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[1] The growth of vegetation is affected by water availability, while vegetation growth
also feeds back to influence regional water balance. A better understanding of the
relationship between vegetation state and water balance would help explain the
complicated interactions between climate change, vegetation dynamics, and the water
cycle. In the present study, the impact of vegetation coverage on regional water balance
was analyzed under the framework of the Budyko hypothesis by using data from 99
catchments in the nonhumid regions of China, including the Inland River basin, the Hai
River basin, and the Yellow River basin. The distribution of vegetation coverage on
the Budyko curve was analyzed, and it was found that a wetter environment
(higher P/E0) had a higher vegetation coverage (M) and was associated with a higher
evapotranspiration efficiency (E/E0). Moreover, vegetation coverage was related not
only to climate conditions (measured by the dryness index DI = E0/P) but also to
landscape conditions (measured by the parameter n in the coupled water–energy balance
equation). This suggests that the regional long-term water balance should not vary along a
single Budyko curve; instead, it should form a group of Budyko curves owing to the
interactions between vegetation, climate, and water cycle. A positive correlation was
found between water balance component (E/P) and vegetation coverage (M) for most of
the Yellow River basin and for the Inland River basin, while a negative correlation of
M � E/P was found in the Hai River basin. Vegetation coverage was successfully
incorporated into an empirical equation for estimating the catchment landscape parameter
n in the coupled water–energy balance equation. It was found that interannual variability
in vegetation coverage could improve the estimation of the interannual variability
in regional water balance.
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1. Introduction

[2] The mechanism of the interactions between the atmo-
sphere, vegetation, and the water cycle in arid or semiarid
regions is one of the most widely discussed issues in
watershed ecohydrology. Both climate and soil control
vegetation dynamics, whereas vegetation exerts a signifi-
cant influence on regional water balance and feeds back to
the atmosphere [Rodrı́guez-Iturbe and Porporato, 2004]. In
water-limited environments, vegetation dynamics largely
depend on the water availability that results from the
complex mutual interactions between climate and hydro-
logical processes [Rodrı́guez-Iturbe et al., 2001; Laio et al.,
2001; Zeng et al., 2005]. The growth of vegetation is
affected by intermittent water availability [Baudena et al.,
2007], which at the same time influences soil moisture

through canopy interception and transpiration [Eagleson,
2002].

1.1. Characterizing Vegetation Impact on the Regional
Water Balance

[3] Budyko [1974] postulates that the primary factors
controlling the rate of long-term average evapotranspiration
(E) are the availability of energy and water. Usually, the
potential evaporation (E0) is used to measure the availability
of energy, while precipitation (P) is used to measure the
availability of water. According to the Budyko hypothesis,
the actual evapotranspiration in humid regions is mainly
controlled by potential evaporation, while in nonhumid
regions it is controlled by precipitation. This coupled
water–energy balance model is termed the Budyko curve,
and is calculated as such [Budyko, 1974]:

E ¼ P
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Several previous studies have developed various but
somewhat similar coupled water–energy balance equations
on the basis of the Budyko hypothesis [e.g., Zhang et al.,
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1999, 2001, 2004; Potter et al., 2005; Yang et al., 2006,
2007; Yang et al., 2008a]. These equations are developed
empirically or theoretically from different catchments
worldwide; and therefore, their formulations are likely
influenced by both the specific climate conditions and the
landscape characteristics of the specific catchments, although
all of the equations show a curve similar to the Budyko curve
[Yang et al., 2006]. However, most of these models do not
explicitly account for vegetation characteristics, and the
impact of vegetation change on the catchment-scale long-
term water balance has received little attention (except in
work by Zhang et al. [1999, 2001]). A number of paired-
catchment experiments have shown that evapotranspiration
is favored over runoff in forested catchments because of a
higher rainfall interception and a more efficient use of soil
moisture reserves during growing seasons [Cosandey et al.,
2005]. Donohue et al. [2007] argue that it was necessary to
explicitly include vegetation dynamics into the Budyko
curve particularly at small spatial (�1000 km2) and temporal
scales (�1 to 5 years). Donohue et al. further suggest that
some key vegetation attributes, including leaf area, photo-
synthetic capacity, and rooting depth, may exert significant
influences on the coupled water and energy balance of a
catchment.
[4] Choudhury [1999] develops the following empirical

equation of annual evaporation on the basis of the earlier
work by Pike [1964]:

E ¼ P= 1þ P=Rnð Þa½ 	1=a; ð2Þ

where Rn is the water equivalent of annual net radiation and
a is an adjustable parameter. The parameter a is evaluated
as 2.6 from field observations at eight locations with
different vegetation types, and as 1.8 from the results of a
biophysical process–based model in ten river basins. On the
basis of dimensional analysis and mathematical reasoning,
Yang et al. [2008a] derive an analytical equation of the
coupled water–energy balance at an annual time scale,
which has a similar form to equation (2):

E ¼ E0P

Pn þ En
0

� �1=n ; ð3Þ

where the parameter n reflects the catchment landscape
characteristics. This theoretical equation has also been
extended to a variety of time scales. On the basis of field
measurements in a winter wheat farmland, Yang et al.
[2008b] find a clear linear correlation between n and LAI
(leaf area index) at the 10-day time scale, which implies the
possibility of correlating vegetation characteristics with the
coupled water–energy balance model.
[5] Zhang et al. [1999, 2001] propose the following

simple two-parameter model on the basis of the Budyko
hypothesis:

E ¼ P

 
f

1þ w1 
 E0=P

1þ w1 
 E0=P þ P=E0

þ 1� fð Þ
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1þ w2 
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!
; ð4Þ

where f is the fractional forest cover, and w1 and w2 are the
plant-available water coefficients for forest and nonforest
(i.e., herbaceous vegetation) areas, respectively. In the
original global model of Zhang et al. [2001], the values of
w1 and w2 are set equal to 2.0 for forest areas and 0.5 for
nonforest areas, and the model agrees well with data from
250 catchments worldwide. McVicar et al. [2007] improve
the value of the model parameters by incorporating the
results from local field studies. McVicar et al. apply the
new model to the Loess Plateau in China to simulate
the regional impacts of forestation on average annual
stream flow. By using the model of Zhang et al [2001],
Oudin et al. [2008] incorporate vegetation information (i.e.,
area fraction of the vegetation cover) on the basis of a
global data set into different types of Budyko curves to
investigate the vegetation’s impact on the long-term average
stream flow. Their results show that land cover information
has a significant contribution to the improvement of model
efficiency.
[6] Moreover, vegetation coverage and vegetation type

are mainly controlled by both water availability and solar
radiation intensity. Bonan [2002] summarizes the distribu-
tion of major plant formations, such as the tropical rain-
forest and the temperate forest, on the basis of the zones of
mean annual temperature and precipitation. Holdridge
[1967] depicts plant life zones as hexagons formed by the
intersection of mean annual biotemperature and annual
precipitation. Consequently, it is reasonable to expect that
certain internal relationships may exist between the vegeta-
tion characteristics and the coupled water–energy balance;
this calls for further research.

1.2. Ecosystem Degradation Problem in the Nonhumid
Regions of China

[7] In recent decades, water shortage and soil erosion due
to deforestation, overcultivation and intensive water resour-
ces development, have been the main ecosystem degrada-
tion problems in the nonhumid regions of northern China
[Jiao et al., 2007; Chen et al., 2007]. The Yellow River has
periodically dried up along its lower reaches during the
irrigation season since 1972, and this situation intensified in
the 1990s. The decrease in river discharge has likewise
caused a rapid rise of the riverbed of the lower reaches of
the Yellow River because of heavy erosion in the Loess
Plateau and sedimentation along the lower reaches [Yang et
al., 2004]. Though the soil erosion problems in the Hai
River and the Inland River basin are not as severe as in the
Yellow River basin, intensive development of water resour-
ces has resulted in no water being discharged into the sea or
into downstream lakes.
[8] In 1998, the Chinese government initiated the Nature

Forest Protection Project (NFPP) to prevent severe soil
erosion and to ensure sustainable development [McVicar
et al., 2007]. The Loess Plateau, which is located in the
middle reaches of the Yellow River basin, is one of the ‘‘hot
spots’’ of environmental degradation, with erosion rates
ranging from 20,000 to 30,000 tons km�2 a�2 [Xu et al.,
2004]. Hence, in 1999 the Chinese government mandated
that forest cover should be significantly increased in the
Loess Plateau [Zhang et al., 2007]. Future forestation
practices should consider the complex impacts of vegetation
coverage on regional water balance in water-limited areas,
otherwise additional environmental problems may emerge.
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Unconstrained forestation practices may lead to excessive
soil moisture depletion and the development of a dry soil
layer such that there will not be sufficient water available
to maintain normal growth rates in the revegetated areas
[McVicar et al., 2007]. Understanding the interactions
between the atmosphere, vegetation, and water cycle in
nonhumid regions is required to derive a guideline for the
effective forestation practices and for soil and water
conservation in northern China.

1.3. Objectives of This Study

[9] The objective of this study was to explore the
relationships between vegetation coverage and regional
water balance, believed to be useful in predicting the
ecohydrological responses of a water-limited environment
to climate changes and to human activities. In the follow-
ing sections, the impact of vegetation on long-term region-
al water balance was investigated under the framework of
the Budyko hypothesis by using data from 99 catchments
in the nonhumid regions of China. An attempt was also
made to incorporate vegetation characteristics into the
regional water balance model, primarily for the purpose
of improving the estimation of the interannual variability of
evapotranspiration.

2. Study Area and Data

[10] The 99 catchments in the nonhumid regions of China
were selected as the study areas in this study (see Figure 1),
and included 62 catchments in the Yellow River basin,
30 catchments in the Hai River basin, and 7 catchments in the
Inland River basin. Among the 62 catchments in the Yellow
River basin, 51 were located in the Loess Plateau region, nine
in the Tibetan Plateau region, and two in the lower reaches of
the Yellow River basin. All 99 catchments had relatively
minor human interferences, such as dam operation and
irrigation diversion. Table 1 summarizes the primary basin
characteristics and the long-term average water balances of
the 99 study catchments.
[11] Long-term meteorological data from a total of 238

meteorological stations within the study area were provided
by the China Administration of Meteorology (see Figure 1

for their locations). The data consist of daily precipitation,
air temperature, sunshine duration, wind speed, and relative
humidity from 1956 to 2005. Additionally, daily solar
radiation data for 47 of the 238 meteorological stations were
available for the calculation of potential evaporation in this
study. In addition, the Hydrological Bureau of theMinistry of
Water Resources of China provided the 1951–2000 monthly
stream discharge data at the outlets of the 99 catchments
[Yang et al., 2006]. By assuming that the annual change of
water storage was zero, the annual evapotranspiration from
1956 to 2000 for each catchment was calculated by
subtracting the annual discharge from the annual precipi-
tation [Yang et al., 2007].
[12] The catchment boundary was extracted by using the

1-km DEM (digital elevation model) for the estimation of
area-averaged hydroclimatic variables. The procedures for
calculating catchment average precipitation and potential
evaporation include the following: (1) a 10-km gridded data
set covering the study area was interpolated from the station
data by using the distance-direction-weighted average
method, except that the interpolation of temperature was
modified with the altitude; (2) daily potential evaporation
was estimated for each grid by using the Penman equation
following Shuttleworth [1993]; and (3) the catchment aver-
age values were then calculated for each variable (see Yang
et al. [2004] for details). For the estimation of net radiation,
solar radiation was calculated by using an empirical equation
involving daily sunshine duration [Yang et al., 2006]. The
first-order estimate of net long-wave radiation was derived
from the relative sunshine duration, surface minimum and
maximum air temperature, and vapor pressure, following the
method recommended by FAO [Allen et al., 1998].
[13] A global data set of monthly normalized difference

vegetation index (NDVI) from 1982 to 2000 with 1-km
resolution was obtained from the NOAA advanced very
high resolution radiometer (AVHRR). Monthly vegetation
coverage was calculated from the NDVI data by using the
method proposed by Gutman and Ignatov [1998]:

M ¼ NDVI � NDVIminð Þ= NDVImax � NDVIminð Þ; ð5Þ

Figure 1. Study areas in nonhumid regions of China, including the Inland River basin, the Hai River
basin, and the Yellow River basin. The triangles represent location of the 99 hydrological stations at
catchment outlets, and the circles represent locations of the 238 meteorological stations.
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where M is the vegetation coverage, which represents the
fraction of total ground surface covered by vegetation,
dimensionless. NDVImin and NDVImax are the NDVI signals
from bare soil and dense green vegetation respectively.
Gutman and Ignatov propose NDVImin and NDVImax as
global constants independent of vegetation/soil type. In our
study, we prescribe the NDVImin = 0.05 and NDVImax = 0.80
respectively according to some references [Montandon and
Small, 2008; Steven et al., 2003; Carlson and Ripley, 1997].
The vegetation coverage calculated has a linear relationship
with the NDVI data, and indicates the fraction of the green
vegetation in the region.
[14] For the purpose of comparison, the land use map

with 1-km resolution for northern China (including Qinghai,
Ningxia Shaanxi, Gansu, Hebei, Liaoning provinces and the
city of Beijing) was obtained from the Chinese Academy of
Sciences (CAS) [Liu et al., 2002] and the land use/cover
was classified into the following six types: rain-fed crop-
land, forest land, grassland, water body, built-up land, and
unused land.
[15] The long-term (1982–2000) average water balance

(precipitation, actual and potential evapotranspiration) and
the vegetation data for the 99 catchments are summarized in
Table 1. The annual precipitation, actual evapotranspiration,
potential evaporation and vegetation coverage percentage

Table 1. Basin Characteristics and Long-Term Average Precipita-

tion, Actual Evapotranspiration, Potential Evaporation, and Vegeta-

tion Coverage of the 99 Study Catchments Shown in Figure 1a

Code Area (km2)

Mean Values (mm a�1)

M nP E E0

Inland River Basin
4010 10961 179 100 966 0.11 0.6
4071 800 195 162 1026 0.09 1.0
4087 14325 152 127 1036 0.04 0.9
4147 11388 247 155 1011 0.21 0.7
4215 2240 275 199 886 0.24 0.9
4403 877 301 235 947 0.33 1.1
4455 2053 247 182 965 0.20 0.9

Hai River Basin
31261 1378 473 413 898 0.43 1.9
31271 1025 678 555 867 0.49 2.3
31272 1166 753 635 844 0.51 3.1
31353 1227 447 409 831 0.39 2.4
31428 1615 572 496 869 0.45 2.3
31453 2404 466 426 870 0.43 2.4
31464 2220 521 433 866 0.34 1.8
31507 1661 639 534 865 0.42 2.3
31531 2822 705 584 865 0.41 2.5
31551 372 577 506 848 0.36 2.5
31663 5060 705 588 888 0.41 2.5
32152 2950 634 544 931 0.46 2.3
32352 1927 497 452 892 0.42 2.4
32353 4700 490 441 921 0.44 2.2
33456 3674 367 357 956 0.25 2.7
33458 2890 414 395 969 0.24 2.5
33464 272 419 370 839 0.37 1.9
33467 2360 414 392 892 0.31 2.5
33552 25533 454 446 959 0.24 3.6
33600 15078 385 370 964 0.24 2.4
34451 2950 648 586 976 0.34 2.8
34452 4990 648 598 1009 0.34 3.0
34471 4061 572 518 1025 0.36 2.3
35251 14070 502 471 974 0.34 2.6
35262 5387 516 483 1009 0.34 2.6
35263 6420 509 460 1070 0.36 2.0
35271 23900 564 545 1068 0.41 3.3
36252 3800 570 532 888 0.43 3.2
36253 5060 563 512 866 0.35 2.8
36255 19050 514 492 893 0.27 3.3

Yellow River Basin
41000 20930 321 279 879 0.19 1.5
41002 45019 443 367 876 0.24 1.6
41005 98414 577 397 896 0.40 1.2
42202 715 397 330 1032 0.36 1.3
42212 3083 512 419 859 0.22 1.7
42218 9022 512 411 850 0.33 1.6
42222 12573 500 403 1017 0.28 1.4
42582 5043 631 436 789 0.42 1.5
42728 4007 323 297 839 0.25 1.9
42753 990 404 394 886 0.14 3.1
42760 4853 378 368 867 0.12 3.0
42766 10647 375 365 837 0.13 3.1
44003 2831 382 349 929 0.11 1.9
44018 1562 410 400 892 0.21 3.3
44037 1263 381 333 931 0.12 1.6
44039 2939 433 425 886 0.28 3.6
44063 650 445 395 899 0.42 1.9
44071 3829 340 299 958 0.12 1.5
44077 8645 408 352 967 0.12 1.6
44091 1121 391 350 969 0.11 1.7
44099 283 426 386 982 0.24 1.9
44115 4102 428 388 934 0.39 2.0
44143 15325 331 306 988 0.10 1.8
44153 29662 366 332 963 0.12 1.7
44161 2415 371 349 886 0.11 2.3
44167 327 386 348 918 0.08 1.8
44201 913 420 378 873 0.12 2.0

Table 1. (continued)

Code Area (km2)

Mean Values (mm a�1)

