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Abstract. The hydrologic effects of land use changes, dams,In addition, surface water fluxes are indirectly influenced by
and irrigation in North America and Asia over the past 300 land use changes, e.g. deforestation. Anthropogenic impacts
years are studied using a macroscale hydrologic model. Thbave altered the natural water balance profoundly, at least at
simulation results indicate that the expansion of croplandghe local scale. Several rivers, like the Colorado, the Indus,
over the last three centuries has resulted in 2.5 and 6 percerind the Huang He Rivers are used so extensively that during
increases in annual runoff volumes for North America andparts of the year little or no water reaches the sea (Falken-
Asia, respectively, and that these increases in runoff to somenark and Lannerstad, 2005), and the Aral and Caspian Seas
extent have been compensated by increased evapotranspifaave been reduced in extent because of water extractions for
tion caused by irrigation practices. Averaged over the yeamagriculture (\brosmarty and Sahagian, 2000).

and the continental scale, the accumulated anthropogenic According to Vitousek et al. (1997), humans have trans-
impacts on surface water fluxes are hence relatively minorformed more than one-third of the Earth’'s land surface,
However, for some regions within the continents human aC-mainIy for the purpose of producing goods and services. The
tivities have altered hydrologic regimes profoundly. Reser-expansion of croplands has resulted in a 20 percent reduction
voir operations and irrigation practices in the western part ofin forest cover since 1700 (Ramankutty and Foley, 1999).
USA and Mexico have resulted in a 25 percent decrease iBoth field experiments and modeling studies have shown
runoff in June, and a 9 percent decrease in annual runoff volthat reduced forest cover in general increases runoff and re-
umes reaching the Pacific Ocean. In the area in South Easfuces evapotranspiration (Sahin and Hall, 1996; Matheussen
Asia draining to the Pacific Ocean, land use changes havet al. 2000; Costa et al. 2003; Twine et al. 2004). Ac-
caused an increase in runoff volumes throughout the yearcording to FAOSTAT (available dittp://faostat.fao.ory/ a

and the average annual increase in runoff is 12 percent.  database maintained by the Food and Agriculture Organiza-
tion of the United Nations (FAO), 2:810° km? land is cur-
rently (2003) equipped for irrigation globally; about twice
the size of the area equipped for irrigation in 1961. Sev-
eral modeling projects have studied the effects of irrigation
on water balance components globally, e.gllnd Siebert

In ancient times some dams and aqueducts were built for ir 2002). Land h i Ibed d .
rigation and water supply, but the impact of human activities( , ). Land use ¢ anges a ect albedo an evapotransp-
ration, and the effects on climate have received much atten-

on runoff and evapotranspiration was minor. More recently,

water management structures have become increasingly eg?n, both on tt:\enlocall and the gIoZaI sfcale, seehGlbk_Jar(EI) et
sential to provide water supply, as well as electric power,a' (2005), Lobell et al. (2006), and references therein, but

navigation, flood control, and other amenities for a growing connr;]ental-scale hydrglogéc anal;llsezsogg the eff_(:.ct dofhland
population. Dams, built for water storage, and water with- use changes are rare. Gordon etal. ( ) quantified changes

drawals, e.g. for irrigation purposes, directly change the dy_in evapotranspiration due to deforestation and irriga_tion_ at
namics of the water cycle, and humanity has extensively al_the global scale, and concluded that the effects of irrigation

tered river systems through diversions and impoundments}?n evapotranspiration are as important as the effects of de-
orestation.

