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AbSTRACT

This study constructed a time series of the seasonal Temperature Vegetation Dryness Index (TVDI) based on a remotely 
sensed dataset from the National Oceanic and Atmospheric Administration/Advanced Very High Resolution Radiometer 
(NOAA/AVHRR) and Earth Observing System/Moderate Resolution Imaging Spectroradiometer (EOS/MODIS). We ex-
amined the spatiotemporal variation in drought in the Huang-Huai-Hai region of China during the period from 1981 to 2011. 
Combined with the El Niño and southern oscillation (ENSO) indicator (i.e., the Sea Surface Temperature Anomaly, SSTA 
of the El Niño 3.4 area), the spatial and temporal relationship of agricultural drought in this region and ENSO was analyzed. 
The results showed that drought demonstrated a significant downward trend (95% confidence level) which covered 38.01 ~ 
55.13% of the farmland in this region. In addition, the largest area of drought reducing appeared in winter. The significant 
decreasing tendency of agricultural drought started from the late 20th and early 21st centuries, whose variation cycles were 
mainly between 2.5 to 5 a (year). TVDI series were closely correlated to the ENSO index sequences at the 2.5 to 7 a cycle, 
and there was a delay from 0.16 to 1.40 a between them. However, the correlation between TVDI and ENSO index series 
was less. These findings show that there is a relationship between the spatiotemporal changes of agricultural drought in the 
Huang-Huai-Hai region of China and ENSO events over the recent 30 years.
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1. INTRODUCTION

Drought is one of the most serious natural disasters 
around the world, with a much higher occurrence frequency 
and larger influence on people than other natural calami-
ties. It also has the most far-reaching negative impacts to 
ecological environment and social economy, especially to 
agricultural production. The production of food crops such 
as rice, corn and wheat in many parts of Asia, according 
to the Intergovernmental Panel on Climate Change (IPCC) 
is affected by increased drought (Bates et al. 2008). As far 
as China is concerned, the average annual drought affected 
area and disaster area are 2.16 × 107 hm2 and 9.56 × 106 hm2,  

respectively and the grain loss caused by drought is 1.58 × 
1010 kg from 1950 to 2008 (Weng and Yan 2010). Therefore, 
the occurrence and development pattern of drought plays 
a vital role in disaster forecast and prevention to minimize 
disaster. Traditional drought monitoring methods based on 
the on-site meteorological parameters and soil moisture ob-
servations has some disadvantages such as the number limi-
tation and uneven distribution of observation sites, losing 
of regional information when points were used to represent 
regions, as well as high cost and time consuming. Remote 
sensing technology, with the advantages of real-time, rapid 
and large area monitoring, provides an effective means for 
large-scale monitoring and long time series spatiotemporal 
variation analysis of drought. Among numerous remotely 
sensed indices for drought monitoring, a water scarcity  
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indicator for vegetation known as Temperature Vegetation 
Dryness Index (TVDI) has been used. It is a simplification 
of surface temperature-vegetation index space (Nemani et 
al. 1993; Moran et al. 1994; Sandholt et al. 2002) which 
effectively monitors the vegetation and soil moisture condi-
tions (Patel et al. 2009; Chen et al. 2011) as well as agri-
cultural drought in China (Qi et al. 2003; Sun et al. 2010). 
Therefore, this study aims to adopt TVDI to characterize the 
state of the agricultural drought in the research area over the 
past 30 years.

El Niño-Southern Oscillation (ENSO) is an irregular 
cycle of warming and cooling of the tropical eastern Pacific 
with attendant atmospheric and oceanic effects. El Niño is 
the warm phase of ENSO, which accompanies decreasing 
sea-level pressure difference between the western and east-
ern Pacific, weakening the Walker circulation (one of the 
world’s most prominent and important atmospheric systems 
and closely linked to the mean-state of the equatorial Pa-
cific Ocean.) (Power and Smith 2007) and the relaxation of 
the normally westward surface winds, while La Niña is the 
cool phase of ENSO and the converse El Niño (Sarachik 
and Cane 2010). ENSO is one of the strongest signals of 
atmosphere-ocean observed by humans, and is also consid-
ered as the most significant indicator of inter-annual climate 
change (Xu et al. 2009). Many studies have shown that the 
ENSO event acts as one of the reasons for triggering drought 
(Dai 2011). For instance, the North American Medieval 
megadroughts can be attributed to La Niña events (Seager 
et al. 2008). The long-term drought in western America in 
the second half of 19th century was related to the La Niña 
event occurred between 1855 and 1863 (Cole et al. 2002). 
The severe droughts in Sahel from 1970s to 1980s were also 
caused by El Niño events and their changes (Folland et al. 
1986; Giannini 2003, 2008). To date, it is generally agreed 
that the continuing droughts of Sahel result from large-scale 
sea surface temperature change (Ma and Fu 2007). For other 
areas, however, whether drought formation is largely due to 
local land-atmosphere interaction or sea surface tempera-
ture changing forces is still controversial.

