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Abstract. Variations in climate, land-use and water con- thropogenic in origin. Therefore, the relative impact of cli-
sumption can have profound effects on river runoff. Theremate compared to non-climatic factors is important when
is an increasing demand to study these factors at the restudying the relation between climate and water resources
gional to river basin-scale since these effects will particu-availability. Non-climatic factors may be land use and land
larly affect water resources management at this level. Thisover change. In particular developments in water storage in
paper presents a method that can help to differentiate bereservoirs and consumption for irrigation and industry cause
tween the effects of man-made hydrological developmentdncreased evaporation and substantial effects on river runoff
and climate variability (including both natural variability and (e.g. Doll and Siebert, 2002; De Rosnay et al., 2003; Hadde-
anthropogenic climate change) at the basin scale. We shovand et al., 2006). Water consumption may affect the annual
and explain the relation between climate, water consumptiorwater budget, while the structures that capture water such as
and changes in runoff for the Krishna river basin in centraldams and reservoirs may change the patterns of the annual
India. River runoff variability due to observed climate vari- hydrological cycle. The global amount of water consumed
ability and increased water consumption for irrigation andfor agriculture has been estimated to have roughly doubled
hydropower is simulated for the last 100 years (1901-2000petween 1900 and 1980 (Falkenmark and Lannerstad, 2005).
using the STREAM water balance model. Annual runoff un- Water has therefore been identified a critical factor for reach-
der climate variability is shown to vary only by about 14-34 ing the Millennium Development Goals (Rock&tn et al.,
millimetres (6—15%). It appears that reservoir construction2005), and further assessment of shifts in water availability
after 1960 and increasing water consumption has caused ia needed.

persistent decrease in annual river runoff of up to approx- Several studies have been devoted to either the impact of
imately 123 mm (61%). Variation in runoff under climate climate conditions or environmental and human use of wa-
variability only would have decreased over the period underter availability. Using hydrological models, it is possible
study, but we estimate that increasing water consumption hag make a distinction between pristine catchment conditions
caused runoff variability that is three times higher. and the effects of environmental changes (e.qg. Letcher et al.,
2001). Recent global studies on the effects of water storage
and consumption have shown dramatic effects on the fre-
quency of low flows and downstream water resources and
services (Syvitski et al., 2005; Nilsson et al., 2005). Ex-

Human induced climate change, as well as natural climatéMPples include the reduction of the amount of total river
variability, may have profound impacts on freshwater re- runoff, the reduction in peak flow intensity, reduction in sed-

sources in many areas (Arnell et al., 2001). However, thesdMent transport, and changes in water quality, with conse-
impacts may be obscured by non-climatic factors, often anduénces for downstream river morphology and ecology. Re-
gional studies show similar trends. For instance, Magilligan

Correspondence td:. M. Bouwer et al. (2003) estimated that the peak discharges occurring ev-
(laurens.bouwer@ivm.falw.vu.nl) ery two years have decreased by about 60% for a number
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704 L. M. Bouwer et al.: Long-term impacts from climate and water consumption

and not on changes in runoff variability (for an overview see
Mumbay Kundzewicz and Robson, 2004). The assessment of historic
" high and low flows as demonstrated by Burn and Hag EInur
(2002), or statistical analyses applied to climate change sce-
narios as demonstrated for low flows by Arnell (2003), have
shown the impact of climate variability on the variability of
river runoff. Studies of runoff effects caused by both climate
variability and basin developments should consider long and
discrete periods, preferably more than 50 years in order to
capture multi-decadal variability of climate and river runoff.
The main goal of the present research was to develop and
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test a method to separate the relative impact of observed cli-
Eacg India mate variability (which in this study is defined to include

™ \angalore g Bangalore P both natural variability and ant_hropogenic cIir_na’Fe_ change)
3 3 versus human water use on river runoff variability at the

s river basin scale. We have limited ourselves to studying the

. . , o o ) impacts of increasing water consumption for irrigation and
Fig. % Map of the K”sgrt‘s ng_er l;asm with its matthnbutta\r}gs, ma'devaporation losses from water storage for hydropower pro-
jor ciies (squares) and the disc arge gauging station at Viayawaagy,  .tinny on the annual and seasonal river runoff over a period
(triangle) at the lower end of the river. The open circles indicate theOf 100 vears. These factors were studied in the arid reqion
locations of the eight largest reservoirs in the basin. y_ o . W . uai I. ! gl

of the Krishna river basin, which is located in central India.

