-global-medels—-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 in-dynamical
downscaling ability (Xue et al., 2014) —REMs-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'nik et al., 2012). They-have-also-shown-improvement
inrepresentation-of targe-seate-monseon-features-over East-Asia{Gao-Saha et al. (2011,
2012) —The-main—advantage—of-aRCM-in-the—context-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
Vggv\vlgvr@plAIHLOf the Indian m%sww&ma%me&msem%&eﬂ%%wem@gemﬁedﬁﬁ
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used as forcing for a RCM in one-way mode, feedback from the model-simulated climate
as El Nino-Southern Oscillation (ENSQO) that is_external to the Indian monsoon region
and internal monsoon dynamics and-produece-moere-variability-may lead to more variability
than due to local feedback processes. Therefore, our methodology helps in_segregation
M@@&LWMJWWWWWMMWWW mthat

However, one of the @sadvaﬂageﬁstha%th&drawbacks of re |onaI climate modelln
that lateral boundary cond|t|ons mayene%be—perfeet%tt@e&by%ahaetal—ézeﬁ—zeﬁa

:ths are not erfect Our paper is organlzed aHeHewsn the foIIowm way. Observed
data, the RCM and the design of experiments are described in detail Sect. 2. Method of
preparatlon of the LULC data used for modeI experlments is described in the Supplement

srmutaﬂens—rs—ats&preseﬁtedﬁThe 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 detail in Sect. 4. Discussions are presented in Sect. 5 and the conclusions
drawn are summarized in Sect. 6.

2 Data and methods
2.1 Observed data

Daily 2m mean and maximum temperature data (1969-2005, at 1° x 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
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used daily 2m mean temperature data (at 2.0° x 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 dain gridded data (at-1°><1>resetution)-for 57for 55 years (+954—299¥Hrem
MMWM%
Yatagai et al., 2066)-2012) at 0.5° x 0.5° resolution is used. Fhese-observed-data-avaitablte
from-MDB-are-one-of-the-mostreliable-data-sets-at-high-resolution-()--Monthly rainfall from
GPCP version 2.2 (Adler et al., 2003) for the period +979-1982 to 2008 (at 2.5° x 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 +982—26681982—2007, at 2.5° x 2.5° horizontal resolution and multiple
pressure levels are used for validation of the model simulated large-scale features during
monsoon.

2.2 LULC data

Annual harmonized LULCC data (LUHa.v1) from the University of New Hampshire (UNH,
http://luh.unh.edu) at 0.5° x 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 as a
time invariant lower boundary condition for RCM-simulations-coupled-with-the-Community
Land-Medet(CLM)tand-surface-modetin-this—studysimulations with the RCM. The four
UNH vegetation categories are converted into different GEM-PFT distributions based on
present day and potential vegetation GtM-for Community Land Model (CLM) land surface
parameters. We have used the resulting PFT distributions and associated vegetation
dependent parameters such as tAL-Stem-Areatndexleaf area index (LAl), stem srea index
(SAl), roughness length etc. for the present day conditions (year 2005) and historical period
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(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 RegEM-versiondRegCM4.0 (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 o-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 new
parameterization scheme of Zeng et al. (2005) that allows for a realistic representation of
the diurnal variation 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° x 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—demonstratedfidelityof-the - RCM-in—simulating

the-climatological-features-ofH-ndian-summer-monsoon—The NCEP/NCAR reanalysis data
(KatrayKalyan et al., 1996) at 2.5° x 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° x 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 (StMv3CLM3.5) (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-the four most abundant PFTs out of
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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 menthtytAHeaf and stem area index
{SAh—values-indices 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. The 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 2:82.8 x 2.8 spatial resolution is from Zeng et al. (2002). CLM3.5 also uses global
datasets on canopy top and bottom height (resolution 6-5><-0-5°0.5 x 0.5), percentage
of glacier (resolution 6-5°<6-5°0.5 x 0.5), lake and wetland (resolution +>=<1°1 x 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 Fawfik-and-Steiner{20+1+Halder et al. (2015).

