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ABSTRACT: We examined the effects of land cover change over the Indian subcontinent during pre-monsoon season
(March, April, and May — MAM) on early Indian summer monsoon (ISM) rainfall using observed Normalized Difference
Vegetation Index (NDVI) and July precipitation for the period of 1982—-2003. MAM NDVI anomalies have increased in the
Indian subcontinent and the increases are significantly correlated with increases in the irrigated area, not preceding rainfall.
July rainfall significantly decreased in central and southern India, and the decrease is statistically related to the increase in
the preceding MAM NDVI anomalies. Decreased July surface temperature in the Indian subcontinent (an expected result
of increased evapotranspiration due to irrigation and increased vegetation) leads to a reduced land—sea thermal contrast,
which is one of the factors driving the monsoon, and therefore weakens the monsoon circulation. A weak early ISM
appears to be at least partially a result of irrigation and the resultant increased vegetation and crop activity prior to the

monsoon. Copyright © 2008 Royal Meteorological Society
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1. Introduction

India is one of the most intensively irrigated regions
of the world (Shiklomanov, 1997), and irrigation with-
drawals represent 80—-90% of all water use (Douglas
et al., 2006). Several model studies have analysed the
impacts of land use changes on regional climate, espe-
cially in the United States (e.g. Chase et al., 1999) and
India (e.g. Sud and Fennessy, 1982, 1984; Sud and
Smith, 1985; Lohar and Pal, 1995; de Rosnay et al.,
2003; Douglas et al., 2006). Early modelling investiga-
tions suggested that major modifications of the biosphere
in the Indian subcontinent influences monsoon circula-
tion and rainfall by altering the surface energy balance,
the planetary boundary layer motion fields, moisture con-
vergence, and the hydrological cycle, and also suggested
that the Indian monsoon was significantly weakened by
both an increase in surface albedo and by a reduction
in surface roughness (e.g. Sud and Smith, 1985). More
recent modelling studies suggest that irrigation alters
water and energy fluxes on the subcontinental scale in
India. For example, de Rosnay et al. (2003) conducted
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2-year model simulations, directed by the 1987-1988
International Satellite Land Surface Climatology Project
datasets, with and without irrigation over the Indian sub-
continent. They pointed out that irrigation is a major
component of the regional hydrological cycle, affecting
in particular the partitioning of net radiation into sensible
and latent heat fluxes. Douglas et al. (2006) investigated
the changes across India in vapour and energy fluxes
between a pre-agricultural and a contemporary agricul-
tural land cover. Mean annual vapour fluxes increased
by 17% (340 km?) with a 7% increase (117 km?) in the
monsoon and early post-monsoon (July—December) and
a 55% increase (223 km®) in the late post-monsoon and
pre-monsoon (January—May), indicating a dramatic influ-
ence of dry-season agriculture on atmospheric moisture
and energy fluxes. Lohar and Pal (1995) showed the effect
of irrigation on pre-monsoon precipitation over south-
west Bengal (22.2°N, 87.3°E) for a period of 20 years
(1973-1992). In their model simulations, the increase
in soil moisture and evapotranspiration as a result of
irrigation hinders the development and intensity of sea-
breeze circulations and, therefore, leads to diminished
pre-monsoon rainfall. In addition to model simulations,
observations have also shown the weakening of the global
summer monsoon precipitation over the last 56 years
(e.g. Wang and Ding, 2006), but the relationship between
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these changes and land use/land cover has not been
established. Using monthly Normalized Difference Veg-
etation Index (NDVI) data for 18 years (1982-2000)
Sarkar and Kafatos (2004) showed that Indian monsoon
rainfall and land surface temperature over the Indian sub-
continent have a significant impact on the spatial and
temporal distribution of vegetation. While the climate
affects terrestrial ecosystems, terrestrial ecosystems can
also affect the climate by impacting net radiation and
surface heat fluxes (e.g. Chase et al., 2000; Pielke et al.,
2002; Foley et al., 2003; Lawrence and Chase, In press).