The objectives of this study were to:
of river basins in the United States. Schreider et al. (2002)

showed that due to the construction of small farm dams in  — Assess and present statistics of the variation in climate
Australia small but detectable changes can occur inthe daily  and river discharges, in particular changes in precipita-
discharges. It has thus been argued that natural processes are tion and annual river runoff;

no longer the sole influence on river systems: anthropogenic

influences currently dominate (Meybeck, 2003). — Calibrate and validate a spatial hydrological model in

Some researchers have approached these anthropogenic Order to simulate monthly river runoff over a 100-year
influences by using the green- and blue water concept. Green  Period under climate variability, with and without ac-
water refers to the amount of available freshwater thatis used ~ counting for changes in water consumption;
for evaporation in natural or agricultural vegetation, which is
consumptive use, whereas blue water refers to the amount —
of water that is unaffected or remains as return flow. The
blue water flow is important for downstream water availabil-
ity, and it has been proposed that a certain requirement for
minimum flow exists for ecological sustainability (Tharme,
2003). However, while an assessment of “green” and “blue”
water flows is important for proper decisions in water re-
sources management, the total amount of available freshwa-
ter from which allocations can be made is not constant over;  study area and data
time, mostly because of variations in climate. It appears,
however, that very few studies pay attention to the combined®.1  The Krishna river basin
effect of natural climate variability, climate change and an-
thropogenic impacts (e.g. Changnon and Demissie, 1996). [The Krishna river basin is the second largest river
also happens that studies on water availability have used rein peninsular India and stretches over an area of
atively short time intervals or concentrate on the average cli258 948 kmd. The basin is located in the states of Karnataka
mate state and effects at the global or regional scale (e.g. Al(113 271 knd), Andhra Pradesh (76 252 Kinand Maharash-
camo et al., 1997). brosmarty et al. (2000) compared the tra (69425km). The basin represents almost 8% of sur-
impacts from climate change and population growth and conface area of the country of India and is currently inhabited
cluded that average climate change is likely to have a minoiby 67 million people. The major tributaries of the river in-
impact on water resources. However, they ignored the poclude the Bhima River in the north and the Tungabhadra
tential impacts that changes in year-to-year variability of cli- River in the south (Fig. 1). The river terminates at the Kr-
mate may have. Most climate trend detection analyses sishna delta in the Bay of Bengal. The climate in the basin
far have focussed on the analysis of the mean river runoffis characterised by sub-tropical conditions with considerable

Quantify changes in annual and seasonal river runoff
and runoff variability over 100 years by comparing ob-
served and modelled monthly river runoff;

— Determine the relative influence of variation in climate
versus increasing water consumption on annual basin
river runoff and runoff variability.
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rainfall in the mountains of the Western Ghatts and arid con- 1.5
ditions in the basin interior. Total annual rainfall today aver-
ages 835 mm, while the annual average temperature reaches
26.7C. Rainfall over India is highly variable due to the intra-
seasonal and inter-annual variability of the South-West mon- A

soon (June to September) and the North-East monsoon (Ocg ©° U(\;g \vw UVl LA VARVARY '

10 1

05

maly [°C]

tober to November), leading to alternating drier and wet-
ter conditions on the Indian continent (Krishnamurthy and
Shukla, 2000; Munot and Kothawale, 2000). A dry season -1.0
occurs during the period December—May. 1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2000
Failing monsoons have often resulted in considerable de-
clines in water availability and consequently led to increasing |
political tensions between the states. One of the driest re- b
cent episodes in Central India occurred in 1972 (see Fig. 2).g 20T
Over 100 million people in India were affected as crops failed £ I I ” ””

(http://www.em-dat.n@t In 1973 the water allocation be- IL i I “ t “ Il T
tween the three riparian states of Maharashtra, Karnataka and -1oo0 W \mﬂw ”Wm 1| [”J

omal
o

Andhra Pradesh was settled in a water disputes act. Declines g
in water availability also impact on water quality. Chloride . R
concentrations in the Krishna River, for instance, are highly 1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2000
correlated to total amounts of river runoff (Sekhar and Indira,

2003). It has also been shown that sediment loads of the KrFig. 2. Temperature (top) and precipitation (bottom) anomalies and

ishna River have decreased over time (Ramesh and Subramtieir seven-year moving averages in the Krishna River Basin, rela-
nia, 1988) tive to the period 1901-1915. In the lower graph, a and b designate

