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ABSTRACT

Using the Normalized Difference Vegetation Index (NDVI) as an indicator of vegetation growth, we
explored the characteristics and differences in the response to drought of five vegetation biomes in Northeast
China, including typical steppe, desert steppe, meadow steppe, deciduous coniferous forest and deciduous
broad-leaved forest during the period 1982–2009. The results indicate that growing season precipitation may
be the primary vegetation growth-limiting factor in grasslands. More than 70% of the temporal variations
in NDVI can be explained by the amount of precipitation during the growing season in typical and desert
steppes. During the same period, the mean temperature in the growing season could explain nearly 43% of
the variations in the mean growing season NDVI and is therefore a dominant growth-limiting factor for forest
ecosystems. Therefore, the NDVI trends differ largely due to differences in the vegetation growth-limiting
factors of the different vegetation biomes. The NDVI responses to droughts vary in magnitude and direction
and depend on the drought-affected areas of the five vegetation types. Specifically, the changes in NDVI are
consistent with the variations in precipitation for grassland ecosystems. A lack of precipitation resulted in
decreases in NDVI, thereby reducing vegetation growth in these regions. Conversely, increasing precipitation
decreased the NDVI of forest ecosystems. The results also suggest that grasslands under arid and semi-arid
environments may be more sensitive to drought than forests under humid environments. Among grassland
ecosystems, desert steppe was most sensitive to drought, followed by typical steppe; meadow steppe was the
least sensitive.
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1. Introduction

Droughts are recognized as a natural environmen-
tal disaster, and they have attracted the attention of
environmentalists, ecologists, hydrologists, meteorol-
ogists, geologists and agricultural scientists (Mishra,
2010; Al-Qinna et al., 2011; Hua et al., 2011). The

changes in the areas affected by drought and in
drought intensities have been highlighted worldwide
(IPCC, 2007). Since the 1970s, the prevalence of
droughts has increased substantially in Africa, south-
ern Europe, East and South Asia and eastern Australia
(Dai, 2011). Except for North America, droughts have
increased globally by approximately 1%–5% from 1951
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to 2002 (Ma and Fu, 2007). According to predictions
from climate system models, there may be a greater
risk of drought in the summer in most parts of the
northern middle and high latitudes as global warming
progresses (Sheffield and Wood, 2008).

As previous studies have demonstrated, drought
is one of the most significant factors influencing the
structure and function of terrestrial ecosystems (Ward
et al., 1999; Knapp et al., 2002; Ciais et al., 2005;
Hutyra et al., 2007; Fisher et al., 2007). Droughts de-
crease leaf stomatal conductance (Chaves et al., 2003;
Hanson and Weltzin, 2000; Rivero et al., 2007), re-
duce the rate of photosynthesis (Mänd et al., 2010),
and significantly decrease vegetation growth (Hanson
and Weltzin, 2000; Salinas-Zavala et al., 2002; Bres-
hears et al., 2005; Phillips et al., 2009). In addi-
tion, the effects of drought, which is accompanied by
warmer surface temperatures, may increase soil respi-
ration (Shen et al., 2009) and influence—both spatially
and temporally—the changes in carbon budget pat-
terns (Courel et al., 1984; Scott et al., 2009; Brando et
al., 2010; Cleveland et al., 2010; Mahecha et al., 2010).
The reduction in soil moisture content by drought pos-
sibly affects regional energy distribution by increas-
ing the surface albedo (Courel et al., 1984; Govaerts
and Lattanzio, 2008). In turn, these changes in the
function of terrestrial ecosystems have direct and in-
direct feedback on regional and global climate systems
(Hales et al., 2004). For example, when droughts oc-
cur in temperate grasslands, surface albedo has a neg-
ative effect on moisture flux convergences and rainfall,
and desertification generally results in drought as a re-
sult of positive feedback between land and atmosphere
caused by high surface albedo (Wang and Davidson,
2007).

At the regional scale, the effects of drought on dif-
ferent vegetation biomes differ significantly (Saleska
et al., 2007; Notaro, 2008; Zhao and Running, 2010).
For example, recent research has shown that seasonal
drought has a strong influence on desert steppe com-
pared with the effect of short-term, medium-term and
long-term drought (Wang et al., 2008). Another find-
ing suggests that typical steppe shows a strong re-
sponse to seasonal drought and a lower response to
short-term drought, whereas meadow steppe has a
strong response to seasonal and long-term drought (Li
and Li, 2007). Additionally, it has been shown that re-
sponses of vegetation growth to drought largely differ
among different biomes (Volcani et al., 2005; Saleska
et al., 2007; Teuling et al., 2010). For example, Huete
et al. (2006) reported that the enhanced vegetation in-
dex (EVI) increased by 25% in forest due to increases
in photosynthetically active radiation (PAR), whereas
grassland EVI decreased by as much as 25% in re-

sponse to soil moisture stress during a dry period in
the Amazon basin.