Correspondence td: Haddeland In addition to land cover changes, humans have al-
(ingjerd@geo0.uio.no) tered natural water cycles by building dams, and the World
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Register of Large Dams (ICOLD, 2003) includes more thaning groundwater withdrawals, which therefore are not taken
33000 dams (defined as being 15 m or higher). The volumento account in the model. Reservoir operations are based
of water that can be stored in reservoirs formed by large damen simulated reservoir inflow, reservoir evaporation, storage
is about 6600 kr®y or about 15 percent of annual continental capacity and downstream water or power demands, using
runoff (Postel et al., 1996). The effects of dams on the wateran optimization scheme based on the SCEM-UA algorithm
balance can be profound, see e.@rdsmarty et al. (1997), (Vrugt et al., 2003) to calculate optimal releases. Irrigation
Nilsson et al. (2005), and Hanasaki et al. (2006). Haddelandlemands are calculated based on simulated irrigation water
et al. (2006b) studied the effects of dams and irrigation givenrequirements downstream of the dam. For flood protection
current conditions, and found locally significant changes inand hydropower dams, the optimization scheme is used to
the surface water fluxes. The purpose of this paper is to studyninimize flood damages and to maximize hydropower pro-
the hydrologic effects of dams in comparison with cropland duction, respectively. When a dam has multiple purposes,
expansion, and irrigation practices over the past 300 yeargrigation demands are given priority, followed by flood con-
for North America and Asia. 80 percent of the area equippedrol. Any excess water is used to maximize hydropower pro-
for irrigation globally (Siebert et al., 2005a), and more than duction, if applicable. The model can be run assuming water
70 percent of the world’s large dams (ICOLD, 2003) are lo- availability is not a limiting factor, in which case it calculates
cated within these two continents. irrigation water requirements (which are defined as the water
required in addition to water from precipitation (soil mois-
ture) for optimal plant growth during the growing season, i.e.

2 Approach the difference between potential evapotranspiration and ac-
tual evapotranspiration). When the modeling scheme takes
2.1 Hydrology model into account how much water is actually available (locally or

in upstream reservoir(s) built for irrigation purposes), con-

The Variable Infiltration Capacity (VIC) macroscale hydrol- sumptive irrigation water use is calculated. Validation runs
ogy model (Liang et al., 1994) is a grid-based model thathave shown that the model simulates irrigation water require-
usually is implemented at spatial scales from one-eighth taments that are close to the reported ones, and the model is
two degrees latitude by longitude, and at hourly to daily able to capture the main hydrologic effects of reservoir op-
temporal resolution. Each grid cell is partitioned into mul- erations and irrigation water withdrawals (Haddeland et al.,
tiple vegetation types, and the soil column is divided into 2006a, b). The reservoir model and irrigation scheme are
multiple (typically three) soil layers. Evapotranspiration is described in more detail in Haddeland et al. (2006a, b).
calculated using the Penman-Monteith equation. The most
influential vegetation parameter in the VIC evapotranspira-2.2 Study areas and input data
tion scheme is leaf area index (LAI). The saturation excess
mechanism, which produces surface runoff, is parameterizedhe regions studied include most of Asia (including parts
through the Xinanjiang variable infiltration curve (Zhao et of Eastern Europe), and North America (Mexico, USA, and
al., 1980). Release of baseflow from the lowest soil layer isCanada), see Fig. 1. These regions include some of the
controlled through the non-linear Arno recession curve (To-most heavily irrigated areas in the world, and account for
dini, 1996). Surface runoff and baseflow, which combinedabout 80 percent of the areas equipped for irrigation glob-
is termed runoff in the remainder of this paper, is routed forally (Siebert et al., 2005a). In addition, about 70 percent of
each cell to the basin outlet through a channel network ashe dams registered in the World Register of Dams (ICOLD,
described by Lohmann et al. (1998). In this paper, the term2003) are located in North America and Asia.
river runoff is used when referring to water in the channel Daily atmospheric forcing data were obtained from Adam
network. et al. (2006) and Maurer et al. (2002). The meteorological

The VIC model has been extensively evaluated using riverdata were gridded time series of precipitation, temperature,
basin and point flux data both regionally (Bowling et al., and wind speed at 0.5 degrees latitude-longitude spatial res-
2003; Christensen et al., 2004), continentally (Maurer et al.,olution. Precipitation and temperature were based on me-
2002), and globally (Nijssen et al., 2001). In all of these ap-teorological station observations, and wind speed was ob-
plications, the model has been shown to reproduce the wateained from (daily) NCEP/NCAR reanalysis data (Kalnay et
cycle well when the forcings are known. al., 1996), see Adam et al. (2006) and Maurer et al. (2002)

