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ABSTRACT

Land surface changes effect the regional climate due to the complex coupling of land-atmosphere interac-
tions. From 1995 to 2000, a decrease in the vegetation density and an increase in ground-level thermodynamic
activity has been documented by multiple data sources in Northwest China, including meteorological, re-
analysis from European Centre for Medium-Range Weather Forecasts (ECMWF), National Oceanic and
Atmospheric Administration’s (NOAA) Advanced Very High Resolution Radiometer (AVHRR) and TIROS
Operational Vertical Sounder (TOVS) satellite remote sensing data. As the ground-level thermodynamic
activity increases, humid air from the surrounding regions converge toward desert (and semi-desert) regions,
causing areas with high vegetation cover to become gradually more arid. Furthermore, land surface changes
in Northwest China are responsible for a decrease in total cloud cover, a decline in the fraction of low and
middle clouds, an increase in high cloud cover (due to thermodynamic activity) and other regional climatic
adaptations. It is proposed that, beginning in 1995, these cloud cover changes contributed to a “green-
house” effect, leading to the rapid air temperature increases and other regional climate impacts that have
been observed over Northwest China.
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1. Introduction

In Northwest China, declining land surface vegeta-
tion has caused disastrous events to occur more often
and with greater intensity. For example, in China’s
arid and semi-arid regions, the extent of drought has
increased, while in the Tibetan Plateau, multi-year
frozen earth and snow cover are beginning to thaw
(Niu, 1999; Cheng and Shen, 2000; Wang et al., 2002;
Wang et al., 2004a). In some regions of China, partic-
ularly where agricultural cultivation and animal hus-
bandry are primary economic activities, human activ-
ities are likely to have a greater impact on the regional
climate and land surface features than climatic condi-
tions.

Changes in land surface features may directly affect

regional climate systems, redistributing solar energy at
the land surface-atmosphere interface, thereby leading
to changes in atmospheric thermal conditions, general
circulation patterns, and precipitation distributions.
Land surface changes may also have indirect impacts
on the regional climate through atmospheric aerosol
flux (Zhou and Wang, 1999). Three land surface pa-
rameters influence the intensity of the interactions be-
tween land surface features and climate: albedo, soil
moisture, and surface roughness (Shukla and Mintz,
1982; Sellers et al., 1989). First, albedo is affected by
human activities including land reclamation, farming,
and deforestation. In particular, anthropogenic activ-
ities may cause vegetation cover to decline, contribut-
ing to a decrease in the net solar radiation, tempera-
ture and precipitation, and an increase in the surface
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albedo. Higher surface albedo levels accelerate the de-
sertification process, which increases albedo through
positive feedback, causing even more desertification
(Charney, 1975; Yeh et al., 1988).

Second, soil moisture directly determines sensible
and latent heat flux into the atmosphere. As soil mois-
ture descends, rising surface and deep soil tempera-
tures contribute to rapid changes in the atmospheric
boundary layer on account of an increase in the up-
ward long-wave radiation flux. Accordingly, the air
temperature gradually increases and the specific hu-
midity decreases. This, in turn, causes a drying of
the atmosphere and a change in leeward environments
through general circulation. For example, large-scale
irrigation of farmland can cause an increase in the soil
moisture for months, significantly affecting short-term
climate and the water cycle (including areal evapora-
tion and the distribution of precipitation).

Irrigation reportedly contributes to a decrease in
the soil temperature and an observable increase in
evaporation and precipitation (Yeh et al., 1983, 1984).
In addition, studies have shown that an increase in soil
moisture can also lead to rapid changes in the surface
albedo and accelerate a constant, long-term increase
in the vegetation roughness, thereby indirectly affect-
ing general circulation. Finally, the influence of the
surface roughness on the climate is more complicated
than the associated influence of either albedo or soil
moisture (Sud et al., 1988).

