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India is a country of particular interest with regard to its future water resources, as it is expected to
undergo continued rapid population growth while also being especially sensitive to climate change. The
Land-surface Processes and eXchanges Dynamic Global Vegetation Model (LPX-DGVM) is used here
to simulate present and future runoﬀ in India using ClimGen pattern-scaled scenarios of 1◦ , 2◦ and
4◦ C temperature increase (scaled to 2050) forced by six general circulation models (GCMs). As is the
case with many DGVMs, groundwater storage is not simulated by LPX, so in order to form a more
comprehensive understanding of water resources, Gravity Recovery and Climate Experiment (GRACE)
satellite estimates for north-west India are incorporated into this study and compared to LPX runoﬀ
simulations. Runoﬀ is simulated to have increased slightly (1.5 mm/year) in this region during 2002–2006,
while groundwater extractions appear to have been made at rates of 40 ± 10 mm/year.
North-west India is simulated to experience considerable increases in runoﬀ by 2070–2099, with a mean
change of 189 mm/year for 2◦ C climate change (although the range of model results, 247 mm/year,
demonstrates high uncertainty among GCMs). Precipitation is shown to have an important bearing on
runoﬀ generation, while the degree of warming is shown to aﬀect the magnitude of future runoﬀ. This
may subsequently inﬂuence the longevity of the local groundwater resource. However, at recent rates
of depletion and in view of expected population growth, the long-term sustainability of groundwater
reserves in north-west India is in doubt.

1. Introduction
The present and future status of water resources
in many regions is closely monitored due to the
pressures of climate, land cover and population
change (Murray et al. 2012). Freshwater availability and consumption is of particular interest in
India due to the country supporting an increasingly large population with decreasing per capita
water supplies (Mall et al. 2006). Climate change

oﬀers the potential to signiﬁcantly alter precipitation and surface water regimes in India (e.g.,
Chattopadhyay and Hulme 1997; Kumar et al.
2005), while the anticipated population increase
and expanding economy is expected to exacerbate
stress on groundwater reserves (e.g., Amarasinghe
et al. 2007; Jain et al. 2007). As the region is among
both the most intensively irrigated and densely
populated in the world (Kumar et al. 2005), it is
critical that water security is ensured in order to
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prevent the socio-economic adversities associated
with water resource shortages. Of particular concern is north-west India, which is populated by
∼114,000,000 people and identiﬁed by the Indian
Ministry of Water Resources (2006) as a region
where groundwater extractions exceed recharge.

Recent hydrological research regarding northwest India has largely focused on optimizing agricultural yields against the backdrop of increasing
water stress. Jalota and Arora (2002) used a simple
hydro-agricultural model to estimate variability in
evaporation and drainage losses under a variety

Table 1. ClimGen-prescribed mean temperature increase scenarios for each GCM, relative to 1961–1990.

Figure 1. Absolute diﬀerence in LPX and ISLSCP II mean annual runoﬀ (mm/year) for 1986–1995. The three states studied
in this research are marked in bold.
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of cropped soils in the state of Punjab. Annual
evapotranspiration was found to be 6–11 cm less for
coarse-textured soils (compared with intermediatetextured soils), yet generally had a higher irrigation water requirement. Maize–wheat and cotton–
wheat cropping conﬁgurations were shown to have
relatively low irrigation requirements, while evaporation losses were reduced as a result of straw
mulching. Thus, this cropping approach may oﬀer
a more water-eﬃcient alternative to the rice–wheat
system for this region (Jalota and Arora 2002; see
also Goyal 2004). Timsina et al. (2008) also show
wheat yields in the Punjab to be highest when
irrigation is applied based on soil moisture status
rather than crop growth stage. These examples of
agricultural water management may help reduce
water stress per unit of crop yield, but a continual growth in population and food demand is likely
to induce an associated net increase in irrigation,
along with associated evaporation and drainage
losses.
Groundwater resources in India have traditionally been assessed at the local scale through direct
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water table measurements (e.g., Naik and Awasthi
2003; Sharda et al. 2006), geochemical tracers (e.g.,
Sukhija et al. 1996; Rangarajan and Athavale 2000)
and electrical resistivity techniques (e.g., Israil
et al. 2006). More recently, satellite-based gravity
ﬁeld retrievals of terrestrial hydrology have been
employed for monitoring large-scale groundwater
ﬂuxes (e.g., Yeh et al. 2006; Strassberg et al. 2009;
Syed et al. 2010). India has received particular
attention in this respect, due to the suitability
of the Gravity Recovery and Climate Experiment
(GRACE; Tapley et al. 2004) satellite mission in
detecting gravity anomalies associated with large
groundwater extractions (Rodell et al. 2009; Tiwari
et al. 2009).
Launched in 2002, GRACE simultaneously
detects global water stored at the terrestrial surface, throughout the soil column and also groundwater at coarse spatial resolution (at least several
hundred kilometres) typically on a sub-monthly
basis. For April 2002 to June 2008, Tiwari et al.
(2009) attributed a weakening of Earth’s gravity
ﬁeld over northern India to groundwater depletion

