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Abstract: Spatiotemporal trend of precipitation potentially influences vegetation restoration and soil erosion
on the Loess Plateau. Daily data at 100 meteorological stations in and around the area from 1957 to 2009
were used to analyze the spatiotemporal trends of precipitation and the return periods of the different types of
precipitation classified in the study. Nonparametric methods (Mann-Kendall and Sen’s slope estimation)
were employed for temporal analysis and Kriging interpolation method, for spatial analysis.

The annual precipitation was detected to have a slight decreasing trend at 0.1 significance level on the Loess
Plateau and no change point existed. The decreasing rate changed from a negative value up to -3~-7 mma™ in
southeast to a positive value up to 1~2 mma'in northwest. The average annual decreasing rate was found to
be -1.15 mm a accounting for 0.26% of the average annual precipitation. The area with decreasing trend
accounted to 86% of the total area of the Loess Plateau.

Only except for the winter, the regional precipitation in other seven time series, i.e., spring, summer, autumn,
wet season, dry season, EFP (early flood period), and LFP (late flood period), presented insignificantly
decreasing trends. The areas for the seven time series were up to 70%, 72%, 83%, 84%, 90%, 56% and 89%
of the total area, respectively.

The shifts of the 150, 250, and 350 mm isohyets were not evident between the decades. The weighted
average centers of the 450 and 550 mm isohyets moved 134 km eastwards and 213 km westwards from
1960s to 1990s. However, the two centers retreated 12.1 km westwards and 54.8 km northwards from 1990s
to 2000s.

The frequencies of the precipitation types defined with Moderate, Heavy, Rainstorm, and Heavy Rainstorm
were detected to have decreasing trends from 1960s-2000s, based on the decadal analysis. The return periods
of the four types of precipitation changed from 0.13, 0.39, 1.82, 19.80 a in 1960s to 0.15, 0.39, 2.34, and
26.88 a in 2000s.

Results indicates a small drier precipitation change of no significance given by Mann-Kendall test, the shifted
southward precipitation isohyets, a slightly delayed rainy season, and the prolonged return period especially
in rainstorm and heavy rainstorm types in the last 53 years. Global climate change seemly did not influence
the Loess Plateau of China greatly, but the variations of precipitation apparently took place both in spatial
and temporal dimensions on the Loess Plateau from 1960s to 2000s.
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1. INTRODUCTION

Global warming over the last 100 years and the consequent increase in the moisture-holding capacity of the
atmosphere (IPCC, 2007) imply that a more intense hydrological cycle would occur (Held and Soden, 2006).
Because of the change, the alteration of spatiotemporal characteristics of precipitation and the changes of
associated heavy precipitation frequencies are critical especially in arid and semiarid regions.

The change of precipitation is not uniform from place to place in the world. Precipitation gauge data indicate
that global land precipitation (excluding Antarctica) was increased by 0.89 mm per decade over the twentieth
century (New et al., 2001). The annual precipitation in Northern Norway was increased by 15% and in
Germany, less than 10% during the last century (Ferland and Hanssen-Bauer, 2000; Hénsel et al, 2009).
Although an increasing trend of the annual precipitation from 1950 to 2006 was found in USA (Easterling et
al., 2007), a decreasing trend was observed in Southern Peru and Southern Chile (Haylock et al., 2005). In
Northeast Brazil and Northern Amazonia, a positive trend of no significance occurred in rainy season
(Marengo et al.,1998), while in China, a significant increasing trend of annual precipitation from June to
August was detected which potentially aggravate flood hazards in the Yangtze River basin (Jiang et al.,
2008).

On the Loess Plateau the long agricultural history, sparse vegetation, and high intensity rainstorms have
caused the severest soil erosion in the world (Tang,1990). To reduce soil erosion, various soil conservation
measures have been implemented on the Loess Plateau since 1950s. Furthermore, the “Grain for Green”
project has been implemented to reconstruct its ecosystem since 1999. The spatiotemporal trend of
precipitation potentially determines the physical environment of vegetation restoration on the Loess Plateau.
Also from the long-term experiments and practices of soil and water conservation, both volume and intensity
of precipitation are found to be the critical factors controlling soil erosion processes (Tang, 1990).

