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Discharge in the source region of the Yellow River significantly declined after 1990. China Meteorological Administration (CMA)
data show that precipitation in this region was low in the 1990s but returned to above normal after 2002; in recent decades there
has been rapid warming of surface air, moistening and wind speed decrease. To investigate the influences of recent climatic
changes on the water budget, this study simulates the surface water budget at CMA stations within and surrounding the source
region during 1960-2006, using an improved land surface model. Results indicate that the spatial pattern of precipitation change
is an important factor (except for precipitation amount and intensity) in determining the response of runoff to precipitation chang-
es. Low runoff in the 1990s was consistent with precipitation amount and intensity. The recovery of precipitation after 2002 is
mainly from increased precipitation in the dry area of the source region. Evaporation was mainly limited by water availability in
this dry area, and thus most of the precipitation increase was evaporated. By contrast, energy availability was a more important
influence on evaporation in the wet area. There was more evaporation in the wet area because of rapid warming, although precipi-
tation amount partly decreased and partly increased, contributing to the reduction of runoff after 2002. This control on evaporation
and its response, together with the modified spatial pattern of precipitation, produced a water budget unfavorable for runoff gen-

eration in the source region during recent years.
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The Yellow River is the second largest in China, and it is
the vital water source for Northwest and North China. The
source region of this river, a basin above Tangnag hydro-
logic station, comprises 16.2% of the total area and contrib-
utes more than 35% of total runoff [1]. It is widely regarded
as the “water tower” of the Yellow River. Discharge in this
source region declined significantly in the 1990s [2].
Therefore, determining the water budget response in this
region to climatic change is essential to assessment of pos-
sibly significant economic and social impacts in North Chi-
na.

The source region of the Yellow River is on the north-
eastern Tibetan Plateau (TP). Warming over the TP is gen-
erally more rapid than that of surrounding areas [3], which
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can cause an acceleration of the water cycle and redistribu-
tion of water resources [4]. Population density in the source
region is sparse and the influence of human activities on the
water budget is therefore negligible. The regional discharge
reduction therefore reflects the influence of natural changes.
Similar low runoff epochs have been identified in recon-
structed streamflow over the last thousand years [5]. Nu-
merous studies have addressed causes for the 1990s dis-
charge decline. Most focused on climatic changes, espe-
cially variations of precipitation and surface air temperature
[6-14]. It is well established that rainfall amount and inten-
sity directly affect runoff [7,13,14]. However, there is disa-
greement among researchers as to the effect of warming on
runoff [7,8,10,12,14]. Evaporation is key to this issue, but
there is a lack in observation of actual evaporation. Fur-
thermore, there is a paradox between the variation of meas-
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ured 20 cm pan evaporation [15] and actual evaporation [8,
16,17]. Although there have been a few hydrologic simula-
tions including the evaporation process for the region
[6,9,11], links between meteorological forcings and evapo-
ration are not well understood.

The difficulty of actual evaporation estimation results
largely from the parameterization scheme for surface fluxes.
The TP has a distinct seasonal march of surface energy and
water budgets. Sensible heat flux dominates the surface
energy budget prior to the monsoon. With frequent rainfall
events during the monsoon, latent heat flux overrides sensi-
ble heat flux and becomes the dominant surface heat flux.
However, current models generally fail to reproduce surface
fluxes over the TP because of unreasonable flux parameter-
ization schemes [18]. An improved land surface model with
a new flux parameterization scheme was recently applied on
the TP surface, and the simulation was comparable to field
observation [19]. In this study, the model is used to repro-
duce the water budget in the source region. Based on this
reproduction, new insights are gained concerning water
budget response to recent climatic changes.

1 Data and method

The data include discharge observation records at Tangnag
hydrologic station and long-term, 6-h data from seven Chi-
na Meteorological Administration (CMA) stations in the
source region. Discharge records are available from 1956 to
2008. The CMA data include precipitation, air temperature,
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wind speed, relative humidity, surface pressure, and sun-
shine duration. This dataset is complete since 1960 at six
stations (Maduo, Xinghai, Dari, Ruoergai, Jiuzhi and
Hongyuan), and since 1967 at Maqu. Station locations are
shown in Figure 1. The source region is divided into four
subbasins (above Maduo, Maduo to Jimai, Jimai to Maqu,
and Maqu to Tangnag), according to the asymmetrical sta-
tion distribution. A Lepage-type statistic [20] was adopted
to investigate decadal variation of the aforementioned vari-
ables. Furthermore, data from an additional 25 stations sur-
rounding the region (also shown in Figure 1) were included,
to capture the spatial distribution of meteorological forcings
and their variation.