An irrigation scheme and a reservoir model were recentlyfor details.
added to the VIC model (Haddeland et al., 2006a, b). The ir- Elevation data were calculated based on GTOPO30, a 30
rigation scheme is based on the model’s simulated soil moisarc-second global digital elevation model (availabléntyp:
ture, and extracts surface water locally, or, in periods of water//edc.usgs.gov/products/elevation/gtopo30/gtopo30)html
scarcity, from reservoirs or any other prescribed point in theand vegetation types were based on the University of
river basin. The VIC model, like most land surface schemesMaryland global classifications at 1 km resolution described
does not represent groundwater in a way suitable for modelby Hansen et al. (2000). Within the United States, soil
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Fig. 1. The study areas, including the location of the dams taken into account in this study, and the percent irrigated area within each 0.5
degree grid cell.
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Fig. 2. Irrigated areas within countries and regions, 1961-2003. Data are obtained fronhfOféostat.fao.ong

types were based on the 1-km-resolution dataset producesee Fig. 2. Information about dam heights, operating pur-
by the Pennsylvania State University (Miller and White, poses, and storage capacities were obtained from the World
1998), while soil types for the remaining areas were basedRegister of Dams (ICOLD, 2003), and georeferencing of the
on FAO’s 5-min dataset (FAO, 1998), see more detaileddams was from WYrosmarty et al. (1997, 2003). The dam
information in Maurer et al. (2002) and Nijssen et al. (2001). dataset used in this study globally includes 668 dams, of
Potential vegetation (the vegetation that would have existedvhich 183 (total storage capacity: 1192%nare located in
absent anthropogenic effects and absent certain disturbancése North American region, and 257 (total storage capacity:
such as fires and pests) and data on historical cropland782kn?) in the Asian region. Figure 3 shows the number
cover were obtained from the SAGE database (available abf dams built within each 10-year interval since 1900, and
http://www.sage.wisc.edu These datasets are described in the accumulated storage capacity of the dams.

Ramankutty and Foley (1999), and include potential vegeta-

tion at 5min resolution, and cropland data (fraction within ; ;

cell) at 0.5 degrees resolution for the period 1700—1992.2'3 Model simulations

The current vegetation images (Ramankutty and Foley, 1999

and Hansen et al., 2000) differ somewhat, but the mainModel simulations were performed for current}992) and
vegetation patterns are similar at large scales. The importarftistorical (1700, 1900, and 1950) conditions (Sect. 3 de-
issue for this study, though, is what kind of vegetation wasScribes how the input data for historical conditions were con-
present in cropland areas before they were converted tgtructed). For 1950 and 1992, simulations were performed
agricultural use. To this end, we assumed that the naturapoth with and without the irrigation scheme and reservoir
vegetation of Ramankutty and Foley (1999) represent§“0d9| implemented, which allows study of land use changes

the Vegetation that would have occurred in the areas nov@.lone. For the simulations with the reservoir model included,
covered by crops. only dams that were built in, or before, the simulation year

were taken into account. All simulations were performed at

Data on irrigated areas were obtained from Siebert etdaily time steps, using meteorological data for a 20-year pe-
al. (2005a), see Fig. 1. Information on areas equipped foriod (1980-1999). Hence, the results should be interpreted as
irrigation within each country from 1961 up to now was ob- indicating the predicted hydrologic response where the indi-
tained from FAOSTAT (available dtttp://faostat.fao.org/ cated land cover and water management scenarios occur with
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Fig. 3. (a)Histogram of when the dams were built, affj Accumulated storage volume. Only dams included in this study are taken into
account. Data are obtained from the ICOLD database (ICOLD, 2003).
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Fig. 4. (a) Dominant vegetation type, ar{l) mean annual leaf area index value within grid cell.1: 1992 (original), 2: 1992 (modified), 3:
1950, 4: 1900, 5: 1700.
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Fig. 5. Spatial effects on evapotranspiratida) The difference between current (1992) simulation results, without irrigation and reservoirs,
compared to historical (1700) simulation resu(ts). The difference between current (1992) simulation results, with irrigation and reservoirs,
compared to historical (1700) simulation resu(ts. The difference between current (1992) simulation results, with irrigation and reservoirs,
and current (1992) simulation results, without irrigation and reservoirs. Notice the uneven legend intervals.

