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Abstract: In northern China, precipitation fluctuates greatly and drought occurs frequently, which
mark some of the important threats to agricultural and animal husbandry production. Understanding
the meteorological dry-wet change and the evolution law of drought events in northern China has
guiding significance for regional disaster prevention and mitigation. Based on the standardized
precipitation index (SPI), this paper explored the spatio-temporal evolution of meteorological dry-
wet in northern China. Our results showed that arid area (AA) and semi-arid area (SAA) in the
west showed a trend of wetting at inter-annual and seasonal scales, while humid area (HA) and
semi-humid area (SHA) in the east showed a different dry-wet changing trend at different seasons
under the background of inter-annual drying. AA and HA showed obvious “reverse fluctuation”
characteristics in summer. The drought frequency (DF) and drought intensity (DI) were high in
the east and low in the west, and there was no significant difference in drought duration (DD)
and drought severity (DS) between east and west. The DD, DS and DI of AA and SAA showed
a decreasing trend, while the DD and DS of HA and SHA showed a slight increasing trend, and
the DS decreased. In summer and autumn, the main influencing factors of drying in the east and
wetting in the west were PNA, WP, PDO and TP1, and the fluctuations of NAO-SOI, NAO-AMO and
PNA-NINO3.4 jointly determined the characteristics of SPI3 reverse fluctuations of HA and AA in
summer.

Keywords: northern China; dry-wet change; drought evolution; SPI; teleconnection factor

1. Introduction

Drought is a natural disaster caused by a long-term water shortage [1–3], which has the
characteristics of high frequency, long duration and wide impact [4–9], causing great harm
to the natural ecology, social economy and human habitat [10–19]. Under the background
of global warming, drought may be further aggravated [20–22]. In order to reduce the harm
caused by drought as much as possible, it is significant and urgent to effectively monitor
and evaluate drought [23].

In order to quantitatively study the occurrence of drought and monitor the change
trend of drought [24–26], scholars have put forward various drought indices in recent years.
Commonly used drought indices include the Palmer drought severity index (PDSI) [27],
standardized precipitation index (SPI) [28] and standardized precipitation evapotranspira-
tion index (SPEI) [4]. The Palmer Drought Severity Index (PDSI) comprehensively considers
the influence of precipitation, temperature and the underlying surface, and has a good
response to medium and long-term drought. However, its calculation is complex and only
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applicable to a single time scale, which makes it difficult to accurately reflect short-term
drought [29]. The standardized precipitation evapotranspiration index (SPEI) takes PET
into account, but in fact in arid and semi-arid areas where potential evapotranspiration is
greater than precipitation, the monthly total PET is actually the amount of water that is not
available and therefore cannot be evaporated and transpired. Its use may lead to inaccurate
estimates of drought events, such as overestimating droughts [30–33]. The standardized
precipitation index (SPI) is a standardized value that expresses the actual precipitation
as a deviation from the probability distribution function of precipitation. It is a powerful
tool widely applied for drought research with the advantages of convenient calculation,
multi-time scale and so on [34]. At the same time, SPI only needs to take precipitation
as input data, avoiding the problem of parameter calibration and it is especially suitable
for drought and flood monitoring in areas with scarce hydrological data [24]. Scholars
have conducted a lot of research using SPI, including in North Africa [35], East Africa [34],
Central Asia [36], East Asia [37], South America [38], the Mediterranean Sea [39,40] and
areas such as the Caribbean [41]. Anyway, SPI has shown a great response to drought
conditions in these areas even in the various dry-wet climate conditions.