Several studies have focused on the relationship be-
tween drought in China and ENSO. Li and Yao (1991) 
found that drought occurred in the northern part of North 
China, eastern Inner Mongolia and northern Qinghai-Tibet 
Plateau when the 97 El Niño events occurred between 1472 
and 1979. Li et al. (2010) studying drought and ENSO 
events in the range of 1950 to 2000, pointed out that start-
ing in the late 1970s, El Niño events led to the weakening 
of East Asia summer monsoon (EASM), which resulted in 
drought in eastern China. These studies have mainly used 
precipitation, meteorological drought index and statistical 
datasets on drought. Su and Wang (2007) used the Palmer 
Drought Severity Index (PDSI) to study the relationship of 
ENSO and variation in droughts and wet periods in China. 
Lu et al. (2006) analyzed the relationship between ratio of 

drought affected and disaster area of China and ENSO in-
dices from 1948 to 1990. Unlike these indicators, remotely 
sensed drought indices can characterize the vegetation and 
soil moisture condition and directly reflect agricultural 
drought conditions caused by imbalance of soil water sup-
ply and vegetation water demand. Thus, to understand the 
relationship between agricultural drought and ENSO events 
based on remote sensing drought index, this study looked 
at the combined effects of climate and environment into 
consideration which are directly related to agricultural pro-
duction. The focus of this study is to examine the response 
of the occurrence and development of agricultural drought 
to ENSO events on the basis of analysis of the variation 
trend, catastrophe and cycle characteristics of the long-term 
remotely sensed TVDI series.

2. STUDY AREA

The Huang-Huai-Hai region (Fig. 1) is located in north-
ern China (112 - 122°E, 32 - 41°N), acquiring its name 
from the Yellow River, Huaihe River and Haihe River flow 
through this region. It lies in the warm-temperate zone with 
continental monsoon climate, and the annual mean tempera-
ture, days of frost-free period and precipitation of this region 
are 10 - 15°C, 182 - 198 d and 500 - 600 mm, respectively. 
There is large inter-annual and seasonal variation of precipi-
tation here, which causes a large difference at 4 to 6 times 
between the rainy years and dry years. Summer precipita-
tion accounts for over 60% of total annual precipitation, 
while the winter part is less than 5%. The average elevation 
in this region is less than 50 m, with alluvial plain as the 
main landform type, alluvial soil as the main soil type and 
the main land use is cultivated soil. This region is one of the 
top five major grain producing areas in China, with winter 
wheat (Triticum aestivum L.) and summer maize (Zea mays 
L.) in rotation, but it is also one of China’s drought-prone 
areas. Due to the above reasons, this region has been chosen 
as the site for the study. The occurrence of drought in this 
region has obvious seasonal characteristics, the tendency 
and cycle of the drought index series of this region will be 
analyzed by each season as well.

3. DATA AND METHODS
3.1 Drought Index

The Temperature Vegetation Dryness Index (TVDI) 
was used to characterize agricultural drought, which was 
calculated by vegetation index and land surface temperature 
at a certain time according the following formula (Nemani 
et al. 1993; Moran et al. 1994; Sandholt et al. 2002).

TVDI T T
T T

s s

s s

max min

min= -
-         (1)
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where, Ts is land surface temperature at each pixel; Tsmin =  
a1 + b1NDVI, which is the minimum surface temperature for 
a given NDVI (Normalized Difference Vegetation Index), 
corresponding to the ‘wet edge’ (maximum evapotranspira-
tion and unlimited water access) in the Ts-NDVI characteris-
tic space (as Fig. 2); T a b NDVIs 2 2max = + , which is the maxi-
mum surface temperature for a given NDVI, corresponding 
to the ‘dry edge’ (limitation of water availability) in the Ts-
NDVI characteristic space. a1, b1, a2, and b2 are the fitting 
coefficients of the formula of Tsmin  and Tsmax , as well as the 
intercepts and slopes of the wet edge and dry edge, respec-
tively. The Ts-NDVI characteristic space is established by 
the relationship between Ts and at each time. NDVI = (NIR -  
Red)/(NIR + Red), NIR is the near-infrared band and Red 
is the red band, corresponding to the 2nd and 1st band of the 
MOD09A1 remotely sensed image respectively. Tsmin  and 
Tsmax  were determined by establishing Ts-NDVI character-
istic space with NDVI interval of 0.01, then TVDI values 
were calculated. Higher values of TVDI indicate less soil 
moisture and drier vegetation, whereas lower values indicate 
more soil moisture and more normal vegetation conditions.