In Northeast China, it has been reported that
drought was the most frequent natural disaster be-
tween 1996 and 2007, with a frequency of 34% and
a duration of 4.1 months each year (Wei and Zhang,
2009). Prolonged below-normal precipitation and
above-normal temperatures led to drought during the
past decades over Northeast China (Zou et al., 2005;
He et al., 2011; Qian et al., 2011). These recent
droughts have been most remarkable for their large
deficits in precipitation (Hoerling and Kumar, 2003).
Nevertheless, what is not well known is how vegeta-
tion would respond regionally to climatic factors and
drought. In this study, using the normalized difference
vegetation index (NDVI) as an indicator of vegetation
growth, we explored the characteristics and differences
in the responses of vegetation growth to climatic fac-
tors and drought in different vegetation biomes over
Northeast China.

2. Data collection and analysis

2.1 Study area

We conducted the study in Northeast China, in an
area situated from 40.1◦N to 53.7◦N and from 96.3◦E
to 135.5◦E, with elevations ranging from 3.8 to 2623 m.
The region is located within a monsoon climate zone,
meaning most of the precipitation falls in the growing
season, which is from April to September. Because
the contribution of mean precipitation to total annual
precipitation in other months (i.e. outside of the grow-
ing season) is negligible (10%–15%), we focused on
droughts that occur during the growing season.

Based on information provided by a vegetation
map of China at a scale of 1:4 000 000 (Commission
for Integrated Survey of Natural Resources, Chinese
Academy of Sciences, 1996), China’s temperate vege-
tation is divided into five major types, including desert
and typical steppe to the west, meadow steppe in the
center, deciduous broad-leaved forest to the east, and
deciduous coniferous forest to the northeast (Figs. 1
and 2). The desert and typical steppe are character-
ized by arid to semiarid regions. For desert steppe,
the prominent climatic features are dryness and heat
in summer, cold and abundant sunshine in winter, with
a growing season temperature of 17.6◦C and total pre-
cipitation of 153.2 mm, which is less than that ob-
served for other vegetation types. Typical steppe is
semi-arid, with an average growing season tempera-
ture of 15.7◦C and total precipitation of 280.4 mm.
For meadow steppe, the growing season average tem-
perature is approximately 17.4◦C, and it has the most
abundant rainfall of all the grass steppes, with a grow-
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Fig. 1. Spatial distribution of the five vegetation types.
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Fig. 2. Spatial distributions of multi-year averages in (a) temperature
(◦C); (b) precipitation (mm); and (c) NDVI during the growing season
(April to September) from 1982 to 2009.

ing season rainfall of 377.2 mm. In the northeastern
part of the study area, the vegetation is dominated
by deciduous coniferous forest, which is located in the
high latitudes in northern China. Low temperatures
in the winter and warmth in the summer are typical
in this region, with the average growing season tem-
perature being approximately 12.4◦C and the growing
season rainfall about 409.1 mm. In deciduous broad-
leaved forest located in the temperate monsoon cli-

mate zone, the average growing season temperature
is nearly 15.6◦C, and growing season precipitation is
approximately 461.7 mm (Table 1).

2.2 Climatic datasets

We obtained quality-controlled monthly temper-
ature and precipitation datasets from the National
Meteorological Information Center (http://cdc.cma.
gov.cn). The two datasets cover the period between
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Table 1. Mean temperature (◦C) (MT), cumulative precipitation (mm) (CP), and rate changes of mean temperature
(◦C per decade) (BT) and cumulative precipitation (mm per decade) (BP) during the growing season from 1961 to 2009.

Vegetation types MT BT CP BP

Desert steppe 17.6 0.38 153.2 −0.24
Meadow steppe 17.4 0.31 377.2 −1.41
Typical steppe 15.7 0.36 280.4 −1.96

Deciduous broad-leaved forest 15.6 0.27 461.7 −1.58
Deciduous coniferous forest 12.4 0.25 409.1 −0.18

1961 and 2009. The following temperature and pre-
cipitation departures are computed relative to 1961–
2009 climatology. The datasets are based on 137 sur-
face observation stations and used to investigate the
spatiotemporal distribution characteristics of droughts
during the period 1982–2009. Based on the two
datasets, we interpolated the climatic station temper-
ature and precipitation data to datasets that are ex-
ploited at a resolution of 0.1◦×0.1◦ using the Kriging
interpolation method (Oliver and Webster, 1990).