The model used is an improved simple biosphere scheme
(SiB2) [21] rather than a distributed hydrologic model, be-
cause the latter requires gridded forcing data that are diffi-
cult to create from very limited observations in this com-
plex-terrain region. Improvements to SiB2 include imple-
mentation of an aerodynamic canopy model suitable for
short and sparse vegetation [22], a new flux parameteriza-
tion scheme for bare soils [23], high-accuracy soil water
flow [24], physical parameterization of soil-surface evapo-
ration resistance [19], and a scheme for soil freeze/thaw
processes [25]. The revised model can substantially improve
simulation over the original model, specifically the repro-
duction of surface energy and water budgets over the TP
(see Yang et al. [19] for more details). The surface water
budget was simulated at stations in each subbasin, and its
contribution to total discharge was estimated according to
the weight coefficients of Table 1. These weights refer to
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Figure 1

CMA station locations in and surrounding source region of Yellow River basin.
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Table 1 Weight coefficients of total CMA stations in each subbasin of the source region

Total CMA stations Maduo Dari Jiuzhi, Hongyuan, Ruoergai, Maqu Xinghai
Sub basin Above Maduo From Maduo to Jimai From Jimai to Maqu From Maqu to Tangnag
Proportion of sub-basin area [1] 0.172 0.197 0.337 0.294
Weight coefficient ¥ 0.270 0.197 0.337 0.196

a) Since Maduo, Dari and Maqu stations are near the outlets of their respective subbasins, part of each downriver subbasin area (the area is set equal to
half the subbasin area from Maduo to Jimai hydrologic stations) is shifted into the upriver sub basin for representativeness of interior CMA stations. Specifi-
cally, Maduo station is set as representative of the subbasin above its location and half of sub basin area from Maduo to Jimai; its weight coefficient is set to
0.270 (=0.172+0.197/2). Weight coefficients of Dari station and of the total of Jiuzhi, Hongyuan, Ruoergai and Maqu stations are set equal to the proportions
of their corresponding subbasin areas. The weight coefficient of Xinghai station is set to 0.196.

the proportion of each subbasin area within the source re-
gion [1]. Glacier runoff, mainly from the A'nyémaqgén
Mountains, is of little consequence to total runoff in the
region [26], and is thereby not considered.

In the modeling, we set soil parameters and vegetation
parameters (classification and coverage) according to 1°x1°
ISLSCP II (International Satellite Land Surface Climatolo-
gy Project Initiative II) soil [27] and vegetation data [28].
Leaf area index (LAI) data were sourced from the Moderate
Resolution Imaging Spectroradiometer (MODIS) 0.25°%
0.25° gridded 8-d LAI dataset [29]. Meteorological forcings
at the aforementioned 32 stations were used as forcing data
for surface process modeling. CMA 6-h data were too
coarse to represent the large diurnal variations of meteoro-
logical forcings at high altitude (mostly over 3000 m ASL)
and the influence of strong solar heating. Thus, a downscal-
ing method [30] based on statistical relationships derived
from high-resolution experimental data was used to obtain
an hourly dataset for the simulation. The simulated period
began in 1952, and climatologic data were used to drive the
model until observations were available. The water budget
was investigated over the period 1960-2006.

2 Observation diagnoses

2.1 Observed changes in runoff and meteorological
forcings

We initially investigate variations of runoff and regional
mean meteorological forcings in the source region during
1960-2008. A sudden shift of runoff since 1990 noted by
Lan et al. [2] was also identified here by the Lepage test
[20]. Runoff prior to 1990 averaged 220.5x10° m’, but af-
terward the average decreased significantly, reaching only
170.6x10* m* (Figure 2(a)). The variation of regional mean
annual precipitation was similar to runoff, but not always
consistent with it (Figure 2(b)). Precipitation was relatively
abundant in the early 1980s, and averaged 524.5 mm before
1990. From 1990 to 2002, the average decreased signifi-
cantly, to 491.5 mm. Precipitation increased after 2002 (av-
erage 538.3 mm), but discharge remained low. The surface
warmed significantly, with a mean trend of 0.31°C per dec-
ade (Figure 2(c)). This warming has accelerated over the
last 30 years. This warming trend approaches the average

for the TP [4], which greatly exceeds the Northern Hemi-
sphere average [3]. Wind speed after 1969 steadily de-
creased at a rate of about 0.13 m s™' per decade (Figure
2(d)). Such wind speed reduction is common in China, and
it might indicate monsoon weakening [31]. Relative humid-
ity had no obvious trend before 1990, but from 1990 on-
ward, it decreased (Figure 2(e)). Specific humidity clearly
increased, at 0.05 g kg"1 per decade (Figure 2(f)). Sunshine
duration had no clear decadal variation (not shown). In
summary, similar to variations in other parts of the TP [4],
the source region experienced rapid changes including de-
cadal warming, moistening and wind speed decrease. Pre-
cipitation decreased in the 1990s but ample precipitation
returned after 2002. Discharge remained low after 1990.