For manv centuries small reservoirs. locally known asa dry and a wet year, for which the spatial patterns of effective pre-
Y ' y cipitation are plotted in Fig. 5.

tanks, have been constructed to conserve and utilise water,
and under British rule new canals were created, old tanks re-

stored and new tanks built (Wallach, 1985). But the major pata on average monthly river discharges were taken from
reservoirs and canal systems now present in the basin Wefge RivDIS database available http://www-eosdis.ornl.

constructed during the second half of the 20th century forgov/rivdis/STATIONS.HTM (Vorosmarty et al., 1998) for

irrigation purposes and hydropower generation. Since the inthe downstream station at the city of Vijayawada (Global
dependence of India in 1947 the construction of reservoirgrynoff Data Centre station number 2854300) close to the
started to take off rapidly (Wallach, 1984). All large reser- moyth of the river; see Fig. 1. The data covers the period
voirs with a storage capacity of more thar?1® were built 19011979, with no data during the period 1961-1964 and
after 1953. The locations of the eight largest reservoirs infor the year 1975. Additional discharge data for the period

the basin are depicted in Fig. 1. These reservoirs were conggg_1999 were collected from yearbooks of the Indian Cen-
structed between 1953 and 1988, and together they accousty| \Water Commission.

for 26.6 10 m® or 80% of the capacity of large reservoirs

in the basin. The storage capacity in the Krishna river basin

is exceeded in India only by the capacity in the Ganges river3 Trends in climate, peak runoff and reservoir develop-
basin. The benefits of water storage and redirection are clear: ment

the current area of land that is being irrigated amounts to

about 3.%10° ha and a total of 1947 MW of electricity is The climate data, discharge data and data on reservoir con-

a
L

produced annually. struction were investigated in order to assess what determines
the runoff of the Krishna river basin. We considered periods
2.2 Climate and river runoff data of 15 years in order to be able to determine changes between

a number of coherent climatic periods.
Climate data were retrieved from the global TS 2.0 dataset In Fig. 2 the temperature and precipitation anomalies in the
from the Climatic Research Unit, which covers the entire Krishna river basin are given as deviations from the 15-year
world for the period 1901-2000 on a 0.5 by 0.5 degree gridperiod of 1901-1915. During this period the average annual
(Mitchell and Jones, 2005). Although this climate data hastotal amount of precipitation was 765 mm, while the average
not been corrected for ambient factors, such as urban deveknnual temperature was equal to 2&0Variations between
opment or land use change, it is the most comprehensive cliyears and decades can clearly be observed. The data indi-
mate dataset presently available and previous versions haweates that the average annual temperature increased by about
often been used for studying the hydrological cycle. 0.7°C, from 26.0C over the period 1901-1915 to 267
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Fig. 3. Annual downstream peak discharge values (daily) over the _ observed
period 1894-1999 (line), its seven-year moving average and theg ! simulated
cumulative reservoir storage capacity (shaded area) of reservoirsE {
larger than 18m3 in the Krishna river basin over the period 1894—
2000. Peak discharge data were obtained from Rodier and Roche
1984; Herschy, 2003; updated with CWC data for 1996—-1999.

thiy runoff

maximum mon

over the period 1986-2000. Average total annual precipi-

tation increased slightly, by 9% between the same periods, o : : : : : : : : :
from 765 to 835 mm 1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2000

Observed discharge data were converted from cubic metr
per second into runoff in millimetres per month, using the
basin size as reported bydxbsmarty et al. (1998). The stor-
age capacity of reservoirs larger tharf i has increased
considerably after 1953, as can be seen from Fig. 3. The
major reservoirs in the basin account for a storage capacity
of 34.5x10° m3. An additional volume is present in numer-