2.4 Design of experiments and methodology

Two sets of model simutationsimulations, 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 of-for 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 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 elimatetogy-climatological values (as in Tawfik
and-Steiner,26+1-Giorgi and Bates, 1989; Halder et al., 2015), in order to reduce model

spin-up time for deepertayersthe deeper soil layers. Therefore, we have discarded the
initial seven months for model spin-up. Soil points are initialized with temperatures of
283K (Oleson et al., 2010). Hereafter, these simulations with LULC of 2005 and 1950
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will be referred as Present Land Cover (PLC) and Historical Land Cover (HLC) expenment
respectlvely

F&Iﬂf&l%ﬁ&bﬂ%ﬁehfﬁa{dﬁg%eﬁ%%studles have su ested that chan esin surfac
Memggai%Kothawale et al. {2010)7%& Chowdary et al. (2013) have-shown-—strface

alnfallevents Krlshna et aI ezees%speetﬂa%eﬁha{—theﬂﬂereaﬁﬁg%eﬁde#extremeﬁﬂf%
events-might be-assoeiated-with-the-warming-trenein-SSTover2015) over India are related

with variations in the Indian Ocean SSTs. Therefore, in order to isolate the effect of Indian
Ocean SSTs on the temperature and rainfall variability over the menseen-Indian region,
another two-sets-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 weekIJyLReynoIds SSTs over the

Indian Ocean. The 8
mterpeia%ed%&daﬂy#&lues«feemede#sfmtﬂaﬂeﬂ%LBCs from NCEP/NCAR reanaly3|s
and the initial conditions fortane-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 expenments are brlefly summarized in Table 1.

ehaege&ﬂ%mede%a{eﬂﬁ%keve%@eek%%c |matolo |cal mean of the number of
15
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moderate rainfall events over Cl and intensity of rainfall in that category, between PLC and
are transient in_nature and impose the global warming signal on the model climate. As
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
Qcean on the model, partial remote influence on the nature of response due to regional
LULCC is possible. Although our RCM simulations are_not time-slice experiments in the

in a climatological sense.
Extreme rainfall events are short lived, less frequent but intense;-with-ongreturnperiods.

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 fer-them-to-sustainand be sustained. 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. ThereforeHowever, 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—beenfollewed-by—; Singh et al. {2014). For our study, the 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
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and extreme rainfall events. Significance of the results have been tested on the basis of

Student’s ¢ test. ?hee#ee%e%h&k@&e&s&ﬁae%emperaﬂ#&ex&eme&eveﬂ%dlaﬂﬁ

af&diseussedﬂﬁ—SeeFél%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. Base&efﬁh&expeﬂﬁ%ems—aﬁd%ﬁhefaﬁakysrs—weﬁfemese

3 Observed changes

3.1 LULCC
Figure 1 shows the distribution of PFTs ef-allHorests-and-erops—{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 ClI,
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 Cl 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 Cl, 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-study by Tian et al. (2014) over the period
from 1950 to 2010. Observed-lt is interesting to note that observed surface evaporation
has significantly decreased over continental India during the monsoon season from 1971 to
2000 (Jaswal et al., 2008) and-which may have been associated with the changes in LULC.
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3.2 Rainfall over central India

There is no clear trend in the all India mean summer monsoon rainfall during JJAS
from 1951 titto 2000, but extreme and moderate rainfall events have changed over
Cl significantlyf. Following, Goswami et al., —(2006); Rajeevan et al., —(2008) —White
moderate rainfall events {are defined in this study as 5 > rainfall < 100 mm day~1}-shew
HW%WWW%HMW%MMWM
rainfall events are defined as rainfall > 100 mm day ! y-and-very-heavy-rainfali{rainfatand
ralnfall> 150 mm day 1%eveﬂts—sheijgﬁme&m+ﬁerea%%g+reﬂdﬂemeﬂﬂeﬂedﬂe%er

iﬁ%hi&studyfdgggegtl\iem After countlng dally ramfall at each grld pomt ﬂﬁekyover