A decreasing trend of annual precipitation after 1950s on the Loess Plateau was detected (Xin et al., 2009).
Xu et al. (2007) also reported that precipitation in spring and autumn was found to decrease based on the data
from a great percentage of stations. However, the spatiotemporal trend of precipitation on the Loess Plateau
has not been stated systematically. In addition, how precipitation types change is not fully understood,
especially for extreme precipitation events. Understanding precipitation changing patterns is essential for
water resources management and soil erosion controlling on the Loess Plateau. Therefore, the specific
objectives of the study were to: (1) detect the annual precipitation trend and the isohyet’s change in the study
area, (2) identify the spatiotemporal variability of the seasonal trend, and (3) find the spatiotemporal change
in recurrence period of extreme precipitation events.

2. STUDY AREA

The location of the Loess Plateau in
China is showed in Fig.1. The Loess
Plateau of 620,000 km® is located in
the middle reaches of the Yellow
River (750,000 km?), with its
elevation varying from 800 to 2000
m. The northwest part of the Loess
Plateau is the sandy lands. Gullies
and hills dominate the middle and
southeast part. The desert-steppe,
typical-steppe, forest-steppe, and
forest zones distribute from 10E 104°E 106°E 18E noE n2E 14E
northwest to southeast. The wind  Figure. 1. (a) shows the location of the Loess Plateau (gray
deposited loess soils cover nearly all ~ shading) in the middle reaches of the Yellow River basin. (b) shows
the plateau and are approximately 50  the distribution of the meteorological stations on and around the
to 200 m deep. Average annual Loess Plateau and the mean annual isohyets of 550, 450, 350, and
precipitation on the Loess Plateau 250 mm.

ranges from more than 800 mm in

the southeast to less than 150 mm in the northwest. More than 78% of annual precipitation on the Loess
Plateau occurs from May to October and in the northwest the percentage is greater (85%~92%). Intensive
rainstorms result in severe soil erosion in the area with annual precipitation from 350 to 450 mm (Fig.1). The
amount of annual soil erosion is estimated to be over 2000~3000 million tons (Tang, 1990).
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3. DATA AND METHODS

3.1 Data Description

The daily precipitation data at 100 meteorological stations from 1957 to 2009 on and around the Loess
Plateau were used for our analyses (Fig. 1(b)). Totally, 89 stations were selected to examine the seasonal
trends and return periods. All the data were obtained from the China Meteorological Administration. The
dataset was divided into 8 time series to examine their precipitation trends:

e spring : March to May e wet season: May to October

e summer: June to August e dry season: November to next April

e autumn: September to November e EFP(early flood period): May to July

e winter: December to the following January e LFP(late flood period): August to October
Changes in precipitation frequency and return Table 1. Classification of precipitation types on the
period, especially frequency of the extreme Loess Plateau.

precipitation events (greater than 50 mm), can Classification Tevel (mm/day)

strongly influence soil erosion processes on the Moderate (M) 1224.9

Loess Plateau (Tang, 1990). Therefore, four Heavy (H) 25~49.9

precipitation types were classified to investigate the Rainstorm (R) 50~99.9

spatiotemporal variations of their frequencies and Heavy rainstorm (HR) _ 100~200

return periods, as showed in Table 1.

3.2 Methods

The surfaces of annual precipitation for each year from 1957 to 2009 were created by using the ordinary
Kriging interpolation method based on the annual precipitation of each station and then summed up to give
the whole area by using area weighted average method. The spherical model with a grid resolution of
500x500 m was used and the fitted parametric isotropic semivariogram for each map was obtained by using
an approximate weighted least squares criterion. Nonparametric Mann—Kendall method proposed by Mann
(1945) and improved by Kendall (1975) was widely used to test trends in hydrological and climatological
time series. This method has been recommended by the World Meteorological Organization (1988) as a
standard procedure for detecting trends in hydrological data. The time series was pre-whitened to eliminate
the effect of serial correlation before applying the Mann-Kendall teat. Sen’s estimator was used to estimate
the changing rate in the data records (Sen, 1968). Return Period or frequency analysis is used to estimate the
probability of the occurrence of a given precipitation event. The regional frequencies of the four types of
precipitation were calculated by using arithmetical average method.