The climate of Northwest China is comprised of
arid and semi-arid regions. Higher ambient temper-
atures and increased human activities have caused
the region’s physical land surface features to undergo
large-scale changes (Xu et al., 2002; Wang et al.,
2004b). In particular, data suggests that farming and
irrigation cause higher precipitation levels (and other
climatic changes), leading to an increase in the veg-
etation along the Yellow River. Similarly, in parts
of Inner Mongolia, widespread animal husbandry has
lead to significant land surface changes, thereby re-
sulting in climatic and vegetation changes (although
in northeastern Inner Mongolia anthropogenic activi-
ties are negligible). Overall, in Northwest China, veg-
etation cover shows an increasing trend from 1980 to
1994, followed by a decrease beginning in 1995. How-
ever, the mechanism and processes underlying the in-
fluence of these land surface features on the regional
climate in Northwest China have not been addressed
in the literature. This is for two reasons. First, there
is a lack of multi-source observational data. Second,
existing climate models possess significant limitations.
In this paper, multiple data sources (including NOAA-
AVHRR, TOVS, meteorological and re-analyzed data)
are used to address these shortcomings and to inves-

tigate the process by which changing land surface fea-
tures impact regional climate in Northwest China.

2. The influence of land surface on latent and
sensible heat in Northwest China

Climate is a combination of regional climate (rel-
ative to land surface features) and air-mass advection
(relative to general circulation). Mass advection is
a function of many variables, including land surface
cover characteristics. While it is difficult to determine
the influence of the land surface on regional climate by
analyzing routine meteorological data (temperature,
precipitation, etc.), ground-level atmospheric humid-
ity provides an indirect means for evaluating the influ-
ence of these land surface features on the regional cli-
mate. When advection is ignored, ground-level atmo-
spheric humidity is subject to rapid changes in latent
and sensible heat flux over time. Accordingly, changes
in land-surface features will cause temporal variations
in latent and sensible heat flux levels and the atmo-
spheric humidity will be affected by these heat flux
changes.

Regions were selected for study from Northwest
China based on the intensity of the land surface
changes and the frequency of disaster events. North-
west China contains three land-cover and climatic divi-
sions: snow cover, the presence of vegetation cover and
the complete absence of vegetation cover during the
year (the land cover categories vary according to sea-
son). There are also three land surface types in North-
west China, including desert, a transition zone (from
desert to vegetation) and a vegetation zone, where cli-
mate aridity sensitizes vegetation to climatic factors
(Xu et al., 2003). Spatial differences in these land sur-
face types are more significant than temporal differ-
ences. Vegetation cover fluctuations may change the
spatial pattern of land surface features, possibly af-
fecting the areal climate. In Fig. 1, remote sensing
data illustrates the spatial variation of vegetation in
Northwest China (Xu and Chen, 2006). Specifically,
the fraction of vegetation increases significantly from
1980 to 1994 (regions where the second EOF eigenvec-
tor is negative) followed by a decrease from 1995 to
2000. In other regions, where the second eigenvector
exceeds 0, a slight decrease in the fraction of vegeta-
tion occurs between 1995 and 2000.

Dynamic variations in land surface properties (soil
moisture, albedo and surface roughness) correlate
strongly with the areal extent of the vegetation cover
and vegetative species, affect the intensity of turbu-
lent exchange and redistribute incoming solar energy
among latent heat, sensible heat and soil heat flux.
GCM in the Amazon basin show that deforestation
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Fig. 1. Annual change in the vegetation in Northwest China from 1982–2000.

significantly affects the climate: if rain forests are re-
placed by grasslands, soil temperatures are expected to
rise 5 degrees Celsius and annual evaporation and pre-
cipitation are predicted to decrease by 30% and 25%,
respectively. These phenomena become even more
pronounced in the dry season (Carlos et al., 1991).
Similarly, GCM-SSIB (General Circulation Models-
Simplified Simple Biosphere Model) simulations show
that changing land surface types significantly influence
the regional climate in Northwest China. For exam-
ple, if deciduous broad-leaf forest, shrub, and grass-
lands are assumed to replace the Gobi desert, the sum-
mer monsoon will strengthen and the rain-band will
move northward as vegetation changes reduce albedo
levels and increase surface roughness. Under this
hypothetical scenario, the precipitation in Northwest
China is predicted to increase by 110 mm (Fan et al.,
1998). The National Center for Atmospheric Research
(NCAR) regional climate model yields similar results.
For example, the NCAR model predicts that an in-
crease in the areal extent of the vegetation cover in
Northwest China will reinforce the summer monsoon.
In contrast, as the vegetation deteriorates the summer
monsoon is expected to wane, leading to a reduction in
the precipitation and an increase in the desertification
of northern China (Lu and Chen, 1999).