Cl as an event during JJAS from 1951 until 2005 and fitting a linear trend, we find that
the number of moderate rainfall events between—1951-and-20065-in these 55 years have

significantly decreased by about 526640, (which is about 163 % of the initial value in 1951),
(Fig. 2a). Associated with that, the-total rainfall in the moderate category has also decreased
during JJAS (Fig. 2b). On-the-contrary,-The number of extreme rainfall events over Cl has
significantly increased by abetit-1+6-8 (almost double the value in 1951) between 1951 and

2005 (flgure not shown) GMhebaﬁee%eaFHeﬁmedeHﬂgs{ﬂdmeﬂaa%addfessed%heﬂmpaet

that—l:bLI:GGWe ropose that LULCC durln these 55 years mlght have contrlbuted to the
observed decrease in moderate rainfall over Cl —¥¥e-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 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
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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°Cdecade! 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 tilt-until 2005, it is
estimated that the daily mean surface temperature and its extreme in JAS have increased
by a maximum amount of about 1.11-1.48 °C. Baity-maximum-temperature represents-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 Cl. Furthermore,
the 90th percentile of daily 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 Cl is consistent with the area
of increase in crop PFTs over Cl and northwest (Fig. 1f). Similarly, the decreasing trend
in daily temperature over areas south of Cl 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
ispredominantly determined by the adjoining Arabian Sea and Indian Ocean.
We-atso—anatyzed-the-trend-Trends in daily 20CR 2m mean temperature data and its

extreme (90th percentile) during JAS for-theperied-1950—2005--are further analyzed for the
extended period 1951-2005. A significantly increasing trend is evident both in the mean

and its extreme, over northern India (Fig. 3e), north of Cl (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 medetdata) but its magnitude is also comparable
to that seen over the 37-year period (1969-2005). Apart from that, a decrease south of
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Cl 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, 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 similar—same 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.

4.1 Indian summer monsoon features in PLC and PLCS experiment

The IR eHMMEer-MOoRSOaoRn e g laran cpala nhanAamAanan d
befeake%rma%&wﬁhe#epresﬁasweﬂﬂﬁx#a-ﬁepies—?h&sklll of the RCM in captunng
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-that is shifted to the west equatorial Indian Ocean region is also noted in PLC.
Although rainfall is also captured over Cl and the northeast region, the magnitude seems
appears to be underestimated, particularly over western India. Earlier studies have shown
that the rainfall bias in RGMs—ever-this RCM over the ocean is attributed to the lack
of coupling with the atmosphere and also to the choice of convective parameterization
20
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schemes (Chow et al., 2006; Ratnam et al., 2009; Saha et al., 2011; Halder et al., 2015).
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-peninsularindia-is
captured-by-the-RCM-—The-dashed (solid) lines in Fig. 4b represent the Cl (big-India, Bl)

domain used for our analysis related distribution-to the statistics of daily rainfall. Seasonal
mean rainfall in the PLCS experiment follows a similar spatial pattern as in the PLC and
captures the locations of rainfall maxima very well (Fig. 4c). However, the magnitude is
relatively less everywhere compared to PEGthe PLC experiment. Maximum decrease in
seasonal total rainfall over Cl between the PLCS and PLC experiments is about 4 cm (figure
not shown). This decrease is possibly due-te-associated with relatively colder SSTs over the
Indian Ocean that leads to lesser evaporation over ocean and hence moisture convergence
overtandin the atmosphere. These aspects will be discussed further in Sect. 4.2.

Seasonal rainfall over the land part in PLC (Fig. 4e) is eempared-further compared in
detail with that from tMB-and-APHRODITE data (Fig. 4c-and-d)—On-closer-examination
it-is-revealed-that-the-4d). The representation of orography in the model is depicted in
Fig. 4f which suggests that the surface topography is very well captured by the model. It is
evident that the RCM reproduces the regions of rainfall maxima and the spatial pattern
reasonably-well—very well, particularly over the Western Ghats section over peninsular
India, Cl, 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 seems-to-stightty
whderestimate—slightly underestimates the magnitude of rainfall over the peninsular and
western part of India —(also reported in _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. 48 mm day~! and the RMSE is 3.53mmday!. AIthough there are more station
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rainfall during JJAS in both observation {{MB}-and the PLC experiment (Cl 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 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 and interannual standard deviation
of Cl averaged rainfall (1982-2007) in PLC ({MBAPHRODITE) are 77.59cm (87.28 cm)
and 7.57 cm (8.8 cm), respectively. The-model-performs-reasonably-Therefore, the model
performs well in capturing the observed interannual variability of seasonal rainfall over Cl
(which is about 10 % of the seasonal mean) although it underestlmates both quantities.

