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[1] Changes in both land cover and the atmosphere have impacted the heat fluxes of
south Asia in ways that may have altered the timing and magnitude of the monsoon.
Century-long budgets of water and energy in the Krishna Basin (258,948 km2) in southern
India demonstrate that irrigation impacted the sensible heat flux of the land surface (H) as
much as or more than did the atmospheric brown cloud (ABC) over 1960–2005.
Annual discharge of the Krishna River fell from 226 mm during pre-irrigation land cover
(1901–1960) to 64 mm by 1990–2005, when 14–20% of the basin area was irrigated.
Over the same period, annual evaporation increased by 166 ± 32 mm (+28%) causing H to
decrease by 12.7 ± 2 W m�2 (�18%) compared to a decrease of 11.2 ± 1.8 W m�2 caused
by the atmospheric brown cloud (ABC). The rate of change in H during irrigation
expansion (1960–1990) was between �3.4 and �5.0 W m�2 per decade (da�1) due
to irrigation expansion and �1.8 to �2.3 W m�2 da�1 due to the ABC. The trend in
H caused by irrigation was negligible over 1990–2005 as irrigated area and evaporation
stabilized. Previous work using the Parallel Climate Model estimated that the ABC
decreased the latent heat flux by 2.4 W m�2; this decrease was more than offset by
irrigation, resulting in a net increase in the latent heat flux of 12.9 W m�2. The maximum
surface air temperature (Tmax) either decreased or remained the same in areas
experiencing irrigation expansion but increased in a majority of unirrigated areas during
the post-monsoon season. The results provide observational evidence that irrigation
changed both the basin-scale sensible heat flux and surface air temperatures.
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1. Introduction

[2] The fluxes of radiation and heat at the Earth’s surface
play important roles in climate and regional circulation.
Human activities alter radiation and heat fluxes at the
surface by adding aerosols and greenhouse gases to the
atmosphere and by changing land surface properties.
Anthropogenic aerosols, also called the Atmospheric Brown
Cloud (ABC) impact the regional energy balance in ways

that may have contributed to changes in the timing and
strength of the monsoon over south Asia [Lal et al., 1995;
Menon et al., 2002;Meehl and Arblaster, 2003; Ramanathan
et al., 2001, 2005]. The ABC reduces incoming shortwave
radiation and land surface temperatures, which weakens the
land–ocean thermal gradient. The ABC also heats the upper
troposphere and modifies the lapse rate, which increases
stability and reduces convection. The ABC also reduces
evaporation from the ocean and changes the spatial distri-
bution of sea surface temperature, which may weaken
monsoon circulation. The timing of the monsoon has indeed
shifted over large areas of central India, with a decrease in
July precipitation and increases in precipitation in June and
August [Guhathakurta and Rajeevan, 2008]. NCEP reanal-
ysis data show evidence of long-term decreases in the
strength of monsoon circulation over several regions, in-
cluding south Asia [Chase et al., 2003]. The ABC is often
identified as the primary mechanism driving the observed
changes in the monsoon.
[3] Land surface properties, including vegetation and soil

moisture, also impact radiation and heat fluxes [Bonan,
1997; Chase et al., 2001; Costa and Foley, 2000; Foley et
al., 2003; Gibbard et al., 2005; Kleidon et al., 2000]. Land
surface processes are increasingly seen as critical for model-
ing climate [Feddema et al., 2005; Gordon et al., 2005],
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including the Indian monsoon [Krishna Kumar et al., 2005].
Irrigation increases the latent heat flux and decreases the
sensible heat flux at the surface, thereby reducing surface air
temperatures [Barnston and Schickendanz, 1984; Boucher
et al., 2004; De Ridder and Galle, 1998; Douglas et al.,
2006; Kueppers et al., 2007; Ozdogan and Salvucci, 2004].
Modeling studies suggest that irrigation development may
have partially masked the effect of greenhouse gases on
surface temperature in India [Douglas et al., 2006]. Statis-
tical analyses suggest that the change in the sensible heat
flux and temperature due to irrigation contributed to the
observed change in monsoon circulation: increased green-
ness of the land surface during the pre-monsoon season
(March–April–May) correlates with a weakened monsoon
and lower precipitation in July [Lee et al., 2008].
[4] Despite its importance for regional atmospheric circu-

