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Abstract: 

Arid region is sensitive to changes in precipitation, while global warming and El Niño-Southern Oscillation strongly influence 

worldwide hydrometeorological processes. Temporal and spatial changes of characteristics including precipitation, annual 

mean temperature and area in China's arid region were analyzed, using daily precipitation and temperature data from 117 

meteorological stations of 1961-2016. The results show that: (1) During the past 56 years, the precipitation in the arid region 

have shown an increasing trend. The annual and quarterly precipitation all exist a cycle of about 4 years. (2) The area of the 

arid region has been on a downward trend since 1968, decreased significantly after 1998. There are two main cycles of 13 

years and 5 years in the area of arid region.  During the study period, the center of the arid region’s precipitation moved 0.14° 

to the north and 0.77° to the east.  (3) During the past 56 years, increasing of the arid region’s temperature has been more 

obvious than the average temperature increasing in China. In 1990, the annual average temperature in arid region changed 

from a decreasing trend to an increasing trend and there is a negative correlation between the area of arid region and the 

annual mean temperature, which is significant at the 0.01 level.  (4) The degree of precipitation response to ENSO in the 

eastern part of the arid region is more obvious than that in the western part. El Niño events extended the size of China's arid 

region and increased the average precipitation in the arid region. The precipitation of the east increased more than the west. 

And La Niña events significantly reduced the area of the arid region, with more precipitation than the average in the eastern 

part and less precipitation in the western part. The impact of ENSO is one of the reasons for the arid region's center of 

precipitation shifting eastward. 
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Introduction 

The global climate is currently undergoing major change, with warming being the most prominent feature. The 

IPCC's fifth report stated that the global surface continues to warm and that the rate of warming is accelerating  
1. China's average surface temperature has risen by around 0.5-0.8°C in the last century. Global warming has 

been particularly noticeable in the last 50 years, and it is expected to continue in the future2. Besides, the rising 

trend of temperature in the arid region of the Northwest China is higher than the world average 3, 4.  Large-scale 



global warming will inevitably lead to the evaporation of oceanic and terrestrial water bodies, the increase of 

most oceanic and terrestrial precipitation, the intensified melting of glaciers, the expansion of river runoff, the 

intensification of flood disasters, and the possible shrinking of arid region  5. Warming can accelerate the water 

cycle, affect the temporal and spatial distribution and intensity of precipitation, and have an impact on regional 

weather and climate in the context of global warming 6, 7. On the one hand, an increase in surface temperature 

will increase surface evaporation, which is conducive to an increase in atmospheric water holding capacity, which 

means the possibility of precipitation will increase 8. On the other hand, the increased surface evaporation can 

easily lead to local drought, which increases the possibility of uneven spatial distribution of precipitation. 

According to recent studies, global warming will lead to an increase in China's average annual precipitation during 

the next 50 years 9. The national average annual precipitation is expected to rise by 2 % to 3 % by 2020, and by 5 

% to 7 % by 2050 10. The relationship between climate warming and drought should be emphasized when 

studying climate change and drought 11. Affected by global warming, the 1990s is the warmest period in 

Northwest China in the past 40 years 12.Current studies found that the reduction of light rainfall may be related 

to large-scale warming13,14.These studies suggest that precipitation may respond to climate warming. 

The arid region of northwestern China is situated in Eurasian continent’s hinterland and is sensitive to global 

climate change 15 . The El Niño-Southern Oscillation (ENSO) is a signal of major inter-annual climatic change in 

the tropical Pacific air-sea system. In past studies, ENSO has been proved to be a major contributor to global 

precipitation variability 16, 17. It influences precipitation in China via changing global atmospheric circulation18. In 

this study, arid region in China were defined as areas with annual precipitation less than 200 mm. In arid region, 

the precipitation is scarce and the ecology is fragile 19, 20, where lacking water resources is a major impediment 

to social and ecological process, as well as a threat to ecological security. Meanwhile, the annual precipitation is 

one of the most important factors affecting industrial and agricultural production and it is critical for long-term 

socio-economic growth 21.  The precipitation in different parts of China has changed significantly different over 

the last few decades. The increase in precipitation in Northwest China is particularly obvious while there has 

been a slight decrease in precipitation across China 22-24.  The rise of precipitation in the northwest arid region 

has been proved to be intimately linked to the Siberian High, Western Pacific Subtropical High, and North 

American Subtropical High swings 25. However, some studies show that the trend of aridification in northern 

China will continue due to effect of the global warming, and the formation of arid and semi-arid region in the 

north of China will be more sensitive to temperature 26.  In general, the climate in the arid region of China is 

complex. Previous studies on the variation characteristics of precipitation have mostly focused on the analysis of 

the characteristics of precipitation amounts, precipitation days, precipitation intensity, and the extreme 

precipitation across China or only provinces 27-30. However, there is a lack of analysis of the correlation between 

the annual and seasonal precipitation distribution characteristics and global warming in arid region of China, as 

well as the spatial shift characteristics of arid region and their correlation with ENSO. Therefore, it is necessary 

to analyze the temporal and spatial variation characteristics of China's arid region and find the correlation 

between precipitation and global warming, ENSO.  It is not only the need for regional weather and climate 

forecasting, but also the scientific basis for formulating national disaster prevention and mitigation policies.  