A large number of studies have shown that the internal variability of the climate
system and external forcing (natural forcing and human activities) are the main factors
driving the inter-decade change of climate events, and the dry-wet change of climate
is mainly influenced by the internal variability of the climate system [42]. The internal
variability of the climate system is often expressed by some teleconnection factors, such as
AMO, IPO, PDO, etc. [43–47]. The teleconnection factor is a strong signal generated by the
interaction between ocean and atmospheric circulation during global change, which affects
the exchange process of mass, momentum and heat in the atmosphere, and then causes
climate anomaly [48]. Previous studies have shown that the changes of teleconnection
factors had a profound impact on regional dry-wet change or drought evolution. For
example, the changes in precipitation and runoff in Alberta, Ontario and Newfoundland
were mainly influenced by ENSO, NAO and PDO [49]; the future precipitation change in
California was mainly influenced by ENSO [50]; the extreme precipitation model in Europe
was closely related to AMO [51]; the evolution process of drought in arid area of China
from 1960 to 2010 was mainly influenced by polar vortex, AO and NAO in the northern
hemisphere, and the drought change in southern Xinjiang and Hexi Corridor might also be
influenced by the Qinghai-Tibet Plateau high [52]; the inter-decade variation of humidity
in the Qinghai-Tibet Plateau was mainly influenced by the PDO model [53]; the drought
in the North China Plain was greatly influenced by ENSO [23]. Thus, the teleconnection
factors may directly and indirectly impact the occurrence of drought, which deserve to be
further investigated.

The northern regions of China span from east to west with obvious differences in
precipitation. As the developed areas of the planting industry in China, the sub-humid
area and humid area in the east belong to the monsoon region, which are significantly
affected by the monsoon circulation with large precipitation. As the important pastoral
areas in China, the semi-arid area and arid areas in the west belong to the non-monsoon
region, which are mainly controlled by the westerly belt with less precipitation. Are
precipitation or meteorological dry-wet fluctuations and their evolution the same in humid
area and arid area under different circulation systems? What are the differences and
internal relations? Up to now, these questions lack accurate answers, which has become
the bottleneck of formulating differentiated water resource management and disaster
prevention and mitigation policies in Northern China. Due to the complexity of the
circulation systems affecting Northern China, there should be an “alternating growth and
decline” phenomenon among different circulation systems. Therefore, the basic hypothesis
of this paper is that the “alternating growth and decline” seesaw effect should also take
place in the change trend and fluctuation process of the meteorological dry-wet in dry-wet
areas located in Northern China. Based on the existing research, the evolution characteristics
and influencing factors of meteorological dry-wet changes and drought events in Northern
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China in the past 60 years were analyzed in this paper to explore the problems above. The
evolution law, spatial heterogeneity and internal relationship of meteorological dry-wet
and drought events in Northern China would be revealed at last. The specific research
objectives of this paper are as follows: (1) to reveal the characteristics of dry-wet changes
and drought evolution in Northern China; (2) to explore the relationship between dry-wet
change and teleconnection factors in each dry-wet area; (3) to find the driving factors of
dry-wet change in each dry-wet area, and to explain the driving mechanism of dry-wet
changes.

2. Data and Methodology
2.1. Study Area and Data Collection
2.1.1. Study Area

The research area of this paper is Northern China, north of the Huaihe-Qinling-Kunlun
mountain line, located between 73◦33′ E–135◦05′ E and 31◦23′ N–53◦33′ N, covering an
area of about 5.7672 million km2, including 15 provincial administrative regions such as
Heilongjiang Province and Xinjiang Uygur Autonomous Region (Figure 1) [54]. The study
area is rugged and spans three steps from west to east. The landforms are diverse and
complex, including deserts, mountains, hills, plateaus, plains and basins. Climate types
varied, including monsoon climate, temperate continental climate and highland mountain
climate. Annual precipitation drops from 1000 mm to less than 100 mm from east to west.
According to the annual average precipitation, the study area can be divided into humid
area, semi-humid area, semi-arid area and arid area. Greater than 800 mm is humid area
(HA), 400–800 mm is semi-humid area (SHA), 200–400 mm is semi-arid area (SAA), and
less than 200 mm is arid area (AA). The landscapes of the study area were forest, grassland,
desert grassland and desert in order from east to west. Natural disasters in the study area,
especially the frequent drought disasters, have caused great harm and loss to the ecological
environment and social economy.
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2.1.2. Data Collection