lation and climate, the effects of irrigation on the fluxes of
water vapor and heat have not been well quantified, partic-
ularly at regional scales [Gordon et al., 2005]. Studies of the
effect of land cover change on regional heat fluxes have often
used land surface models, which mathematically describe the
interactions among soil moisture, vegetation, and the water
and energy balance [Douglas et al., 2006; Kueppers et al.,
2007]. Parameterization of these land surface models is
complicated by natural heterogeneity in soil and vegetation,
and by lack of data at the spatial and temporal resolutions
required by the model. These parameter and input uncertain-
ties can yield both uncertain predictions and ambiguous
interpretation of controlling processes [Franks et al., 1997].
Field measurements, including meteorological stations
[Ozdogan and Salvucci, 2004], Bowen ratio towers [Drexler
et al., 2004], or eddy covariance [Brunel et al., 2006] may be
used to document changes in temperature and heat fluxes
during irrigation development, but the point-wise measure-
ments are not easily scaled to river basins. Satellite methods
have been used to map sensible and latent heat fluxes over
large areas [Ahmad et al., 2006; Bastiaanssen et al., 1998;
Loukas et al., 2005], but cloud-free imagery are often not
available during the monsoon season, which complicates
estimation of annual heat fluxes. Satellite imagery are also
not available prior to the 1970s or 1980s, preventing the
construction of multi-decadal budgets of water and energy.
[5] Alternatively, river discharge provides an aggregate

measure of the basin water and energy balance. Use of the
river basin as the integrator of regional soil–vegetation–
atmosphere interactions circumvents the need to parameter-
ize land-surface models with uncertain parameter values and
input data, and provides a direct measure of the basin-scale
water balance and latent heat flux. This approach builds on
a growing interest in hydrology and land surface modeling
toward simplification of modeling approaches, with an
emphasis on top-down, data-driven analysis [Klemeš,
1983; Sivapalan et al., 2003; Schulz and Beven, 2003]. In
top-down analysis, hypotheses are formulated and tested
using observed data at the largest spatial and temporal
scales, which then focus further measurements and model
development on the most important processes identified at
the regional and decadal scales. The emphasis is on the use
of observations and data to identify the dominant processes
controlling the water or energy balance at large spatial and
temporal scales, rather than on precise quantification of the

complex and interacting processes governing the transfer of
water and energy at the land–atmosphere interface.
[6] This study uses observed rainfall and runoff at an

annual time step to quantify the impact of irrigation on the
water balance, net radiation, and heat fluxes in a large river
basin that experienced rapid irrigation development in the
late 20th century. First, a water balance of the basin was
constructed over 1901–2005 using observed rainfall, run-
off, reservoir storage, and simple assumptions about net
annual changes in soil moisture and groundwater. Natural-
ized evaporation and the impact of irrigation on evaporation
were calculated using a regression model of the annual
rainfall–runoff relationship. Second, the observed increase
in evaporation was compared to the net irrigation require-
ment estimated from a model of crop water use and a map
of irrigated areas. Third, the observed change in evaporation
was used to calculate changes in the latent and sensible heat
fluxes due to irrigation, and satellite methods were used to
quantify the impact of irrigation on albedo and net short-
wave radiation. Fourth, the change in the sensible heat flux
(H) due to irrigation was compared with the change in net
radiation and H due to anthropogenic aerosols. Finally, data
from individual meteorological stations were used to doc-
ument trends in maximum air temperatures in irrigated and
unirrigated areas. The main research questions were: How
did irrigation expansion change the water balance and heat
fluxes of a large river basin? How did the magnitude of
those changes compare with changes caused by the ABC?
Did maximum air temperatures decrease over the basin
during the period of irrigation expansion, and did temper-
atures decrease more in irrigated areas?

2. Study Area

[7] The Krishna River drains 258,948 km2 of southern
India, making it the fourth largest river basin in India in
terms of area and the fifth largest in terms of discharge
(Figure 1, see Biggs et al. [2007a] for a detailed descrip-
tion). The river originates in the Western Ghats, flows
across the Deccan plateau and discharges to the Bay of
Bengal. Annual precipitation in the basin averaged 829 ±
124 mm over 1901–2005, and was highest in the Western
Ghats and along the eastern coast. Most (84%) of the rain
falls during the monsoon from June to October (Figure 2a).
[8] The geology of the basin is dominantly Archaen

granite and gneiss of the Dharwar craton, with Deccan basalts
in the northwest. Soils formed on the granite and basalt are
generally shallow (<1 m) clay loams, gravelly clay, and
heavy clay, though soils are generally deeper (>1 m) in valley
bottoms [Biggs et al., 2007a]. Aquifers are fractured hard
rock with low specific yield (�1%) and low transmissivity
[Naik and Awasthi, 2003], though the weathered saprolite
overlying the fractured granite can have porosity greater than
10 percent [Dewandel et al., 2006]. A typical profile on
weathered granite in the central plateau of the Krishna Basin
consists of 0.1–0.4 m of soil, 1–3 m of sandy regolith, 10–
15 m of laminated saprolite, and 15–20 m of fissured granite
with a specified yield of 0.014 [Dewandel et al., 2006]. The
water table is generally within the fissured granite layer.
[9] Both rainfed and irrigated crops are grown in the basin.