Figure 2. Absolute change (mm/year) in mean annual runoﬀ in India between 1950–1977 and 1978–2005.
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of 54 ± 9 km3 /year (∼10 cm/year water table lowering), while Rodell et al. (2009) found a 17.7 ±
4.5 km3 /year decrease (4.0 ± 1.0 cm/year water
table lowering) for a similar region during August
2002 to October 2008. Precipitation, soil moisture,
biomass, glacial ablation, lake and reservoir storage
were not thought to have contributed signiﬁcantly
to these trends. Apart from the spatial and temporal incongruencies, discrepancies in ﬂux volume
between these two studies may have derived from
the choice of land surface models used to distinguish the groundwater signal from other terrestrial
water storage.
This research aims to estimate the availability of
present and future water resources in India, with a
focus on semi-arid north-west India, by using the
Land-surface Processes and eXchanges Dynamic
Global Vegetation Model (LPX-DGVM; Murray
et al. 2011; Prentice et al. 2011) to simulate terrestrial runoff. Unlike most global hydrological models,
DGVMs tend not to incorporate groundwater into
simulations of hydrological ﬂows, but explicitly

represent micro- to macro-scale biospheric processes, which may play important roles in mediating hydrology in response to climate change
(Murray et al. 2012; Gerten et al. 2004). As such,
LPX-modelled runoﬀ is compared with GRACEderived estimates of groundwater for north-west
India from Rodell et al. (2009), in order to gain
a holistic view of water resources. The combined
assessment of surface and sub-surface water ﬂuxes
will aid quantiﬁcations of the hydrological budget for this region, and provide greater insights
into the direction of runoﬀ trends relative to the
groundwater regime.

2. Methodology
2.1 The LPX dynamic global vegetation model
LPX simulates global biogeochemical and biogeophysical land surface processes through processbased representations of the biosphere via nine

Figure 3. Relative change (%) in mean annual runoﬀ in India between 1950–1977 and 1978–2005. The three states studied
in this research are marked in bold.
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plant functional types (PFTs; Woodward and
Cramer 1996) at 0.5◦ spatial resolution. Global
and catchment scale hydrology has been previously evaluated and shows LPX to produce reasonable estimates of runoﬀ on an interannual and
seasonal basis (Gerten et al. 2004; Murray et al.
2011; Ukkola and Murray 2013). Slight overestimates in interannual runoﬀ are simulated for 20th
century runoﬀ in north-west India after accounting
for withdrawals, but the timings of peak runoﬀ are
found to be simulated well (Murray et al. 2011; see
also section 3.1). In addition, LPX and the Lund–
Potsdam–Jena (LPJ) root model have been extensively documented and evaluated for biospheric
processes and carbon cycling (Sitch et al. 2003;
Hickler et al. 2006), wildﬁres (Prentice et al. 2011)
and soil moisture (Wagner et al. 2003). LPX hydrological evaluation and processes are detailed by
Gerten et al. (2004) and Murray et al. (2011),
and thus only the processes relevant to runoﬀ
generation are overviewed here.
Simulated runoﬀ is determined from net precipitation (after interception) minus transpiration
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from two soil layers, and evaporation from the
upper soil layer (Gerten et al. 2004). Interception
is a function of precipitation, PFT, leaf area index,
leaf phenology and vegetative fractional grid cell
cover (Murray 2013). Soil moisture is calculated
daily as the residual of evaporation, transpiration, inﬁltration and runoﬀ. The Priestley–Taylor
method is used to derive potential evaporation
(Priestley and Taylor 1972; Hobbins et al. 2001)
while a soil–vegetation moisture supply term and
the lower bound of an atmospheric demand parameter are used to calculate transpiration (Monteith
1995). River routing is not incorporated into LPX,
so runoﬀ is assumed to reach the basin outlet at
the end of each model day.