the current climate (stated otherwise, the effects of possiblet al.'s (2000) vegetation image. In order to make the com-
climate change over the past 300 years is not considered). parisons between the current and historical simulations more
consistent, the current vegetation image was slightly mod-
ified. That is, cropland areas in the current vegetation im-

3 Historical land cover conditions age were matched to the cropland areas of Ramankutty and
Foley (1999). The modified current vegetation image thus
3.1 Historical vegetation has more cropland areas than the original vegetation image;

mainly on the expense of wooded grasslands and grasslands.

In order to study the changes in runoff and evapotranspiraif Ramankutty and Foley’s (1999) cropland dataset had crop-
tion associated with land-cover changes, several vegetatioland in a cell where the current vegetation image contains no
images were constructed, representing the curre®92)  cropland, LAI values for cropland were taken from adjacent
and historical (1700, 1900, and 1950) conditions. The vegecells and averaged. The original and modified vegetation im-
tation images were inferred from the current vegetation im-ages are shown in Fig. 4.
age, and Ramankutty and Foley’s (1999) potential vegetation
and cropland datasets. Ramankutty and Foley’s (1999) potential vegetation im-

In Haddeland et al. (2006b), vegetation types were ob-age is available at 5 min (1/12 degree) spatial resolution.
tained from Hansen et al. (2000) combined with LAI val- These data were aggregated to 0.5 degrees spatial resolu-
ues based on Myneni et al. (1997), as described in Nijssetion, where each resulting grid cell includes information
et al. (2001). The cropland dataset (Ramankutty and Foleypn fraction of each vegetation type within the area covered
1999) includes larger areas of cropland in 1992 than Hansehby the 0.5 degree grid cell. Ramankutty and Foley (1999)
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Table 1. Vegetation cover in study area @km?), 1700-1992.

1700 1900 1950 1992
Forest (includes evergreen and 16.1 131 12.1 11.2
deciduous trees, and mixed cover)
Woodland (includes wooded grassland) 17.9 16.5 15.8 15.8
Shrubland 15.5 15.2 14.9 14.6
Grassland 10.1 8.4 7.5 7.1
Bare soil 2.8 2.8 2.8 2.8
Cropland (irrigated) 24(0) 84(0) 11.2(09 12.6(2.1)
Total 69.4 69.4 69.4 69.4

Table 2. Simulated mean annual evapotranspiration and runoffyiear1).

North America Asia

ET Q ET Q
1700, no irrigation, no reservoirs 9650 6005 23684 14988
1900, no irrigation, no reservoirs 9482 6173 23127 15554
1950, no irrigation, no reservoirs 9456 6199 22925 15747
1950, irrigation and reservoirs 9524 6132 23085 15589
1992, no irrigation, no reservoirs 9495 6158 22761 15913
1992, irrigation and reservoirs 9610 6047 23165 15517

1992, irrigation water assumed freely available 9716 5931 23475 15198

classifies vegetation somewhat differently than does Hanset970 (assuming a linear trend). No irrigation was included

et al. (2000), and the potential vegetation images was therein the simulations for 1900 and before. The location of irri-

fore matched to Hansen et al.’s (2000) classification schemegated areas were somewhat adjusted, to make sure fraction

LAI values for the potential vegetation were thereafter in- irrigated area within each cell is less than, or equal to, crop-

ferred from the current vegetation image. land area given by Ramankutty and Foley (1999). However,
Historical (1700-1950) vegetation images were con-changes in irrigated area within each country for each year

structed by adjusting cropland area in the modified cur-were constrained to the FAOSTAT values.

rent vegetation image according to Ramankutty and Foley’s

(1999) information on changes in cropland fraction within 4 Results and discussion

each 0.5 degree cell between 1992 and the year of interest.