2.3 NDVI datasets

We used a 15-day maximum value composite of an
advanced, very high-resolution radiometer (AVHRR)
NDVI dataset in our study to evaluate the responses
of each vegetation type to drought and other climatic
forces. The dataset was collected and processed by
the Global Inventory Mapping and Monitoring Study
(GIMMS) group at the NASA/Goddard Space Flight
Center. The Maximum Value Composite (MVC)
method described by Holben (1986) is commonly used
to process images to reduce cloud and other atmo-
spheric sources of noise. Based on this method, we
obtained resampled NDVI data representing informa-
tion of vegetation dynamics from 1982 to 1999 at a
resolution of 0.1◦ in geographical coordinates. In ad-
dition, using the algorithm reported by (van Dijk et
al., 1987), the NDVI dataset was smoothed to reduce
the disturbance of anomalous values caused by atmo-
spheric haze and cloud contamination.

For the period 2000–2009, we derived an NDVI
dataset from Resolution Imaging Spectroradiometer
(MODIS) data acquired by Terra (EOS AM). We used
monthly MOD13A3 data that were downloaded from
the following website: https://wist.echo.nasa.gov.
This dataset was resampled at a 0.1◦×0.1◦ resolution.

With some exceptions, the differences in band
number, data format and data receiving method be-
tween AVHRR and MODIS are consistent with the dif-
ferences in NDVI values between them. Fortunately,
Gallo et al. (2005) found good linear relationships ex-
ist between the AHVRR and MODIS NDVI values.
Based on the linear relationships, we revised AVHRR-
NDVI values from MODIS-NDVI values. We also com-

pared the growing season differences in original and
corrected AVHRR-NDVI during the period 1982–2006
and MODIS-NDVI datasets during the period 2000–
2009. A good agreement was found in the corrected
AVHRR and MODIS NDVI datasets from 2000 to
2006. Thus, it is feasible to integrate the corrected
AVHRR-NDVI data during the period 1982–1999 and
the MODIS-NDVI during the period 2000–2009.
2.4 Data analysis

We extracted temperature departures from the cli-
matic data to represent increasing or declining temper-
atures. The temperature departures were computed
using the following formula:

TD,ijk = Tijk − Tmean , (1)

where Tijk represents the ith month temperature of
the kth vegetation type in the jth year, and Tmean is
defined as the average temperature of the kth vege-
tation type in the ith month during the period 1961–
2009. TD,ijk stands for the temperature departure of
the kth vegetation type in the ith month and jth year.

In this analysis, we visualized precipitation depar-
tures as an index to access the precipitation deficit
intensity and spatiotemporal distribution, which was
computed as:

PD,ijk =
Pijk − Pmean

Pmean
× 100% , (2)

where Pijk represents the ith month data of precip-
itation of the kth vegetation type in the ith month
and jth year, and Pmean is defined as the mean pre-
cipitation of the kth vegetation type in the ith month
during the period 1961–2009. PD,ijk was considered
the precipitation departure of the kth vegetation type
in the ith month and jth year.

We also applied NDVI departures to indicate dif-
ferences in vegetation growth, which can filter out the
contribution of local geographical resources to the spa-
tial NDVI variability. Therefore, we used the depar-
tures to directly compare the differences of responses
to precipitation deficit in different vegetation types.
For each vegetation type, the NDVI departures are
calculated as the following expression:

ND,ijk =
Nijk −Nmean

Nmean
× 100% , (3)
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Fig. 3. Monthly changes of original and corrected AVHRR-NDVI
(OR AVHRR and CO AVHRR) from 1982 to 2006 and MODIS-NDVI from
2000 to 2009 for typical steppe (TS), desert steppe (DS), meadow steppe (MS),
coniferous forest (CF), and deciduous broad-leaved forest (BF) during the
growing season.

where Nijk is defined as ith month data of the NDVI
of the kth vegetation type in the ith month and jth
year, Nmean is the mean NDVI of the kth vegetation
type in the ith month from 1982 to 2009, and ND,ijk

is the NDVI departure of the kth vegetation type in
the ith month and jth year, correspondingly.