2.2 Model set-up, data input, evaluation
and future scenarios
LPX was initialized using the lowess technique
(Cleveland 1979) to detrend the model input variables. In order to attain stability among slow carbon

Figure 4. Mean monthly LPX runoﬀ, CRU precipitation (mm/month; January 2002 to December 2006) and GRACE
groundwater retrieval (mm/month; August 2002 to October 2008) anomalies from Rodell et al . (2009) averaged across
Haryana, Punjab and Rajasthan.
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stores, the 1948–2000 period was recycled at
286 ppm CO2 with 1850 HYDE croplands (Klein
Goldewijk et al. 2007) until the 50 year means of
each grid cell varied by <2%. LPX is forced for
1850–2006 using Climate Research Unit TS 3.0
(Mitchell and Jones 2005) monthly means of air
temperature, precipitation, wet day frequency and
cloud cover fraction (all detrended prior to 1901),
global annual CO2 concentrations (Etheridge et al.
1996; IPCC 2001) and nine ﬁxed soil texture classes
(Zobler 1986) (see Murray et al. 2011 for further
details).
LPX global simulation outputs have been a subset to represent the land area covered by the northwest Indian states of Haryana (including Delhi),
Punjab and Rajasthan and thus form a coincident spatial domain with that of Rodell et al.
(2009). This subsetting approach has been shown
to be eﬀective at the small catchment scale by
Ukkola and Murray (2013) using LPX, and as such,
statistical downscaling is not performed.
Simulations of LPX runoﬀ are evaluated against
International Satellite Land-Surface Climatology

Project Initiative II (ISLSCP II) gridded runoﬀ
data from the University of New Hampshire–
Global Runoﬀ Data Centre (UNH–GRDC) (Fekete
et al. 1999, 2002; see Murray et al. 2011). These
data are formed from a combination of climatedriven water balance runoff model (WBM) outputs
and GRDC-observed river discharge observations
for the period 1986–1995, on a monthly basis
at 0.5◦ resolution. Gauging station locations are
shown in Fekete et al. (1999). ISLSCP II data
are summed to form annual means and subsetted
to be congruent with LPX grid cells covering India.
Runoﬀ is projected for 2070–2099 based on
the ClimGen pattern-scaled scenarios of climate change (http://www.cru.uea.ac.uk/∼timo/
climgen/; Mitchell and Osborn 2005; Murray et al.
2012) and using an ensemble of general circulation models (GCMs) to force LPX. Six GCMs were
used to simulate runoﬀ change for a global mean
‘critical’ temperature increase of 2◦ C (scaled to
2050, relative to 1961–1990). This equates to a
simulated mean temperature change of 4.0◦ C for
India and 4.1◦ C for north-west India by 2071–2099

Figure 5. LPX absolute change in 1961–1990 to 2070–2099 runoﬀ in India forced via six GCMs for 2◦ C (scaled to 2050)
mean global climate change.
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(table 1). Similarly, the UKMO HadCM3 GCM
is used to generate runoﬀ projections for 1◦ , 2◦
and 4◦ C global mean climate change (scaled to
2050; simulated temperature increases for India are
shown in table 1).

These were subsequently ﬁltered using the method
of Swenson and Wahr (2006) to increase the signalto-noise ratio and spatially smoothed via an averaging kernel applied to the Stokes coeﬃcients, in
order to establish groundwater time-series anomalies (see Rodell et al. 2009 for further details).

2.3 GRACE groundwater retrievals

3. Results and discussion

Since GRACE provides estimates of total terrestrial water storage anomalies, the groundwater
component is typically inferred through either local
observations (e.g., Yeh et al. 2006) or subtracting modelled land surface and soil hydrology (e.g.,
Tiwari et al. 2009). Rodell et al . (2009) averaged
ﬁve simulations of GLDAS (Global Land Data
Assimilation System; Rodell et al. 2004) based
on three land surface models and three meteorological datasets, to isolate change in groundwater
storage across the three aforementioned states in
north-west India.
Groundwater storage anomalies for the region
were determined by Rodell et al. (2009) for August
2002 to October 2008. Gravity products provided
by the Center for Space Research at the University
of Texas were employed, and composed of Stokes
coeﬃcients truncated to a maximum 60 degrees.