We used the 10-day composite of and the 4th and 5th 
band brightness temperature data from the NOAA/AVHRR 

satellite data product Pathfinder AVHRR Land (PAL) data-
set to construct the monthly NDVI and Ts series from Au-
gust 1981 to September 2001. The land surface temperature 
was estimated by the split window algorithm (Becker and Li 
1990). Surface emissivity, which was an intermediate vari-
able in this split window algorithm, was calculated based 
on the relationship of the brightness temperature band and 
NDVI (Cihlar et al. 1997). Meanwhile, the 8-day compos-
ite reflectance product MOD09A1 and surface temperature 
data MOD11A2 from EOS/MODIS was used to obtain the 
monthly NDVI and Ts series from March 2000 to June 2011. 
To obtain the monthly value of NDVI and Ts, the Maximum 
Value Composite (MVC) algorithm was employed (Holben 
1986), rather than arithmetic mean. The MVC algorithm 
selects the maximum value on a per-pixel basis over a set 
compositing period and is designed to minimize atmo-
spheric effects, including residual clouds (Holben 1986), 
which was both used for NDVI and Ts compositing (Cihlar 
et al. 1994; Lambin and Ehrlich 1996). The relationships 
between AVHRR-NDVI, MODIS-NDVI and AVHRR-Ts 
and MODIS-Ts was established using the overlapping part 
(totally 19 images) of the two kinds of the monthly data-
sets during the period between March 2000 and September 

Fig. 1. Distribution of basins in the Huang-Huai-Hai region.
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2001 (NDVIMODIS = 0.947 NDVIAVHRR + 0.216, r = 0.794  
(p < 0.01), N = 5.6 × 106, . .T T0 736 8 246s sMODIS = +AVHRR , r = 
0.781 (p < 0.01), N = 5.6 × 106, r, p and N indicates the 
correlation coefficient, significance level and number of 
the total pixels to construct the correlation, respectively). 
The AVHRR-NDVI and AVHRR-Ts series between August 
1981 and February 2000 were transferred into MODIS- and 
MODIS-Ts series according to the correlation. The frequen-
cy histogram of the constructed NDVI and Ts image series 
of each season was shown in Fig. 3. The monthly TVDI 
was calculated and the TVDI sequence from August 1981 to 
June 2011 was constructed. Finally, seasonal average series 
were constructed, with February to April as the spring, May 
to July as the summer, August to October as the autumn and 
November to the next January as the winter.

Nine MCD12Q1 images, the land cover type product 
of MODIS (1 scene per year) between 2001 and 2009 were 
used to extract the annual crop types and the intersection of 
which was used to mask all the TVDI series. This dataset 
was the revision of the IGBP (International Geosphere-Bio-
sphere Programme) land cover type dataset by the Univer-
sity of Maryland (Friedl et al. 2010). According to the crop-
land mask, the agricultural land area of the Yellow River, 
Huaihe River and Haihe River basin accounted for 4.94, 
56.25, and 38.24% of the total farmland area, respectively. 
The preprocessing of MODIS products including mosaic 
and projection conversion used MODIS Reprojection Tool 
(Version 4.0), and all the other processing was finished in 
the ENVI/IDL (Version 4.7/7.0) environment. All the im-
ages were resampled into 1 km spatial resolution using bi-
linear interpolation method. 

3.2 ENSO Index

The Sea Surface Temperature Anomaly (SSTA) data 
of the sea surface temperature monitoring region Niño 3.4  
(5°S - 5°N, 170 - 120°W) during January 1980 and June 
2011 was used to define the ENSO events. Because of the 
sensitivity to small change in temperature, the National 
Oceanic and Atmospheric Administration (NOAA), Na-
tional Centers for Environment Prediction (NCEP), Climate 
Prediction Center (CPC) and the International Research 
Institute for Climate and Society (IRI) unanimously take 
SSTA of this region to define the ENSO events (Xu et al. 
2009). In this study, the monthly SSTA series from the Ex-
tended Reconstructed Sea Surface Temperature (ERSSSTA 
v3b) dataset of NOAA Climate Prediction Center was used, 

Fig. 2. Simplified Ts-NDVI characteristic space (Sandholt et al. 2002).

Fig. 3. Histogram of the constructed NDVI and Ts image series of each season.
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and the time when SSTA is equal or greater than 0.5°C (or 
equal or less than -0.5°C) continues for 5 months indicates 
a El Niño (or La Niña) event (Xue et al. 2003; Smith et 
al. 2008). Finally, the yearly SSTA data series of nearly 31 
years was built using the monthly data by calculating the 
arithmetic mean, where January was considered as a part of 
the winter of the previous year, which was consistent with 
the construction of yearly seasonal TVDI series.