ous smaller tanks and barrages spread out over the area. Thg|culates water availability and river runoff on the basis of
height of the annual peak discharge has decreased from abogmperature and precipitation data and a number of land sur-
1969 onward; when the seven-year moving average of th@ace characteristics. Other factors that may influence in par-
peak discharge drops below the long-term minimum (Fig. 3).ticular evaporation, such as radiation, wind speed and hu-
The decreased downstream river runoff coincides with theyigity, are not included in the model. Radiation is included
rapid increase in reservoir storage capacity during the 1950gdirectly through temperature. The STREAM model for
and 1960s. the Krishna river basin uses geographical information sys-
tem (GIS) data at a spatial resolution of 3 by 3km and at a
monthly time-step. Although the climate data has a lower
spatial resolution, some of the other input data has a finer
From Figs. 2 and 3, the question arises of how much waesolution (spil water holding capacity and land-use types;
ter would have been available without reservoir developmentS€€ Appendix A). The water balance is calculated for each
and what difference between present and a hypothetical prisd"id-cell using a direct runoff, soil water and groundwater
tine situation in monthly and seasonal river runoff can be€@mponent (see Appendix A). The STREAM model has been
detected. For these purposes, a water balance model wasccessfully applied in various forms for climate and hydrol-
developed to simulate monthly river runoff under observed®9Y Studies in a number of river basins with similar size and
climate variability and changes in water consumption. Vari- charaFterlstlcs as the Krishna river basin (Van Deursen_ and
ations of monthly and seasonal river runoff are important for Kwadijk, 1994; Aerts et al., 1999; Aerts et al., 2000; Mid-
the planning and management of agriculture, irrigation angdelkoop et al., 2001; Winsemius et al., 2006). These studies

Eig. 4. Simulation model results for the period 1901-2000 com-
pared to the observed total annual river runoff (top) and maximum
monthly river runoff (bottom).

4 Estimating changes in monthly runoff

hydropower production. have confirmed that a monthly time step is sufficient for de-
tecting decadal, inter-annual and seasonal changes in the hy-
4.1 The STREAM model drological cycle, such as those caused by water consumption

and climatic change. The spatial resolution of 3 by 3km is
The STREAM model (Aerts et al., 1999) is a spatial wa- sufficient to analyse large-scale patterns, as the basin is ap-
ter balance model based on the formulation of the RHINE-proximately 260 000 krin size and since the climate data is
FLOW model (Van Deursen and Kwadijk, 1993). This model limited to a spatial resolution of 0.5 by 0.5 degrees.
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Table 1. Observed average amount of annual precipitation and its coefficient of variation, observed and simulated total average annual river
runoff (in millimetres), their standard deviatiorS8[Y), coefficients of variationGV) and model efficiency coeﬁicientﬁ@) for the different
periods.n designates the number of months that were used to calcula@utiaed R? of the runoff.

Period 1901-1915 1916-1930 1931-1945 1946-1960 1965-1979 1989-1999
Mean precipitation [mm] 765 737 786 865 798 847
SD[mm] 138 148 116 105 115 72
Ccv 0.18 0.20 0.15 0.12 0.14 0.08
Mean runoff Observed [mm] 208 213 207 255 120 80
Simulated [mm] 208 178 207 250 205 204
ObservedsD[mm] 53 62 42 59 44 43
ObservedCV 0.25 0.29 0.20 0.23 0.37 0.53
SimulatedSD[mm] 85 80 61 76 60 49
SimulatedCV 0.41 0.45 0.29 0.30 0.29 0.24
1 0.73 0.68 0.71 0.73 -0.14 -2.74
n 180 180 180 180 168 144
Mean peak runoff Observed [mm] 77 71 68 88 50 35
Simulated [mm] 83 60 72 97 79 75

4.2 Calibration and validation 1972

576
First, the model was calibrated and validated. We assumed ¢
baseline period between 1901 and 1915 for which the model
was calibrated. Periods of 15 years were chosen, as this
leaves a number of periods before the 1960s (after which ma-
jor reservoirs were built) for which the model performance
can be assessed. The calibration of the model involved the
adjustment of a reduction factor that tunes the reference _ S _ ) )
evaporation (see Eq. A5), a coefficient that determines th&i9: 5. Effective precipitation over the Krishna river basin for the