M nP E E0

44203 3468 438 395 897 0.14 2.0
44227 3992 449 426 875 0.35 2.7
44235 5891 457 422 870 0.22 2.4
44243 3208 420 378 867 0.15 2.0
44244 719 446 409 856 0.29 2.3
44253 1121 487 471 871 0.41 3.6
44254 1662 474 455 888 0.26 3.1
44259 2169 511 489 877 0.47 3.5
44261 436 468 447 887 0.41 3.0
45502 3440 395 364 858 0.12 2.2
45504 774 421 382 840 0.15 2.1
45511 17180 555 528 879 0.35 3.4
45546 4715 495 473 829 0.47 3.6
45562 2266 549 509 841 0.50 3.1
46005 600 465 426 751 0.32 2.8
46024 4788 487 467 936 0.34 3.1
46037 37006 625 559 899 0.48 2.8
46043 46827 675 601 810 0.45 3.6
46069 2484 448 432 929 0.19 2.9
46085 9805 410 394 914 0.25 2.7
46125 1019 470 426 922 0.33 2.1
46288 282 558 516 812 0.41 3.3
46517 14124 491 452 841 0.37 2.6
46520 40281 509 477 859 0.26 3.0
46571 4640 372 353 967 0.12 2.2
46591 10603 446 421 908 0.16 2.6
46593 2988 416 386 862 0.21 2.3
46597 19019 494 468 850 0.33 3.1
46623 928 488 449 949 0.38 2.3
47209 9713 824 674 871 0.37 3.1
47275 829 585 500 1219 0.37 1.6
47320 12880 594 555 971 0.43 3.1
47373 3149 552 512 849 0.35 3.1
48029 8264 709 625 1009 0.39 2.7
48066 426 624 565 1023 0.36 2.5

aAverage precipitation is for 1982 to 2000. Vegetation coverage is in
percent.
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are, respectively, 228 mm, 166 mm, 977 mm, and 17% for
the Inland River basin; 541 mm, 485 mm, 920 mm, and
37% for the Hai River basin; and 469 mm, 424 mm,
901 mm, and 27% for the Yellow River basin. The values
are averaged among the 7 catchments in the Inland River
basin, 30 catchments in the Hai River basin and 62 catch-
ments in the Yellow River basin in the period from 1982 to
2000, respectively.

3. Analyzing Vegetation Impacts on Regional
Water Balance by Using the Budyko Curve

3.1. Distribution of Vegetation Coverage on the
Budyko Curve

[16] The long-term average annual precipitation, potential
evaporation and actual evapotranspiration for the 99 study
catchments have been used by Yang et al. [2006, 2007] for
the validation of the Budyko curve, and have shown that the
change in actual evapotranspiration in a nonhumid region is
controlled mainly by the change in precipitation, rather than
by potential evaporation. In order to investigate the impact
of vegetation on regional water balance, the distribution of
vegetation on the Budyko curve is plotted in Figure 2 by
using data from the 99 study catchments during the period
of 1982 to 2000, including the long-term average annual
precipitation, potential evaporation, actual evapotranspira-
tion and vegetation coverage (Table 1). The size of the
plotting symbol (see Figure 2) was proportional to the
average annual vegetation coverage (M) of the catchment.
Since all 99 catchments were located in the nonhumid
regions of China with annual precipitation ranging from
152 to 824 mm, actual evapotranspiration was controlled
mainly by the water availability. As shown in Figure 2, M
had a clear linear relationship with annual precipitation
following the trajectory of the Budyko curve, indicating

that the long-term regional annual water balance was
sensitive to M. For a dryer catchment, both the evapotrans-
piration efficiency (E/E0) and M were lower, while they
were higher for a wetter catchment.
[17] There were 74 catchments over the study area

where detailed land use maps were available. Of these
74, 48 catchments were located in the Yellow River basin,
19 in the Hai River basin, and seven in the Inland River
basin. The majority of the catchments in the Yellow River
basin and the Hai River, and all the catchments in the Inland
River basin have the land use data. The average annual
vegetation coverage derived from the NDVI is about 39%
for the 19 catchments of the Hai River basin and 25% for the
48 catchments of the Yellow River basin. The comparison
between the land use map and the average annual vegetation
coverage derived from the NDVI in the 74 catchments is
listed in Table 2. On the basis of detailed land use maps, the
forest area fraction in the Inland River basin, Hai River
basin, and Yellow River basin was 12%, 52%, and 13%,
respectively; however the density of forest is different in the
three basins. The density of forest and grass is relatively
higher in the Hai River basin than in the Yellow River basin
and the Inland River basin. The average forest area fraction
in the Hai River basin was significantly higher than those in
the other two basins. The 74 catchments in northern China
can be divided into three groups according to the forest area
fraction F: �25%, between 10% and 25%, and �10%,
respectively, with each containing a nearly equal number
of catchments. From this classification it was found that F
was significantly correlated with total vegetation coverage
(M), and each group exhibited a distinct range on the Budyko
curves (Figure 3). Figure 3 also shows the distribution of
both M and F on the Budyko curve by using data from the
74 catchments. It can be seen that the distribution of F on
the Budyko curve follows a similar pattern to that of M.

Figure 2. Distribution of vegetation coverage on the Budyko curve by using the data from the 99
catchments in the nonhumid regions of China. The Budyko curve calculated by equation (1) is plotted as
a dotted line. The stars represent the catchments in the Inland River basin; the triangles represent the
catchments in the Hai River basin; and the circles represent the catchments in the Yellow River basin.
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[18] The correlation coefficients between M and the ratios
P/E0, E/E0, and E/P are summarized in Table 3, from which
it can be seen that vegetation coverageM has a clear positive
correlation with both P/E0 and E/E0. The ratio P/E0 denotes
the degree of climate wetness, while E/E0 represents the
evaporation efficiency. It can be concluded that for a wetter
environment, both M and E/E0 are higher. This is consistent
with the findings presented in most of the previous paired
catchment studies [Brown et al., 2005; Zhang et al., 1999],
which show that for two catchments with a similar climate
(P and E0) and landscape characteristics, the catchment with
more vegetation tended to have higher evapotranspiration.
This is mainly due to increases in transpiration as well as
interception from leaves and stems, and more infiltration
resulting from the better soil conditions developed by
vegetation.
[19] Figure 4 shows the distribution of vegetation cover-