3.3 Analysis

The Mann-Kendall test (Mann 1945), which is recom-
mended by the World Meteorological Organization (WMO) 
and is widely used in areas such as meteorology and hydrol-
ogy (Yue et al. 2002; Adnan and Atkinson 2011), was used 
to detect the trend and catastrophe of the long-term TVDI 
and ENSO indices for each season. The non-parametric 
Mann-Kendall test does not require samples to comply with 
a certain distribution. The method can exclude a small num-
ber of abnormal values and is applicable to the non-normal 
distributed data series. Mann-Kendall test statistics UF (for-
ward of the statistics U) indicates an increasing trend when 
its value is positive, compared with the decreasing tendency 
in the contrary. When the absolute value of UF is greater 
than 1.96, a significant trend may approach the 95% con-
fidence level; if the absolute value is greater than 2.56, the 
measure of significance will increase to a confidence level 
of 99%. The intersection of UF series and its reverse order 
statistics UB (backward of the statistics U) series indicate 
the catastrophe when it appears in between the two signifi-
cant critical lines (Ma et al. 2007; Wei 2007). Sen’s Slope 
(Sen 1968) was used to quantify the degree of multi-year 
trend, which is preferred over simple linear regression be-
cause linear regression is affected by missing data in the 
time series and certain distribution pattern of the dataset 
(Yin et al. 2011).

In addition, the Maximum Entropy Spectrum Analysis 
(MESA; Burg 1967) and Cross Spectrum Analysis (CSA; 
Mooers 1973) methods were applied to study the periodicity 
in TVDI and ENSO and the teleconnection between them. 
MESA has the advantages of high resolution so it is suitable 
for the relatively shorter sequences. The result of MESA is 
expressed as the spectrum density curve, and the cycle val-
ue corresponding to the curve peak is the significant cycle 
of the indices sequence. CSA can detect whether there is 
significant correlation between two time series in a certain 
cycle. The results of CSA include the coagulation spectrum 
and phase spectra. If there is a large coagulation spectrum at 
one cycle then the two time series related at this cycle with 
the phase spectra as the time difference length of the two 
sequences. All the spectrum estimates were compared using 
the F test to determine the significance level (95% level). 
The correlation between TVDI and ENSO indices sequenc-
es was indicated using Pearson correlation coefficients and 
tested using t-tests to determine the significance level.

4. RESULTS AND DISCUSSION
4.1 Spatiotemporal Variation in Agricultural Drought 

of the Huang-Huai-Hai Region for Nearly 30 Years

The Mann-Kendall method was used to test the trend of 
the long-term seasonal TVDI images, and the spatial distri-
bution of Sen’s Slope of TVDI was shown in Fig. 4, which 
also indicated the tendency of the agricultural drought de-
gree. The area with a significant decrease in drought was 
larger than the area with the upward trend in the Huang-
Huai-Hai region in each season over the past 30 years. Es-
pecially in winter, the area of drought significantly reduced 
was the highest among the four seasons, while the area of 
drought significantly increased was the lowest. There was 
an increasing trend in drought for the four seasons. The min-
imum area of drought decreased of the whole farmland in 

Fig. 4. Tendency (Sen’s Slope) distribution of TVDI values of the Huang-Huai-Hai region from August 1981 to June 2011 using Mann-Kendall 
test for each season.
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the four seasons appeared in spring. All the proportion of the 
area of TVDI values significantly varied occupying farm-
land of the study area and each basin is shown in Table 1.

At the same time, the overall regional average TVDI 
values were calculated in accordance with the following 
regions: the whole region and the three sub-regions. On 
the basis of the average TVDI series, the overall regional 
trend of agricultural drought was also evaluated with the 

Mann-Kendall test. The results show that (Table 2) there 
were significant decreasing trends (99% confidence level) 
of the whole region and each basin in the spring, summer 
and autumn seasons. In winter, there was a decreasing trend  
(significance level 99%) in the Haihe River basin, while 
showing a significant decrease (significance level 95%) for 
the whole region and the Yellow River basin, but no signifi-
cant trend in the average TVDI in Huaihe River basin.

Table 1. The proportion of the area of TVDI values significantly changed from August 1981 to June 2011 using Mann-Kendall test occupied the 
farmland of the entire Huang-Huai-Hai region and each basin [Unit: %].

Table 2. The Slope of Mann-Kendall trend of the average value of seasonal TVDI of the whole Huang-Huai-Hai region and each basin from August 
1981 to June 2011.

Note: M-K: Mann-Kendall; Sen’s slope: the Mann-Kendall Sen’s slope; z: the statistic value of Mann-Kendall test; * or **: this indicates that there is a 
significant trend of the time series at 95% or 99% confidence level respectively; ---: this indicates that there is no significant trend of this time series.