. ears 1972 and 1988.
separation between groundwater and runoff (Eq. A2), and d
recession coefficient that determines the delay of the ground-
water flow (Eq. A4). The calibration involved the match to riod 1901-1915/{=180) and 0.75 for the period 1901-1960
observed total annual river runoff, as well as seasonal patén=720). The efficiency coefficienk?=0.68 for the period
terns. The performance of the model was tested at ever9.916—1930 is slightly lower than the coefficient for the cal-
stage using the efficiency coefficieRf from Nash and Sut-  ibration period (Table 1), but the performance of the model
cliffe (1970). After the model was calibrated for the period for the two following periods (1931-1945 and 1946-1960)
1901-1915, the following five 15-year periods for which ob- is sufficient to assume the model is accurately describing the
served data were available were used to validate the modetunoff during these periodsté=0.71 andR?=0.73 respec-
The model was able to closely match the observed averagtvely). During the last two simulated periods (1965-1979
annual river runoff (see Table 1). The model results for theand 1989-1999) the fit of the model to the observed data is
period 1901-2000 are shown in Fig. 4, together with the ob-not good, as can be seen from the negative model efficiency
served runoff. By comparing the observed runoff with the coefficients in Table 1.
simulated runoff for the remaining 15-year periods the model Annual maximum monthly river runoff is approached rea-
performance was assessed. The model efficiency coefficiergonably only in absolute terms for the period 1901-1960,
after calibration ofR?=0.73 for the period 1901-1915 in- as can be seen from Fig. 4 (bottom); the coefficient of de-
dicates that the model is capable of reasonably estimatingermination (2) between observed and simulated maximum
mean monthly runoff for a total of 180 months, in particular runoff is only 0.25 for the period 1901-1960. The simu-
when taking into account the high degree of human inter-lations of 1960 and beyond act as a reference to detect the
vention in the hydrological cycle in this basin. Already dur- changes in the hydrological cycle. The supposed reason for
ing the period 1901-1915 many (small) reservoirs are preserthe discrepancy is a result of the fact that certain changes,
in the basin. The coefficient of determinatiorfY between  such as the construction reservoirs, are not captured by the
observed and simulated monthly runoff is 0.77 for the pe-simulation.

1152

1727

2303 mm
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Table 2. Top five of simulated annual effective precipitation (defined as precipitation minus actual evaporation) averaged over the Krishna
river basin.

Driest Wettest
Year Effective precipitation [mm] Year Effective precipitation [mm]
1918 97 1903 546
1972 97 1956 525
1920 98 1975 489
1985 141 1916 472
1987 142 1964 453

Furthermore, one of the advantages of the STREAMCYV for the periods between 1901 and 1960. This difference
model is that it can generate spatial output of different vari-is likely caused by the fact that the STREAM model is too
ables. Figure 5 shows the effective precipitation (total an-sensitive to changes in precipitation. This in turn could re-
nual precipitation minus actual evaporation) for the extremesult from the fact that certain storage processes in the model,
dry year of 1972 and the moderate wet year of 1988. Dur-such as groundwater, and soil moisture, are represented in a
ing 1972 very little water was available and in particular the simplified form. The variability in annual river runoff fol-
basin interior was extremely dry. The five driest and wettestlows very closely the changes in the variability of the total
years in terms of effective precipitation, as simulated by theannual precipitation, until the period 1946—1960. After this
model, are listed in Table 2. The average amount of effecperiod the observed variability in river runoff increased, and
tive precipitation in the period 1901-2000 was 278 mm. Theby an amount that is higher than would be expected on the
amount that was available in 1918 was only 35%, while thebasis of the model results that were forced by the variabil-
amount that was available in 1903 was 197% of the averagéy in precipitation only. Instead of a CV of approximately
amount. Clearly, variation in precipitation can lead to con- 0.29 and 0.24 over the periods 1965-1979 and 1989-1999,
siderable changes in the amount of water that is available foms simulated by the hydrological model, the CV in runoff
vegetation and humans. increased to 0.37 and 0.53 over the periods 1965-1979 and

1989-1999, respectively. Assuming that the model would
4.3 Impacts on average annual runoff and maximumalso overestimate the CV by 50% in the periods 1965-1979
monthly runoff and 1989-1999, as in the period 1901-1960 (see above), the
CV may have only been 0.20 and 0.16 over the periods 1965—
There is a clear deviation of the simulated river runoff with 1979 and 1989_1999, respective'y. It appears therefore that
respect to the observed runoff after 1960, for both the to-twpg thirds of the current variability in runoff (as defined by

tal annual runoff and the maximum monthly runoff (Fig. 4). the CV) is caused by the decline in total runoff.
Although there were very little changes in total annual pre-

cipitation, there is a clear reduction in annual average runofi4.4 Impacts on seasonal runoff
of approximately 84 mm (41%) and 123 mm (61%) and a re-
duction in the maximum monthly runoff of approximately Next, we simulated the difference between observed and
29 (37%) mm and 40 mm (53%) over the periods 1965-1979modelled river runoff for the different monsoon seasons. In
and 1989-1999, respectively (Table 1). These values wer€&ig. 6 the relative difference between the simulated and ob-
calculated by subtracting the observed river runoff from theserved annual river runoff over the period 1901-1979 is plot-
simulated runoff. A t-test was applied in order to determineted against time for the monsoon season (June—November)
whether there is a significant change in observed river runoffand the post-monsoon (December—May). This relative dif-
during the period 1965-1979, relative to the period 1901-ferenced was calculated as
1960. It turns out that the mean annual river runoff has Oobs— Osi