Cropland areas were substituted with potential vegetation, ory 1  continental results

in the case of a higher historical than current percentage crop-

land within the cell, current vegetation types were replacedrigure 5 shows simulated mean annual evapotranspiration

by cropland. Table 1 gives the amount of different vegetationvalues within each 0.5 degree grid cell for current conditions,

types in the current and historical vegetation images, see alspoth with and without the reservoir and irrigation scheme im-

Fig. 4. plemented, compared to the historical (1700) values. Areas
where current evapotranspiration values are different from
3.2 lIrrigated areas the historical values to some extent reflect the vegetation

changes shown in Fig. 4. Conversion of land area from
The global map of irrigated areas from Siebert et al. (2005a¥orest or woodland to cropland leads to decreased evapo-
was used as the baseline image of irrigated areas arounmanspiration and increased runoff, e.g. in Florida, in Rus-
the year 2000. FAOSTAT (available hbttp://faostat.fao.org/  sia north of~50 N, and in Eastern and South East Asia, see
includesinformation on irrigated areas in each country for Fig. 5a). In these areas current LAl values are lower than
each year since 1961, see Fig. 2. For countries that weraistorical LAl values (see Fig. 4), which in general leads to
a former part of USSR, USSR information for the period increased runoff (Sahin and Hall, 1996). In Russia south of
1961-1990 were used to estimate the change in irrigated ar~50 N, which originally was dominated by grassland but is
eas within each country. For all countries, estimates for 195@urrently dominated by cropland, the opposite trend is ap-
were obtained by extrapolating the data for the period 1961-parent, and current evapotranspiration values are higher than
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Fig. 6. Water balance components (ET: Evapotranspiration, Q: Runoff) for all simulatmyidean annual values, arf) Relative amount
compared to the simulations for the year 1700. The numbers do not include reservoir evaporation or changes in reservoir storage.

historical evapotranspiration values (grassland in general hageservoirs and irrigation practices into account, and land use
lower LAl values than cropland). When looking at Fig. 5¢), it changes have caused a gradual increase in runoff over the
is apparent that the areas that are relatively most affected bgast 300 years. Simulated irrigation water requirements in
irrigation practices are located in the USA, Pakistan, India,Asia are about 70 percent of the simulated decrease in evapo-
and China. transpiration caused by land use changes, whereas simulated
In the Mississippi River basin, simulated evapotranspira-water use is about half this number. In North America, crop-
tion has decreased in the eastern part, which has been cotgnd mainly replaced areas of forest and woodland between
verted from forested areas to cropland, and increased in th&700 and 1900, resulting in an increase in runoff values. Be-
western part, which has experienced conversion from grasgween 1900 and 1950, the agricultural expansion in the Mid-
land to cropland, see Fig. 5. Twine et al. (2004) studied thewestern USA took place on the expense of grassland areas
effects of land cover changes on the water balance of thésee also Fig. 4), and runoff consequently decreased some-
Mississippi River basin, and found 10 percent decreases iivhat in these areas compared to the 1900 values. Elsewhere,
mean annual evapotranspiration values over areas of formeg-g. in Florida, cropland areas replaced forested areas during
forest and savanna, and 15 percent increase in mean annuée same 50-year period, and averaged over North America
evapotranspiration values over areas of former grasslands. Ifnoff increased between 1900 and 1950. After 1950, crop-
general, these trends are similar to the ones seen in Fig. Salﬁnd expansion results in decreased runoff values. Simulated
which compares the historical situation to the current situ-irrigation water requirements in North America are higher
ation, without taking reservoirs and irrigation practices into than the simulated increases in runoff values caused by land
account. use changes. However, simulated current water uses are sim-
Total simulated current runoff values for the North Amer- 12T to the simulated increases in runoff values caused by land
ican and Asian regions are 6050 and 15 506 karL, re- use changes, and simulated current runoff and evapotranspi-