2.2 Relationships between runoff and meteorological
forcings

We now address the abnormal low runoff after 1990 and its
correlation with regional mean meteorological forcings.
Although the variation of precipitation is not always con-
sistent with runoff, their correlation coefficient reaches 0.80
and passes the -test at the level P<0.05. Therefore, precipi-
tation is a strong and direct influence on runoff, as argued
by Liu and Chang [7] and Zhao et al. [14]. Relative humid-
ity also has a significant positive correlation with runoff.
The correlation coefficient between surface air temperature
and runoff is —0.28 and fails to pass the test (P<0.05), simi-
lar to Niu and Zhang [8]. The decline of relative humidity
after 1990 and the rapid warming imply that increasing sat-
uration deficit may enhance evaporation and reduce runoff.
Regional mean sunshine duration also has a negative corre-
lation (—0.36) with runoff, but has no obvious decadal trend,
which means that their correlation is mainly on an inter-
annual scale. Other meteorological forcings have no signif-
icant correlation with runoff.

Previous studies [13,14] have asserted that the decrease
of precipitation intensity in the 1990s was an important
cause of low runoff in the region, because light rainfall
generally produces less direct runoff. We thus investigated
the variation of precipitation intensity. Rainfall was strati-
fied into three intensity classes: Small (<10 mm per day),
middle (10-25 mm per day) and heavy (>25 mm per day).
Figure 3 shows variation of days of these three kinds of
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Figure 2 Variations of gauged discharge (a) at Tangnag hydrologic station, and regional average meteorological forcings including precipitation (b), air
temperature (c), wind speed (d), relative humidity (e) and specific humidity (f) from 1960 to 2008; & is line slope.
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Figure 3 Variations of number of days (annual average) for small rainfall
(<10 mm per day) (a), middle rainfall (10-25 mm per day) (b) and heavy
rainfall (>25 mm per day) (c). Bold dashed lines represent 7-point

smoothing.

rainfall, averaged regionally and annually. The number of
days with small rainfall was above normal during the early
1990s, and then deceased after 2000 (Figure 3(a)). In con-
trast, days of middle and heavy rainfall were below normal
in the 1990s, but increased in recent years (Figure 3(b),(c)).
This implies that the variation of precipitation intensity in
recent years may increase direct surface runoff. This is not
consistent with the observed low runoff after 2002, when
precipitation recovered to above normal levels.

The meteorological forcings in Figure 2, except precipi-
tation, had similar changes or trends at the CMA stations.
Sunshine duration had a clear increase only at Maduo, and a
decrease only at Dari. As shown in Figure 4(a), the distribu-
tion of mean annual precipitation in the source region is
very uneven. The annual precipitation is over 500 mm in the
southeastern part of the region, because of the Asian sum-
mer monsoon, while it is 500 mm or less in the north and
west. The southeast is the principal area of runoff genera-
tion in the source region [32]. The subbasin from Jimai to
Magqu hydrologic stations, 33.7% of the entire area, contrib-
utes 55.7% of the discharge [1]. Figure 4(b) shows the spa-
tial distribution of precipitation anomaly from 1990 to 2002.
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Figure 4 Spatial distributions in the Yellow River source region for
precipitation: (a) annual amount, and (b) anomaly from 1990 to 2002 and
(c) after 2002. Unit: mm.

Only near Maduo was there a small increase in precipitation,
while it decreased more than 40 mm in the center and
southeast. This caused below normal basin-averaged annual
precipitation over the period. After 2002, the negative
anomaly area shrank to the area where annual precipitation
was more than about 700 mm. However, a larger positive
precipitation anomaly area appeared in the north and west
(Figure 4(c)), leading to above normal basin-averaged an-
nual precipitation. Such spatial variations may affect the
generation of runoff.