further evaluate evaluate JJAS averaged 2 m near-surface air temperature S|mulated by the model
is—eompared-here-with the IMD data for the period 1982 iitt-until 2005. Mean surface
temperature in observation in highest over the north, east;north-west, east and the rain-
shadow region to-the-east-of-over the peninsular India (Fig. S1a in the Supplement). In
the-moedetcontrast, surface temperature simulated by the model is high particularly over the
north-west (Fig. S1b). As-a—result;a-A cold bias of about 3-4 °C in temperature is found
over nerthern,—western—and-easternindia—that-is—probablytinked-with—rest of the Indian
region that is linked with biases in the land-surface ane-as well as other parameterization
schemes in the model such as radiation, convection etc. (Fig. S1c). Bias-is-much-higher
over-extreme north-and north-eastindia:Such biases have also been noted and discussed
in Halder et al., 2015. The pattern correlation between IMD and RegCM4 simulated JUAS
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.
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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). The
RCM captures the location of these large-scale low-level features reasenabty-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. This
As_mentioned earlier, this overestimation conforms to the positive rainfall bias over the

Ocean, the Arabian Sea and the BoB in the RCM. Jrﬁereasedﬁefeerpﬁaﬂeﬁ—rﬁ%h&mede}

St-FeHg{'h—Gf—GfFGU'Fa{‘IGH—OH the contrary, low- IeveI wmd 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.

Atthe-upperteve{200 hPa Harge-seale-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). teeatien-The_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 850hPa. The pattern correlation between
NCEP/NCAR reanalysis and PLC simulated wind at 850 hPa (200 hPa) is 0.81 (0.95). We

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

of Indian summer monsoon. This gives us confidence to conduct sensitivity experiments
with the model. .

The climatological onset date of Indian-summer-monsoon-—rainfal-{SMR-)-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,
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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-perform e e e

4.2 Changes in circulation and seasonal rainfall due to LULCC

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 anti-clockwise over
the BOB to move north-west over the Gangetic plains, thus forming the monsoon trough
all along Cl 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. We
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 1 ms~! over peninsular India and 0.5ms~! 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-that is 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 due to LULCC. It is interesting to note that these significant changes take place
enty-mainly 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 relation to Fig. 4. Bifference—Differences in seasonal
rainfall between PLC and HLC shoews-show a significant reduction over a large part of
Cl, peninsular and northwest India (Fig. 6a). It is interesting to note that the pattern of
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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 fine-eut-analyze changes in the large-scale moisture
convergence, we first-calculated vertically integrated moisture flux (¢V') from surface to
300 hPa. Following Helmholtz’'s theoremand—the—methodology—of-Behera—et—-al—(1999),
velocity potential is further calculated that represents the divergent component of that
moisture flux —H+turns—out—from-the-differenceof-that-divergent-component,—(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 reduction in rainfall over Cl (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. {is-known-from-earlier studies-Studies have shown that
precipitation variance is amplified by land—atmosphere feedback over those regions that
are least affected by SST (see-cf. Koster et al., 2000). Therefore, it is possible that higher
decrease in precipitation over the nerthwest-semi-arid northwest region of India, which-is
far-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 impact
of local land—atmosphere feedbacks due to LULCC. It is evident from Fig. 6b that there is
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indeed a significant reduction in seasonal rainfall in PLCS, and over a much wider area
of Cl 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
deerease(Fig. 1e). Decrease in seasonal rainfallf, by a maximum of about 3—4 cm }-ecetirs
is evident over most parts of Cl. 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 shall-study next how changes in seasonal rainfall over Cl are also associated with
the changes in daily rainfall in the moderate and extreme category. We adopted-adopt
the criteria for determining thresholds for categorizing moderate and extreme daily rainfall
events over Cl 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 (MBAPHRODITE) daily rainfall over Cl during JJAS are
calculated for the period 1982 iitt-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 {extreme)
events are identified in the model when 5.34 < daily rainfall < 41.72 mm day ! {and extreme
events are identified when 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 til-until 2008. Note
that for PLC, there is a significant and widespread decrease over Cl and the spatial pattern
coincides with the increase in crop PFTs in PLC experiment. It may-can also be noted,
that the pattern of decrease matches very well with that of the changes in seasonal
rainfall. Following the above methodology, moderate {exiremej-rainfall events are identified
in the PLCS and HLCS experiments when 4.97 < daily rainfall < 41.62 mm day~{. Likewise,
extreme rainfall events are identified when daily rainfall > 59.80 mm day~!}. The spatial
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pattern of changes depict that this decrease takes place over a larger part of Cl as well
as the Bl 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 teoked-at-analyzed spatially (figure not shown)
or in an aggregated sense over Cl.