3.1 Evaluation of LPX simulated runoﬀ
LPX overestimates runoﬀ throughout most of
India (by typically >300 mm/year cf. ISLSCP II),
but less so in the north-west of the country,
where runoﬀ in the majority of the region is
overestimated by 0–200 mm/year (ﬁgure 1). The
two datasets used for this evaluation are highly correlated (r2 = 0.91; p ≈ 0) and demonstrate systematic model bias. Thus, the subsequent analysis
is justiﬁed as it focuses on trends (with consideration of input uncertainties) in the region of India
most successfully evaluated.
3.2 Change in 1950–2005 runoﬀ for India
Change in mean annual runoﬀ is simulated for
India between 1950–1977 and 1978–2005, in order

Figure 6. LPX relative change in 1961–1990 to 2070–2099 runoﬀ in India forced via six GCMs for 2◦ C climate change
(scaled to 2050).
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to provide a context for subsequent analysis
at a more local scale and for a shorter timespan. Results show a considerable area of high
runoﬀ decreases through the north-central region
of the country, which range between −60 and
−180 mm/year (−15 to −30%) (ﬁgures 2, 3). Much
of this area also coincides with that identiﬁed by
Tiwari et al. (2009) and Wada et al. (2010) as
having undergone signiﬁcant recent depletions in
groundwater supplies.
The three states under focus in this study show
disparate trends in runoﬀ directions. Much of
Rajasthan and Haryana are typiﬁed by decreases
of > −50 mm/year (−1 to −15%), but show many
more signiﬁcant reductions (up to −160 mm/year;
−31%) in the south-east regions. In contrast,
Punjab generally shows increases which vary
between 5 and 145 mm/year (7–34%), which
is coincidental with groundwater extractions in
excess of 300 mm/year as demonstrated by Wada
et al . (2010). So, despite the relatively large
increases in mean annual runoﬀ for this region,
the current rates of extractions are still at an
apparently unsustainable rate.

3.3 Recent runoﬀ and groundwater extraction
trends in north-west India
LPX runoﬀ shows a slight increasing trend (within
error) of 1.5 mm/year during 2002–2006, while precipitation increases by 3.3 mm/year (ﬁgure 4). In
contrast, GRACE groundwater storage has been
shown by Rodell et al. (2009) to decrease on average by 40.0 ± 10 mm/year between 2002 and
2008 and in this study by 41.1 ± 10 mm/year
between 2002 and 2006. These seemingly opposing
trend directions would appear to add weight to the
theory of water consumption driving groundwater
depletion in north-west India (Rodell et al. 2009).
Groundwater ﬂuxes in the region are sensitive
to the annual peak in precipitation, but also continue to show high variability when precipitation
is low (ﬁgure 4). Peak rainfall coincides with an
increase in groundwater in all coincident years of
data, except for 2006 where a one-month delay is
evident. A secondary peak in groundwater is shown
∼3 months after each annual precipitation maximum, which may reﬂect slower (subsurface) ﬂow to
groundwater reservoirs.

Figure 7. Change in 1961–1990 to 2070–2099 mean annual precipitation for 2◦ C (scaled to 2050) mean global climate
change, using six GCMs.
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3.4 Future runoﬀ and precipitation in India
under 2◦C climate change
All GCMs, except IPSL CM4, show that runoﬀ
will increase throughout much of India by 2070–
2099 (ﬁgures 5 and 6) under 2◦ C climate change,
although the extent of change varies substantially between models (typically between 10 and
400 mm/year; 5% and 75%). These projected
changes in runoﬀ for India appear to be mostly
driven by precipitation, as shown by their high
degree of spatial correlation (r2 = 0.64; p ≈ 0;
ﬁgure 5 cf. ﬁgures 7, 8). Uncertainty in precipitation direction and magnitude among the GCMs
also appear to determine the variability in runoﬀ
simulations. CSIRO MK30, IPSL CM4 and to
a lesser degree, MPI ECHAM5, simulate runoﬀ
decreases in eastern India, but again, these vary
in spatial extent and magnitude. The GCMs show
a general consensus in the direction of change for
the north-west region (although slight decreases
are shown in the western region by MPI ECHAM5)
and much closer agreement in terms of the intraregional relative distributions of runoﬀ. It is clear
however, that according to these simulations, the
north-west represents among the largest increases
in future runoﬀ throughout the country at 2◦ C
warming.
Using the UKMO HadCM3 GCM to simulate
temperature increase of 1◦ , 2◦ and 4◦ C, the direction of runoﬀ change is shown to remain largely
constant with increasing temperature, while the
magnitude of change is simulated to intensify (ﬁgure 9). The main exception to this is in eastern
India, where decreases of 20–200 mm/year (−5 to
−30%) for 1◦ C climate change are simulated as
change of −200 to +30 mm/year (−30 to +20%)
for 2◦ C and >200 mm/year (>30%) under 4◦ C climate change. These simulations also show runoﬀ
to decrease in southern India as temperatures rise,
while north-west India shows increasing runoﬀ.
3.5 Future runoﬀ in north-west India under 2◦C
global mean climate change
All the GCMs used to simulate 2◦ C climate
change show a mean increase in runoﬀ across
the three states under study (ﬁgure 10; mean
change of 189 mm/year). However, there is a range
of 247 mm/year in the estimate of mean future
runoﬀ among the models, which is larger than the
mean diﬀerences between the temperature scenarios (112 mm/year; table 2). The changes in runoﬀ
for this region are also shown to be largely driven
by changes in precipitation (r2 = 0.56; p ≈ 0;
ﬁgures 5, 7, 8) as for much of the rest of the country.
Rising temperatures are simulated to cause large
increases in mean annual runoﬀ in north-west