While these model simulations indicate the importance
of irrigation, no observational support for these model
results has been reported. Irrigated area has increased
rapidly in recent decades, a period for which good obser-
vational climate datasets are available. The goal of this
study is to identify the effects of irrigation/vegetation
activity in the observational record through statisti-
cal methods. We examine the effects of land cover
change over the Indian region (5-30°N and 70-90 °E)
on the Indian summer monsoon (ISM), and address
the following questions: (1) Are there significant recent
changes (for 22 years; 1982—2003) in land use/land cover
(irrigation/vegetation activity) over the Indian subcon-
tinent during the pre-ISM season (March, April, and
May — MAM), and (2) Can changes in early ISM rainfall
be related to changes in land use/land cover?

2. Data and methodology
2.1.

NDVI is the unitless difference between near-infrared
(channel 2) and red (channel 1) spectral reflectance
normalized by their sum (Tucker et al., 2005).

It is calculated as follows:

Data

channel 2 — channel 1
NDVI = (D
channel 2 + channel 1

Spectral vegetation indices are highly correlated with
the photosynthetically active biomass, chlorophyll abun-
dance, and energy absorption (e.g. Justice et al., 1985;
Myneni et al., 1995), so NDVI can be used as a mea-
sure of green leaf density. NDVI also correlates with
physical climate variables including rainfall, tempera-
ture, and evapotranspiration in a wide range of environ-
mental conditions (e.g. Gray and Tapley, 1985; Cihlar
et al., 1991; Sarkar and Kafatos, 2004). The interan-
nual and interseasonal variability of NDVI have been
studied for different regions in Africa (Anyamba and
Eastman, 1996), India (Sarkar and Kafatos, 2004), North
America (Li and Kafatos, 2000), and the southwestern
United States (Leavitt ef al., in press), whereas others
have found global associations of NDVI anomaly pat-
terns (Kawabata ef al., 2001; Ichii et al., 2002). We use
NDVI as an index for land cover and irrigation devel-
opment. NDVI and its temporal distribution is a strong
predictor of irrigated areas in southern India, with the
largest difference between natural and irrigated systems
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in the pre-monsoon dry season (December—May) (Biggs
et al., 2006). We use NDVI data from the Global Inven-
tory Modelling and Mapping Studies (GIMMS) from
the Global Land Cover Facility at the University of
Maryland (Tucker et al., 2005). The data were down-
loaded from the IRI/LDEO Climate Data Library in the
International Research Institute for Climate and Society
(http://iridl.Ideo.columbia.edu/expert/SOURCES/.UMDY/.
GLCF/.GIMMS/.NDVIg/.global/ndvi/streamrescale/-999/
setmissing_value/dods). The GIMMS NDVI dataset is
available from July 1981 through December 2003, so
we examine 22 years, from 1982 to 2003. The dataset
is derived from imagery obtained from the different
advanced very high resolution radiometer instruments on
the different National Oceanic and Atmospheric Admin-
istration (NOAA) polar-orbiting meteorological satellites
NOAA-7, 9, 11, 14, and 16. The NDVI data has a spa-
tial resolution of 0.073° x 0.073°, which we aggregated
to 1° for the analysis. The data has been corrected for
instrument calibration, view geometry, volcanic aerosols,
and other effects not related to vegetation change (Tucker
et al., 2005). It is also consistent and quantitatively com-
patible with the new generation global land surface
satellite sensor data available from SPOT-4’s vegetation
instrument (May 1998 to present) and NASA’s moderate
resolution imaging spectrometers on the terra and aqua
platforms (January 2000 to present, and December 2002
to present, respectively) (Tucker et al., 2005).