Season Index Whole Huang-Huai-Hai region Yellow River basin Huaihe River basin Haihe River basin

Spring
Sen’s slope -0.004** -0.007** -0.005** -0.005**

z -3.34 -3.87 -3.09 -2.87

Summer
Sen’s slope -0.009** -0.011** -0.010** -0.007**

z -4.62 -4.62 -4.62 -3.94

Autumn
Sen’s slope -0.004** -0.005** -0.004** -0.006**

z -3.16 -3.09 -2.98 -3.12

Winter
Sen’s slope -0.004* -0.004* --- -0.008**

z -2.05 -2.16 -1.52 -3.12

Region Trend Confidence level Sping Summer Autumn Winter

Whole Huang-Huai-Hai region

Increasing
99% 2.71 9.01 5.32 2.61

95% 7.04 12.74 10.49 5.56

decreasing
99% 20.98 26.32 27.41 37.67

95% 38.01 46.01 47.46 55.13

Yellow River basin

Increasing
99% 1.10 2.24 5.80 6.71

95% 5.09 5.56 14.65 12.78

decreasing
99% 53.54 29.11 32.46 22.69

95% 72.39 56.05 58.79 51.33

Huaihe River basin

Increasing
99% 1.72 0.70 6.54 3.47

95% 5.10 1.71 12.38 7.77

decreasing
99% 19.61 39.27 22.03 13.12

95% 38.59 63.27 40.08 28.02

Haihe River basin

Increasing
99% 4.32 22.05 3.52 0.79

95% 10.17 29.95 7.31 1.51

decreasing
99% 19.34 7.13 34.92 76.07

95% 32.97 19.70 57.13 96.12
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 Finally, the Mann-Kendall catastrophe analysis (Fig. 5)  
and Maximum Entropy Spectrum Analysis (Fig. 6) were 
used to study the average TVDI sequences. The results 
showed that the inflection points of different TVDI series in 
each season varied and during the same season the catastro-
phe points of different TVDI series for different areas varied 
as well. The main cycles of the sequences were 2.5, 2.73, 
3.3, 3.75, 10, and 15 a, about 85% of which existed between 
2 to 5 a. We also analyzed the results by season.

4.1.1 Spring

The decrease in agricultural drought area in the spring 
season was the minimum among the four seasons (38.01 
and 20.98% of the total area of regional agricultural land 
at 95 and 99% confidence level respectively, as shown in 
Table 1). It was mainly concentrated in the middle Huang-
Huai-Hai region, including most parts of the Yellow River 
basin, middle Huaihe River basin and southern Haihe River 
basin (Fig. 4). And the area of drought increased in spring 
during nearly 30 years was mainly in the central of Haihe 
River basin, as well as scattering at the southwestern and 
eastern parts of Huaihe River basin. It can be seen from 
Table 2 that the 30-year average spring TVDI series of the 
entire region and the three basins included showed a down-
ward tendency at 99% confidence level with the Sen’s slope 
value at about -0.005. As shown in Fig. 5, the catastrophe 
point of the spring average TVDI sequence of the entire re-
gion appeared in 1996, with a significant decreasing trend at 
95% confidence level after 2001. And the turning points of 
the spring average TVDI series of the Yellow, Huaihe and 
Haihe River basins occurred at 1999, 1999 and 1995 sepa-
rately, and the decreasing tendency (95% confidence level) 
began from 2001, 2003 and 2002 respectively. The results 
of MESA showed that there were only the main cycles of 
the spring average TVDI series of Huaihe River basin with 
the value 2.5 and 5 a, while there was no cycle of the other 
sequences.

4.1.2 Summer

As shown in Fig. 4, agricultural drought in this region 
significantly reduced in summer over the past 30 years as-
sumed highly distributed in the most parts of Yellow River 
basin and Huaihe River basin, and north of Haihe River ba-
sin. The area of agricultural drought had the most significant 
upward tendency in summer in the recent 30 years among 
the four seasons (12.74 and 9.01% at 95 and 99% confi-
dence level separately shown as Table 1). It mainly con-
centrated in south-central of Haihe River basin and a few in 
Yellow and Huaihe River basin. During the recent 30 years, 
the average summer TVDI series of the entire region and 
the three basins all showed a decreasing trend at 99% confi-
dence level with the Sen’s slope value of about -0.01 (Table 

2). The Mann-Kendall test statistics shown in Fig. 5 had 
their catastrophe points at 1997, 1997, 1998 and 2000 for 
the whole region and the Yellow, Huaihe and Haihe River 
basin as shown respectively, and had a significantly down-
ward tendency (95% confidence level) after 1997, 1998, 
2000 and 2002. The results of MESA showed that there was 
no cycle of the summer average TVDI sequence in Huaihe 
River basin, while the cycle of the summer TVDI series in 
the whole region was 2.5 a and the cycles in the Yellow and 
Haihe River basin were both 2.73 a.