4. RESULTS AND DISCUSSION

4.1 Trends of Annual Precipitation

Average annual precipitation on the Loess Plateau was found to be 434.4 mm. An insignificant decreasing
trend of the annual precipitation from 1957-2009 was detected (0.1<p<0.05), with an average decreasing rate
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(a) Trend of the annual precipitation on the Loess Plateau (b) Trend surface of annual precipitation
Figure. 2. Annual precipitation trend (a) and trend surface of annual precipitation (b) on the Loess Plateau.
(the symbols “+7, “*” “**” and “***> indicate the statistical significance level at 0.1, 0.05, 0.01, and 0.001
by Mann-Kendall test, respectively.)
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of -1.15 mma', which account for about 0.26% of the average annual precipitation. Fig. 2(a) shows a greater
variation of precipitation in the 1960s but much weaker variation in other decades.

From the spatial distribution of the annual precipitation trends on the Loess Plateau, 86% of the total area of
the Loess Plateau exhibited a decreasing trend, whereas only 14%, an increasing trend (Fig. 2(b)). The
magnitudes of the trends ranged from -3~-7 mma™ in the southeast to 1-2 mma™ in the northwest. The area
with increasing trend concentrated in the northern and western parts. The region with the significant
decreasing trend (p<0.05) included the lower reaches of Wuding River, Yan River basin, and Fen River basin.
Its center was in the area surrounded by Wutai, Hua and Liupan Mountains (Fig. 2(b)).

4.2 Trend Tests for Seasonal Time Series

Remarkable differences existed in the trend directions and the change rates between seasons. Precipitation in
the winter series had an insignificant increasing trend over the whole period, while in all other series,
insignificant decreasing trends (Table 2). Table 2 shows that the average changing rate of the rainy season
represented by summer, wet season, FEP and LFP in the region, is 4.5 times of that in other series. Fig. 3
shows that 85% of the total area in the winter presented increasing trend. And the areas for the decreasing
trends of precipitation in other 7 time series varies form 56% to 90%. The decreasing trend (Table 2) and its
area (Fig. 3) in the wet season imply a delayed flood period and a drier weather condition in the period.

Table 2. Average change rates of seasonal areal precipitation (mm/a) estimated by Sen’s estimator.

spring Summer autumn winter wetseason dryseason EFP  LFP

Sen’s slope  -0.09 -0.57 -0.19 0.065 -0.80 -0.29 -045  -047

Note: All trends are detected at insignificant level.

The increasing trends in these seasons mostly distributed in the northwestern part of the Loess Plateau. The
strong decreasing trends mostly occurred in the downstream of Wuding River, Yan River, the downstream of
Wei River, the Liupan Mountains, Wutai Mountains and Hua Mountains (Fig.3).

(b) For summer (72% of total area with a decreasing trend)
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(e) For dry season (90% of total area with a decreasing trend) (f) For wet season (84% of total area with a decreasing trend)
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Figure 3. Spatial distribution of the seasonal trends for the 8 series.

4.3 Trends of Isohyets

The 550, 450, and 250 mm isohyets are three important reference lines to identify the vegetation zones from
forest to forest-steppe, typical steppe, and desert steppe on the Loess Plateau. The area between the mean
annual isohyets of 350 and 450 mm also strongly suffers from soil erosion by both wind and water and hence,
is considered as a major source of coarse sand on the downstream bed of the Yellow River.