The NDVI time series are compared with irrigated area
reported in census statistics to establish that changes in
NDVI indicate irrigation rather than vegetation changes
related to interannual variability in precipitation. Annual
irrigated area data for India (km?) are compiled from
reports of the Ministry of Agriculture, Government
of India (Government of India, 1981-2003) and the
Center for Monitoring Indian Economy (CMIE, 2006).
Observed precipitation (mm/day) from the Global Pre-
cipitation Climatology Project version 2 (GPCP) (Adler
et al., 2003) is used to calculate July ISM rainfall, the
month of maximum monsoon intensity. The GPCP data
is estimated from low-orbit satellite microwave data,
geosynchronous-orbit satellite infrared data, and sur-
face rain gauge observations. In order to determine the
influence of land cover change during the pre-monsoon
season on dynamic atmospheric conditions during the
early summer, we use wind vector (m/s) and divergence
(s~ calculated with mean 200 and 850 hPa u- and
v-winds (m/s) from the National Centers for Environmen-
tal Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalnay et al., 1996). To
examine physical mechanisms linking land cover change
to monsoon circulation, we use surface sensible heat
flux [SHF (W/m?)] and latent heat flux [LHF (W/m?)]
from NCEP-Department of Energy (DOE) Atmospheric
Model Inter-comparison Project (AMIP-II) reanalysis
(Kanamitsu et al., 2002), and observed surface temper-
ature trends from the Goddard Institute for Space Stud-
ies (GISS) (http://data.giss.nasa.gov/gistemp/maps/). The
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winds from reanalyses are strongly constrained by obser-
vational data, but point observations of surface fluxes
are unavailable for our domain, so surface heat fluxes
are derived solely from the reanalysis model forced by
the data assimilation to remain close to observed atmo-
spheric fields (Kalnay et al., 1996). Surface flux data
from NCEP-DOE AMIP-II have been used previously
for large-scale climatic studies of Asia (e.g. Tomita et al.,
2007). We use the dataset with the limitation that surface
heat fluxes are heavily influenced by model calculations
to assess the consistency with observed surface tempera-
ture. Firmly establishing the vegetation—rainfall connec-
tion will require more detailed future measurements of
surface heat fluxes calculated from observational datasets.

Spatial resolutions (longitude x latitude) of these data-
sets are 1° x 1° for NDVI (converted from 0.073° x
0.073°), 2.5° x2.5° for GPCP, NCEP-NCAR and
NCEP-DOE AMIP-II data, and 2° x 2° for GISS surface
temperature trend. For GISS temperature data, we use a
250-km smoothing radius, which represents the distance
over which a station influences regional temperature esti-
mation. The records for a given location are combined
into a single time series, and the resulting dataset is used
to estimate regional temperature change on a grid with
2° x 2° resolution. Stations located within 250 km of a
grid point are used to compute a weighted mean series
for that grid point, where the weight decreases linearly to
zero at 250 km. As a final step, all station records within
250 km of a given grid point were averaged (Hansen
and Lebedeff, 1987; Hansen et al., 1999). The spatial
resolutions of these data are suitable for examining the
Indian monsoon and have been used in previous stud-
ies of monsoons, both in India and elsewhere (e.g. Wang
et al., 2000; Chase et al., 2003; Lee et al., 2008). For
example, the Indian monsoon region (i.e. 5-30°N and
70-90°E) has 99 grid points in the reanalysis data. Sea-
sonally averaged values during MAM are defined as the
pre-ISM season, and July as the month of maximum ISM
rainfall. Maximum rainfall occurs in July accounting for
about one-third of all ISM rainfall for June, July, August,
and September based on data for 1982-2003.