The mean decrease in the number of moderate rainfall events between PLC and HLC
fis 388, and that between PLCS and HLCS j-is-388-is 450}, which is significant at the
90 % level of significance. Over the larger Bl 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 Cl (about 566640) 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-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 seasonal (JJAS) rainfall ;—(__85% in_observations) we
conclude that decrease in seasonal mean rainfall over Cl 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~!) in the experiments—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 order to better understand the above
large-scale changes.

27

| 1odeg uorssnosiq

1odeJ UOISSNOSI(]

1odeJ UOISSNOSI(]

1odeJ UOISSNOSI(]



725

735

740

745

750

4.3 Changes in surface air temperature
4.3.1 PLC and HLC experiments

Daily 2m mean air temperature during JJAS in PLC is warmer—higher than HLC by
a maximum of 0.3 °C over Cl and parts of south (Fig. 8a);which-is-relatively-tess-than-the
oebserved-inerease. 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 Cl. Significant cooling is found along a thin belt ef-around 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
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
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-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 of
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 Cl, 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

28

| 1odeg uorssnosiq

1odeJ UOISSNOSI(]

1odeJ UOISSNOSI(]

1odeJ UOISSNOSI(]



755

770

775

780

(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 Cl. 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
warm 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-ehanges-Changes in other surface variables and cloud cover during
JJAS are further analyzed to better understand the causes for surface temperature ehanges
due-to-EBEECchange. The black contours in different panels in Fig. 10 represent the JUAS
mean value from the PLC experiment, while the values in shaded color show the difference.
Areas enclosed within the green contours depict signifieant-changes—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 evident 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 Cl and its west ;-theregion-that-captures-the-moenseon-trough
shows a decrease in surface pressure (Fig. 6b)and-has-thelowest-surface-pressure-during
JJAS;shows—a-deerease;, the changes are not significant. Therefore, steh-changes in
surface presstire-are-notrespensible-forroughness length mainly dominate the increase in

surface wind speed, but-changes-inroughnesslength-arecompared to changes in surface
pressure. There is also a significant decrease in stirface-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 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
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—How in the PLC. An
increase in albedo Would tend to reduce the surface temperature. However, we also nete
that-the-pereentage-offind that the cloud cover has decreased significantly over a large part
of Cl, 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 Cl (Fig. 10f). The increase {deerease)in NRAD over central
and southern India {the-Himatayan-foothills)-in PLC is contributed by a significant increase
{deerease)-in net shortwave (SW) radiationfin-. Whereas the decrease in NRAD over the
Himalayan foothills is associated with a significant decrease in both net SW and feng-wave
longwave (LW) radiation}. Over Cl, decrease in 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 PLC dominates over the northwest of India. ¥e-nete-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, the-latent heat flux (LHF) that is

directly associated with the totat-evapetranspiration-shews-a-significant-ehange-ET shows
significant changes in the opposite sense (Fig. 10h), leading to an overall enhancement

in the Bewen—Ratiobowen 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 (tewards-the-Tropies)-that-also-conforms-te-conetusions-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).