Results 
Interannual variation characteristics of precipitation 

 



 

 

Figure 1.  The precipitation trend during 1961- 2016 (a) annual precipitation (b) spring precipitation (c)summer 

precipitation (d) autumn precipitation and (e) winter precipitation 

From Figure 1(a), it can be seen that the annual precipitation in the arid region ranges from 65.78 to 102.67mm 

in the last 56 years, with an average of 81.57mm, indicating a gradual variation and rising trend in the last 56 

years, and its rising rate is 0.67mm/10a. Before 2007, the curve fluctuation range is relatively small, the period 

is relatively long, and the precipitation fluctuates between 70 and 100 mm. However, in the past 10 years, the 

curve fluctuation has appeared extreme phenomenon many times, and the precipitation changes sharply 

between adjacent years. Figure 1(b) shows that the precipitation in spring was 8.76-37.57 mm, and the rising 

rate was 0.24 mm/10a. Spring precipitation in arid region is on a decreasing trend before 1990, and after 1990, 

spring precipitation exhibits a fluctuating increase, but the change is not noticeable. From  Figure 1(c), the 

precipitation in summer is 28.97-69.56 mm, showing an overall upward trend, and the rising rate is the most 

obvious in the four seasons, which is 0.27 mm/10a.  The fluctuations have been relatively stable since 56a, and 

only changes significantly around 2013. From Figure 1(d), the precipitation in autumn is 8.38-28.60 mm, and its 

rising rate is 0.19 mm/10a, with a maximum value of 28.60 mm in 2010. From Figure 1(e), the precipitation in 

winter is 2.45-10.61mm. The rising rate, 0.16 mm/10a, is the lowest but the fluctuation is very obvious.  The 

winter precipitation from 1961 to 1971 shows a gentle decreasing trend, after 1971 the precipitation increased 

rapidly, after 2002 it shows a significant increase, and passes the 95% significance test, indicating that the winter 

precipitation in arid region experienced a changing trend from decreasing to increasing. 

Abrupt changes 

From (d)                                                                               (e) 

Figure 2(a), the M-K mutation test shows that the annual precipitation mutation points in arid region are 

predominantly focused in the first ten years, with the mutations occurring in 1963, 1966, 1968, and 2011.  The 

UF and UB curves of multi-year precipitation have several intersections in spring, summer, and fall, while only 

one obvious intersection exists in winter. Figure 2(b) represents the presence of mutations in spring 

precipitation, which occurred in 1988,1990,1992, and 1995. Figure 2(c) suggests obvious mutations in summer 

precipitation, with the intersections in 1962, 1963, 1965, 2000, 2012 and 2013. Figure 2(d) displays the 

intersections in autumn precipitation, with the intersections in 1962, 1972, 1973, 1976, 1978, 2007, 2010 and 

2013. The obvious intersection in winter precipitation, occurred in 1971, can be detected in Figure 2(e) followed 

by an increase after 1971.  



 

(a)                                                                               

 

(b)                                                                               (c) 

 

(d)                                                                               (e) 

Figure 2.  Mann-Kendall statistic curve of the annual and the seasonal precipitation sequence: (a) annual precipitation (b) 

spring precipitation (c)summer precipitation (d) autumn precipitation and (e) winter precipitation 

The Periodic Law of Precipitation in Arid Region 

The wavelet real-part contour map of precipitation, where the contour value represents the real part of the 

wavelet coefficient, primarily reflects the scale change of precipitation. The positive wavelet coefficient suggests 

heavy precipitation and the negative wavelet coefficient indicates light precipitation. The proportion of a certain 

time-scale in the entire time-series is represented by wavelet variance. The stronger the oscillation and the more 

substantial the periodic shift in the related time-scale, the higher the variance value. The less significant the 

periodic variation of the relevant time-scale, the smaller the variance value. The numerical modulus of the 

wavelet series shows the energy density at various time scales. 

By using MATLAB to calculate wavelet coefficients, the periodic variation of precipitation in arid region was 

studied.   



       

(a)                                                                                             (b) 

 

(c) 

Figure 3. (a) Real contour map of annual precipitation wavelet coefficients (b) Wavelet variance of annual precipitation (c) 

Wavelet coefficient module contour map of annual precipitation 

As can be seen from Figure 3(a), there are various timescale structures in the precipitation series from 1961 to 

2016, which are roughly 2a-4a, 5a-8a, 10a-14a, and 16-20a.  The corresponding wavelet coefficients of 10a-14a 

are large, and the period is obvious.  The annual precipitation wavelet variance (Figure 3 (b)) shows that there 

are four large peak points of annual precipitation, which indicates that there are four main cycles of annual 

precipitation. Among them, the four main cycles are 19a, 13a, 8a, and 4a.  Among them, the cycle change period 

around 13a is the strongest, which is the first main cycle of annual precipitation in arid region, and the fluctuation 

is more obvious between 1961 and 2008; the fluctuations of the two time scales around 4a and 8a are slightly 

weaker than that in 13a, respectively the second, Three main cycles.  The cycle change period around 19a is not 

obvious, but after 1980, the effect of this period is gradually obvious. It can be seen that the precipitation after 

2016 will show an increasing trend. 

 



 

Figure 4. Real contour map of seasonal precipitation wavelet coefficients (a) spring (c) summer (e) autumn (g) winter and 

wavelet variance of seasonal precipitation (b) spring (d) summer (f) autumn (h) winter 

It can be seen from the Figure 4(a) that the contours of the spring water wavelet coefficients in the arid region 

are roughly on the time scales of 5-8 years, 10-13 years, 17-19 years, and 24-30 years.  The corresponding wavelet 

coefficients of 24a-30a are large, and the period is obvious.  From the wavelet variance diagram of spring 

precipitation (Figure 4(b)), we can see that there are 5 main cycles of spring precipitation, which are 28a, 18a, 

12a, 10a and 6a respectively.  Among them, the period around 28a is the most obvious, which is the first main 

cycle of spring precipitation in arid region, and the cycle change is the most obvious in the whole study period; 

12a and 10a are the second and third main cycles of spring precipitation in arid region, respectively.  Among 

them, 12a mainly oscillated more obviously from 1961 to 1980, and the cycle change period around 10a from 

2000 to 2016 was more obvious.  The fourth and fifth major cycles correspond to the time scales of 18a and 6a, 

respectively, and the performance is not obvious.  The fluctuations of the above five main cycles control the 

variation of spring precipitation in the dry area over the entire time domain. 