2.2. Statistical methods

In order to derive the dominant pattern of variability
from a time series of fields of NDVI, we use empirical
orthogonal function (EOF) analysis. Sarkar and Kafatos
(2004) used EOFs of NDVI over the Indian subconti-
nent and the corresponding normalized principal compo-
nents (PCs) to examine the variability of vegetation in
India and its relation to different meteorological param-
eters. We compute the eigenvectors (i.e. EOFs) of the
covariance matrix of MAM NDVI anomalies (deviations
from their 1982-2003 means), and the corresponding
time series (i.e. PCs) are obtained by the projection of
the original data onto the EOFs. At least 70% of data
shall exist at each grid point to be included in the EOF
analysis over a specified region (5—30°N and 70-90 °E)
for the period of 1982-2003. The NDVI data at each
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grid cell are multiplied by area-weight of /cos(latitude)
(http://www.atmos.ucla.edu/~munnich/grads/EOF/index.
html). The square root in the weighting is used only for
EOF analysis (see the supporting online material of von
Storch et al., 2004). The standardized PC is defined as
the PC time series multiplied by the area-averaged first
eigenvalue over the Indian subcontinent, divided by its
standard deviation. The first leading EOF (EOF 1) and its
corresponding standardized PC 1 of MAM NDVI anoma-
lies are used to examine land cover change in the Indian
subcontinent and to calculate the index of land cover
change, because EOF 1 is the most powerful single pat-
tern representing the variance of variable (von Storch and
Zwiers, 2001).

We examine the spatial distributions of regression
trends of NDVI, rainfall, LHF, SHF, and surface tempera-
ture with time. To determine the effects of the preceding
MAM vegetation activity in India on early ISM vari-
ability, we calculate correlation coefficients of the stan-
dardized PC 1 of MAM NDVI anomalies with July ISM
rainfall anomalies in each grid over India (i.e. 5-30°N
and 70—100°E). For robust regression and correlation
analyses, we use a non-parametric technique based on
the Kendall and Spearman’s methods (e.g. Grantz et al.,
2007). In order to check the consistency of the relation-
ship between the MAM NDVI and early ISM rainfall with
that between the MAM NDVI and atmospheric condi-
tions in July, we use the composite analysis of 200 hPa
wind vector, and 200 and 850 hPa divergences for the
5 highest (1998, 1999, 2000, 2001, and 2002) and the
5 lowest (1982, 1983, 1985, 1987, and 1989) years of
the standardized PC 1 of MAM NDVI anomalies over
the Indian subcontinent. Composite differences in wind
vector and divergences are calculated by subtracting the
mean values for the 5 lowest years of MAM NDVI PC
1 from those for the 5 highest years.

3. Changes in land use/land cover: irrigation and
NDVI

Figure 1(a) represents the percentage of 5-min grid cell
area that was equipped for irrigation and shows large
regions where irrigated areas exceed 90% of the total
land area. Most Indian rainfall occurs during the monsoon
season (June—September), while the rest of the year
is dry. As part of the green revolution in the last
few decades, numerous irrigation structures were built
and the expansion of groundwater pumping has helped
increase the irrigated area enormously. Figure 1(b) shows
recent upward trends in net irrigated area for India.
The spatial distributions of EOF 1 of MAM NDVI
anomalies show positive eigenvalues over the entire
Indian subcontinent with higher values in the central-
western and north-eastern regions (Figure 1(c)). The EOF
1 accounts for 24% of the total variance. The time series
of the corresponding standardized PC 1 for 1982-2003
shows a positive trend (Figure 1(d)). The results of our
EOF analysis are consistent with the work of Sarkar and
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Figure 1. (a) Percentage of land surface equipped for irrigation (Siebert ef al., 2005). (b) Time series of net irrigated area for India for 1982—-2003.
The EOF 1 (23.98% variance) (c) and the corresponding standardized PC time series (d) of MAM NDVI anomalies for 1982-2003 over India,
i.e. 5-30°N and 70-90°E. Anomalies are area-weighted values. (e) Spatial distribution of 1982-2003 regression trend of the MAM NDVI
(NDVlI/decade). Significant regions at the 90% level are contoured. This figure is available in colour online at www.interscience.wiley.com/ijoc

Kafatos (2004), who showed positive eigenvalues in the
spatial pattern of EOF 1 of monthly NDVIs over South
Asia (0—40°N and 40-100°E) for 1982-2000, and a
positive trend in its corresponding PC 1 time series. They
are also consistent with the 1982-2003 regression trend
of the MAM NDVI, which shows significant increases in
the central and northern regions (Figure 1(e)). There has
been a strong increase in the MAM NDVI in the eastern
region of the Western Ghats around 17°N and 77°E
with an increment of 0.02—0.06 NDVI per decade. Both
detailed satellite-based change detection and ground truth
showed that this increase in NDVI is due to irrigation
expansion (Thenkabail ef al., 2007). It is an interesting
trend, because July ISM rainfall has been decreasing
significantly in the same region for the same period
(Figure 2(a)). This result suggests a plausible relationship
between increased irrigation and vegetation activity and
decreased July ISM rainfall, which will be explained in
Sections 4 and 5.