spectively, while the corresponding numbers on evapotran-rat'on are hence practically the same as the 1700 values.
spiration are 9600 and 23200 Rryearl. Water balance Gordon et al. (2005) found that deforestation has de-
numbers for all simulations are presented in Fig. 6, and increased global vapor flows by 3000%gear !, and that
Table 2. The simulations are performed using the same 20global irrigation water requirements are 2600%year 1,
year period (1980-1999) of meteorological data, i.e. the sim-but they do not report results by continent. It is, however,
ulation results are not affected by possible climate changesevident that the Gordon et al. (2005) numbers for North
Figure 6 indicates that land use changes in the Asian regio®merica and Asia are higher than the simulations presented
on average have affected runoff and evapotranspiration morbere. The irrigation water requirements presented in Fig. 6
than in the North American region. The largest simulated in-are in reasonable agreement with the irrigation water re-
creases in runoff values are about 3 percent for North Amerquirements reported in FAO’s database AQUASTAIt:

ica, and about 6 percent for Asia. In Asia, the highest sim-//www.fao.org/ag/agl/aglw/aquastat/mpirsee also Hadde-
ulated total runoff is for current conditions without taking land et al. (2006b). The Gordon et al. (2005) study reports
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Fig. 7. Effects on freshwater fluxes reaching the oceéasrepresents rivers draining northwards to the Arctic Ocean in the North American
region (including Hudson Bayjb) and(c) represent rivers draining North America to the Pacific Ocean north and south of 49 N, respectively.
(d) represents rivers draining North America to the Atlantic Océ@)represents rivers draining to the Gulf of Mexigf), represents rivers
draining northwards to the Arctic Ocean in the Asian regighrepresents rivers draining Asia to the Indian Ocean,(Bpdnd(i) represent

rivers draining Asia to the Pacific Ocean north and south of the Tropic of Cancer, respectively. The lower panels show the results of
simulations 2, 3 and 4 divided by simulation 1.

substantial decreases in evapotranspiration caused by lartie 1900’s in North America are obvious when looking at the
use changes in Eastern China, decreases that are not as sgraphs for 1900, 1950, and 1992. Figure 7 also indicates that
nificant in this study. Differences in the vegetation imagesthe main impact of dams in Asia occurred after 1950, see also
and models are most likely the main factors that lead to theFig. 1.

discrepancies. The LAl values used for 1700 conditions (see The effects of land use changes (i.e. the difference be-
Fig. 4b5), and method of calculating evapotranspiration inyween simulations 1 and 4 in Fig. 7) are most noticeable in
this study, might result in less evapotranspiration than thene North American area draining to the Gulf of Mexico, and
method used by Gordon et al. (2005). Gordon et al. com+the Asjan areas draining to the Pacific Ocean. These areas
pared current land cover conditions to potential vegetationg experiences higher current than historical runoff, given
while the historical (1700) vegetation image used in this n jrrigation and no reservoirs. Figure 7i indicates that reser-
study is somewhat affected by humans. However, both studgoir and irrigation practices decreases runoff by about the
ies use the Ramankutty and Foley (1999) dataset, which indisame amount as decreased forest cover increases runoff in
cates that only 3 percent of the global land area was croplanghis area, whereas irrigation water use in South East Asia
in 1700 (see also Table 1 and Fig. 4). (Fig. 7h) does not balance the increase in runoff caused by
decreased forest cover, see also Fig. 6.

Figure 8 shows accumulated volume of freshwater reach-

Simulated mean monthly runoff for various continental ar- ing the oceans, and indicates that the area in North Amer-
eas to the ocean is shown in Fig. 7, which in addition shows/ca draining to the Gulf of Mexico, and the area in South
runoff relationships between the simulation results. At theEast Asia draining to the Western Pacific Ocean, are the
monthly level, the largest simulated differences between curfWo areas where annual runoff volumes have been most af-
rent (~1992, reservoirs and irrigation included) and histori- fected by land use changes, at least in a relative sense. For
cal (1700) conditions are observed in the early summer in thdhe area draining to the Gulf of Mexico, the simulation re-
North American area draining to the Eastern Pacific southsults for 1992 without the reservoir and irrigation model
of 49N (i.e. the western part of USA and Mexico), and in implemented, indicates an increase in runoff of 9 percent,
the winter in the areas draining to the West Atlantic, andcompared to the simulation results for 1700. However, be-
the Arctic Ocean. In these areas, the presence of reservoi@use of irrigation water use, the current simulated runoff
tends to increase runoff to the ocean in the winter and deWith the reservoir and irrigation scheme implemented is only
crease runoff during the snow melt period, while irrigation 3-5percent higher than the 1700 results. In South East Asia
decreases runoff in the summer in the USA and Mexico. In(the area draining to the Pacific Ocean), the corresponding
1950, the largest changes from the 1700 conditions are imiumbers are 12 and 11 percent.