The Figure 4(c) shows that the cyclical variation of summer precipitation is not obvious.  The contours of the 

wavelet coefficients of summer precipitation in arid region are relatively dense on the time scales of 3-9 years 

and 10-15 years.  From the wavelet variance diagram of summer precipitation (Figure 4(d)), it can be seen that 

there are three main cycles of 11a, 7a and 4a in summer precipitation in arid region.  Among them, the cycle 

change period of about 7a is the first main period of summer precipitation in arid region, the second and third 

main periods correspond to the time scales of 11a and 4a, respectively, and the time scale of about 11a has 

experienced less than 2000 to 2016.  The period is not obvious on the time scales of 11a and 4a in other time 

periods. 



  It can be seen from the Figure 4(e) that the contours of the wavelet coefficients of autumn water volume in arid 

region are relatively dense on the time scales of 3-6 years, 8-11 years, and 21-26 years.  In the range of 9-13 

years, the frequency of high and low value center changes is the highest.  From the wavelet variance diagram of 

autumn precipitation (Figure 4(f)), it can be seen that the four main periods of autumn precipitation in arid region 

are 24a, 11a, 8a, and 4a respectively.  Among them, the cycle change period around 11a is the strongest, which 

is the first main period of autumn precipitation in arid region, and the period becomes more obvious after 1990; 

the second is the time scale of 24a, the fluctuation has always existed from 1961 to 2016 and gradually became 

stronger.  trend; the 8a and 4a timescales are the third and fourth major cycles. 

It can be seen from the Figure 4(g) that the contours of the wavelet coefficients of winter water in arid region 

are relatively dense on the time scales of 2-8 years and 20-27 years.  In the range of 20-27 years, the center of 

high and low values changed significantly.  From the wavelet variance diagram of winter precipitation (Figure 

4(h)), we can see that the three main cycle change periods of winter precipitation in arid region are 25a, 6a, and 

4a, respectively.  Among them, the cycle change period around 25a is the strongest, which is the first main cycle 

of winter precipitation in arid region, which lasted from 1961 to 2016; the time scale around 4a is the second 

main cycle, and the time scale of 6a shows a relatively high performance after 1990.  Obviously, it is the third 

main cycle.  The fluctuations of the above three main periods control the variation characteristics of winter 

precipitation in arid region in the whole time. 

 

Temporal and spatial changes of the area of arid region 

The temporal changing law of the area of arid region 

The change in the area of the arid region is shown in the Figure 5(a). From 1960 to 2016, the area of the arid 

region showed an obvious fluctuating downward trend at a rate of 4.26 km2/10a.  It can be seen from Figure 5(b) 

that the UF curve is above the zero line from 1961 to 1968, and has began to show a downward trend since 1968. 

This downward trend becomes more significant in 1998, and passes the 95% significance test, indicating that the 

area of arid region has experienced a development process from increasing to decreasing.  The positive and 

negative curves (UF and UB) intersect within the range of 0.05 significant horizontal line in 1991, which is the 

beginning of the mutation time, and the UF curve exceeds the confidence line in 1998. 

               

(a)                                                                                         (b) 

Figure 5. (a) The area trend during 1961- 2016 and (b) the abrupt changes in area of arid region 

  It can be seen from the Figure 6(a) there are three main timescale structures in the area series from 1961 to 

2016, which are roughly of 3 to 7 years, 11 to 17 years, and 21 to 26 years.  The corresponding wavelet 

coefficients of 11-17a are large, and the period is obvious.  As can be seen from the wavelet variance of the area 

(Figure 6(b)), the four main cycles are 24a, 13a and 5a, of which the 24a period persisted from 1961 to 2016, and 

the 13a period only existed from 1961 to 1985. 

 



 

(a)                                                                                         (b) 

Figure 6. Real contour map of area wavelet coefficients and wavelet variance of area 

The spatial changing law of area of the arid region 

As the area of the arid region decreases, the center of precipitation in the arid region also moves. Using ArcGIS 

10.2, the center of the arid region’s precipitation is calculated from 1961 to 2016 and connected by a smooth 

curve, as shown in the Figure 7.  

 



Figure 7. Changes of the center of the arid region’s precipitation (a)1961-1970 (b)1971-1980 (c)1981-1990 (d)1991-2000 

(e)2001-2010 (f)2010-2016 

According to the analysis, the center of the arid region’s precipitation moved 1.30° to the north from 1961 to 

1970, resulting in extreme east values of 91.24°E in 1965 and extreme west values of 88.02°E in 1967. The arid 

region's center of precipitation moved 0.75 degrees to the south and 1.73 degrees to the east between 1971 and 

1980. In the years 1971, 1972, 1977, 1979, and 1980, the center of the arid region’s precipitation   was in the 

shape of a five-pointed star. From 1981 to 1990, the center of the arid region’s precipitation   moved 0.20° to the 

north and 0.22° to the west, forming an extreme south value of 38.82°N in 1984 and an extreme east value of 

90.25°N in 1982.  From 1991 to 2000, the center of the arid region’s precipitation   moved 0.45° to the north and 

0.61° to the east. From 1991 to 1994, the center of the arid region’s precipitation   swayed in the northeast-

southwest direction. In 1999, the extreme east value of 90.60°E appeared, and in 1995, the extreme west value 

occurred.  88.09°E.  From 2001 to 2010, the center of the arid region’s precipitation   moved to the northwest by 

82. In 2007, the extreme north value was 41.81°N, the extreme east value was 91.24°E in 2005, and the extreme 

west value was 88.47°E in 2008.  From 2011 to 2016, the center of the arid region’s precipitation   mainly moved 

westward by 1.62°, in which the extreme north, extreme south, extreme east and extreme west values were 

generated in 2013, 2015, 2011 and 2012. 