The latent and sensible heat parameters directly af-
fect the regional climate and they also respond rapidly
to vegetation changes. Specifically, an increase in the
latent heat flux and a decrease in sensible heat flux are
observed to be in phase with an increase in vegetation
cover. It follows that in Northwest China (an arid
and semi-arid region), that meaningful results can be

obtained by performing a correlation analysis among
latent heat, sensible heat, and vegetation cover.

The Normalized Difference Vegetation Index
(NDVI) is a normalized ratio of the Near Infra Red
(NIR) and red bands that detect the presence of
chrolophyl (which absorbs red light but strongly re-
flects infrared radiation by mesophyll tissues). NDVI
National Oceanic and Atmospheric Administration’s
Advanced Very High Resolution Radiometer (NOAA-
AVHRR) data contains a large amount of land surface
information, including a number of parameters, which
accurately capture land surface features and changes.
In order to minimize the risk of errors from the atmo-
sphere and the solar zenith angle, atmospheric and an-
gular calibration was performed. Furthermore, errors
were minimized by representing land surface features
with maximum NDVI readings over a ten-day period.
NDVI is observed to be generally proportional to veg-
etation cover density. The annual average NDVI was
calculated from 1 May to 31 October to correspond
with northwestern China’s vegetation growth period.
The latent and sensible heat data (with a 2.5×2.5 de-
gree resolution) was obtained from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF).
Geographic calibration and statistical processing were
used to ensure that the resolution of the NDVI and the
re-analyzed data were identical. The correlation coef-
ficient for NDVI and latent heat varied widely over
Northwest China (Fig. 2a). Specifically, the correla-
tion coefficient was significant (exceeding 0.46 at the
95% confidence level) in only two regions: the western
Da Hinggan Mountains (eastern Inner Mongolia) and
near the Junggar Basin (northern Xinjiang). These
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Fig. 2. (a) Distribution of the correlation coefficient between the av-
eraged NDVI (May–October) and averaged latent heat (May–October)
from 1982 to 2000 and (b) the distribution of the correlation coefficient
between the averaged NDVI (May–October) and the averaged sensi-
ble heat (May–October) from 1982 to 2000. (the shaded is area with
meaningful correlation).

two regions also have the highest correlation coeffi-
cient for NDVI and sensible heat data (Fig. 2b). The
spatial variations in the correlation coefficient are due
to the spatial distribution of land surface types and
the intensity of land surface changes. As shown in the
1991 land-use map of Northwest China, a significant
fraction of the land surface is covered by desert and
semi-desert, with only a small area covered by vegeta-
tion (State Development Planning Commission, 1991),
even during growing period, when the fraction of veg-
etation is relatively low (Fig. 3b).

NDVI values between 0.1 and 0.2 indicate the pres-
ence of a transition zone from desert to vegetation, de-
pending on the spectra of the land surface features in
the area under consideration (Tong, 1990). In most re-
gions of Northwest China, multi-year averaged NDVI
between May and October is less than 0.1 implying the
presence of deserts or semi-deserts. By comparing the
NDVI distribution with the distribution of the correla-
tion coefficient (between NDVI and latent heat), it is
clear that small NDVI fluctuations can strongly affect
latent heat flux in areas of dense vegetation cover. Al-
though the correlation coefficient (between NDVI and
latent heat) is not significant in all areas of dense veg-

etation cover, it does correlate with vegetation cover
density. Due to a lack of vegetation, vegetation cover
fluctuations in desert and semi-desert regions cannot
affect latent heat flux (in contrast to the situation
in densely vegetated areas). The correlation between
NDVI and latent heat is stronger than the correlation
between NDVI and sensible heat because variations in
vegetation cover do not linearly influence the distribu-
tion of energy between latent and sensible heat.