4.1.3 Autumn

During the recent 30 years, the area TVDI in autumn 
significantly reduced was mainly located in the north and 
southeast of Haihe River basin, east of Yellow and Huaihe 
River basin (Fig. 4). And the area the autumn TVDI series 
assumed upward tendency was mainly at the central of Haihe 
River basin and western Yellow and Huaihe River basin 
(Fig. 4). The average TVDI series of autumn in the whole 
region and the three basins all had a significant decreasing 
tendency at 99% confidence level with the Sen’s slope value 
of about -0.005. The catastrophe point of the autumn aver-
age TVDI sequence of the whole region appeared in 1997, 
with a significant decreasing trend at 95% confidence level 
after 2004, while the turning points of the autumn average 
TVDI series of the three basins occurred at 1999, 1999 and 
1997 separately, and the decreasing tendency (95% confi-
dence level) began from 2005, 2005 and 2004 respectively 
(as shown in Fig. 5). According to the results of MESA, 
the autumn TVDI series of the whole region and the three 
basins all had a 5 a main cycle.

4.1.4 Winter

The largest area of regional agricultural drought sig-
nificantly reduced in the last 30 years in winter (55.13 and 
37.67% of the total cropland in this region at 95 and 99% 
confidence levels, respectively shown as in Table 1). The 
drought decreased region distributed in the vast majority of 
the Haihe River basin and the east of Yellow and Huaihe 
River basin (Fig. 4). While there was the least area of the 
drought significantly increased in winter of the four seasons 
(5.56 and 2.61% at the confidence level of 95 and 99%), 
which concentrated in the west of Yellow and Huaihe River 
basin, and very few in Haihe River basin. As shown in Ta-
ble 2, only the winter average TVDI series of Haihe River 
basin was significantly reducing at 99% confidence with 
the Sen’s slope -0.008, while the decreasing trends of the 
winter TVDI series of the whole region and Yellow River 
basin reached 95% confidence and there was no significant 
change in the trend of the series of Huaihe River basin. As 
shown in Fig. 5, the catastrophe point of the winter average 
TVDI sequence of the entire region occurred in 2000, with 
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Fig. 5. Seasonal average TVDI values and their Mann-Kendall statistics of the whole Huang-Huai-Hai region and each basin from August 1981 to 
June 2011.

(a)

(b)

(c)
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Fig. 5. (Continued)

(d)

Fig. 6. Maximum entropy spectrum analysis of seasonal average TVDI values of the whole Huang-Huai-Hai region and each basin from Augest 
1981 to June 2011.

(a)

(c)

(b)

(d)
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Fig. 7. Distribution of annual (a) and monthly (b) SSTA from January 1980 to June 2011 and maximum entropy spectrum analysis (c) of annual 
SSTA values.

a significant decreasing trend at 95% confidence level after 
2007. The turning points of the winter average TVDI series 
of the Yellow, Huaihe and Haihe River basins occurred at 
2000, 2001 and 1999 separately, and the decreasing tenden-
cy (95% confidence level) began from 2007 and 2004 for 
the Yellow and Haihe River basin respectively, while there 
was no significant trend in the Huaihe River basin. The re-
sults of MASE of winter TVDI sequences showed that there 
were primary cycles valued 3.3 and 10 a of the whole re-
gion, cycles of 3.75 and 15 a of the Huaihe River basin, and 
no significant cycle of the Yellow and Haihe River basin.

4.2 Variation of ENSO Index in Nearly 30 Years

According to the standard of NOAA Climate Predic-
tion Center, an El Niño (or La Niña) event is defined as the 
SSTA ≥ 0.5°C (or ≤ -0.5°C) last for over 5 months. There-
fore, there were 9 El Niño events and 6 La Niña events from 
1980 to 2011. The extreme value and the accumulated value 
of Sea Surface Temperature (SST) during the event dura-
tions were used to classify the ENSO events degree. Ac-
cording to the criteria shown in the earlier study (Xu et al. 
2009) which divided the ENSO events into five grades, in-

cluding very weak, weak, moderate, strong and very strong. 
As a result, there were very strong El Niño events occurring 
between May 1982 and June 1983, and between May 1997 
and May 1998. Strong El Niño events happened in the pe-
riod of September 1986 to January 1988, and May 1991 to 
June 1992. Meanwhile, there were strong La Niña events 
between July 1998 and June 2000. It can be seen from  
Figs. 7a and b, the frequency and intensity of El Niño events 
were both higher than La Niña events, and the results of 
Mann-Kendall test of SSTA series in the nearly 30 years 
showed that there was no significant tendency and catastro-
phe point of it (95% confidence level). As shown in Fig. 7c, 
there was a 3.75 a primary cycle of the SSTA sequence from 
1980 to 2010, consistent with previous results (Tudhope et 
al. 2001) 2.5 to 7 a cycle of ENSO indicators.