The standardized PC 1 of MAM NDVI anomalies
(Figure 1(d)) are significantly and positively correlated
with the net irrigated area (Figure 1(b)) (Pearson’s r =
0.87, p-value < 0.01). Kendall and Spearman’s correla-
tions are consistent with the Pearson’s correlation value
(r = 0.69 for Kendall and » = 0.89 for Spearman, both
p-value < 0.01). Thus, a statistically significant change

Copyright © 2008 Royal Meteorological Society

in the PC 1 of MAM NDVI anomalies is related to
increased irrigation. Data for irrigated area are annual, so
we cannot compare with the previous season, for exam-
ple. The previous annual and simultaneous MAM rainfall
in the Indian subcontinent are not significantly correlated
with the MAM NDVI (r = 0.28 and 0.12, respectively,
p-value > 0.1), indicating that irrigation expansion is
more responsible for increased MAM NDVI than changes
in precipitation. We take the standardized PC 1 of MAM
NDVI anomalies as an index for vegetation change to
examine the effects of land cover change on early ISM
variability shown in the next section.

4. Effects of land cover change on early ISM
variability

4.1.

July ISM rainfall significantly decreases on the central
and southern Indian subcontinent and increases over the
northern Bay of Bengal for 1982-2003 (Figure 2(a)).
Decreased July rainfall occurs around 17°N and 77°E
where MAM NDVI anomalies significantly increase
(Figure 1(e)). In order to determine the relationship
between land cover change during the preceding MAM
and early ISM rainfall, we examine the spatial pattern

Trend and correlation analyses
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in the correlation between July rainfall and the PC 1 of
MAM NDVI anomalies. July ISM rainfall is negatively
correlated with the PC 1 of MAM NDVI anomalies in
the central and southern Indian subcontinent, and is pos-
itively correlated with the PC 1 of MAM NDVI in the
northern Bay of Bengal (Figure 2(b)). The spatial distri-
bution of the correlation is similar to that of the regression
trend in July rainfall shown in Figure 2(a). To check if
significant correlations are due to the trends, July rainfall
and the PC 1 of MAM NDVI anomalies are detrended.
The detrended values still show a significant (p-value
<0.1) negative correlation in the southern Indian subcon-
tinent, though the significant positive correlation in the
northern Bay of Bengal disappears (Figure 2(c)). After
detrending, the centre of negative correlation is shifted
to the east, because the strong correlation due to signif-
icant trends in both the MAM NDVI and July rainfall
was removed for central-western India around 17°N and
77°E. The spatial correlation between Figure 2(b) and

(a) (b)

30N

[(mm/day)/ decade]

577

(c) (144 data points) is 0.63, which is significant at
the 99% level. The spatial patterns in Figure 2(a) and
(b) are similar to non-parametric patterns based on the
Spearman and Kendall’s statistics (Figure 3). Thus, the
trend and correlation analyses support the conclusion that
the decrease in July ISM rainfall over the central and
southern Indian subcontinent for 1982-2003 is signif-
icantly related to the increase in the preceding MAM
NDVI anomalies.