age (M) and forest area percentage (F) on the alternative
Budyko curve, that is, the plot of E/P versus E0/P rather than
the original Budyko curve: E/E0 versus P/E0. By comparing
Figures 2 and 3, it is seen that the change in actual

evapotranspiration was controlled by the change in precip-
itation rather than by potential evaporation. Figure 4 shows
that vegetation coverage was different given the dryness
index (DI = E0/P), which is due to the difference in
landscape characteristics.
[20] Table 4 summarizes the regional differences in the

dryness index and the long-term average annual vegetation
coverage in the three study basins. As shown in Table 4,
with a narrow range in the dryness index, the Hai River
basin consistently has higher vegetation coverage than the
Yellow River basin. The average annual dryness index (DI)
for the Hai River basin (DI = 1.70) was similar to that in the
Yellow River basin (DI = 1.92); however, the average
annual vegetation coverage in the Hai River basin (M =
37%) was much higher than it was in the Yellow River basin
(M = 27%). On one hand, the major soil type in the Hai
River basin is a loam (brunisolic soil and drab soil), while in
the Yellow River basin coarse sand and gravel predominate,
which results in the soil with a lower water-holding capacity
than that in the Hai River basin (Food and Agriculture
Organization of the U. N., Map of soil texture of China,

Figure 3. Distribution of vegetation coverage and forest land area percentage on the Budyko curve by
using data from 74 catchments in the nonhumid regions of China. The Budyko curve calculated by
equation (1) is plotted as a dotted line. The stars represent the catchments in the Inland River basin; the
triangles represent the catchments in the Hai River basin; and the circles represent the catchments in the
Yellow River basin.

Table 2. Comparison Between the Land Use Map and the Average Annual Vegetation Coverage Derived From the NDVI in the 74

Catchments of the Nonhumid Region

Average Value
Vegetation Coverage
From NDVI M (%)

Land Use Type and Area Percentagesa

Correlation Between M and
Forest Land Proportion

Forest
Land (%)

Grassland
(%)

Rain-Fed
Cropland (%)

Other Land
Use (%)

Inland River basin 17 12 43 6 39 0.96
Hai River basin 39 52 25 21 3 0.68
Yellow River basin 25 13 45 32 10 0.80

aThe density of forest and grass in each basin is different, which is relatively higher in the Hai River basin than in the Yellow River basin and the Inland
River basin.
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http://www.fao.org/WAICENT/FAOINFO/AGRICULT/
AGL/swlwpnr/reports/y_ea/z_cn/home.htm). On the other
hand, the vegetation in an individual basin appeared to have
its own adaptive strategy to the arid climate through the
long-term natural selection, which is determined by the
combined contribution of precipitation characteristics, soil
properties, nutrient availability, and other climate factors
[Eagleson, 2002]. This was supported by observing that
when the dryness index was high (3 to 3.5), vegetation
coverage in the Inland River basin, which is the driest

among three basins, was still higher than in the other two
basins. Moreover, most of the vegetation in the Inland River
basin was the drought-tolerant plants species such as
Tamarix chinensis and Nitraria tangutorum [Xu et al.,
2007].

3.2. Discussion of the Interaction Between the
Atmosphere, Vegetation, and the Water Cycle

[21] Figure 5 shows the statistical relationship between
the dryness index and land cover types for the 74 catch-
ments where the detailed vegetation classification data were
available. It can be seen that total vegetation area percentage
(including forest land, grassland, and rain-fed cropland)
decreased when the dryness index increased over these
regions; whereas the forest land area percentage decreased
sharply when the dryness index increased from less than 1.5
to 2.5, and that forest land area percentage remained almost
at the same value (about 10%) when the dryness index was
larger than 3.0. Inversely, the percentage of grassland area
increased as the dryness index increased from less than 1.5
to 2 and then remained constant, at about 40% as the
dryness index further increased. It can be inferred that when
the catchment dries up, the forest gradually dies, whereas
the grassland survives owing to its seasonal characteristics.
[22] As mentioned above, the variability of actual evapo-

transpiration in the nonhumid regions is controlled mainly
by precipitation variability rather than by potential evapo-
ration. Therefore, as shown in Figures 2 and 3, the evapo-
ration efficiency (E/E0) exhibited a significant positive
correlation with the ratio of P/E0 (also see Table 3). Because

Table 3. The Correlation Coefficient Among Vegetation Coverage

M, P/E0, E/E0, and E/P for the 99 Study Catchmentsa

Regionb

Correlation Coefficient R

M � P/E0 M � E/E0 M � E/P

The whole study
area (1.1�6.8)

0.71 0.69 �0.01

The Inland River
basin (3.1�6.8)

0.96 0.86 �0.13

The Hai River
basin (1.1�2.6)

0.68 0.63 �0.70

The Yellow River
basin (1.1�3.1)

0.69 0.69 �0.16

aThe correlation of M � P/E0 and M � E/E0 passes the F test with
significance level of 1% for all three regions. The correlation of M � E/P
passes the significance test with significance level of 1% for the Hai River
basin, while the negative correlation is not significant for the Inland River
basin and the Yellow River basin.

bDryness index is given in parentheses.