It is interesting to note that about 30 % of the deerease-in—ET+A{ortHF)-changes in
LHF over Cl, west and southern India in PLC (Fig. 10h) is—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 more-higher over eastern
India than towards the—centerCl, enhanced ground evaporation arising from increased
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precipitation in PLC compared to HLC partly 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 used-up
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 eartierin the
introduction, 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-results differ
from earlier studies that showed-a—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 an
enhanced source of soil moisture ;-and hence cools the surface and lowers the temperature
due to evaporation.

4.3.2 PLCS and HLCS experiment

We find similar changes when simulated surface temperatures in the remaining—two
experiments-are-analyzedPLCS and HLCS experiments are compared. Daily 2m mean
as well as maximum temperature is-are significantly enhanced in the PLCS experiment by
maximum of 0.5 °C, but over a much larger area covering central and southern part-parts
of India compared to HLCS (Fig. 11a and b). We note that the increase in temperature over
Cl is—greater-and-due to similar LULCC is higher and more widespread than in eartier
experimentsPLC. Likewise, over the northwest of India, the spatial pattern of increase
extends further to the north and shows greater-higher increase (0.5°C) in the maximum.
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 perecentile)-percentiles 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-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 west and hence covers a much larger part of Cl than in the PLC
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experiment. We atse-further note that the order of increase in temperature as evident from
these two experiments is comparable to that inferred from observations.
There is-a-are significant and widespread decrease-in-surface-decreases in soil moisture,

speeific-humidity-and-EHFand-inerease-LHF and specific humidity but increases in NRAD
and sensible heat flux that-contribttes-teward-the-inerease-in-surface-temperature i PLGS
experiment—{figure-in the PLCS experiment compared to HLCS (figures not shown) —it

may-be-noted-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 inerease-in-observationan increase in observations. Apart from that, mean
monsoonal features in-PLGS-experimentsimulated 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 alterations in surface-fluxes-andradiationnet radiation and surface fluxes between
PLCS and HLCS experiments have a greater impact on changes in airtemperature-inthese

additionat-experimentssurface 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.

4.4 Physical mechanisms

After analyzing ehanges-inHocalt-the changes in surface variables and the large-scale in
the modelset of model experiments, one pertinent question arises. How does LULCC lead

to ar reductlon in moderate rainfall events? Gmeumﬂeﬁ&basedﬁrfegfesafwshem

WGFGHS&hﬁ—G’E%I%Q}—J-HﬂH@%h&FS&Idy%Halder et al., 2015 WHWshowed that
surface ET can strongly modulate the terrestrial segment of land—atmosphere coupling
strength (Dirmeyer, 2011) for-and the chances of triggering of convection and precipitation
during the Indian summer monsoon. We-note;that-in-the-PLC-experimentdecrease-in
From comparison of the PLC and HLC experiments, we note a decrease of about 3cm in

the total evapotranspiration over Clis-areund-3{whenLHFin-Wis-converied-to-mmday—L)
that-constitutes-about, that is 40-60 % of the maximum decrease in totat-rainfaithe total

A AR~ R A~
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rainfall magnitude. Although an increase {decrease-)-in-crops—{forests)-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. Verticalty-To 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). There-Differences show that there is a large-scale reduction in
VIMSE in the PLC experiment, with significant decrease over a major part of Cl and the
north (Fig. 12b). Bifference-Additionally, the difference (PLC-HLC) in the vertical profile of
dry static energy (DSE, blue line) depiets-suggests an increase in temperature at-in the
lower levels of atmosphere-the troposphere over Cl. Despite that, the effect of decrease
in-moisture-decreasing moisture in the lower levels effectively reduces the MSE (red line,
Fig. 12c) thereby increasing atmospheric stability and hence tewers-lowering the chances
of triggering of moist convection over land in the PLC experiment. Lesser-Reduced large-
scale low-level moisture convergence over the land part in the PLC than HLGC, on account of
a reduction in surface roughness length (Fig. 6b) also contributes to the redueed-reduction
in convective instability. These two factors together reduce rainfall in the moderate category.