3. Results

3.1 Changes in climatic factors

The departures of the growing season mean tem-
peratures of all vegetation types significantly increased

between 1982 and 2009, as shown in Figs. 4 and 5. Ob-
viously, the desert steppe experienced the most signif-
icant upward trend and the fastest increasing rate of
temperature departures of all of the vegetation types,
with a rate of increase of 0.8◦C per decade. The second
most significant change was in typical steppe, with a
rate of increase of 0.7◦C per decade. Meadow steppe
had the lowest rate of increase out of all of the grass
types at 0.6◦C per decade. Generally, temperature
increases in forest ecosystems were lower than grass-
land ecosystems, with rates of temperature increases
of 0.4◦C per decade for deciduous broad-leaved forests
and 0.3◦C per decade for deciduous coniferous forests.
It is important to note that both positive and negative
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Fig. 4. Changing rates of (a) mean temperature departures (◦C per
decade); (b) cumulative precipitation departures (% per decade); and
(c) NDVI departures (% per decade) during the growing season in the
period 1982–2009.

significance at the 0.05 level were used in this study.
The precipitation changes during the period 1982–

2009 are shown in Figs. 4 and 5. As can be found,
the precipitation departures decreased for typical or
meadow steppe, especially so for the latter of two, but
there were no clear trend for desert steppe. However,
for deciduous coniferous forest and deciduous broad-
leaved forest, the precipitation departures were signifi-
cantly reduced (P <0.05). The values of rate of change
were 8.4% per decade and 9.0% per decade for the two
forest types, respectively.

3.2 Changes in NDVI of different vegetation
types

During the period 1982–2009, the trends of the
growing season NDVI departures varied with each veg-
etation type. For example, the NDVI departures of the
desert and meadow steppes showed slight downward
trends, but these changes were not significant. In this
stage, the NDVI departures of typical steppe showed
a significant decreasing trend. In contrast, positive in-
creases in NDVI departures for deciduous coniferous
forest and deciduous broad-leaved forest were demon-

strated during the same period. These significant in-
creases in NDVI departures showed growth rates of
6.0% per decade and 3.0% per decade, respectively.

3.3 Effects of climatic factors on NDVI of
various vegetation types

Based on scatter plots and Pearson correlation
analysis of the NDVI, precipitation and temperature
departures time series, the relationship patterns of
vegetation and climatic factors were obtained. Desert
grassland presented a significant correlation between
NDVI departures and precipitation departures. With
this increase in precipitation, desert steppe showed a
significant increase in NDVI (Fig. 6). This result sug-
gested that precipitation could explain more than 70%
of the changes in the NDVI in this region. Similarly, a
very high positive correlation between NDVI and pre-
cipitation departures was also noted in typical steppe.
The precipitation departures could explain approxi-
mately 74% of the variations in NDVI in this region.
In meadow steppe, the correlation between NDVI and
precipitation departures was positively significant dur-
ing the period 1982–2009. However, significant nega-
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Fig. 5. Pearson correlation coefficient of (a) mean temperature depar-
tures and periods; (b) cumulative precipitation departures and periods;
and (c) NDVI departures and periods during the growing season in the
period 1982–2009.

tive correlations between NDVI and the precipitation
departures of deciduous coniferous forest and decidu-
ous broad-leaved forest were shown.

In addition, the correlation between the NDVI
and temperature departures varied from that be-
tween NDVI and the precipitation departures during
the growing season (Fig. 7). A weak correlation be-
tween NDVI and temperature departures was found
for desert steppe. In this region, the temperature de-
partures explained only 9% of the variations in NDVI
during the growing season. For typical steppe, there
were strong negative relationships between NDVI and
temperature departures. For this vegetation region,
the temperature departures could only explain 41% of
the changes in NDVI. Compared with the typical and
desert steppes, the correlation between NDVI and cli-
matic factors was weaker in meadow steppe during the
growing season. The growing season temperature and
precipitation departures could respectively explain ap-
proximately 39% and 33% of the variance in NDVI
during the period 1982–2009. This vegetation type
had the weakest year-to-year variation in NDVI of all
grassland types.

However, for deciduous coniferous and deciduous

broad-leaved forests, the correlation between NDVI
and temperature departures exhibited the reverse pat-
tern; significant positive correlations occurred in these
regions. The growing season temperature could ex-
plain approximately 47% and 43% of the variations in
NDVI over deciduous coniferous and deciduous broad-
leaved forests, respectively.