Figure 8. Correlation between 1961–1990 and 2070–2099
change in India (upper; r2 = 0.64; p ≈ 0) and north-west
India (lower; r2 = 0.56; p ≈ 0) mean annual precipitation
versus change in runoﬀ on a cell-by-cell basis, for 2◦ C (scaled
to 2050) mean global climate change using an ensemble mean
of six GCMs.

India which may moderately extend the potential
longevity of the groundwater resource (table 2).
However, it should be acknowledged that the ﬁnite
nature of groundwater stores (both in terms of
their capacity and exhaustion) may deem the values in table 2 to be under- or overestimates. Also,
while a constant rate of extraction is assumed in
this study, the need for this rate to be sustained
may be negated under increasing runoﬀ, which in
turn may stimulate eﬀorts to increase surface storage measures. That said, the future local water balance may be pressured further by the likelihood
of a growing population and increasingly seasonal
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Figure 9. Future absolute (mm/year; upper) and relative (%; lower) change in runoﬀ in India for 1◦ , 2◦ and 4◦ C climate
change (scaled to 2050) for 2070–2099 compared to 1961–1990.

runoﬀ (e.g., Singh and Kumar 1997; Singh and
Bengtsson 2003). Thus, more work is required to

address how demographic changes and associated
water demands may evolve with respect to intraannual changes to runoﬀ generation in the region.

4. Conclusion

Figure 10. Change in mean annual runoﬀ (mm/year) for
north-west India as simulated by six GCMs for 2070–2099
relative to 1961–1990 for 2◦ C (scaled to 2050) mean global
climate change.

The LPX DGVM has been used to simulate present
and future runoﬀ in tandem with GRACE satellite retrievals of recent groundwater depletion rates
in north-west India. In spite of slight increases
in runoﬀ during 2002–2006, groundwater is shown
to be extracted at an unsustainable rate. Given
these opposing trend directions and to gain holistic insights into hydrological processes, it is concluded that surface and groundwater resources in
the region should also be studied. This research
consequently advocates the inclusion of groundwater modelling into DGVMs, in order to provide
better-informed water resource assessments.
Considerable increases in runoﬀ are projected
across much of India for 2070–2099 using six
GCMs; the magnitudes of these changes are temperature and model-dependent. For a given rise in
temperature (2◦ C in this case), runoﬀ distribution
and magnitude are shown to be highly correlated
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Table 2. Number of years for which the future (2070–2099) changes in mean annual runoﬀ in northwest India can support additional groundwater resources at the 2002–2008 rate of extraction under
various magnitudes of climate change. Climate change scenarios are scaled to 2050.

Mean change in
runoﬀ (mm/year)
Years of additional
groundwater supply
at 2002–2008
extraction rate

UKMO
HadCM3 1◦ C

UKMO
HadCM3 2◦ C

UKMO
HadCM3 4◦ C

Mean of six GCMs
for 2◦ C change

139

275

476

189 ± 247

3.5 ± 0.7

6.9 ± 1.4

11.9 ± 2.4

4.7 ± 0.9

with precipitation change. North-west India is simulated to undergo among the largest increases in
future runoﬀ throughout the country (mean change
of 189 mm/year for 2◦ C climate change). Increasing temperatures are shown to induce greater magnitudes of future runoﬀ in this region. However,
this is likely to be tempered by further population growth and the potential of increasingly seasonal distributions of runoﬀ. Since the ullage of
the regional groundwater reservoir is unknown,
this places a signiﬁcant constraint on the ability
to assess storage capacity or exhaustion thresholds in this study. Yet, it is shown that the current rate of groundwater depletion in this case is
potentially unsustainable relative to the simulated
increases in runoﬀ, and enhanced runoﬀ generation induced by climate change is only enough to
moderately extend the longevity of the groundwater resource under current rates of extraction.
Subsequent attention might be thus directed to
improving the understanding of groundwater storage ﬂuxes in the region and further developing local
water management strategies.
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