L . . . _ Yobs Osim
significantly changed already during this period (test valued = :
1=7.214, 105t=3.460, p<0.0007). Osim

The hydrological model was able to simulate the relativewhereQopsis the simulated amount of river runoff a2k,

changes in river runoff variability over the 15-year periods, the observed amount of runoff in a particular year.
although in absolute terms the model overestimated the vari- A steady decline in river runoff during the monsoon sea-
ability (Table 1). The coefficient of variation (CV), defined as son started around the beginning of the 1960s (Fig. 6, top).
the standard deviation divided by the mean runoff, has beemuring the period 1965-1979 on average approximately half
estimated approximately 1.5 times higher than the observethe runoff that is simulated was actually observed. This

@)
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decreased further to approximately less than a third on av-
erage over the period 1991-2000. An all-time low occurred
during the year 1995, when only 10% of the estimated river
runoff was observed. The opposite pattern can be seen for,
the post-monsoon season. Overall, observed river runoff dur-5
ing the post-monsoon season increased relative to what i
estimated by the model, except for the period 1970-1974
when very little of the available water reached the outflow
point. During the period 1965-1979 on average 1.5 times
more river runoff is observed than is expected on the basis
of the model simulation (Fig. 6). This increased further dur-
ing the period 1989-1999 to about three times the simulated
river runoff. In the year 1992 ten times the simulated river

-0.5

-1.0
1901 1911 1921 1931 1941 1951 1961 1971 1981

1.5

1.0

0.5

0.0

11.0

1991 2000

9.0
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runoff was observed during the post-monsoon season.
The difference between the simulated and observed river
runoff will reflect environmental impacts other than observed
climate variability, since the variability in precipitation is ac-
counted for in both the observed and simulated runoff. The
difference is probably mainly due to the obstruction of the
river channel by dams and increasing water consumption.
The timing of the change in the relative difference supports
this, as it coincides with the increase in reservoir capacity
in the basin, as seen in Fig. 3. During the monsoon seaso

7.0

50 r X

difference

3.0 - X X

X
X

x X
1.0 X
%

X
X xxyfx

X
10 faSalad: . L X

1901 1911 1921 1931 1941 1951 1961 1971 1981

1991 2000

3 D b ter i tured for irrigati i Eig.e. Relative difference between the observed and simulated river
(June-December), water is captured for irrigation, resu NG ynoff during the monsoon season (top) and the post-monsoon sea-

in a decline in river runoff. During t_he post-monsoon $€as0Ngon (hottom).

(December—May), a second cropping season may occur in ir-

rigated areas, for which reservoir water is used. This results

in aslightincre_ase in_base flqw during the post-monsoon seaforR,, > 1, Qg; = Osimi fj/RyD @)
son, as there is an increasing amount of return flow. The

reservoirs, their operation and the increasing water consumpwhere R, is the reservoir capacity in year, normalised to
tion are reflected in an overall reduced and more variable outthe period 1965-1979),; is the adjusted simulated river
flow at the lower end of the river basin. runoff in monthi in millimetres, Qsim; is the original simu-
lated runoff in month in millimetres, f; = Qobs ; / Osim.j

with average observed and simulated runoff in montfy

is 1 to 12) for the period 1965-1979 in millimetres abd

is a damping factor. We used a damping factor since it is
In previous sections we discussed the model results that inexpected that a certain increase in reservoir capacity will not
corporated only climate variability and compared these withresult in a proportionate reduction in river runoff, as part of
the observed record. We now attempt to simulate the im-the irrigation water is rerouted to the river channel as return
pact of increasing reservoir development and associated welow. This is evident from the fact that although the reser-
ter consumption on the river runoff. Changes in water con-voir capacity continued to increase approximately threefold
sumption were assumed to be reflected in the difference berelative to the period 1965-1979 (Fig. 3), river runoff did
tween the simulated and observed river runoff, as explainedot decrease to a third of the previous period (see Table 1).
in the previous section. We calculated the ratio between simThis damping factor corrects the additional expected evapo-
ulated and observed river runoff over the period 1965-197%ation, which is not taken into account by STREAM water
and used these as attenuation factors. Next, we derived balance model. Rather than a full simulation of the impacts
function of reservoir development, by comparing the reser-of the reservoirs, Egs. (2) and (3) correct the total rur@ff
voir capacity in a particular year with the average reservoiras simulated by the model (see Appendix A). The value of
capacity between 1965 and 1979. These functions were thethe damping factor was set at 0.84, as this provided the best
used to subtract a particular amount from the runoff as sim-Nash-Sutcliffe efficiency coefficient values for the periods
ulated by the water balance model. We chose to subtract965-1979 and 1989-1999.