4.3 Response of Agricultural Drought Spatiotemporal 
Variation to ENSO Events

4.3.1 Correlation Analysis of TVDI and ENSO Indicators

The area of TVDI image and SSTA series significantly 
correlated at 95% confidence level was very small (1.57 - 
6.88% in each season), so the 80% confidence level was 

(a)

(b)

(c)
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Fig. 8. Linear Pearson correlation distribution of annual TVDI series for each season and SSTA series of the Huang-Huai-Hai region from 1982 to 
2010.

used to show the spatial distribution. Figure 8 showed the 
distribution of the correlation (linear pearson correlation 
coefficient) between the TVDI image series and SSTA se-
quence of each season from 1982 to 2010, where the red 
region indicated the significantly (80% confidence level) 
positive relation which accounted for 12.81% (spring), 
13.68% (summer), 12.43% (autumn) and 20.73% (winter) 
of the whole region, while the blue region indicated the neg-
ative correlation which occupied 13.97% (spring), 12.68% 
(summer), 15.39% (autumn) and 12.27% (winter). Specifi-
cally, in spring, the positively correlated region was higher 
in the Yellow and Huaihe River basin while the Haihe River 
showed a negative correlation. For the entire region, the 
positive correlation region was mainly concentrated in the 
east-west, while the negative one was in the north-south. In 
summer, the positively correlated region was mainly con-
centrated in the southwest and the negatively relevant region 
was concentrated in the north-central of the Huang-Huai-
Hai region, in which the positive correlation area account-
ed for 20.31% and the negative one accounted for 8.40% 
of the Huaihe River basin, the positive correlation region 
only accounted for 3.48% and the negative one accounted 
for 19.17% of the Haihe River basin, and the positively 
and negatively related regions had a similar percentage in 
the Yellow River basin. In autumn, the regional TVDI and 
SSTA correlation significantly decreased. The highest cor-
relation region in the three basins was the Haihe River basin 
(18.64 and 19.97% of the cropland in Haihe River basin for 
the positive and negative correlations separately), and the 
Huaihe River basin had a relatively larger area of the nega-
tive correlation region occupied 11.94% of the farmland of 
this region, while the areas of the positive and negative cor-
relation region were similar in the Yellow River basin as 
well. In winter, the region TVDI and SSTA were signifi-
cantly positively related, especially in the Haihe River basin 
(accounting for 48.03% of the cropland of this region), and 
the region negatively correlated was mainly in the south and 

east of Huaihe River basin (accounting for 20.77% of the 
cropland of this region), the region significantly related in 
the Yellow River basin was less than 10%. In general, the 
correlations between TVDI and SSTA were lower, probably 
because agricultural drought is a product of complex land-
atmosphere processes and can be influenced by a variety of 
environmental and human factors. Moreover, ENSO events 
are also a product of complicated ocean-atmosphere process. 
Therefore, the study above could only show the teleconnec-
tion relationship between agricultural drought and ENSO 
indices in the research area over the past 30 years. 

4.3.2 Correlation Analysis of TVDI and ENSO Indicator 
Cycle

The drought indices for each basin in this region in 
each season significantly decreased, and the catastrophe 
points appeared at the end of the 20th century. This result 
may be associated with the numbers of the occurrence of 
strong and very strong ENSO events in 1980 to 1990’s and 
the relatively lower intensity of ENSO events since the 21st 
century. In addition, there were multiple primary cycles of 
the average TVDI sequences of each season, in which 2.5 to 
5 a accounted for 85% of all the cycles while the rest were 
10 and 15 a. The 2.5 ~ 5 a cycle of TVDI series was con-
sistent with the cycle of ENSO indicator, while the 10 and 
15 a cycle was the reflection of interdecadal variation (Wei 
2004). In summary, the variation in agricultural drought 
in the Huang-Huai-Hai region in the recent 30 years was 
closely correlated with ENSO events as far as cycle analysis 
was concerned.

Table 3 showed the results of CSA of the average TVDI 
series of each season in the whole region and the three ba-
sins in it and the SSTA sequence, where the relatively larger 
coagulation spectrum values existed at the cycles of 2.33, 
2.55, 2.80, 4.00, 4.67, 5.60, 7.00, and 9.33 a (95% confi-
dence level), while there was a difference of cycles of TVDI 
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and SSTA series ranged from -1.40 to 1.39. The cycles be-
tween 2.5 and 7 a accounted for 96.55% of all the cycles 
corresponding to the high cohesion spectrum values. There-
fore the patterns in TVDI in the Huang-Huai-Hai region and 
ENSO were significantly correlated with the value 2.5 to  
7 a, while the TVDI cycles lagged behind SSTA cycles for 
0.16 to 1.40 a or were ahead of SSTA cycles for 0.11 to  
1.39 a, the vast of which was lagging (89.29%). Eastern 
Asian summer and winter monsoons play an important role 
in the precipitation and temperature in East China (He et 
al. 2007), and they are influenced by ENSO through the 
strength of the subtropical high in the western Pacific re-
gion (Chen 2002; Li et al. 2010; Wang et al. 2010). The lag 
in response of the atmosphere to ocean heat changes and 
the formation of monsoon systems along with the impact on 

precipitation and temperature might possibly serve as the 
physical mechanism of the phenomenon mentioned above.