One cropping season (kharif) coincides with the monsoon,
when most rainfed crops are grown, and the second season
(rabi) occurs during the post-monsoon (November–March).
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Rainfed crops include lentils, sorghum, millet, groundnut,
and oilseeds. Net cultivated area (Ac), which includes both
rainfed and irrigated crops, expanded from 125,000 km2

(48% of total basin area, At) in 1900 to 149,000 km2 (58%)
in 1950, but was relatively stable (54–59% of At) from 1950
to 1990 (Figure 3, based on Ramankutty and Foley [1998]).
[10] The development of irrigation in the basin may be

divided into three periods: pre-irrigation (1901–1959), irri-
gation expansion (1960–1990) and steady-state (1990–
2005). Irrigation has been practiced for centuries near small
reservoirs and around hand-dug wells. Large-scale canal
irrigation began with the construction of an anicut across
the Krishna River at its delta in the 1850s, but the 1960s
marked the beginning of the construction of large reservoirs
and irrigation canals on the Deccan plateau. For simplicity,
the period prior to 1960 is referred to as the pre-irrigation
period. Starting in the 1960s, several large reservoirs and
irrigation projects were constructed. By the year 2000, the
basin had 26 large reservoirs (gross storage greater than
150 million m3) with a total storage capacity of 43 km3

(166 mm), or 73% of the annual pre-irrigation runoff
(Figure 4b). The basin also has thousands of small reser-
voirs, but their contribution to total storage capacity has not
quantified. The thirteen largest reservoirs in the basin
accounted for 37.5 km3, or 87% of the total gross storage
capacity. Irrigated area expanded rapidly from �18,000 in
1960 to �34,000 km2 in 1990 (Figure 1, Figure 3). Gross
reservoir storage capacity reached its maximum and total
irrigated area was stable after 1990, defining a ‘‘steady

state’’ period. The term steady state is used to emphasize
that increases in irrigated area in one part of the basin, such
as expansion of groundwater irrigation, were approximately
balanced by decreases in other areas, including decreases in
the area irrigated by surface water (Figure 3). This situation
is also referred to as ‘‘basin-closure’’, when most available
water resources in a river basin have been appropriated for
human use [Keller et al., 1998].
[11] The area irrigated in 2002 was mapped using the

Moderate Resolution Imaging Spectroradiometer (MODIS)
[Biggs et al., 2006]. Irrigated crops include rice, cotton, and
chili in the eastern part of the basin, and sugarcane and rice
are grown at the base of the Western Ghats. Irrigation
expansion has typically involved replacement of unirrigated
crops with rice and sugarcane, rather than expansion onto
uncultivated land. Total irrigated area was estimated at
between 32,520 km2 (13% of At) and 53,580 km2 (21% of
At) depending on the irrigated fraction used for each MODIS
class.More than half of the irrigated area is defined as ‘‘minor
irrigation’’ (command area less than 0.2 km2), which is a
heterogeneous mosaic of rainfed crops and small plots
irrigated by groundwater or small reservoirs.

3. Methods

[12] The equations used to quantify the budgets of water
and radiation and the fluxes of heat are presented in sections
3.1 to 3.4. The data used in the budgets is detailed in section
3.5, and the temperature analysis is described in section 3.6.

Figure 1. Location map of the Krishna Basin, including irrigated areas, meteorological stations, and the
discharge station on the Krishna River at Vijayawada. Modified from Biggs et al. [2006].
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3.1. Basin Water Balance

[13] Annual evaporation (E) and the latent heat flux (lE)
were calculated from the basin water balance:

E ¼ P � Q�DV �DS �DGW ð1Þ

where P is precipitation, Q is runoff observed at the basin
outlet, and DV, DS, and DGW are the net annual changes in
reservoir storage, soil moisture, and groundwater storage
(mm y�1). The water balance was calculated for a May–
April water year since runoff, reservoir levels and soil

moisture reach their annual minima at the end of the dry
season in April and May (Figures 2a–2d).
[14] Three components of the water balance (P, Q and

V ) were obtained from existing data sets (Table A1). The
two remaining terms (DS and DGW) were difficult to
determine with existing data, so simple models were used
to estimate them (Table 1). Plant-available soil moisture in
the upper 60 cm measured at an unirrigated location 80 km
north of the Krishna Basin (20.1�N and 74.1�E [Robock et
al., 2000]) returned to a low baseline (18–25 mm m�1) by
1 May of each year over 1988–1997, with a net annual
change in soil moisture of �6.1 to +6.3 mm (Figure 2d).

Figure 2. (a) Monthly average rainfall, (b) runoff, (c) and reservoir storage (1990–2005) in the Krishna
Basin, and (d) plant available soil moisture measured at an unirrigated site (20.1�N, 74.1�E) over 1988–
1995, including the mean (dark line) and maxima and minima (dashed lines) derived from Robock et al.
[2000] and (e) aerosol effects on incoming shortwave radiation at the ground surface, including the
regional average (0–30�N and 60�–100�E) during 1995–1999 [Ramanathan et al., 2005], and the range
observed at Pune (18.5�N, 73.9�E) in 2001 and 2002 [Pandithurai et al., 2004].
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