Therefore, the persistent low runoff after 2002 cannot be
explained by the variations of precipitation amount and in-
tensity. However, the spatial variation of precipitation may
be an important influence. The changes of other meteoro-
logical forcings, especially the decline of relative humidity
and warming, may enhance evaporation and in turn reduce
runoff. The disintegration of permafrost might also affect
soil water seasonal storage and diminish surface runoff
[13,33]. These processes are believed to account for the
persistent low runoff after 1990. To assist our analysis, land
surface modeling was used to reproduce surface hydrologic
processes.
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3 Surface water budget
3.1 Evaluation of simulated runoff

Surface water budget was simulated at individual CMA
stations using the improved SiB2. Figure 5(a) shows a
comparison of inter-annual variability of simulated runoff
depth versus observed. Observed runoff depth was calcu-
lated by gauged discharge at Tangnag station divided by
total area of the region. Simulated runoff depth is the aver-
age of simulated runoff depths at all individual stations
within the source region, weighted by the coefficients of
Table 1. The result indicates that inter-annual variability of
runoff was well simulated. In particular, the simulated
anomaly after the late 1980s was the same as observed.
Moreover, the simulated annual runoff depth approximated
the observation (observed runoff depth was 165.5 mm, and
the simulated weighted average without model calibration
was 178.8 mm). These indicate that the regional surface
water budget was reasonably reproduced by simple 1-D
land surface modeling. Therefore, the simulated water
budget (runoff and evaporation) may be used to investigate
its response to recent climatic changes.

3.2 Climatic change in surface water budget

Figure 5(b) shows the variation of annual evaporation
anomaly in the source region. The simulated evaporation
increases at 7.5 mm per decade, passing the 7-test (P<0.05).
Its standard deviation is less than for precipitation (Figure
2(b)) and runoff depth (Figure 5(a)), which suggests that
precipitation is a direct influence on regional runoff. Simu-
lated evaporation in the early 1980s was greater than before.

150 ——r—————————
(a)

—— Observation
—— Simulation

Runoff depth anomaly (mm)

Evaporation anomaly (mm)

1960 1970 1980 1990 2000 2010
Year

Figure 5 (a) Comparison of simulated runoff depth against observed; (b)
anomaly of simulated annual evaporation. k is line slope.



2160 Zhou D G, et al.

After 2002, the positive anomaly strengthened further,
largely compensating the increase of regional precipitation;
this explains the persistently low runoff.

Soil water storage is another component in the hydro-
logic cycle. However, the trend of simulated annual surface
soil moisture is very weak in the source region, and can be
negligible in comparison with the variations of precipitation,
runoff and evaporation. Therefore, we believe that regional
runoff is mainly controlled by precipitation and evaporation
on an annual scale.

Evaporation in the region also decreases from southeast
to northwest, similar to the spatial distribution of precipita-
tion in Figure 4(a). Figure 6(a) shows the spatial distribution
of evaporation anomaly from 1990 to 2002. The anomaly
was slightly positive in the southeast and in part of the
northwest, and it was negative in the northeast, leading to
the near normal basin-average annual evaporation. After
2002, all evaporation anomalies became positive (Figure
6(b)), with greater strengthening in the southeast and west.
Based on spatial variation of evaporation and precipitation
anomalies shown by Figures 4 and 6, the surface water bal-
ance has changed. The runoff yield anomaly in the north-
west region changed only slightly after 1990, because the
increase/decrease of evaporation approached the increase/
decrease of precipitation. Runoff yield in the northeast de-
clined somewhat between 1990 and 2002, because precipi-
tation decrease exceeded evaporation decrease. This yield
escalated after 2002, because precipitation increase over-
rode evaporation increase. The yield in the southeast, the
key area for runoff generation, decreased considerably after
1990 because of the decline in precipitation together with
evaporation increase. This was especially so after 2002;

Nl @ ' L Yellow River
X & Tangnag
- i,
34°N |
32°N -
Nl © ' ' ' Yellow River
- '-__‘ _'[gngnag
g
20
34°N |
32°N -

96°E 98°E 100°E 102°E 104°E

Figure 6 Spatial distribution of evaporation anomaly in the source region:
(a) from 1990 to 2002, and (b) after 2002. Unit: mm.
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although precipitation slightly increased, it was offset by
more increase of evaporation. This reduced runoff genera-
tion. Therefore, the significant discharge decrease at Tang-
nag hydrologic station after 1990 is mainly attributable to
declining runoff yield in the southeast part of the region.