the area draining to the Eastern Pacific south of 49N. The This study illustrates that replacing forest by cropland in
increasing number of dams and extent of irrigated areas irgeneral decreases evapotranspiration and increases runoff,

4.2 River runoff to the ocean.
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Fig. 8. Accumulated volume freshwater reaching the oceda¥represents rivers draining northwards to the Arctic Ocean in the North
American region (including Hudson Bayj) and(c) represent rivers draining North America to the Pacific Ocean north and south of 49 N,
respectively.(d) represents rivers draining North America to the Atlantic Oc€aprepresents rivers draining to the Gulf of Mexid®),
represents rivers draining northwards to the Arctic Ocean in the Asian rggiprgpresents rivers draining Asia to the Indian Ocean, and

(h) and(i) represent rivers draining Asia to the Pacific Ocean north and south of the Tropic of Cancer, respectively. The lower panels show
the results of simulations 2, 3 and 4 divided by simulation 1.

and that irrigation increases evapotranspiration and decreas@so account areas converted to pasture, in addition to areas
runoff. However, dams and reservoirs have by large the mostonverted to cropland, and was a candidate for use in this
important effects on river runoff, and reservoir operations canstudy. We decided not to do so because the version available
radically change the shape of a river's seasonal hydrographat the time of this study included one vegetation type within

Taken together, river management (reservoirs and irrigationgach 0.5 degree grid cell (the datasets from SAGE were avail-
has resulted in profound changes in the dynamics of severalble at finer resolution, see Sect. 3.1). In the Goldewijk

rivers, and the results presented here demonstrate the ne¢2l001) dataset more than 40 percent of global land areas are
for integrated river basin management in order to consideiidentified as cropland (11 percent) or pasture (23 percent),

the effects of human interventions in a river basin. whereas 15 percent of global land areas are identified as crop-
land in the dataset by Ramankutty and Foley (1999). The
4.3 Uncertainties in input data largest hydrological consequences of this choice are likely to

be found in areas converted from forest to cropland or pas-
The results presented here are dependent on the quality d@re. In the Ramankutty and Foley (1999) image, forested ar-
the current and historical vegetation and irrigation images.eas have decreased by 11.5 percent on the global scale, while
and the method chosen when constructing these images withe corresponding number for the Goldewijk (2001) dataset
influence the results. The quality of the irrigation map is is 17 percent. The accuracy and applicability of the datasets
discussed in Siebert et al. (2005b). In short, they concludeare thoroughly discussed in Ramankutty and Foley (1999)
that the quality is good in North America (very good in the and Goldewijk (2001).
USA), and in Asia except Russia. In Russia, the quality of The potential vegetation does not necessarily represent the
the map is characterized as poor, mainly due to lack of re-natural pre-agricultural vegetation, but instead represent veg-
cent information at the sub-national level needed to verifyetation that likely would exist today given no human activi-
the dataset. Siebert et al. (2005b) also compared their datasgés or other disturbances, such as fire (Ramankutty and Fo-
to other global land cover datasets that include irrigated arley, 1999). Ramankutty and Foley (1999) acknowledge that
eas, and concluded that their irrigation map, which is basedhe quality of the cropland dataset for 1700 is poorer than
on sub-national irrigation statistics and geospatial informa-the quality of the more recent cropland datasets. Also, due
tion on irrigation schemes, is more reliable than those basedb lack of adequate subnational data, deficiencies exist in the
on remote sensing information. cropland data for the Former Soviet Union (Ramankutty and

It should be kept in mind that the land use changes taker-oley, 1999).