4.2. Composite analysis

The difference between the mean July 200 hPa wind
vector in the 5 years of highest PC 1 of MAM NDVI
anomalies versus the mean wind vector in the 5 years
of lowest PC 1 of MAM NDVI anomalies (i.e. com-
posite difference) shows more westerly anomalies for the
5 years of highest NDVI (Figure 4(d)). The 22-year mean
for 1982—-2003 of upper level wind over India for July is
easterly (Figure 4(a)), so these positive wind (westerly)
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Figure 2. (a) Spatial distribution of 1982—-2003 regression trend of July rainfall [(mm/day)/decade]. (b) Correlation patterns of July rainfall with
the standardized PC 1 of MAM NDVI anomalies and (c) as in (b), but after detrending. Significant regions at the 90% level are contoured. This
figure is available in colour online at www.interscience.wiley.com/ijoc
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Figure 4. Twenty-two-year means (1982—2003) of (a) July 200 hPa wind vector (m/s), (b) July 200 hPa divergence (s~!), and (c) July 850 hPa
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India. Significantly different regions at the 90% level are contoured in (e) and (f). Positive (red) and negative (blue) values represent divergences
and convergences. This figure is available in colour online at www.interscience.wiley.com/ijoc

anomalies represent weaker easterly winds in the upper
troposphere and, therefore, a weaker July ISM. The dif-
ference in the upper level divergence of the 5 lowest
years of MAM NDVI PC 1 from the 5 highest years
is negative over southern India (Figure 4(e)), which is a
region of positive upper level divergence (Figure 4(b)).
This finding also supports the interpretation of weakened
Indian summer monsoonal circulations.

The composite difference of July 850 hPa divergence
between the 5 years of highest and lowest PC 1 of MAM
NDVI anomalies (Figure 4(f)) shows more divergence
anomalies over the Indian subcontinent and more con-
vergence anomalies in the surrounding oceans for the
5 years with the highest NDVI PC 1 anomalies, again
supporting a weaker July ISM on the land and a stronger
ISM on the ocean during years with high NDVI anoma-
lies. The opposite sign of rainfall change over land and
ocean (Figures 2(a) and 3(a)) is supported by the anal-
ysis of Prasad and Hayashi (2007), which demonstrated
observationally that a weak monsoon was climatologi-
cally accompanied by stronger convection over adjacent
oceans, consistent with our results. The anomalous lower
level divergence in the Indian subcontinent prevents the
advance of the intertropical convergence zone (ITCZ)

Copyright © 2008 Royal Meteorological Society

fully inland. Since the ITCZ is not drawn deeply inland,
increased rainfall over the ocean is expected.

5. Physical mechanism

In India, the July LHF increases for 1982-1998
(Figure 5(a)), the period of increasing PC 1 of MAM
NDVI anomalies in Figure 1(d), and is especially signif-
icant in western and southern India (note that the NDVI
decreases after 1998 and the July LHF decreases cor-
respondingly in central and southern India since 1998
(Figure 5(b)). The change of trend in the July LHF is
consistent with that in the July SHF, which decreases for
1982-1998 (Figure 5(c)) and increases for 1999-2003
(Figure 5(d)). It is also consistent with the change of
trend in net irrigated area, which increases for 1982—1998
and decreases over 1999-2003 (Figure 1(b)). Observed
July surface temperature, which decreases in central and
north-western India over 1982-1998 (Figure 5(e)), is
also consistent with an increased LHF and a decreased
SHF for the same period. Arora et al. (2005) observed
a decreased surface temperature in central and northern
India during the pre-monsoon and monsoon seasons using
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the temperature data of 125 stations throughout India over
1941-1999, consistent with our results. For 1999-2003,
the increase in July surface temperature (Figure 5(f)) is
consistent with a decreased LHF and an increased SHF
for the same period. These LHF trends are consistent with
those of the SHF and surface temperature, indicating that
an increased July LHF causes decreases in both the July
SHF and surface temperature.