3.3 Response of evaporation to climatic changes

Simulated evaporation (Figure 5(b)) exhibits significant
positive correlation with regional mean precipitation, air
temperature and specific humidity, and negative correlation
with wind speed after 1969. Variations of some meteoro-
logical forcings such as precipitation and solar radiation
differ with the station, and surface warming, moistening and
wind speed decrease occurred simultaneously in the source
region. Consequently, we calculated correlation coefficients
(R) only between evaporation (E,) and precipitation (Pr), air
temperature (7,), and solar radiation (R,) at individual sta-
tions. The correlation coefficients at annual scale are shown
in Table 2. The dry area (mean annual precipitation less
than 500 mm) and wet area (mean annual precipitation more
than 500 mm) have distinct statistical characteristics overall.
The R (Pr, E,) values are positive and significant in the dry
area, but they decline toward the wet area. The R (T,, E,)
and R (R, E,) values are typically small and insignificant
in the dry area, but positive and generally significant in the
wet area. These results imply that evaporation at annual
scale is mainly water-limited in the dry area, as energy is
sufficient for forcing evaporation but precipitation is limited.
This is different from Lan et al. [32], which assumed that
the increase of evaporation in this area was mainly caused
by the rapid warming. In the wet area, however, evaporation
is restricted by both water and energy. From the dry stations
to wet stations, water gradually becomes sufficient, and
energy becomes more important for forcing evaporation.
Therefore, the increase/decrease of precipitation in the
dry area after 1990 caused the increase/decrease of evapora-
tion, and the rapid warming somewhat contributed to

Table 2 Correlation coefficients between annual mean values of forcings
and simulated evaporation at individual stations”

Station Pr (mm) R (Pr, E,) R (T, E,) R Ry, EV)
Maduo 311.7 0.641* 0.474%* -0.023
Xinghai 354.9 0.795* 0.096 -0.226
Tongde 425.9 0.571* 0.278 -0.070
Dari 545.9 0.382%* 0.659* 0.461%*
Maqu 601.6 0.210 0.605* 0.569*
Ruoergai 649.9 0.353* 0.645* 0.446%*
Hongyuan 750.1 0.245 0.474* 0.045
Jiuzhi 752.8 0.289 0.669* 0.484*

a) Pr, E,, T, and Ry, denote precipitation, evaporation, surface air tem-
perature and downward solar radiation, respectively. b) Water budget at
Tongde station is simulated only during 1954—-1998, since meteorological
data after 1998 is unavailable. * means that coefficient passes the #-test
(P<0.05).
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increased evaporation. This led to the weak change of run-
off generation in the north and west. In the wet area, how-
ever, both the decrease of precipitation and increase of
evaporation responding to rapid warming after 1990 were
principal causes of the decreased runoff generation. Even
though regional precipitation rose to above normal levels
after 2002, this increase was mainly in the dry area. There-
fore, this increased precipitation was largely evaporated,
contributing little to the variation of runoff generation. Pre-
cipitation in parts of the wet area also increased, but was
accompanied by an evaporation increase from warming, so
there was no enhancement of runoff generation. All these
factors resulted in the persistently low discharge after 1990,
despite the above-normal precipitation after 2002.

4 Concluding remarks

The source region of the Yellow River has experienced
rapid warming, moistening and weakening wind speeds
over recent decades. Precipitation decreased in the 1990s,
but ample precipitation returned after 2002; nevertheless,
discharge remained low after 1990. This study investigated
water budget response in the region to recent climatic
changes. Precipitation is obviously a direct influence on
runoff, at either regional scale or individual stations. How-
ever, the low runoff after 1990 cannot be fully explained by
variation of precipitation amount and intensity. We found
that the spatial pattern of precipitation change is another
important factor in the response of runoff to precipitation
change. In the dry area of the region (north and west), run-
off is not very sensitive to precipitation change. This is be-
cause evaporation there is principally limited by water
availability, and thus most of the precipitation change is
evaporated. Therefore, runoff generation in the dry area
contributes relatively little to total runoff; its variation was
relatively slight, both in the 1990s when precipitation was
below normal and during recent years, when it was above
normal. On the other hand, runoff change in the wet area of
the source region (southeast) is sensitive to precipitation
change. Energy availability in this area is more important
for determining evaporation. Consequently, in the 1990s
increased evaporation occurred because of rapid warming,
despite a precipitation decrease. More evaporation increase
overrode slight increase of precipitation after 2002, contrib-
uting to a remarkable decline in runoff generation. These
two phenomena are primarily responsible for the current,
persistent low discharge.
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