3. The influence of land surface on atmo-
spheric circulation in Northwest China

With the exception of the Yellow River drainage
area, where irrigation provides an additional source
of water, precipitation is a insufficient for vegetation
growth in Northwest China. In the absence of general
circulation, changes in land surface cover constitute
a primary influence on the regional climate. As the
vegetation increases, latent heat flux rises, leading to
an increase in ground-level atmospheric humidity. On
the other hand, a decline in the vegetation causes a
decrease in the atmospheric humidity. Accordingly,
ground-level thermodynamic activity can be used as
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Fig. 3. (a) The land-use map and (b) the distribution of multi-year
averaged NDVI in Northwest China.

an indicator to indirectly observe the influence of the
land surface changes on the regional climate. For most
atmospheric conditions, large or middle-scale weather
systems mask the influence of the land surface changes
on the atmospheric humidity. Figure 4a shows the dis-
tribution of the correlation coefficient between the av-
eraged NDVI and averaged atmospheric humidity that
are derived from TOVS data in the period of vegeta-
tion (May to October) from 1982 to 2000 in China.
TOVS data is obtained at four points in time each
day (measured at 0130, 0730, 1330 and 1930 LST)
and has a coarse spatial resolution (1◦×1◦) (Susskind
et al., 1997). As shown in Fig. 4a, two regions in
Northwest China possess a positive correlation be-
tween NDVI and atmospheric humidity, the Junggar
Basin (I) and the area west of the Da Hinggan Moun-
tains (III). In each of these regions, either the altitude
is lower than the surrounding terrain or the flow of air
is at least partly blocked by mountains, thereby caus-
ing land surface vapor to accumulate in the low-lying
areas (and there is relatively little circulation from the
upper air current). This causes the correlation be-
tween NDVI and ground-level atmospheric humidity
to become more significant.

The two regions with a negative correlation be-
tween NDVI and atmospheric humidity are the eastern
coastal region and the western Tarim Basin (II). In the
eastern coastal region, dense vegetation, adequate pre-

cipitation, extreme temperatures and latent heat flux
cause high ground-level atmospheric humidity during
periods of vegetation growth. This leads to a decline in
net solar radiation flux and solar energy that in turn
reduce photosynthetic activity. In particular, heavy
rainfall during periods of vegetation growth, have been
shown to result in a negative correlation between the
NDVI and the precipitation and a positive correlation
between the NDVI and the temperature (Xu et al.,
2003). The region from the Tarim Basin to the middle
of Inner Mongolia is primarily an arid region with four
well-defined seasons and vast desert expanses. Here,
the sparse vegetation and slight rainfall leads to a low
latent heat flux. This region possesses several unique
regional climatic characteristics. First, ground level
vapor is caused primarily by atmospheric circulation.
Second, the spatial distribution of the negative corre-
lation between NDVI levels and atmospheric humid-
ity (at ground-level) differs significantly from eastern
coastal regions.

An explanation for the negative correlation be-
tween the NDVI levels and ground-level humidity in
this desert and semi-desert region (from the Tarim
Basin to the middle of Inner Mongolia) is now put
forth. It is important to note that thermodynamic ac-
tivity maintains a stable low-pressure system in this
region from May to October: with the exception of
the Tibetan Plateau, where the ground-level air pres-
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Fig. 4. (a) The distribution of the correlation coefficient between NDVI
and ground-level atmospheric humidity during the period of vegetation
growth from May to October and (b) the distribution of ground-level,
multi-year averaged air pressure (hPa) between May and October in
Northwest China. (the shaded is area with meaningful correlation)

sure is significantly lower than other densely covered
areas (Fig. 4b). Bernoulli’s equation of motion (relat-
ing pressure, velocity and height in the steady motion)
of an ideal fluid is:

dV

dt
= −1

ρ
∇P + g + F

where V is the wind vector, ρ is the air density, ∇P
is the pressure gradient, g is gravity, F is the force of
friction and t is time. Near the surface, ground-level
airflow and water vapor converge towards the center of
a low pressure region and diverge away from the center
of a high pressure area. As NDVI levels increase, veg-
etation cover increases and aridity decreases, causing
a reduction in thermodynamic activity (an increase in
latent heat flux and a decrease in sensible heat). An
increase in vegetation cover weakens the intensity of
the low-pressure convergence thereby causing a reduc-
tion in the movement of vapor from the surrounding
regions. However, a decrease in NDVI levels is associ-
ated with a decrease in the movement of vapor from
surrounding regions and an increase in aridity, sensible
heat flux, and ground-level low pressure convergence.

Accordingly, in a desert or semi-desert region, air-
flow convergence produces a decrease in the atmo-

spheric humidity of the surrounding regions, increas-
ing temperatures and raising the risk of severe soil
drought and desertification. If deserts and semi-desert
areas continue to enlarge, then vapor flux from the sur-
rounding regions will increase further, thereby leading
to higher aridity in these surrounding areas. For ex-
ample, an expansion of the Sahara desert is predicted
to decrease rainfall by 13%, together with a reduction
in the latent heat flux and cloud cover. On the other
hand, if the Sahara desert completely disappears, rain-
fall is predicted to increase 25%, and latent heat flux
will significantly rise (Kasabara et al., 1990). In sum-
mary, air-flow convergence has a pronounced effect on
the regional climate system.

4. The influence of land surface on cloud cover
in Northwest China

Climate change can significantly affect land sur-
face properties and processes. However, the exact in-
fluences of the land surface changes and the meteoro-
logical variables on the regional climate are difficult to
quantify due to the existence of both positive and neg-
ative feedback mechanisms. Exogenous land surfaces
(those outside the study area) can also impact the cli-
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Fig. 5. Temporal changes in the averaged rainfall and temperature between May and
October in Northwest China.

mate system. Accordingly, it is important to carefully
investigate the hypothesis that land surface changes
affect the regional climatic system. There have been
two identifiable phases of vegetation cover change from
1982 to 2000 in Northwest China. From 1982 to 1994,
vegetation cover increased, followed in 1995 by a de-
crease in vegetation cover. Figure 1 illustrates the
significant spatial variability of this vegetation cover
decline. The degradation of vegetation was relatively
moderate in three regions of China, the area of Gansu,
where ground and surface water resources are abun-
dant (II7), western Xingjiang (II5, II6) and southeast-
ern Inner Mongolia (II4). In contrast, a continuous,
intense decline in vegetation was observed in other re-
gions of Northwest China (II1, II2 and II3). For exam-
ple, in 1999 and 2000 a significant decline in vegetation
cover was observed in the Huanghe River watershed
and northeast Inner Mongolia (a region characterized
by water shortages).

A number of hypotheses have been put forth to ex-
plain this vegetation cover decline after 1994 for var-
ious regions in China, although, the reasons for land
cover degradation in general, will not be the same in
different regions. For example, in western and north-
eastern Inner Mongolia and west Xinjiang, natural
vegetation is the dominant land surface cover. Here,
an increase in temperature and severe aridity are the
primary meteorological causes for the observed de-
cline in vegetation cover. On the other hand, in the
Huanghe River Basin, agricultural crops are the dom-
inant vegetation cover. In this region, the vegetation
decline was likely due to a decrease in Huanghe River
runoff as a result of an increase in water consumption
for industrial, residential, and agricultural purposes.
In some regions of China, human activities likely play
a larger role than climatic factors in reducing vege-
tation cover. For example, in 1999 and 2000, water

management of the Huanghe River led to a sharp de-
cline in vegetation. Clearly, vegetation cover changes
and climate change are expected to continue as the ex-
tent and intensity of human activities in China (and
elsewhere) continue to increase.