3.4 Different responses to drought among veg-
etation types

The analyses of vegetation growth response to pre-
cipitation deficit were measured by assessing NDVI ac-
companied by precipitation changes. It could easily
be inferred that the response of each vegetation type
to precipitation variations varied from one to another
(Fig. 8). Here, our observations showed thresholds be-
tween −50% and 50% of the precipitation6 departure.
For desert steppe, lower NDVI values corresponded to
low precipitation during the growing season. For ex-
ample, the negative fluctuation (−16.5%) in NDVI was
found to correspond well with a sizeable precipitation
reduction between −50% to −45%. When rainfall was
near average levels, the NDVI departures were close
to zero. In addition, NDVI increased by 9.6% during
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the range of above-mean 45%–50% of precipitation in
this area. The response of NDVI variation to precipi-
tation variation in typical steppe was similar to that in
desert steppe, but there was a weaker response to pre-
cipitation variations (excluding more than 50% of the
precipitation reduction). The response of NDVI varia-
tions to precipitation variations in meadow steppe was
the weakest among the different grassland types. For
example, when precipitation departures ranged from
−50% to −45%, 6.3% of the NDVI departures also
decreased. When the precipitation departures ranged
from 45% to 50%, approximately 3.5% of the NDVI
values were above the multi-year average.

In deciduous coniferous and deciduous broad-
leaved forests, the response pattern of NDVI variations
to precipitation variations was different to grassland
types. For instance, while precipitation departures
fell between the −50% to −45% thresholds, 7.8% of
the NDVI departures increased for deciduous conifer-
ous forest. When the precipitation departures fell be-
tween 45% and 50%, approximately 3.4% of the NDVI
values were below the multi-year average.

We investigated the responses of vegetation growth
to drought for each vegetation type (Table 2 and
Fig. 9). The spatial extent of vegetation growth re-

sponses to precipitation deficit was demonstrated by
calculating the percentage of affected pixels. Precipi-
tation strongly determined the spatial distribution of
NDVI over the regions of low NDVI values. This
distribution showed differences in areas with NDVI
values lower than the multi-year average among the
different vegetation types under precipitation deficit.
When precipitation decreased by more than 30%, areas
with NDVI values below the multi-year average cov-
ered 97% of the whole desert steppe, 93% of the typical
steppe, and 71% of the meadow steppe. Conversely,
the areas of NDVI values below the multi-year average
covered only 8% of the coniferous forest and 37% of the
deciduous broad-leaved forests under the same condi-
tions. With precipitation reductions of between −30%
and −10%, the areas were affected by a more severe
precipitation deficit (e.g. precipitation departure be-
low −30%). For example, 70% of typical steppe, 79%
of desert steppe and 47% of meadow steppe had NDVI
departures below 0%. However, only 21% of deciduous
coniferous forest and 32% of deciduous broad-leaved
forest were affected by water stress. Nevertheless, un-
der precipitation departures between 10% and 30%,
the pixels of NDVI departures above 0% were mainly
in typical steppe and desert steppe (87% and 90%,

Fig. 6. The relationship between growing season precipitation departures vs. NDVI departures for (a)
typical steppe; (b) desert steppe; (c) meadow steppe; (d) coniferous forest; and (e) deciduous broad-leaved
forest.
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Fig. 7. The relationship between mean growing season temperature departures vs. NDVI departures for
(a) typical steppe; (b) desert steppe; (c) meadow steppe; (d) coniferous forest; and (e) deciduous broad-
leaved forest.

respectively), while the unaffected pixels were in de-
ciduous coniferous forest and deciduous broad-leaved
forest (37% and 41%, respectively). However, in the
case of precipitation departures above 30%, the main
regions under vegetative stress were spread across de-
ciduous coniferous forest and deciduous broad-leaved
forest.

4. Discussion

The results demonstrate that the mean growing
season temperature in Northeast China increased sig-
nificantly during the period 1982–2009. The growth
rate, which was approximately 0.57◦C per decade, was
obviously faster than the increasing trend of the global
mean land temperature, which was 0.27◦C per decade
during the same period. In desert and typical steppe,
which are the dryer regions of those studied, the tem-
perature time series showed the highest rates of in-
crease, compared with other vegetation types. How-
ever, the time series of growing season precipitation
showed no significant increasing trend in these regions.
The increase in temperature instead of precipitation
may intensify water deficit (Zhang et al., 2005). Yang
et al. (2002) suggested that with a temperature in-

crease of 4◦C, the soil water content is significantly
lower than that under the current conditions. Further-
more, one can conclude that due to increased evap-
oration and increasing global temperatures, the sur-
face water budget is reduced, which suggests that the
increased losses of land surface moisture are an im-
portant factor in the development and exacerbation of
drought conditions (Ma and Fu, 2006). A drying trend
exists in most regions across the globe, especially in
Africa and Eurasia. Among these regions, Northeast
China shows a significant drying trend (Dai, 2011).