   From 1961 to 2016, the center of the arid region’s precipitation moved 0.14° to the north and 0.77° to the east, 

and the extreme north, extreme south, extreme east, and extreme west values appeared in 2007, 2015, 2005, 

and 1977. Although the area of the arid region is decreasing, and the increased precipitation is beneficial to the 

industrial and agricultural production and future sustainable development of these areas, the movement of the 

center of the arid region’s precipitation   indicates that the eastern and northern areas adjacent to the arid region 

may be more likely to develop in the future.  There will be more lack of precipitation.  Water managers in these 

regions need to prepare for possible future reductions in precipitation. 

Temperature Variation in Arid region 

                

(a)                                                                                           (b) 

Figure 8. (a) The annual average temperature trend during 1961- 2016 and (b) the abrupt changes in annual average 

temperature 

The annual average temperature change in arid regions is shown in Figure 8(a). It can be seen from Figure 8(b) 

that the UF curve is below the zero line from 1961 to 1990, indicating that the annual average temperature 

showed a downward trend. And it exceeded the confidence line from 1968 to 1971, indicating that the annual 

average temperature in the arid region decreased significantly, and it began to show an upward trend in 1990.  

After 1998, it showed a significant increase and passed the 95% significance test. The abrupt changing point 

appeared in 1996, indicating the annual average temperature changed from a downward trend to an upward 

trend. 



 

(a)                                                                                            (b) 

Figure 9. Real contour map of area wavelet coefficients and wavelet variance of area 

As can be seen from Figure 9(a), there are mainly two timescale structures, 10-15 years and 18-21 years.  It can 

be seen from the wavelet variance of temperature (Figure 9(b)) that 20a is the first main cycle of annual mean 

temperature, and 14a is the second main cycle.  The time scale of 20a did not change significantly from 1980 to 

1995, while the center of high and low values on the time scale of 14a had the highest frequency of change. 

By using the Pearson correlation analysis, the relationship between the changes in the area of the arid region 

and the average annual temperature is significant at the level of 0.01. For every 1°C increase in temperature, the 

area of the arid region decreases by 14.80 km2. The annual precipitation shows a gentle upward trend with the 

average annual temperature. It increases significantly at 11.24°C, 11.73°C and 12.70°C, and decreases 

significantly at 11.80°C and 12.40°C.  Annual precipitation increased by 0.67mm. 

The relationship between the characteristics of arid region and ENSO 

Seasonal variations 

According to coordinates of the center of precipitation during 1961-2016, 90.30°E is used as the dividing line 

between the east and west of the arid region. The arid region within the range of 75.15°- 90.30°E, 30.75°- 47.90°N 

is defined as the western part and the arid region within the range of 90.30°- 118.15°E, 32.10°- 46.75°N is defined 

as the eastern part.  The relationship between precipitation and ENSO in the arid region was studied respectively.  

Separately calculate the percentage of anomaly of the precipitation and the area of the eastern and western arid 

region in El Niño and La Niña years. If the absolute value of the anomaly percentage is less than 3%, it is regarded 

as not significantly different from the average.  

Table 1. Seasonal precipitation anomaly percentage in El Niño years 

El Niño 

Years 

Precipitation Anomaly Percentage of Western 

Part 

Precipitation Anomaly Percentage of Eastern 

part 

Spring Summer Autumn Winter Spring Summer Autumn Winter 

1963 2.4% -31.4% -23.0% -34.7% -10.2% -0.5% -6.0% -51.7% 

1965 -23.5% 5.3% 13.0% -2.5% 12.4% 5.6% -2.2% -74.8% 

1969 0.3% -16.3% -42.4% 11.3% -22.3% 28.2% 5.9% -33.3% 

1972 25.8% -0.4% 36.0% 32.5% -32.1% 19.6% -5.2% -22.3% 

1982 14.0% -7.4% 10.5% -40.2% 18.7% 3.2% 6.2% -54.7% 

1987 36.8% 18.8% 9.3% -5.2% -4.6% 3.1% 10.9% -63.9% 

1991 14.5% 7.3% -47.9% 116.3% 8.7% 16.5% -31.0% -12.1% 

1997 -9.0% -21.8% -30.1% 31.6% -5.0% 42.4% -33.8% -46.0% 

2002 -6.8% 10.2% -3.1% 132.4% 59.8% 4.7% -2.8% -0.4% 

2004 11.7% -26.0% -52.0% 48.0% -27.1% 3.4% -11.5% -23.6% 

2009 -34.8% -57.5% 34.2% -13.6% -2.5% -15.8% 55.5% -25.2% 

2015 11.1% 25.3% 13.9% 34.6% 22.4% 2.5% 120.8% -38.3% 



 

The results of the seasons in El Niño years are shown in the Table 1.  For the western part, the number of years 

with increased precipitation in spring and winter for the western part is more, while the number of the years 

with increased precipitation in summer and autumn is close to the number of the years with decreased 

precipitation. For the eastern part, there are significantly more years with increased precipitation in summer, 

and more years with decreased precipitation in winter. The number of years with increased precipitation and the 

number of years with decreased precipitation are similar in spring and autumn. To sum up, in the western arid 

region, El Niño’s impact is reflected in increased precipitation in spring and winter, while in the eastern arid 
region, El Niño’s impact is reflected in increased precipitation in summer and decreased precipitation in winter.  

And the influence of El Niño in the east of the arid region is more obvious than that in the west. 