5 Discussions

asseeratedwrt#urbamzaﬂeﬂ—aﬂdﬂﬁdﬂstﬂahzahePfThrs study explores the hypotheS|s how
LULCC over India has contributed to the observed decrease in moderate rainfall events
over Cl and increase in extreme Qwsurface temperatures durrng the monsoon season-
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Indian summer monsoon are very well captured by the RCM RegCM4. The statistics of
the—differences between the long simulations with fixed present day and-histericattand

eever-(2005) and historical (1950) PFT distributions, LAls and SAls demonstrate the impact
of LULCC on daily surface temperature and precipitation variability during the monsoon
season (JJAS). Another two similar experiments are also madeconducted, but with SSTs
de-trended overthe-ocean-within the RCM domain in order to eliminate the effect of warming
trepeHn-t WG’IWI(WW%WSSTS on temperature and preC|p|tat|on changes
over land. ii i v
eap%ufeeueﬁheﬁelvﬁ

Differences show that seasonal rainfall and large-scale moisture convergence is-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 Cl. Changes in
extreme rainfall events are not significant. We demonstrate that a significant increase in

surface wind speed over land en—account-of-reduction—in—surface—roughness—ength—is
responsible for the decrease in moisture convergence. This-is-the-dynamical-response
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 atse-redueces-and increases in crops between 1950 and 2005 also

lead to reductions in the regional moisture flux emanating from the surface significantly.
Therefore, despite significant increase-increases in surface and lew-leveltemperature;
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 effeet-mechanism constitutes the thermodynamic response of the
regional climate to LULCC. A decrease in total cloud cover increases the surface Net

Radiation—that-net radiation, which together with a decrease in surface moisture results
in an increase in the surface sensible heat flux and the Bowen-bowen ratio. Together, they
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these changes contribute to the increase in surface-temperature-mean surface temperature
and its extremes. It is impertant-to-note-noteworthy that the order of increase in surface

temperature extremes over India during the summer monsoon season 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 Cl also become comparable

to ebserved-changes-inthe observed changes during the period 1951-2005.
It is |mportant to note ehemeﬂHh&mederaﬁameteﬂzaﬂefﬁehemes—aeewaeyﬁHhe

eveﬁts—betweefwbsefvatfeﬂ%&ﬁe%he—medeﬂhat the def|C|enc in the RCM in terms of

capturing the frequency distribution of daily very heavy rainfall events over Cl realistically
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 calculating 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/NCAR 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-
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resolution RCM is more advantageous in excluding large-scale remote feedbacks that take
place in a coarse-resolution GCM and hetps-therefore helps to better resolve regional
land-surface-processesland-atmosphere feedbacks. Apart from that, we believe that the
LULC data prepared from multiple sources and used as fixed lower boundary condition
les much improved compared to other historical reconstructed data fsuehas

regton—utilized in earlier studies. Nonetheless, ourexperlments shew-demonstrate 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 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 such as
LULCGC, 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 finerease)-in the forest {erop-)-and increase in crop cover
over central, south and northwest part of India between +951-1950 and 2005. From 1951
titt-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 fast-those 55 yearsevercentrat
tndia—Observed-extreme-. While observed heavy and very heavy precipitation events have
beemeereasmwncreased over central Indladuﬂﬁg%h&meﬁseerrseaseﬂ—a%hav&beeﬂ
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due to a significant decrease in moderate rainfall events, the overall seasonal rainfall has
reportedly remained stable overindia-during-the-55-year-during that period. In this study,
we demonstrate-that-ebserved-EULG-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.