In this study, we found contrasting responses be-
tween grassland and forest ecosystems to drought and
precipitation deficit over a wide range of environments.
As previous studies have reported, it is generally rec-
ognized that decreased precipitation decreases grass-
land growth. When water stress is relieved, vegetation
growth is better in grassland ecosystems (Weltzin et
al., 2003; Yu et al., 2003; Ding et al., 2007; Penning-
ton and Collins, 2007). However, for forest ecosys-
tems, the NDVI increases with decreasing precipita-
tion (Saleska et al., 2007). These results are consistent
with many previous studies (Li et al., 2004; Camber-
lin et al., 2007; Yang et al., 2008). In the dry growing
season, when precipitation is below the multi-year av-
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Fig. 8. The NDVI departure changes with precipitation departure changing for (a) typical steppe; (b)
desert steppe; (c) meadow steppe; (d) coniferous forest; and (e) deciduous broad-leaved forest. Each bar
represents the NDVI variations responding to precipitation variations.

erage, increases in solar radiation can enhance forest
productivity with increasing forest photosynthetic ac-
tive radiation (PAR) (Brando et al., 2010). With sim-
ilar results, Fang et al. (2005) evaluated the NDVI–
precipitation relationship using NDVI as an indicator
of plant growth for temperate biomes in China and
showed that increased precipitation promotes plant
growth in grasslands. However, this finding is incon-
sistent with forests, where forest production decreases
with increasing precipitation (Huete et al., 2006; Lewis
et al., 2011). Various mechanisms underlying a large
difference in response to drought among different veg-
etation types are suggested, as follows. First, differ-
ences in biotic factors may contribute to such differ-
ences between ecosystems (Huete et al., 2006). For for-
est ecosystems, deep rooting and substantial reserves
of carbohydrates and nutrients make forests less sus-
ceptible to water limitations caused by severe or pro-
longed drought (Hanson and Weltzin, 2000; Fisher et
al., 2007; Saleska et al., 2007). Conversely, due to their
shallow root systems, grasslands depend strongly upon

upper-soil water resources. Indeed, clear responses
of grasslands to year-to-year rainfall fluctuations have
been shown (Knapp et al., 2002). These results, rein-
forced by previous studies, show that deep root sys-
tems are a defense mechanism against drought (Han-
son and Weltzin, 2000; Knapp et al., 2002; Saleska et
al., 2007; Huete et al., 2006; Knapp and Smith, 2001).
Second, these differences may be due in part to differ-
ences in the local climate between ecosystems. In this
study, the grassland ecosystems are located in arid or
semi-arid regions, while the forest ecosystems are sit-
uated in humid or semi-humid regions. For example,
the growing season precipitation of desert steppe is
less than half that of deciduous coniferous forest. Ac-
cordingly, one can infer that the impact of the regional
climate (e.g. low precipitation amounts) on grassland
growth is, overall, more detrimental than beneficial
(Huete et al., 2006; Gao et al., 2009). Third, differ-
ences in the most important limiting factor between
grassland ecosystems and forest ecosystems also con-
tribute to such differences in the responses of veg-
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Table 2. Drought-affected areas with precipitation departure change with (a) NDVI departures below 0%; (b) NDVI
departures above 0% during the period 1982–2009.

Precipitation Coniferious Broad-leaved Typical Desert Meadow
departure forest forest steppe steppe steppe

(a)NDVI departure(ND)<0%
Below −30% 8% 37% 93% 97% 71%
−30% ∼ −10% 21% 32% 70% 79% 47%
−10% ∼ 10% 62% 36% 16% 27% 23%
10%∼30%% 63% 59% 13% 10% 37%
Above 30% 76% 64% 11% 8% 33%

(b)NDVI departure(ND)>0%
Below −30% 92% 63% 7% 3% 29%
−30% ∼ −10% 79% 68% 30% 21% 53%
−10%∼10% 38% 64% 84% 73% 77%
10%∼30% 37% 41% 87% 90% 63%
Above 30% 24% 36% 89% 92% 67%

130° E120° E110° E100° E

50° N

45° N

Precipitation departure below -30%

130°E120°E110°E100°E

50°N

45°N

Precipitation departure from -30% to -10%

130°E120°E110°E100°E

50°N

45°N

Precipitation departure from 10% to 30%

130°E120°E110°E100°E

50°N

45°N

Precipitation departure above 30%

-26 - -18%

-65 - -26% -3- 6%

6- 65%

-18- -11%

-11 - -3%

Fig. 9. Spatial distribution in NDVI departures under precipitation departures (a) below −30%; (b) be-
tween −30% and −10%; (c) between 10% and 30%; and (d) above 30%.