Table 2. Seasonal precipitation anomaly percentage in La Niña years 

La Niña Years 
Precipitation Anomaly Percentage of Western Part Precipitation Anomaly Percentage of Eastern part 

Spring Summer Autumn Winter Spring Summer Autumn Winter 

1964 86.2% -20.0% -32.8% 5.6% 97.9% -15.6% -9.7% -15.2% 

1970 -7.0% -17.4% -37.9% -25.9% 18.6% 21.6% -27.0% -42.5% 

1971 14.6% 0.6% -4.9% 5.8% -33.0% 10.9% 46.1% -18.3% 

1973 2.6% -21.0% -27.8% 14.6% -19.4% 26.9% 43.7% -32.8% 

1975 -40.8% -17.7% 19.7% 12.6% -25.0% 15.8% 40.7% -47.7% 

1988 114.5% -4.9% -43.7% 17.3% 45.7% 7.5% -29.4% -21.5% 

1998 1.6% -7.1% -17.8% -16.7% 46.9% 2.1% -7.7% -11.9% 

1999 -31.5% -11.2% -28.3% -12.6% 24.5% 13.9% 3.5% -41.6% 

2007 -36.1% -18.1% -14.6% -53.6% 24.7% 27.1% 56.2% -43.7% 

2010 17.4% 10.9% 71.8% 54.0% 55.2% -17.5% 136.7% 2.2% 

2011 -9.3% -31.3% -45.2% 34.6% -36.1% 19.3% 15.9% -31.4% 

2016 -60.4% 9.9% 38.5% -43.7% 12.4% 22.6% -42.1% -14.1% 

 

The results of analyzing La Niña years are shown in the Table 2.  In La Niña years, there are significantly more 

years with decreased precipitation in summer and autumn for the western part, while the number of the years 

with increased precipitation in spring and winter is nearly equal to the number of the years with decreased 

precipitation. For the eastern part, there are significantly more years with increased precipitation in spring and 

summer.  The number of years with decreased precipitation in winter is significantly more, and the number of 

years with increased precipitation in autumn is close to that of years with decreased precipitation.  To sum up, 

in the western arid region, the La Niña event is reflected in the decrease of summer and autumn precipitation, 

while in the eastern arid region, the La Niña effect is reflected in the increase in spring and summer precipitation, 

and the decrease in winter precipitation. 
Interannual variations 

Table 3. Annual precipitation anomaly percentage and area anomaly percentage in El Niño years 

El Niño Years 

Precipitation Anomaly Percentage of 

Western Part 
Area Anomaly Percentage of Western Part 

Western Part Eastern Part Western Part Eastern Part 

1963 -22.6% -5.4% 3.7% 5.2% 

1965 2.1% 1.8% 18.2% 36.7% 

1969 -14.8% 12.1% -9.7% -2.4% 

1972 14.4% 4.0% 8.0% 15.9% 

1982 -0.8% 4.2% 7.0% 14.1% 

1987 20.8% 0.0% -10.6% 3.3% 

1991 7.0% 6.1% 9.5% 7.6% 

1997 -16.5% 16.1% 9.4% 14.1% 



2002 13.4% 14.7% -8.9% -8.4% 

2004 -17.8% -5.7% -7.3% -5.6% 

2009 -33.8% -0.6% -6.7% 3.4% 

2015 22.9% 25.5% 3.9% -6.0% 

 

The study found that the average area of the arid region in the past 56 years was 276.37km2, and the average 

annual precipitation was 81.57mm.  The average area of the arid region in the El Niño years was 286.06km2 and 

the average precipitation was 82.45mm. The El Niño event increased the average precipitation in the arid region, 

but also expanded the area of the arid region.  The precipitation and area of eastern and western arid region in 

El Niño years were calculated respectively and the result is shown in Table 3. The areas of the western arid region 

and the eastern arid region in most El Niño years were greater than the average of their respective areas within 

56 years. In 7 of the 12 El Niño years, the area of the western part is larger than the average, and in 8 of the 12 

El Niño years the area in the eastern part is larger than the average. The percentage of the area anomaly in the 

eastern part is larger than that in the western part in 10 years, indicating that the area in the eastern part has 

increased more. In 5 years of 12 El Niño years, the precipitation in the western part of the arid region is obviously 

larger than the average, obviously smaller than the average in 5 years, and not significan tly different from the 

average in 2 years. By using the linear regression method, the percentage of precipitation anomalies in the 

western arid region and the ENSO3.4 values were analyzed(R2=0.10), indicating that the linear relationship 

between the percentage of precipitation anomalies in the western part of the arid region is not obvious. The 

precipitation in the eastern part of the arid region was significantly larger than the average in 7 of the 12 El Niño 

years, significantly smaller than the average in 2 years, and not significantly different from the average in 3 years.  

The two years with less than average precipitation in the eastern part of the arid region were 1963 and 2004, 

both of which were years with a small ENSO3.4 values. By using the linear regression method, the percentage of 

precipitation anomalies in the eastern part and the ENSO3.4 values were analyzed (R2 is 0.70), and between the 

percentage of area anomalies and the ENSO3.4 values, R2 is 0.44.  The same analysis was performed on the 

western part of the arid region, and the correlations were not significant.  The above results show that the El 

Niño events increase the area and the average precipitation of the arid region of China. In the western arid 

region, the correlation between precipitation and El Niño is not obvious. In the eastern part of the arid region, 

average precipitation and the area increased. 