Figure 5 illustrates that the average rainfall be-
tween May and October from 1980 to 1996 increased
slightly over Northwest China, while temperatures
showed a significant positive trend except for a few ab-
normal years. While vegetation degradation began in
1995, abnormal precipitation, temperature, or hydro-
logic changes from 1980 to 1994 in Northwest China
were not observed, even when more detailed analy-
ses were performed, such as adding climatic divisions
and obtaining additional meteorological data. Accord-
ingly, climatic factors do not appear to be the principle
drivers causing vegetation degeneration. It is proposed
that long term human activities (urbanization, green-
house gas emissions, etc.) are more important than
regional climate factors. We therefore put forth the
hypothesis that vegetation decline in Northwest China
after 1995 is due to the impact of human activities.

There are a number of reasons why cloud cover was
selected to study the impact of the land surface fea-
tures on regional climate change. First, cloud cover
constitutes a meteorological parameter that is sensi-
tive to not only land surface changes, but also to mete-
orological variables, such as temperature and rainfall.
Second, land cover change directly effects the distri-
bution of thermodynamic activities on the ground. In
particular, convection (upward movement of air) and
turbulence (the eddy motion produced by friction be-
tween the ground and the air) transfers heat to higher
atmospheric layers. This affects the distribution of the
cloud cover and the freezing capacity of clouds. Third,
changes in cloud cover correspond to changes in preci-
pitation levels. For example, drought conditions may
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 Fig. 6. The annual, averaged change in low, middle and high cloud cover be-
tween May and October in Northwest of China (no data in 1981 and 1997).
(a) shows region I from Fig. 4a with a correlation coefficient greater than zero.
(b) illustrates region II from Fig. 4a with a correlation coefficient less than
zero between the Tarim Basin and the middle of Inner Mongolia. (c) shows
region III from Fig. 4a with a correlation coefficient greater than zero in the
eastern study region.

result from a lack of cloud cover (Liu et al., 2005).
Fourth, cloud cover affects radiative transfer (the
transmission of electro-magnetic radiation through
the atmosphere), resulting in regional temperature
changes.

Beginning in 1995, TOVS data (Figs. 6a–c) illus-
trated that abnormal cloud cover changes in North-
west China are in-phase with a decline in vegetation.
While the air temperature increases slightly between

1980 and 1994, the cloud cover trend remains constant
over this time period. Specifically, low clouds (maxi-
mum cloud pressure >680 hPa), middle clouds (cloud
pressure between 440 hPa and 680 hPa) and high
clouds (cloud pressure <440 hPa) maintained stable
annual levels from May to October. However, begin-
ning in 1995, the cloud distribution changed with low
and middle cloud cover decreasing, high cloud cover
increasing and total cloud cover showing a downward
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trend. Changes in land surface features are known to
be responsible for a decrease in cloud cover. For exam-
ple, research suggests that a decrease in the vegetation
cover may significantly strengthen ground-level ther-
modynamic activities, which are known to be highly
sensitive to ground cover changes (land cover effects
the lower layers of the atmosphere through the con-
vective transfer of latent and sensible heat to the at-
mosphere’s upper layers). Finally, stronger thermo-
dynamic activities near the ground, result in higher
upper-level atmospheric temperatures and an increase
in the freezing point of clouds

In the years in which there was a low fraction of
cloud cover (1982, 1986, 1991, 1993, 1994, 1997 and
1999), cloud cover trends were consistent with land
surface cover, however this was not the case in the
years where a high fraction of cloud cover was ob-
served. The historical climatic record shows that a
strong El Niño occurred in 1982, 1986, 1991, 1993,
1994, 1997 and 1999. Other researchers have shown
that a significant relationship between El Niño and
climate variation exists in Northwest China. A statis-
tical analysis of data collected from 1845 to 1988 shows
that precipitation was considerably below normal in
El Niño years and rose in the following year (Zhu and
Li, 1992). This suggests that changes in the percent-
age of cloud cover were responsible for the precipita-
tion changes. Overall, Figs. 6a, 6b and 6c show that
the cloud cover is essentially consistent with strong El
Niño events. When El Niño events occurred together
with drought events, cloud cover decreased, followed
by a subsequent increase in the following year. For
example, cloud cover was observed to be low in 1997.
Therefore, cloud cover in Northwest China was deter-
mined by land surface change, together with extreme
weather events. While land surface features are a dom-
inant factor determining general cloud cover trends,
land surface change does not appear to cause abnor-
mal cloud cover.