Figure 4. Distribution of the vegetation coverage and forest land area percentage on the alternative
Budyko curve (i.e., E/P versus E0/P) by using data from 74 catchments in the nonhumid regions of
China. The Budyko curve calculated by equation (1) is plotted as a dotted line. The stars represent the
catchments in the Inland River basin; the triangles represent the catchments in the Hai River basin; and
the circles represent the catchments in the Yellow River basin.
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the actual evapotranspiration consisted of mainly vegetation
transpiration, E/E0 should have a strong positive correlation
with M. The significant positive correlation between M and
P/E0 is a result of the significant positive correlation
between E/E0 and P/E0.
[23] As shown in Table 3, although there was no signif-

icant correlation between M and E/P for the Yellow River
basin and the Inland River basin, a significant negative
correlation was found in the Hai River basin. It is interesting
to explore the reasons behind this regional difference. The
ratio of E/P was determined by both climate and landscape
conditions. The climate condition can be measured largely
by the dryness index (i.e., along the horizontal axis in
Figure 4), and the landscape condition includes mainly the
vegetation coverage, topography, and soil condition (i.e.,
along the vertical axis in Figure 4). Therefore, E/P depends
not only onM or DI, but for certain ranges of DI in the same
region with similar landscape parameter n, the ratio of E/P
should have a stronger correlation with M. As shown in
Table 5, both the DI and n in the Hai River basin varied the
least among the three study basins. This might be the reason
for a relatively significant correlation between M and E/P in
the Hai River basin.

[24] As discussed by Yang et al. [2008b], the parameter n
in equation (3) represents the effect of the catchment
landscape characteristics, such as vegetation, soil properties,
and slope gradient. As shown in Figure 6, only when the
dryness index was extremely low or extremely high (when
the curves approach their two asymptotes independent of
n values), the impact of landscape conditions (n) on E/P was
small. E/P was close to 1.0 in the extreme dry conditions
and to zero in the extreme wet conditions, and both cases
had no relation to the landscape conditions. This implies
that the regional water balance under extremely dry or
extremely wet conditions was controlled by the climate
conditions and was independent of landscape conditions.
The normal climate n strongly affected the Budyko curves
as shown in Figure 6. At the same time, vegetation coverage
should have also been related to climate conditions. There-
fore, it was observed that vegetation coverage varied with
both catchment landscape conditions (n) in the vertical axis
direction of Figures 4 and 6 and climate conditions in the
horizontal axis direction in Figures 4 and 6. Under normal
climate conditions the interaction between vegetation cov-
erage and water balance (represented by E/P) should be
investigated on a set of the Budyko curves, instead of on

Table 4. Regional Differences in the Dryness Index E0/P and in Vegetation Coverage M Among the Three River Basins

Dryness Index

6.5�7 5�5.5 4�4.5 3.5�4 3�3.5 2.5�3 2�2.5 1.5�2 1�1.5

Inland River Basin
Mean annual M 0.04 0.10 0.21 0.20 0.28 - - - -
Percentage of catchments 14 29 14 14 29 - - - -

Hai River Basin
Mean annual M - - - - - 0.24 0.30 0.38 0.43
Percentage of catchments - - - - - 7 17 53 23

Yellow River Basin
Mean annual M - - - - 0.10 0.18 0.20 0.36 0.42
Percentage of catchments - - - - 2 11 42 37 8

Figure 5. Relationship between dryness index (DI) and land use type and percentages in the
74 catchments of the nonhumid regions of China.
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only one single curve in order to consider the effects of both
landscape conditions and climate.
[25] In order to investigate the behavior of the climate–

vegetation–water cycle interactions in different catchments,
the 1982–2000 data of the 99 catchments have been
analyzed individually. The results presented in Table 6
shows that there was a significant positive correlation
between M and for 19 catchments, a significant negative
correlation for 23 catchments, and no significant correlation
for 57 catchments. The significant positive correlation of
M � E/P was found mainly in the semiarid regions,
including the Inland River basin and the Loess Plateau,
which implied that an increase in vegetation coverage will
increase the evaporation ratio (E/P) and reduce runoff ratio
(R/P, where R is the long-term average runoff of the
catchment) in these regions. This has been reported by
several previous studies [McVicar et al., 2007]. The nega-
tive correlation of M � E/P found mainly in the Hai River
basin implied that an increase in vegetation coverage will
reduce the evaporation ratio (E/P) and increase runoff ratio
(R/P) in this basin. However, this needs further validation
from future field observations.
[26] On the Budyko curves shown in Figure 6, the

positive correlation of M � E/P indicated a positive corre-
lation between n and M, which was true in the Yellow River
basin and in the Inland River basin. The negative correlation
of M � E/P indicated a negative correlation between n and
M, which was true in the Hai River basin. Since it was found
that the forest land area fraction increases with the vegeta-
tion coverage in the study areas, the positive correlation
between n and M was consistent with the Zhang’s curves

[Zhang et al., 1999, 2001]; however, the negative correla-
tion of n �M suggested an opposite relationship. The inside
mechanism causing the negative correlation of M � E/P
might be the nonlinear relationship between the actual
evapotranspiration E and precipitation P in the catchment
water balance equation resulting from the complex climate–
vegetation–water cycle interactions.

4. Improving Water Balance Estimation by
Incorporating the Vegetation Coverage

[27] From the above analysis, it is possible to improve the
estimation of regional water balance by incorporating veg-
etation status into the Budyko curve. In fact, Zhang et al.
[2001] has introduced different parameters for different
vegetation types and calculated the catchment total long-
term mean evapotranspiration for different vegetation types
according to their area fractions. However, there was no
consideration of vegetation coverage and its interannual
variability in the water balance model in Zhang et al.
[2001]. The present study used the regional water balance
equation equation (3) to estimate annual water balance at
the catchment scale. On the basis of the previous work by
Yang et al. [2007], we attempted to incorporate vegetation
coverage into the formulae for estimating the landscape

Table 5. Variation of the Parameter n in the Yellow River Basin,

the Hai River Basin, and the Inland River Basin

Regiona

Parameter n

Maximum Minimum Covariance Cv

The Inland River basin (3.1�6.8) 1.1 0.6 0.32
The Hai River basin (1.1�2.6) 3.6 1.8 0.17
The Yellow River basin (1.1�3.1) 3.6 1.2 0.29

aDryness index is given in parentheses.

Figure 6. Interpreting complex interactions among climate, vegetation, and water balance by using the
Budyko curves calculated by equation (3).