It is found that increase in mean and extreme gtrrjggejemperatures by 1-1.2°C over CI
in PLG-the present land cover experiment coincides with the region of decrease {increase)

in-forest{erop—)-in forest and increase in crop type of PFTs. Furthermore, that increase
is found to be even higher and more widespread over the Indian fand-mass-in-the-PLGCS

th&PE&expeﬂmetha*rsuggests—a—deereaseﬁPﬁ egion when the osmve trend in the
Indian Ocean SSTs is removed. There is a reduction in large-scale convective instabilit

and | m0|sture convergence over land 4heretere—there~|s—&ﬁetdeereaseﬂ+metstufesuﬁply

w%%e%ﬁwﬂwﬁ%mﬂt&%ﬁm&tﬁ%@m&em&e&wg
recipitation in the PLC experiment compared to HLC. As the major partof monseen-portion
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of monsoon seasonal rainfall occurs through moderate events—{about-85)rainfall events
(Goswami et al. (2006)), it is expected that decrease-in-total-the decrease in moisture flux
and large-scale convective instability over land would also decrease-lead to a decrease
in the moderate rainfall eventscategory. The model results indeed support that-theoryour
hypothesis, and show that regions with a decrease in forest cover depict-decrease-also
depict a decrease in the number of moderate rainfall events as well as the guantity-of
teta#Wramfall in that category Changes in heavy rainfall events that-are—mere

W&gmﬁcant These results are further supported by the two additional

sensitivity experiments PLCS and HLCS. Availability-oflocalsurface-moisture-flux-that-is
associated-with-the-type-of LULG-is-We conclude that changes in local/regional moisture
flux and surface roughness length that are associated with this type of LULCC are crucial
in determining the changes in large-scale instability and moisture convergence over land
and henee-chances-of-conveetive-triggering-ofrainfali-the frequency distribution of daily

rainfall events over the Indian monsoon region. Therefore, this study demonstrates that
EUEGehanges 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.

Understanding the mechanisms responsible for observed changes in daily rainfall
distribution and extreme surface temperature and—rainfaltdistribution—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
regional climates possibly more unpredictable, LULC change due to population growth,
deforestation/afforestation, agricultural expansion and urbanization would add more

uncertainties through its dynamic (e-g-—strength-of-changes in large-scale circulation) and
thermodynamlc effects (albedo evaporatlon and mstablllty changes). Effectof-urbanization

dﬁtﬁbuthowever thls study does not mclude urbanlzatlon effects. Apart from that
impact of aerosols, GHGs and irrigation activity has-have also not been considered here
which would introduce competing influences. Therefore, part of the regional warming over
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India seen in observations could not be explained only through ehanges-intUEG-LULCC
that we have isolated here. ttwould-be-interesting—to-study-infuture-the—effect-of- LULGC

ehange-Investigation of the impact of LULCC in a hlgh resolutlon glebal-coupled global
climate model where the effe ore

the-EUEG-1and cover changes with time or dynamlc vegetation is usedlmq@gqqtj]g

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.
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 erep-and-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 Cl and total rainfall in
JJAS (in mm; 1951-2007) from mederate-events-inHMB-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
°Cdecade™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 2 m air temperature from 20CR reanalysis data (in °C decade!). 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 mmday !, 1979-26681982—2008).
(b) Seasonal averaged rainfall (in mmday—') in PLC experiment with RegCM4 (1982-2008).
(c) Seasonal averaged rainfall in PLCS experiment (in mmday !, 1982-2008). (d) Seasonal
averaged rainfall based on #B-APHRODITE data (in mmday~!, 4+979-20671982-2007). (e)
Seasonal averaged rainfall i =L —f) Seasonal
averaged-rainfat-only over land in PLC experiment (in mmday—!). (f) Representation of orography
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Figure 5. Seasonal (JJAS) averaged wind at 10 m (in ms—!, 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 ¢V (from surface—300 hPa). The contour interval is
in 1 x 10%kgs—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 mmday !, 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 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 (JUAS) 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—10cm, in mm), 2m specific humidity (in gkg~!), surface albedo (unitless), total cloud
cover (in %), surface net radiation (in W m—2), surface sensible heat flux (in W m—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 mmday~!). 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 2m 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 2m air temperature in JUAS (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 x 10*kd kg~!, 1982-2008). (b) Difference (PLC-HLC) in VIMSE
(in kdkg~1, 1982-2008). Green contour shows differences significant at 90 % confidence level. (c)
Difference (PLC-HLC) in Cl averaged moist static energy (MSE, in red) and dry static energy (DSE,

in blue) in units of kd kg ™.
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