amounts that are stored in reservoirs and used for irrigation Figure 7 depicts the results of the simulation, incorporat-
at the river basin end. We used the equations ing the effect of reservoirs. The fit of the simulated river
runoff to the observed data is better, for both the total an-
nual runoff and the maximum monthly runoff. The model

5 Accounting for increasing water consumption

fOl‘Ry <1 Q/sim,i = Qsim,i — Osim,i (1 - f/) Ry (2)
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Table 3. Observed average amount of annual precipitation and its coefficient of variation, observed and simulated total average annual river
runoff (in millimetres), their standard deviatiorS8[y), coefficients of variationGV) and model efficiency coefﬁcientﬁ@) for the different

periods.n designates the number of months that were used to calculaBthed R2 of the runoff. The simulation incorporates an increase

in reservoir capacity.

Period 1901-1915 1916-1930 1931-1945 1946-1960 1965-1979 1989-1999
Mean precipitation [mm] 765 737 786 865 798 847
SD[mm] 138 148 116 105 115 72
cv 0.18 0.20 0.15 0.12 0.14 0.08
Mean runoff Observed [mm] 208 213 207 255 120 80
Simulated [mm] 205 172 195 217 127 65
ObservedsD[mm] 53 62 42 59 44 43
ObservedCV 0.25 0.29 0.20 0.23 0.37 0.53
SimulatedSD[mm] 85 78 57 59 41 15
SimulatedCV 0.41 0.45 0.29 0.27 0.32 0.24
R2 0.73 0.68 0.73 0.73 0.69 0.41
n 180 180 180 180 168 144
Mean peak runoff Observed [mm] 77 71 68 88 50 35
Simulated [mm] 82 58 69 87 55 27

a
o
o

the total annual river runoff that is observed during the pe-
riods 1965-1979 and 1989-1999. The observed variability
could be a result of factors that are not included in the model,
such as reservoir operation and timing of irrigation.

The estimated amount of water that is additionally evapo-
rated is plotted in Fig. 8 and includes evaporation from evap-
oration due to irrigation using water from the major reser-
voirs, including the evaporation from these reservoirs. The
estimate of additional evaporation was obtained by comput-

observed

N
o
o

"""""" simulated

w
o
o

N
o
o

total annual runoff [mm]

-
o
o

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ing the difference between adjusted and original annual river
1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2000
runoff Q. and Osim. Note that these amounts are ad-
150 ditional to amounts extracted by tanks and reservoirs con-
observed structed prior to 1901, which are incorporated in the ‘natu-
E ool | simulated £ 4N ral’ vegetation evaporation estimate. Until 1953 a negligible
g A amount of water was deviated from the main river. During
2 the period 1965-1979 an average of 78 mm (38% of sim-
% ulated river runoff) was extracted. This estimated amount
: compares well with the estimated decline of 84 mm that was
§ reported in Sect. 4.3. Additional water consumption in-
£ s : creased to 139 mm (68% of simulated runoff) during the pe-
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ riod 1989-1999. This amount is higher than the estimated
1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2000 decline of 123 mm reported in Sect. 4.3. This difference is

probably caused by the rough estimation of water extraction,
based on reservoir capacity increase only, using Equation 3.
Variations in reservoir operation are not taken into account.
The estimate of Sect. 4.3 using the difference between ob-
served and simulated river runoff for the period 1989-1999
of 123 mm may be more accurate.