Table 6. Relationship Between M and E/P in the 99 Catchments

Using Data From 1982 to 2000

Number of Catchmentsa

Significant
Positive

Correlation
(R > 0.3)

Significant
Negative
Correlation
(R < �0.3)

Nonsignificant
Correlation

The whole study
area (1.1�6.8)

19 23 57

The Inland River
basin (3.1�6.8)

1 1 5

The Hai River
basin (1.1�2.6)

1 13 16

The Yellow River
basin (1.1�3.1)

17 9 36

aDryness index is given in parentheses.
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parameter n and for evaluating its impact on the interannual
variability of catchment water balance.
[28] By using the long-term average annual precipitation,

the potential evaporation, and actual evapotranspiration, the
values of parameter n for the 99 study catchments were
derived (see Table 1). We used the vegetation coverage (M)
to replace the relative soil water storage (Smax/E0) recom-
mended by Yang et al. [2007], where Smax is the plant
extractable water capacity (see Yang et al. [2007] for more
details), since both of M and Smax/E0 try to denote the
vegetation information as one of the landscape factors and
moreover M performs better than Smax/E0 in the stepwise
regression. Since the opposite correlation of M � n was
found in the Hai River basin compared with the other study
areas, all the catchments are separated into two groups:
(1) the Hai River basin and (2) the Yellow River basin and
the Inland River basin. Three nondimensional parameters,
the relative infiltration capacity Ks/ir, vegetation coverage
M, and the average slope b are used to estimate the
landscape parameter n in equation (3) by using the stepwise
regression method (see Table 7), and the resulting empirical
formulae of parameter n is given for the Yellow River basin
and the Inland River basin as

n ¼ 5:755
Ks

ir

� ��0:368

M0:292 exp �5:428 tanbð Þ ð6aÞ

and for the Hai River basin as

n ¼ 2:721
Ks

ir

� ��0:393

M�0:301 exp 4:351 tan bð Þ; ð6bÞ

where Ks/ir represents the relative infiltration capacity of
the catchment, and tan b indicates the average slope of the
catchment. Ks is the saturated hydraulic conductivity (mm
h�1), and ir is the mean precipitation intensity (mm h�1) in
24 hours (see Yang et al. [2007] for more details). By using
equations (3) and (6), the long-term average actual

evapotranspiration was obtained for the 99 catchments,
and the results are plotted in Figure 7. The actual
evapotranspiration obtained from equations (3) and (6)
showed remarkable agreement with that derived from the
long-term water balance with the determining coefficient of
R2 = 0.959 and the root-mean-square error (RMSE) of
21.87 mm.
[29] This model was also applied to evaluate the impact

of the change in vegetation coverage on the interannual
variability of the catchment water balance. The following
two cases were considered for comparison: (1) using a
constant n estimated from the long-term average vegetation
coverage and (2) using a variable n estimated from the
annual vegetation coverage. Figure 8 plots the comparison
of the predicted actual evapotranspiration from these two
cases for four selected catchments. The results indicated that
the predicted actual evapotranspiration, based on equations
(3) and (6) with a variable n, is better than that predicted by
using a constant n, and both predictions had close agree-
ment with the actual evapotranspiration derived from the
observed data.

5. Conclusions

[30] The present study analyzed the impacts of vegetation
on the regional water balance in the 99 catchments of
northern China on the basis of the framework of the Budyko
hypothesis. The following important conclusions can be
drawn from this study;
[31] 1. From the vegetation distribution on the Budyko

curves it is found that the annual average vegetation coverage
(M) is mainly determined by the annual precipitation in the

Figure 7. Comparing the long-term average annual
evapotranspiration estimated by using equations (3) and
(5) with that derived from water balance in the 99 study
catchments.

Table 7. Results of Stepwise Regression for Estimating the

Landscape Parameter na

F Fa = 0.05 r2

Model Coefficients

ln a1b1 c1 d1

Ks/ir
Yellow River 47.1 4.0 0.413 �0.524 - - 1.356
Hai River 6.4 4.2 0.187 �0.309 - - 1.344

Ks/ir, M
Yellow River 38.2 3.1 0.536 �0.493 0.271 - 1.718
Hai River 5.0 3.3 0.270 �0.318 �0.228 - 1.125

Ks/ir , M, tan b
Yellow River 28.5 2.7 0.568 �0.368 0.292 �5.428 1.750
Hai River 4.1 2.9 0.320 �0.393 �0.301 4.351 1.001

aAll of the parameters pass the F test with significance level of 1%; ln a1
is the constant term; b1, c1, and d1 are the parameters for the Ks/ir, M and
tan b, respectively.

Figure 8. Comparing the actual evapotranspiration estimated by using equations (3) and (5) with the constant parameter
n (simulation 1) and variable n (simulation 2) with that estimated from water balance in four selected catchments.
(a) catchment 4215 in the inland river basin, (b) catchment 42212 in the Yellow river basin, (c) catchment 44143 in the
Yellow River basin, and (d) catchment 31551 in the Hai River basin.
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nonhumid regions of China. In other words, the vegetation
coverage in a relatively wetter environment (with higher P/
E0) tends to be denser and this leads to a higher evapo-
transpiration efficiency (E/E0). However, it is found that the
vegetation coverage also changes with landscape conditions
even under a similar climate conditions, such as a similar
dryness index.
[32] 2. In extremely dry or extremely wet environments,

the regional annual water balance is controlled entirely by
the climate with no relation to vegetation conditions. For
normal climates, the regional water balance changes with
both climate (dryness index) and landscape conditions, with
the latter including the vegetation conditions represented by
the parameter n in the coupled water–energy balance
equation. However, the associated variability should not
follow a single Budyko curve; instead it should cross
different Budyko curves because of the interactions among
vegetation, climate, and water cycle.
[33] 3. A positive correlation between the water balance

component (E/P) and vegetation coverage (M) is found in
most of the study catchments including the Yellow River
basin and the Inland River basin. This implies that an
increase in vegetation coverage may increase the evapo-
transpiration ratio (E/P) in these regions. However, a
negative correlation of M � E/P is also found in the Hai
River basin, which implies that an increase in vegetation
coverage may decrease the evapotranspiration ratio (E/P)
there.
[34] 4. Vegetation coverage (M) is successfully incorpo-

rated into an empirical equation for estimating the landscape
parameter n in the regional water–energy balance equation
on the basis of the Budyko curve. It is found that the
estimation of the interannual variability of regional water
balance can be improved by considering the interannual
variability of vegetation coverage.
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Oudin, L., V. Andréassian, J. Lerat, and C. Michel (2008), Has land cover a
significant impact on mean annual streamflow? An international assessment
using 1508 catchments, J. Hydrol., 357, 303–313, doi:10.1016/j.hydrol.
2008.05.021.