Fig. 4 illustrated that the shifts of the 150, 250, and 350 mm isohyets were not evident. The shift directions
from decade to decade were not consistent and most of the shift distances were less than 30 km. However,
the shifts of the 450 and 550 mm isohyets were much evident. From 1960s to 1990s, the centroid of 450 mm
isohyet moved about 133.8 km eastward and the 550 mm isohyet, 81 km eastward and 212.7 km southward.
From 1990s to 2000s, conversely, the centroid of 450 mm isohyet retreated about 12.1 km westward and the
550 mm isohyet, about 14.8 km westward and 54.8 km northward. The southeast shifts of the 450 and 550
mm isohyets may indicate a southeast shift of the forest-steppe and typical steppe zones.
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Figure. 4. The isohyets and their centroids for each decade
from 1960s to 2000s on the Loess Plateau.
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4.4 Changes of Return Period

Fig. 5 shows a southeast to northwest decreasing trend of the average annual days for the M, H, R, and HR
types of precipitation on the Loess Plateau. The frequencies of the four types of precipitation in the southeast
were up to 127.30, 63.02, 16.50, and 2.44 d per decade and in the northwest, up t017.90, 0.05, 0.01, and 0 d
per decade, respectively. The regional frequencies per decade for the four types were 72.6, 25.8, 4.9, and 0.4
d, respectively (Table 3). This means that the regional return periods per decade for the four types is 0.14,
0.39, 2.02, and 24.51 a, respectively.

(c) Frequency distribution for the R type (d) Frequency distribution for the HR type
Fig. 5. Isohyets of average annual rainy days (d/decade) for each type of precipitation on the Loess Plateau.

Table 3 also gives the frequencies with a decreasing trend for the four types of precipitation. The regional
frequencies for the four types changed from 79.54, 25.97, 5.49, and 0.51d in 1960s to 68.91, 25.48, 4.28, and
0.37d in 2000s. The average decreasing rates in frequency for the four precipitation types were 16.0% 3.4%,
35.5%, and 42.8%, respectively. The return periods for the four types changed from 0.13, 0.39, 1.82, and
19.80a in 1960s to 0.15, 0.39, 2.34, and 26.88a in 2000s. This means that the regional recurrence interval was
prolonged in recent decades.

Table 3. Decadal variability of the regional frequencies (d/decade) and the regional return periods (a) for
each precipitation type in each decade on the Loess Plateau.

Precipitation 1960s 1970s 1980s 1990s 2000s 1957-2009  Decreasing
type Fq RP Fq RP Fq RP Fq RP Fq RP Fq Rp ratioforFq

M 7954 013 7167 0.14 7250 014 69.66 0.4 6891 0.15 7261 014  -16.0%

H 2597 039 2474 040 2534 039 2396 042 2548 039 2580 039 -3.4%

R 549 182 553 181 434 231 444 225 428 234 494 202 -355%

HR 051 19.80 047 2128 037 27.17 039 2584 037 2688 041 2451  -42.8%

Note: Fq and RP mean the frequency and return period of precipitation events, respectively.

The high quality daily data of precipitation at 20 stations evenly distributed in the study area were used for
further comparison of frequency variation for the H and HR types of precipitation (Fig. 6). The frequencies
for the two types presented a significant decreasing trend from 1960s to 2000s. In the north of the Loess
Plateaus, the R type of precipitation occurred 7 d at Huhehaote station and 8 d at Dongsheng station in 1960s,
but decreased to only 4 and 1d in 2000s, respectively. The HR type of precipitation event occurred 1~3 d at
the stations in 1960s and however, did not occur in 2000s at all. In the central region of the Loess Plateau, the
R type of precipitation occurred 7 d at Guyuan station, 10 d at Xixian station, and 11d at Yanan station in
1960s, but only 2, 5, and 7d in 2000s, respectively. However, an increasing trend for the HR type was found
at Xi’an and Changwu stations located in the south part of the Loess Plateau. The HR type of precipitation
did not occur from 1960s to 1980s, but it occurred 1d/decade from 1990s to 2000s.
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Figure. 6. Decadal variability of frequency for the R and HR types of precipitation at 20 stations on the Loess
Plateau.

5. CONCLUSIONS

This study examined the spatiotemporal trends of precipitation on the Loess Plateau from 1957 to 2009. The
results showed that as the critical driving factor of soil erosion by water, the annual precipitation presented a
small decreasing trend, but the spatial distribution of the precipitation changed significantly and the
inconsistent trends in different time series existed apparently on the Loess Plateau.
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