5. CONCLUSIONS

Remotely sensed TVDI image and average value series 
were used to reveal patterns in spatial and temporal varia-
tions of agricultural drought in the Huang-Huai-Hai region 
in China during the recent 30 years. The results show that 
the agricultural drought in this region generally shows a sig-
nificant decreasing trend in all seasons. There was the maxi-
mum area of drought reducing and minimum area of drought 
increasing in winter as well as the relatively larger area of 
drought increasing in summer and a relatively smaller area 
of drought decreasing in spring. The significant decrease 

Table 3. Seasonal average TVDI values of the whole Huang-Huai-Hai region and each basin and annual SSTA from 1982 to June 2010.

Note: T: Cycle; R: Coagulation spectrum; L: Phase spectrum; *: 95% significant level of F test.

Region
Spring Summer Autumn Winter

T R L T R L T R L T R L

Whole Huang-Huai-Hai region

4.67* 0.98 -1.15 7.00* 2.09 -1.11 2.33* 1.36 0.49 2.55* 1.11 -0.22

5.60* 0.97 1.39 5.60* 1.20 -0.98 7.00* 0.99 -0.56 2.33* 0.93 -0.27

4.00* 0.86 0.77 4.67* 1.07 -0.87 5.60* 0.98 -0.57 4.67* 0.90 -0.39

4.67* 0.89 -0.69

4.00* 0.82 -0.84

Yellow River basin

5.60* 0.98 -1.27 9.33* 1.31 0.79 2.55* 1.79 -0.22 5.60* 0.99 -0.37

4.67* 0.98 -0.99 7.00* 1.30 -1.12 7.00* 1.10 -0.43 4.67* 0.99 -0.33

5.60* 1.06 -0.75 5.60* 0.93 -0.57 2.33* 0.93 -0.41

4.67* 0.96 -0.75 4.67* 0.87 -0.72 2.55* 0.84 -0.41

2.80* 0.85 -0.19

4.00* 0.84 -0.84

Huaihe River basin

4.67* 0.96 -1.06 5.60* 1.12 -1.09 2.55* 1.39 -0.48 2.55* 0.86 -0.25

5.60* 0.94 -1.25 7.00* 1.09 -1.36 7.00* 1.06 -0.31

2.55* 0.85 0.11 4.67* 1.00 -0.92 2.80* 1.00 -0.23

5.60* 0.95 -0.52

2.33* 0.90 0.47

4.67* 0.88 -0.70

4.00* 0.85 -0.80

Haihe River basin

5.60* 0.97 -1.40 7.00* 2.51 0.25 5.60* 0.98 -0.63 2.55* 0.98 -0.18

4.67* 0.97 -1.06 5.60* 1.25 -0.80 4.67* 0.88 -0.67 4.67* 0.96 -0.33

4.00* 0.94 -0.87 4.67* 1.21 -0.82 7.00* 0.86 -0.84 2.33* 0.94 -0.16

9.33* 0.87 -0.75 5.60* 0.87 -0.44
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in agricultural drought in this region generally started from 
late 20th century and early 21st century. There is a periodic-
ity of 2.5 to 7 a for the 30-year TVDI series according to 
spectrum analysis.

Analyzed together with the ENSO indicators, the vari-
ation in TVDI seems related to the high frequency and in-
tensity of ENSO events in 1980s and 1990s and their weak-
ening since 21st century. The 2.5 to 7 a cycle of TVDI series 
in most regions was consistent with the 3.75 a cycle of 
ENSO indicator in the 30 years, which was also in line with 
the generally considered 2.5 to 7 a cycle of ENSO events 
(Tudhope et al. 2001). TVDI series significantly correlated 
with ENSO indices in the 2.5 to 7 a cycle, while the former 
were mainly delayed 0.16 to 1.40 a from the latter. Thus the 
patterns in agricultural drought in this region during nearly 
30 years are closely related with ENSO events. However, 
from the point of view of spatial distribution of the TVDI 
and ENSO indicator correlation, the area reaching relatively 
high significance test level was small. We found large areas 
which were positively related in the winter and negative re-
lated in the autumn.

The results of this study show that the relationship be-
tween agricultural drought and ENSO indices in the Huang-
Huai-Hai region over more than 30 years. To study the 
complex physical processes in a more detailed manner will 
require numerical simulation models coupled with climate 
models, possibly considering other environmental and hu-
man factors which were not included in this study. 
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