Table 4. Annual precipitation anomaly percentage and area anomaly percentage in La Niña years 

La Niña Years 

Precipitation Anomaly Percentage of 

Western Part 
Area Anomaly Percentage of Western Part 

Western Part Eastern Part Western Part Eastern Part 

1964 0.5% 8.1% 5.7% -4.4% 

1970 -18.7% 9.9% 2.2% -5.2% 

1971 3.6% 7.9% -2.7% 5.2% 

1973 -14.8% 18.6% 0.4% -3.9% 

1975 -13.1% 9.6% 11.9% 3.4% 

1988 13.6% 7.7% -10.8% -8.9% 

1998 -7.0% 9.2% -10.8% -12.5% 

1999 -17.3% 11.9% -11.3% 7.9% 

2007 -22.3% 28.7% -9.9% -1.8% 

2010 26.4% 25.3% -20.5% -6.2% 

2011 -24.9% 6.2% -9.5% 5.5% 

2016 -0.8% 8.3% -23.7% -16.2% 

 

The average precipitation in La Niña years was 83.026mm, and the average area of the arid region was 

262.180km2. The La Niña event increased the average precipitation in the arid region and reduced the area of 

the arid region. The precipitation and area of eastern and western arid region in La Niña years were calculated 

respectively and the result is shown in Table 4. In most La Niña years, the areas of the western and eastern arid 



region were smaller than the average of their respective areas in 56 years. In 7 of the 12 La Niña years, the area 

of the western and eastern arid region are both smaller than the average. The precipitation in the western part 

of the arid region is significantly smaller than the average in 7 years, and is bigger in 3 years. In the eastern part 

of the arid region, the precipitation is bigger than the average in all 12 La Niña years. By using the linear regression 

method, the percentage of precipitation anomalies in the eastern part and the ENSO3.4 values were analyzed 

(R2 = 0.58), and between the percentage of area anomalies and the ENSO3.4 values, R2 is 0.73. It indicates that 

the precipitation and area in the eastern arid region are related to La Niña. The same analysis was performed on 

the western part of the arid region, and the correlations were not significant.  Above results show that the La 

Niña events reduces the area of arid region, and the overall average precipitation in arid region increases more 

than that in El Niño years.  In the east of the arid region, the effects of La Niña are more evident. In La Niña years, 

the average precipitation in the eastern part of the arid region increases, and the area decreases. 

The above results show that ENSO has a greater influence on the arid region than the west. In El Niño years, both 

the area and average precipitation in the eastern arid region increased, and the increase in the area of the eastern 

arid region was greater than that in the western region in 10 of the 12 El Niño years. Besides, the correlation 

between El Niño and the increase in precipitation was greater in the eastern arid region.  In La Niña years, 

precipitation in the eastern part of the arid region increased significantly, while the precipitation in the western 

part was less than average in more years.  An increase in the eastern part of the arid region and increased 

precipitation, or a decrease in the western part of the arid region with less precipitation, will cause the center of 

the arid region’s precipitation   of the arid region to move eastward.  Therefore, it can be considered that the 

role of the ENSO event is one of the reasons for the eastward shift of the center of precipitation of the arid 

region. 

Discussion  
Studies have shown that climates in arid region are more sensitive to global climate change 31.  Here, we focus 

on analyzing the characteristics of dynamic arid regions in China under the influence of global warming and ENSO 

from 1961 to 2016. During this period, the area of arid region experienced a development process from 

increasing to decreasing.  Temperatures in arid region showed a downward trend before 1990, and the 

significance of the downward trend began to weaken in 1968. In the same year, trend of the area of the arid 

region changed to decrease. In 1998, the significance of the decreasing trend of arid region and the increasing 

trend of annual mean temperature passed the 95% significance test. Further, through the Pearson correlation 

analysis of the area and the average annual temperature, it is found that the area is negatively correlated with 

the average annual temperature. The correlation is significant at the level of 0.01, indicating that from 1961 to 

2016, the temperature increase in the arid region of China was closely related to the reduction of area of the arid 

region.  

The annual precipitation in the arid region shows a gentle rising trend, and its rising rate is 0.67mm/10a.  This 

suggests that the arid region have become wetter overall in the past 56a.  Among them, the summer precipitation 

generally showed an upward trend, and the rising rate was the most obvious in the four seasons, which was 0.27 

mm/10a.  The increase of precipitation in autumn and winter was relatively insignificant. In addition, through 

the analysis of center of precipitation in the arid region, we found that from 1961 to 2016, the center of 

precipitation in the arid region moved 0.14° to the north and 0.77° to the east. By dividing the arid region into 

eastern and western regions to study the effect of ENSO on its precipitation, we found that ENSO had a more 

significant impact on the eastern arid region than the western region.  In El Niño years, both the area and average 

precipitation in the eastern arid region increased. The increase in the area of the eastern arid region was greater 

than that in the western region in 10 of the 12 El Niño years, and the correlation between El Niño and the increase 

in precipitation was greater in the eastern arid region.  In La Niña years, precipitation in the eastern part of the 

arid region was above average in all 12 La Niña years, while precipitation in the western part was more than 

average in years.  An increase in the area in the east of the arid region and an increase in precipitation, or a 

decrease in the area in the west of the arid region and a decrease in precipitation will cause the center of 

precipitation in the arid region to move eastward.  Therefore, it can be considered that the role of the ENSO 

event is one of the reasons for the eastward shift of the center of precipitation of the arid region. 

Long daylight hours, plenty of heat, and rich solar energy resources characterize China's arid region32.However, 

due to lack of water resources and sparse vegetation, they are typical arid ecologically fragile areas  33. Water has 

always been one of the main factors limiting local development.  And due to sufficient light and heat, agricultural 

production has great potential and occupies an important strategic position in China's economic development. 

Based on the above analysis, the area of the arid region shows a decreasing trend, and the center of precipitation 

in the arid region moves to the northeast, indicating that the increased precipitation in these areas is beneficial 

to the industrial and agricultural production and future sustainable development of these areas. 