etation growth to drought. For arid and semi-arid
grasslands, precipitation is one of the most important
growth-limiting factors (Herrmann et al., 2005; Suzuki
et al., 2007). In arid and semi-arid regions, water bud-
get patterns may influence vegetation growth and the
patterns of change from the perspective of spatial and
temporal distributions (Ji and Peters, 2003; Yu et al.,
2003; Vrieling et al., 2011). Forest ecosystems show
the opposite dynamic, where temperature is primarily
a growth-limiting factor (Zhao and Running, 2010).
Reduced precipitation paired with increasing temper-
ature and solar radiation may promote forest growth
(Saleska et al., 2007; Brando et al., 2008; Brando et al.,
2010; Zhao and Running, 2010). Generally, in these

study areas, the results suggest that grasslands under
arid and semi-arid environments may be more sensi-
tive to drought than forests under humid environments
(Quiring and Ganesh, 2010).

Although the three types of grassland respond to
drought in the same manner, they differ largely in the
magnitude of their responses to drought. It should be
noted that desert steppe is most sensitive to drought
out of all of the grass biomes. The second most sen-
sitive is typical steppe. In arid and semi-arid envi-
ronments, differences in the precipitation amount in-
fluence the strength of the responses of the grasses to
drought (Li et al., 2004; Fang et al., 2005; Yang et
al., 2008; Zhang et al., 2009; Zhang et al., 2010). For
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example, due to the low growth potential and vege-
tation cover affected by water restrictions, as well as
the high levels of soil evaporation losses, desert steppe,
where the growing season precipitation is less than 200
mm, is more sensitive to drought than other grass-
lands. This result is consistent with previous work by
(Piao et al., 2006), who demonstrated that grassland
is most sensitive to drought, with a growing season
precipitation close to 200 mm. In addition to the su-
perior average growing season precipitation conditions
among grassland types under arid and semi-arid envi-
ronments, vegetation growth is better buffered against
drought (Weiss et al., 2004; Yang et al., 2008). For
example, meadow steppe, where the growing season
rainfall is relatively abundant, has the weakest sensi-
tivity of all grasslands. This result is consistent with
the results of previous studies, which have shown that
the sensitivity of vegetation growth to drought under
a drying environment is more significant than that un-
der an environment drying to a lesser extent (Zhang et
al., 2009). Overall, the highest sensitivity to drought
was found in desert steppe, followed by typical steppe,
while meadow steppe was the least sensitive of all the
grassland types.

5. Summary

Using the time series of a remote sensing NDVI
dataset and ground-based weather observations, the
sensitivities of grassland and forest ecosystems to
drought were explored over Northeast China during
the period 1982–2009. Our study has demonstrated
that the responses of vegetation growth to drought
among five vegetation biomes differ based on biotic
factors, precipitation patterns and primary limiting-
growth factors. The main results are summarized as
follows:

(1) According to this analysis of a time series of
growing season NDVI, temperature and precipitation
data during the period 1982–2009, a critical growth-
limiting factor may be precipitation, which can in-
duce changes in the NDVI for grassland ecosystems.
Specifically, precipitation can explain more than 70%
of the variations in the NDVI of desert steppe and typ-
ical steppe. However, for forest ecosystems, the mean
growing season temperatures can explain over 43% of
the temporal variations in vegetation growth.

(2) It is clear from this analysis that the temporal
trends of vegetation growth vary among the vegetation
types as a result of differences in the critical growth-
limiting factors since 1982. In particular, it appears
that the growing season NDVI of typical steppe de-
creases significantly, while that of desert and meadow
steppe decreases only slightly. Conversely, for forest

ecosystems, the growing season NDVI increased dra-
matically over the 28 years.

(3) Our study demonstrates that vegetation growth
responses to drought between grassland and for-
est ecosystems differ significantly in the direction,
strength and affected areas of vegetation growth re-
sponses to drought. For example, the changes in
NDVI are consistent with variations of precipitation
for grassland ecosystems. A lack of precipitation will
result in a decreased NDVI and, therefore, reduced
vegetation growth in the regions. In contrast, for for-
est ecosystems, NDVI decreases as precipitation in-
creases. The results also suggest that grasslands un-
der arid and semi-arid environments may be more sen-
sitive to drought than forests under humid environ-
ments. Among the grassland ecosystems, the highest
sensitivity to drought occurs in desert steppe followed
by typical steppe. The lowest sensitivity is found in
meadow steppe.