into account in this study only include areas converted to Areas of incorrect classifications of vegetation types and
cropland. As pointed out by Ramankutty and Foley (1999),the location and amount of irrigated areas are inevitable. At
other forms of land use changes can have important hydrothe continental and annual scales, the simulated changes in
logical consequences. The dataset of Goldewijk (2001) takesunoff and evapotranspiration caused by human activities are
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relatively minor (see Fig. 5), and the results would probablyhigher than the current (1992) ones, considering the effect of
be minor even if the reconstruction of cropland areas and irland use changes alone, but the agricultural expansion in the
rigated areas were in error by, say, a factor 2. However, at th@0th century has replaced large grassland areas, resulting in
local and seasonal scale where the apparent signal is strongestjghtly lowered runoff. Irrigation increases evapotranspira-
the results and their implications will be more sensitive to thetion and decreases runoff, and in North America irrigation

input data used. water use to some extent cancels out the simulated increase
in runoff caused by land use changes over the past 300 years.
4.4 Uncertainties in the modeling scheme In the Asian region, simulated irrigation water requirements

for current conditions are slightly lower than the simulated

Simulated irrigation water use is most likely somewhat increase in runoff caused by land use changes. However, sim-
underestimated, given that groundwater withdrawals, andlated irrigation water use is only about half the amount of
canals and aqueducts built for irrigation water transport, arerrigation water requirements, which indicates that simulated
not included in the modeling scheme, see also discussiongater use is underestimated, or that crops experience water
in Haddeland et al. (20064, b). In Haddeland et al. (2006b)stress.
it was shown that the modeling scheme presented here un- The areas draining to the Arctic Ocean are, on average,
derestimates irrigation water use e.qg. for the US High Plainsinsignificantly affected by land use changes and irrigation.
where groundwater withdrawals are known to be important. However, dam construction has altered the runoff regimes

The reservoir data set used in this study includes abousomewhat in these areas, especially in March when simulated
70 percent of the global storage volume in the ICOLD (2003) current runoff is between 20 and 40 percent higher than sim-
database. The dataset does not, for example, include anylated historical runoff for the northern part of North Amer-
dams on the Arabian Peninsula, and, combined with the facica and Asia. On the basis of the total impact of land use
that groundwater withdrawals are important for irrigation on changes, irrigation, and dams, the relatively largest changes
the Arabian Peninsula (FAO, 1997), this results in only smallin annual runoff volumes are simulated in the South East
increases in evapotranspiration on the Arabian PeninsulaAsian area draining to the Pacific Ocean, where simulated
Other similar local discrepancies are likely to exist. current annual runoff volumes are 11 percent higher than the

Current simulated irrigation water use is 48 and 43 percensimulated historical runoff volumes. The largest changes
less than current simulated irrigation water requirements forcaused by land use changes alone are also simulated in the
North America and Asia, respectively (Fig. 6 and Table 2). South East Asian area, where current simulated annual runoff
Reported irrigation water use for several states in the USAs 12 percent higher than historical simulated runoff. Irri-
is less than simulated irrigation water requirements (Haddegation practices decrease annual runoff volumes the most
land et al., 2006b). Numbers on irrigation water use for Asiain the area draining the western part of USA and Mexico,
are not available, but freshwater scarcity is identified in sev-where current simulated annual runoff volume with the irri-
eral river basins in North America and Asia (Falkenmark andgation and reservoir model implemented is 9 percent lower
Lannerstad, 2005). Hence, the difference between irrigatiorthan current simulated annual runoff volume without the irri-
water requirements and irrigation water use cannot be engation and reservoir model implemented. For the same area,
tirely connected to model deficiencies (groundwater, canalsthe maximum monthly decrease in runoff is 25 percent, and
and dams). is caused by reservoir operations combined with irrigation

For the 1950 and 1992 simulations, the same vegetatiofractices.
image is used for the simulation where irrigation is taken into
account, and the simulation without irrigation. Wilting of
plants is not taken into account in the model, which might
have affected leaf area index somewhat in the simulationgyjeq by: L. A. Swatuk
where irrigation is not taken into account. Both these factors
would most likely have increased the difference between the
two simulations performed for 1950 and 1992.
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