Then, using wavelet analysis method to further study the periodic law of precipitation, annual average 

temperature and area in arid region of China throughout the year and each season, we found that from 1961 to 

2016, the three periods of area change were 24a, 13a and 5a, and 13a is the first main cycle. However, it only 

existed from 1961 to 1985 while the 24a cycle persisted from 1961 to 2016.  Taking the persistent 24-year cycle 

as the cycle scale, the area of the arid region was in a declining stage in 2016.  The first main cycle of the annual 

mean temperature in the arid region is 20a and it does not oscillate significantly from 1980 to 1995.  In 2016, the 

annual mean temperature is in the cycle of rising phase.  There are four main cycles of 19a, 13a, 8a, and 4a in 

the annual precipitation in arid region, and there is an obvious cycle of 13a from 1961 to 2008.  Although the 

cycle change period around 19a was relatively insignificant in the four time periods, the cycle change of this 

period only became significant after 1980. In the four seasons, the cyclical change of summer precipitation is the 

least obvious, and the precipitation of the other three seasons has obvious cycles.  The first main cycle of 

precipitation in spring, summer, autumn and winter is 28a, 7a, 11a, and 25a, respectively. In addition, there is a 

period of about 4a of the precipitation in the year and the four seasons.  According to the above research results, 

the spring and winter precipitation in the arid region in 2016 were in the declining phase of the cycle, with the 

cycle time being 28a and 25a respectively, while the annual precipitation was in the middle of the rising phase 

of the cycle.  According to five global climate models provided by ISI-MIP, Jun Yin et al. predicted that the annual 

precipitation in Northwest China will decrease significantly from 2011 to 2050 34.  Combined with the analysis, 

the center of precipitation of arid region moves to the northeast under the influence of ENSO. Water resource 

managers in arid region, especially in the southwest of arid region, need to prepare for possible future 

precipitation reductions. 

Conclusions 
In this study, linear regression method, spatial trend analysis, M-K mutation test, and wavelet periodic analysis 

were used to analyze the changes of three characteristics of precipitation, area and annual average temperature 

in China's arid region from 1961 to 2016.  The impact of global warming and ENSO on precipitation in arid region 

of China was analyzed, and reached the following conclusions: 

1) From 1961 to 2016, the annual and quarterly precipitation in the arid region showed different degrees of 

growth. The annual precipitation changed abruptly in 1963, 1966, 1968 and 2011.  The annual and quarterly 

precipitation has a cycle of about 4 years, but the cycle significance is different.  There are four main cycles of 

19a, 13a, 8a, and 4a in the annual precipitation in arid region, and there is an obvious cycle of 13a from 1961 to 

2008.  The first main cycle of spring, summer, autumn and winter are respectively 28a, 7a, 11a, and 25a. 

 2) The area of arid region has been on a downward trend since 1968, and decreased significantly after 1998. In 

1991, there was an obvious mutation, from a relatively high period to a relatively low period. The three cycles 

are 24a, 13a and 5a.  In 2016, the area of dryland was in the declining phase of the cycle.  The area of arid region 

is negatively correlated with the annual mean temperature, and the correlation is significant at the 0.01 level.  

The shrinking of the dry area means more precipitation in more areas, which has positive implications for 

industrial and agricultural production in these areas.  In addition, from 1961 to 2016, the center of precipitation 

of the arid region moved 0.14° to the north and 0.77° to the east.  The trend of the center of precipitation moving 

eastward in the arid region also means that the precipitation increases in the east and decreases in the west. 

 3) In 1990, the annual average temperature in arid region changed from a decreasing trend to an increasing 

trend.  The first main cycle of the annual mean temperature is 20a, and the second main cycle is 14a. The time 

scale of 20a does not oscillate significantly from 1980 to 1995.  In both cycle scales, the annual average 

temperature in 2016 was in the cycle of rising. 

 4) The response degree of precipitation to ENSO is different between the eastern and western arid region.  The 

response to ENSO in the arid region in the range of 75.15°-90.30°E and 30.75°-47.90°N in the west was less than 

that in the eastern arid region in the range of 90.30°-118.15°E and 32.10°-46.75°N.  El Niño events increased the 

area of arid region in China, and the average precipitation in the arid region increased slightly, and the area of 

the eastern arid region increased more than the western arid region.  There are more years with above average 

and below average precipitation in the west.  Therefore, the effect of ENSO on precipitation in arid region of 

China is one of the reasons why the center of precipitation of arid region moves eastward. 

 

Data and Methods 
Study Area Description 

The area of China's arid region(Figure 10) mainly includes the Uygur Autonomous Region of Xinjiang, the northern 

Qinghai Province, the west of Inner Mongolia, and the Gansu Province35.  As This region is situated in the interior 

of the Eurasian continent, away from the ocean, and is therefore less affected by the summer monsoon. Although 

domestic and international research have different views on the definition of arid region, they all agree that 



water is the most significant constraint to arid region development36.  The precipitation is the main influencing 

factor of water resources in arid region. Since the precipitation in Northwest China has changed significantly in 

the past 60 years, this study took the area with annual precipitation below 200 mm as the arid region to analyze 

its characteristic changes. 

 

Figure 10. The locations of meteorological stations in arid region of China 

Determination of ENSO Years 

The El Niño–Southern Oscillation (ENSO) is a climatic phenomenon induced by the interplay of the atmosphere 

and the ocean across the tropical eastern Pacific Ocean 37,38. It is a cyclic phenomenon with a period of 2 to 7 

years that occurs around the equatorial Pacific Ocean and is acknowledged as the strongest signal of interannual 

climate variability. Their influence extends beyond low latitudes around the equator, affecting medium and high 

latitudes as well. ENSO redistributes heat and water vapor by altering large-scale air flow at the surface and 

small-scale ocean circulation 39, and then has a significant impact on the temperature and precipitation in the 

middle and low latitudes. Specifically, in El Niño years, the precipitation in China is relatively low 40, 41, and 

droughts are more likely to occur in North China (especially the Yellow River Basin) and northwest regions 21, 42; 

while in La Niña years, the northwest region is prone to heavy precipitation due to heavy precipitation and the 

probability of flood disasters has increased 5, 43. In this study, the ENSO year is determined according to the 

standard proposed by Barnston et al.44. For this standard, El Niño years have a monthly average of the ENSO 3.4 

values > 0.5, whereas La Niña years have a monthly average of less than or equal to -0.5. As indicated in Table 5, 