Pike, J. G. (1964), The estimation of annual run-off from meteorological
data in a tropical climate, J. Hydrol., 2, 116–123, doi:10.1016/0022-
1694(64)90022-8.

Potter, N., L. Zhang, P. Milly, T. Mcmahon, and A. Jakeman (2005), Effects
of rainfall seasonality and soil moisture capacity on mean annual water
balance for Australian catchments, Water Resour. Res., 41, W06007,
doi:10.1029/2004WR003697.

Rodrı́guez-Iturbe, I., and A. Porporato (2004), Ecohydrology of Water-
Controlled Ecosystems: Soil Moisture and Plant Dynamics, Cambridge
Univ. Press, New York.

Rodrı́guez-Iturbe, I., A. Porporato, F. Laio, and L. Ridolfi (2001), Plants in
water-controlled ecosystems: Active role in hydrologic processes and
response to water stress: I. Scope and general outline, Adv. Water Resour.,
24(7), 695–705, doi:10.1016/S0309-1708(01)00004-5.

Shuttleworth, W. J. (1993), Evaporation, in Handbook of Hydrology, edited
by D. R. Maidment, pp. 4.1–4.53, McGraw-Hill, New York.

Steven, M. D., T. J. Malthus, F. Baret, H. Xu, and M. J. Chopping (2003),
Intercalibration of vegetation indices from different sensor systems,
Remote Sens. Environ., 88, 412–422, doi:10.1016/j.rse.2003.08.010.

Xu, X., H. Zhang, and O. Zhang (2004), Development of check-dam
systems in gullies on the Loess Plateau, China, Environ. Sci. Policy, 7,
79–86, doi:10.1016/j.envsci.2003.12.002.

Xu, X., G. Ding, B. Sun, M. Zhao, and H. Jin (2007), Ecological water require-
ment of major sand shifting control forest inMinqin oasis of lower researches
of inland river (in Chinese), J. Soil Water Conserv., 21(3), 144–148.

Yang, D., C. Li, H. Hu, Z. Lei, S. Yang, T. Kusuda, T. Koike, and
K. Musiake (2004), Analysis of water resources variability in the Yellow
River of China during the last half century using historical data, Water
Resour. Res., 40, W06502, doi:10.1029/2003WR002763.

Yang, D., F. Sun, Z. Liu, Z. Cong, and Z. Lei (2006), Interpreting the
complementary relationship in non-humid environments based on the
Budyko and Penman hypotheses, Geophys. Res. Lett., 33, L18402,
doi:10.1029/2006GL027657.

Yang, D., F. Sun, Z. Liu, Z. Cong, G. Ni, and Z. Lei (2007), Analyzing
spatial and temporal variability of annual water-energy balance in non-
humid regions of China using the Budyko hypothesis, Water Resour.
Res., 43, W04426, doi:10.1029/2006WR005224.

Yang, H., D. Yang, Z. Lei, and F. Sun (2008a), New analytical derivation of
the mean annual water-energy balance equation, Water Resour. Res., 44,
W03410, doi:10.1029/2007WR006135.

12 of 13

W00A14 YANG ET AL.: IMPACT OF VEGETATION ON WATER W00A14



Yang, H., D. Yang, Z. Lei, and H. Lei (2008b), Derivation and verification
of the coupled water-energy balance equation at arbitrary time scale (in
Chinese), J. Hydraul. Eng., 39(5), 610–617.

Zeng, X., X. Zeng, S. Shen, R. Dickinson, and Q. Zeng (2005), Vegetation-
soil water interaction within a dynamical ecosystem model of grassland
in semi-arid areas, Tellus, Ser. B, 57, 189–202.

Zhang, L., W. R. Dawes, and G. R. Walker (1999), Predicting the effect of
vegetation changes on catchment average water balance, Tech. Rep. 99/
12, CRC for Catchment Hydrol., Canberra.

Zhang, L., W. R. Dawes, and G. R. Walker (2001), Response of mean
annual evapotranspiration to vegetation changes at catchment scale,
Water Resour. Res., 37(3), 701–708, doi:10.1029/2000WR900325.

Zhang, L., K. Hickel, W. R. Dawes, F. H. S. Chiew, A. W. Westem, and P. R.
Briggs (2004), A rational function approach for estimating mean annual

evapotranspiration, Water Resour. Res., 40, W02502, doi:10.1029/
2003WR002710.

Zhang, X., L. Zhang, T. R. McVicar, T. G. Van Niel, L. Li, R. Li, Q. Yang,
and L. Wei (2007), Modelling the impact of afforestation on average
annual streamflow in the Loess Plateau, China, Hydrol. Processes, 22,
1996–2004, doi:10.1002/hyp.6784.

����������������������������
W. Shao, D. Yang, and H. Yang, State Key Laboratory of Hydro-Science

and Engineering, Department of Hydraulic Engineering, Tsinghua Uni-
versity, Beijing 100084, China. (yangdw@tsinghua.edu.cn)

S. Kanae, T. Oki, and P. J.-F. Yeh, Institute of Industrial Science,
University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo, 153-8505, Japan.

W00A14 YANG ET AL.: IMPACT OF VEGETATION ON WATER

13 of 13

W00A14