July surface temperature decreased over the land but
increased over the ocean for 1982-1998, the period
of increasing net irrigated area and the MAM NDVI

(a) [(W/m3)/decade]  (b)
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15N 15N
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Figure 5. Spatial distributions of regression trends of July LHF
[(W/m?)/decade] for (a) 1982—1998 and (b) 1999-2003, July SHF
[(W/mz)/decade] for (c) 1982-1998 and (d) 1999-2003, and July sur-
face temperature (°C/decade) for (e) 1982-1998 and (f) 1999-2003.
In (e) and (f), trends are not reported unless >66% of the periods are
available and grey areas signify missing data. Significant regions at the
90% level are contoured in (a), (b), (c), and (d). This figure is available
in colour online at www.interscience.wiley.com/ijoc
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(Figure 5(e)). These trends in surface temperature can
cause a decrease in the heat contrast between land
and sea, which plays an important role in controlling
the monsoon. A decreased land—sea heat contrast is
consistent with a weakened monsoon (e.g. Meehl, 1994).
Thus, the decrease in early ISM rainfall over the Indian
subcontinent appears partially related to the decreased
land—sea heat contrast, which is a result of the increase in
soil moisture and evapotranspiration due to irrigation and
the related increase in the MAM NDVI, both of which
correspond to an increase in the LHF (Figure 5(a)) and a
decrease in the SHF (Figure 5(c)).

This study identifies statistical relationships among irri-
gation, NDVI, LHF, SHF, surface temperature, and early
monsoon rainfall, and shows that there is a plausible line
of physical processes linking these phenomena. Physi-
cal linkages proposed between irrigation and vegetation
activity and early ISM rainfall are shown in Figure 6.

6. Conclusions

During 1982-2003, the net irrigated area for India
significantly increased by 8628 km? per year due to
numerous irrigation structures that were built as part
of the green revolution. NDVI increased significantly
for the same period with a very strong increase from
1982 to 1998 (decreasing slightly after 1998) during the
pre-ISM season (MAM) over the Indian subcontinent.
The MAM NDVI is strongly and significantly correlated
with the net irrigated area (r = 0.87). Increased soil
moisture, increased vegetation growth, and increased
evapotranspiration would favour an increase in the LHF
and a decrease in the SHF. For 1982-1998, the period
of increasing net irrigation area and the MAM NDVI,
July LHF in western and southern India significantly
increased, and July SHF decreased. For 1982-2003, early
ISM rainfall (July) significantly decreases on the central
and southern Indian subcontinent. ISM rainfall in central
and southern India is also significantly and negatively
correlated with the PC 1 of the preceding MAM NDVI
anomalies. Composite analyses of the 200 hPa wind
vector and 200 and 850 hPa divergences show that the
early ISM on the land is weaker for the years having

Increased irrigation

v

Increased MAM NDVI

Increased July LHF and decreased July SHF

v

Decreased July surface temperature
Decreased land—sea heat contrast

Decreased July ISM rainfall on the land

Figure 6. Physical linkages proposed between irrigation and vegetation
activity and early ISM rainfall.
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more vegetation activity during the pre-ISM season. We
show that more July 850 hPa divergence anomalies in
the Indian subcontinent for the years of highest MAM
NDVIs prevent the advance of the ITCZ fully inland,
and increased rainfall (more July 850 hPa convergence
anomalies) over the surrounding oceans is expected.

We give evidence for a decreased land—sea heat
contrast due to a decreased surface temperature resulting
from an increased LHF, which appears to dominate
any increased instability due to increased atmospheric
moisture. This study supports the conclusion that the
weak early ISM is due to the increase in irrigated area
and the related increase in vegetation activity during the
pre-ISM season, which promotes an increase in LHF
and a decrease in SHF thereby favouring a reduced
horizontal temperature gradient. Therefore, irrigation and
vegetation activity appear to be a significant factor
affecting the ISM. Other factors such as the phase of
El Nifio/Southern Oscillation (e.g. Kumar et al., 2006)
or atmospheric aerosols (e.g. Ramanathan et al., 2001;
Sarkar and Kafatos, 2004) also likely play roles that
were not included in our study. We used surface heat
fluxes from reanalysis data, which confirm the plausibility
of the mechanism proposed in Section 5. Completely
establishing the physical chain of events will require more
detailed observations of surface heat fluxes.
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