Fig. 7. Simulation model results, incorporating increasing water
use, for the period 1901-2000 compared to the observed total al
nual river runoff (top) and maximum monthly river runoff (bottom).

efficiency coefficients have improved relative to the model
without reservoirs. For the period 1965-1979 the model fits
well (R2=0.69), while for the period 1989-1999 the model
has improved considerablyR=0.41) (see Table 3). The
model still could not approach the increase in variability of
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6 Discussion and conclusions 1000

The construction of reservoir capacity in the Krishna river 8 |
basin during the second half of the 20th century has beeng 500
considerable. Our analysis has shown that observed downs

stream river runoff in the Krishna river basin exhibited a
strong decline after 1960. At the same time, peak discharge

decreased substantially. 200 T natural vegetation

Using a hydrological model we were able to simulate the aten MWWWW\
pristine situation, as well as spatial aspects of components of IR DT
the hydrological cycle. The river runoff as estimated by the
water balance model deviates from the observed dischargesijg. 8. Simulated evaporation by the natural vegetation, estimated
in particular during the period after 1960. This difference additional water consumption for irrigation, and their sum.
is attributed to increasing water consumption. An analysis
of the difference between simulation and observation shows
that a structural decline in the total average annual runoff ofsame over the period of study, and variability would have de-
123 mm (or 61% of simulated runoff) over the period 1989— creased to about one third of the current observed runoff vari-
1999 can be attributed to factors other than climate variabil-ability that is at 0.53. These estimates were obtained using a
ity or climate change. This finding is confirmed by previous model simulation without including reservoirs.
observations that increasing global irrigation water require- It is not possible to estimate the contribution of anthro-
ments have lead to considerable reductions of natural dispogenic climate change to the observed climate variabil-
charges (e.g. Bll and Siebert, 2002). During the monsoon ity (which in this study is defined to include both natural
season a decline of an average 121 mm (67%) was observedhriability and anthropogenic climate change). For this, a
and during the post-monsoon season an average relative irstudy is needed to attribute climatic changes to greenhouse
crease in runoff of 8 mm (296%) was observed over the pegas forcing, using climate models. Such regional attribu-
riod 1989-1999. This estimated increase in base flow durtion studies have been performed for regional temperature
ing the post-monsoon season is supported by observed croghanges (Stott, 2003). These studies suggest that uncertain-
ping and irrigation activities during this period. Irrigation in ties of attribution of temperature changes increase with re-
double-cropped irrigated areas fed by water from large reserduction in spatial scale. Signals of human induced climate
voirs was seen during field visits in the downstream area ofchange in precipitation records are particularly difficult to
the Krishna river basin and from independent observationgletect (IDAG, 2005), especially at this relatively small scale.
using remote sensing of vegetation phenology (Biggs et al.The changes in runoff of the Krishna river basin and its vari-
2006). ability over the last century are therefore likely to be due

The increasing water consumption was also simulated usenly to human interference and not to climate variability.
ing the record of reservoir construction and the water balancélowever, severe events, such as the drought in 1972, are a
model results. From these data it is estimated that increasingdirect consequence of shortfalls in precipitation. Changes
water consumption for irrigation and hydropower has con-in future climate may therefore have far-reaching effects in
tributed to approximately 134 mm extra evaporation annuallydownstream areas, when more frequent dry periods com-
in the last 10 years (1991-2000), which is about 21% of to-pound with structural declines in river runoff as a result of
tal annual evaporation and 68% of annual river runoff in theincreasing consumption upstream.
basin as simulated by the hydrological model. These esti- The results of our research imply that when analysing the
mated increases are in general agreement with previous olimpact of climate variability, and also in analysing the im-
servations for evaporation increases due to irrigation in othepact of climate change, other environmental changes can be
river basins (Haddeland et al., 2006). equally or more important. Itis possible, however, to account

Changes in precipitation due to climate variability alone for such changes, using the methods described above. The
resulted in very little variation in river runoff during the pe- model can also be used to estimate the sensitivity to future
riod 1901-1960. Observed climate variability accounts forclimate change, using scenarios. The methods are fairly sim-
changes in annual river runoff of up to approximately +34 ple, but can clearly separate between different environmental
(15%) and —14 mm (6%) during the period 1901-1960. Vari-changes, such as reservoir construction and water consump-
ability in river runoff (coefficient of variation of 0.20 to 0.25) tion. Moreover, other methods that assess temporal changes
changed little over the period 1901-1960 in response to variin water consumption and evaporation also rely on the avail-
ation in precipitation. In fact, variability in precipitation ap- ability of data. Remote sensing methods that estimate vari-
pears to have decreased over time (coefficient of variation oftion in evaporation for instance, need satellite data that are
0.18 in 1901-1915 to 0.08 in 1989-1999. Without increas-available only since the late 1970s. Water balance models
ing water consumption, river runoff would have remained theoffer a useful tool to estimate changes before that point in

400
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