Land surface changes affect both cloud cover and
the entire climatic system through interactions be-
tween clouds and solar radiation. The presence of
clouds increases planetary albedo and decreases the
absorption of short wave radiation by the atmosphere
and ground. Evidence suggests that two opposing
processes are responsible for determining temperature
changes in the lower-level atmosphere (Goody and
Yung, 1989; Liou, 1992). The first process involves
low and middle cloud cover. Low and middle clouds
have a strong albedo, are composed of water droplets
and capture only small amounts of long wave radi-
ation. The structure of low and middle clouds de-
creases the temperature in the lower-level atmosphere
(between the ground and the cloud base). The sec-

ond process involves high cloud cover. High clouds
are composed primarily of ice crystals and are almost
completely semi-transparent to solar radiation. High
clouds are typically located at the upper reaches of
the troposphere and their single-scattering albedo and
extinction coefficient is extremely small. With a lower
cloud-top temperature than low or middle clouds, they
trap more of the infrared radiation emitted by the at-
mosphere and the ground than low or middle clouds
(Starr, 1987; Chou et al., 1998). Accordingly, as the
fraction of high clouds increases (relative to low and
middle clouds) a positive feedback process is expected
to lead to increased temperatures in the troposphere
through a mechanism similar to the greenhouse effect.

Observed cloud cover changes in Northwest China
are consistent with temporal land surface feature
changes, suggesting that land surface features affect
regional circulation patterns. In particular, it is pro-
posed that a degradation in vegetation cover after
1995 caused ground-level thermodynamic activities to
strengthen, thereby leading to an increase in high
clouds (and a reduction in low and middle cloud cover),
due to thermal changes in the troposphere that were
caused by convection and turbulence. Specifically, the
air temperature sharply increased after 1995 due to
the positive and negative feedbacks of cloud cover.
Over time, this intensification of ground-level ther-
modynamic activity likely contributed to more severe
drought in Northwest China.

5. Conclusions

(1) Annual fluctuations in vegetation cover are
shown to have a significant effect on the latent and
sensible heat flux in regions of dense vegetation re-
gion. Specifically, in the densely vegetated regions of
Northwest China, changing land surface features were
observed to have a significant effect on the climate. In
contrast, in the desert or semi-desert regions of China,
land surface features had less influence on latent and
sensible flux.

(2) Changes in land surface features effect atmo-
spheric circulation in Northwest China. It is proposed
that desertification intensifies thermodynamic activi-
ties, creating a strong thermal low in the desert center,
towards which humid air from the surrounding regions
will converge. As a result, the atmospheric humidity
in surrounding regions decreases, thereby leading to an
increase in the latent heat flux and longer and more
intense drought events.

(3) The degradation in vegetation cover, beginning
in 1995, is the most important factor effecting climatic
variation in Northwest China. This loss of vegetation
caused an intensification of the thermodynamic activ-
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ities on the ground. As more heat was transferred
to the upper-level atmosphere through convection and
turbulence exchange, an increase in the cloud freez-
ing point caused more high cloud cover and a corre-
sponding decrease in low and middle cloud cover. This
change in the ratio of the high to low and middle clouds
contributes to a positive feedback process that leads
to increases in temperatures. There are also negative
feedback systems for low and middle clouds that lead
to reductions in the air temperature. This provides an
explanation for the sharp increase in air temperature
and the decrease in total cloud cover since 1995. The
aforementioned factors have contributed significantly
to the onset of severe drought in Northwest China.
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