Acknowledgements. This work was supported fi-

nancially by the National Basic Research Program of China

under Grant No. 2010CB950504 and the General Program

from the National Natural Science Foundation of China

(No. 41175125).

REFERENCES

Al-Qinna, M., N. Hammouri, M. Obeidat, and F. Ahmad,
2011: Drought analysis in Jordan under current and
future climates. Climatic Change, 106(3), 421–440.

Brando, P. M., D. C. Nepstad, E. A. Davidson, S. E.
Trumbore, D. Ray, and P. Camargo, 2008: Drought
effects on litterfall, wood production and below-
ground carbon cycling in an Amazon forest: results
of a throughfall reduction experiment. Philosophical
Transactions of the Royal Society B: Biological Sci-
ences. 363(1498), 1839–1848.

Brando, P. M., S. J. Goetz, A. Baccini, D. C. Nepstad, P.
S. A. Beck, and M. C. Christman, 2010: Seasonal and
interannual variability of climate and vegetation in-
dices across the Amazon. Proceedings of the National
Academy of Sciences, 107 (33), 14685–14690.

Breshears, D. D., and Coauthors, 2005: Regional veg-
etation die-off in response to global-change-type
drought. Proceedings of the National Academy of
Sciences of the United States of America, 102(42),
15144–15148.

Camberlin, P., N. Martiny, N. Philippon, and Y. Richard,
2007: Determinants of the interannual relationships
between remote sensed photosynthetic activity and
rainfall in tropical Africa. Remote Sensing of Envi-
ronment, 106(2), 199–216.

Chaves, M. M., J. Maroco, P. O, J. Pereira, and S. João,
2003: Understanding plant responses to drought—
From genes to the whole plant. Functional Plant Bi-
ology, 30(3), 239–264.



NO. 5 PENG ET AL. 1075

Ciais, P., and Coauthors, 2005: Europe-wide reduction in
primary productivity caused by the heat and drought
in 2003. Nature, 437(7058), 529–533.

Cleveland, C. C., W. R. Wieder, S. C. Reed, and A. R.
Townsend, 2010: Experimental drought in a tropical
rain forest increases soil carbon dioxide losses to the
atmosphere. Ecology, 91(8), 2313–2323.

Courel, M. F., R. S. Kandel, and S. I. Rasool, 1984:
Surface albedo and the Sahel drought. Nature,
307(5951), 528–531.

Dai, A., 2011: Drought under global warming: A review.
Wiley Interdisciplinary Reviews: Climate Change,
2(1), 45–65.

Ding, M., Y. Zhang, L. Liu, W. Zhang, Z. Wang, and
W. Bai, 2007: The relationship between NDVI and
precipitation on the Tibetan Plateau. Journal of Ge-
ographical Sciences, 17(3), 259–268.

Fang, J., and Coauthors, 2005: Precipitation patterns al-
ter growth of temperate vegetation. Geophys. Res.
Lett., 32(21), L21411.

Fisher, R. A., M. Williams, and A. L. Da Costa, 2007:
The response of an Eastern Amazonian rain forest to
drought stress: results and modelling analyses from
a throughfall exclusion experiment. Global Change
Biology, 13(11), 2361–2378.

Gao, X., Z. Zhao, and F. Giorgi, 2002: Changes of ex-
treme events in regional climate simulations over
East Asia. Adv. Atmos. Sci., 19(5), 927–942.

Gallo, K., L. Ji, B. Reed, J. Eidenshink, and J. Dwyer,
2005: Multi-platform comparisons of MODIS and
AVHRR normalized difference vegetation index data.
Remote Sensing of Environment, 99(3), 221–231.

Gao, Q., Y. Li, Y. Wan, X. Qin, W. Jiangcun, and Y. Liu,
2009: Dynamics of alpine grassland NPP and its re-
sponse to climate change in Northern Tibet. Climatic
Change, 97(3), 515–528.

Govaerts, Y., and A. Lattanzio, 2008: Estimation of sur-
face albedo increase during the eighties Sahel drought
from Meteosat observations. Global and Planetary
Change, 64(3–4), 139–145.

Hales, K, J. D. Neelin, and N. Zeng, 2004: Sensitivity of
tropical land climate to leaf area index: Role of sur-
face conductance versus albedo. J. Climate, 17(7),
1459–1473.

Hanson, P. J., and J. F. Weltzin, 2000: Drought distur-
bance from climate change: response of United States
forests. Science of the Total Environment, 262(3),
205–220.
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