12 El Niño years and 12 La Niña years are chosen out from 1961 to 2016. 

Table 5.  El Niño Years and La Niña Years from 1961 to 2016 

 
1 2 3 4 5 6 7 8 9 10 11 12 

El Niño year 1963 1965 1969 1972 1982 1987 1991 1997 2002 2004 2009 2015 

ENSO3.4 values 1.000 1.400 0.625 1.425 1.300 1.500 0.725 1.825 0.900 0.625 0.625 1.575 

La Niña year 1964 1970 1971 1973 1975 1988 1998 1999 2007 2010 2011 2016 

ENSO3.4 values -0.750 -0.750 -0.775 -1.325 -1.200 -1.225 -1.025 -1.075 -0.750 -1.250 -0.650 -0.625 

 

Historical Data 



The climate data from 1961 to 2016 was taken from the China Meteorological Administrator's website 

(http://cdc.cma.gov.cn/), which provided monthly temperature and precipitation. Considering the data in this 

study must meet the requirements of accuracy and completeness, the data of 692 stations with no missing 

measurements in the study area are selected for the study. 

Dynamic arid region 

Annual precipitation and quarterly precipitation are calculated by Thiessen Polygons and the Kriging spatial 

interpolation tool of ArcGIS is used on the precipitation data. The area with annual precipitation less than 200mm 

is regarded as arid region, so the data from 117 stations during 1961 and 2016 is chosen in the end.  The Thiessen 

Polygons Method is also called the weighted average method. Using the Thiessen polygons calculation tool in 

ArcGIS 10.2, we can directly calculate the area precipitation of the watershed and the operation is simple 45.  The 

precipitation intensity in the polygon area is represented by the precipitation of the unique meteorological 

station contained in the polygon, and the surface average precipitation is calculated according to the sum of the 

area weights occupied by each polygon and the precipitation of the meteorological station. This method is 

repeated for the data in every time period to obtain the dynamic arid region due to the change of precipitation 

distribution over time.  Using this method to calculate precipitation is more accurate than the arithmetic average 

method, and it is more conducive to reflect the trend of changes in arid region. 

Mann—Kendall (M-K) mutation test 

The Mann—Kendall test is used in this study to discover monotonic trends in the data series under consideration 

since it is more powerful than ordinary parametric trend tests for non-normally distributed series. The 

computation is also straightforward 46. For a time series x:  

  

𝑆𝑘 = ∑ 𝑟𝑖𝑘
𝑖−1  (𝑘 = 2,3, ⋯ , 𝑛) (1) 

The value of ri in the formula is as follows: 𝑟𝑖 = {1        𝑥𝑖 > 𝑥𝑗0        𝑥𝑖 ≤ 𝑥𝑗   𝑗 = 1,2, ⋯ , 𝑖 (2) 

Assume that the time series x is randomly independent and define the statistics:  

 

(3) 

When the n variables of the series x1 , x2 , ⋯ , xn are independent of each other and have the same continuous 

distribution, 𝐸(𝑠𝑘) and 𝑉𝑎𝑟(𝑠𝑘) are as follows:  

 

 (4) 

𝑈𝐹𝑖  abides by the standard normal distribution. According to the reverse order of time series and repeating the 

above process, making 𝑈𝐵𝑘  as follows:  

 
(5) 

then we can obtain a series of 𝑈𝐵𝑘 (k=1,2, ⋯ ,n). 

  

Wavelet periodic analysis 

To show the multi-level variation rules of hydrological phenomena, wavelet analysis primarily uses the 

localization characteristics of the wavelet function in the time domain and frequency domain47-50. The wavelet 

function is expressed as follows: 
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∫ 𝜓(𝑡)𝑑𝑡 = 0, 𝜓(𝑡) ∈ 𝐿2(𝑅)+∞
−∞   (6) 

where ψ(t) is the wavelet basis function, and its function system is expressed as follows: 𝜓𝑎,𝑏 (𝑡) = |𝑎|−1/2𝜓 (𝑡 − 𝑏𝑎 ) 𝑎, 𝑏 ∈ 𝑅, 𝑎 ≠ 0  (7) 

where ψa,b(t) is the daughter wavelet; a is the scale factor, which reflects the period length of the wavelet 
function; b is the displacement factor, which reflects the shift of the wavelet function in time. 

If ψa,b(t) is the subwavelet given by (7), for a wavelet function that satisfies certain conditions ψ(t), L2(R) means 

it is defined on the real axis, as a measurable square integrable function on the real axis. The wavelet transform 

of f(t) ∈ L2(R) is as follows: 𝑤𝑓(𝑎, 𝑏) = |𝑎|−12 ∫ 𝑓(𝑡)�̅� (𝑡 − 𝑏𝑎 ) 𝑑𝑡 𝑎, 𝑏 ∈ 𝑅 𝑎𝑛𝑑 𝑎 ≠ 0∞
−∞   (8) 

where ψa,b(t)  is the wavelet transform coefficients; f(t) is a square integrable function; a is an extension scale; b 

is a translation parameter; �̅� (𝑡−𝑏𝑎 ) is the complex conjugate function of 𝜓 (𝑡−𝑏𝑎 ) 

The square value of the wavelet coefficient is integrated in the b domain, and the wavelet variance is obtained, 

that is: 𝑉𝑎𝑟(𝑎) = ∫ |𝑊𝑓(𝑎, 𝑏)|2𝑎𝑏∞
−∞   (9) 

Spatial Analysis 

Using the center calculating tool in ArcGIS 10.2, the center of precipitation of the arid region was obtained to 

study the spatial movement change characteristics of the arid region over the years.  By calculating the 

percentage of precipitation and area anomalies between El Niño years and La Niña years , the impact of ENSO 

on the spatial movement of arid region was analyzed. 

Data availability 

The datasets produced throughout and/or analyzed throughout the current evaluation are available from the  

corresponding author on reasonable request. 
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