The monthly precipitation series data of meteorological stations in Northern China
from 1960 to 2019 came from China Meteorological Data Network (http://data.cma.cn,
accessed on 31 October 2020). Due to a large number of missing values in the observed data,
the meteorological stations were screened. These meteorological stations were removed if
there were continuous missing data for more than two years in the same month or total

http://data.cma.cn
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missing data for more than three years. For the remaining meteorological stations, the
monthly precipitation would be replaced by the multi-year average of precipitation for
that month of the meteorological station if there were missing values. Finally, the data
from 320 eligible meteorological stations (as shown in Figure 1) were left for this study.
Ocean teleconnection indices data came from the National Oceanic and Meteorological
Administration (http://www.noaa.gov/, accessed on 31 October 2020), including Arctic
Oscillation Index (AO), North Atlantic Oscillation Index (NAO), Western Pacific Oscillation
Index (WP), Pacific-North America Teleconnection Index (PNA), ENSO Index (NINO3.4),
Atlantic Multiannual Oscillation Index (AMO), Southern Oscillation Index (SOI), North
Pacific Interdecadal Oscillation Index (PDO), etc. The data in the plateau monsoon index
(TP1) and Asian polar vortex intensity index (APV) came from the National Climate Center
of China Meteorological Administration (http://cmdp.ncc.cma.gov.cn, accessed on 31
October 2020). All index data spanned from 1960 to 2019.

2.2. Methodology
2.2.1. Thiessen Polygon

Most often, the arithmetic mean method, the Thiessen polygon method and the
isohyet method are used to calculate regional average precipitation. The arithmetic mean
method is suitable for areas where the meteorological stations are evenly distributed. The
Thiessen polygon method is applicable for areas with uneven distribution of meteorological
stations. The isohyet method is suitable for areas with a large topographic fluctuation and
sufficient rainfall stations. The distribution of meteorological stations in Northern China
is uneven, with dense distribution of meteorological stations in the east and sparse in the
west. Different meteorological station controls different area sizes, so the Thiessen polygon
method is more suitable for Northern China than the arithmetic mean method and isohyet
method. The Thiessen polygon constructed in this paper was shown in Figure 1. The
formula for calculating regional mean precipitation [55] is as follows:

P =
n

∑
i=1

wi pi =
n

∑
i=1

si
s

pi (1)

P is the regional mean precipitation, wi is the Thiessen weight, Si is the Thiessen
polygon area of i weather station, S is the total area of the region, and Pi is the precipitation
of i weather station.

2.2.2. Standardized Precipitation Index (SPI)

Precipitation distribution is a skewed distribution rather than a normal distribution.
Mckee et al. [32] used Gamma probability distribution to describe the distribution changes
of precipitation and then obtained SPI values after normal normalization. The calculation
steps referred to Zhou Junju, Kalisa and Abdelmalek et al. [34,39,54,56,57]. Assuming that
the precipitation in a certain period is x, the probability density function satisfying the
Gamma distribution is

g(x) =
1

βαΓ(α)
xα−1e−x/β (2)

where: α is the shape parameter,β is the scale parameter, and x is the precipitation. Γ(α) is
Gamma function, and its probability function is:

Γ(α) =
∞∫

0

yα−1e−ydy (3)

The best estimates of α and β can be obtained by the maximum likelihood estimation
method:

∧
α =

1
4A

(
1 +

√
1 +

4A
3

)
(4)

http://www.noaa.gov/
http://cmdp.ncc.cma.gov.cn
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∧
β =

x
∧
α

(5)

A = ln(x)− ∑ ln(xi)

n
(6)

where: xi is the sample of precipitation series, x is the average value of precipitation series,
and n is the length of calculated series. Then, the cumulative probability of a given time
length can be calculated by the following formula:

G(x) =
x∫

0

g(x)dx =
1

∧
βΓ(
∧
α)

x∫
0

x
∧
α−1e−x/

∧
βdx (7)

Since the Gamma equation does not include the case of x = 0 and the actual precipita-
tion may be 0, the cumulative probability is expressed as:

H(x) = q + (1− q)G(x) (8)

where: q is the probability of zero precipitation. If m is the number of precipitation events
with 0 in precipitation time series, there is q = m/n.

The cumulative probability H(x) can be converted into a standard normal distribution
function by the following formula:

H(x) =
1√
2π

x∫
−∞

e−t2/2dt (9)

The following results are obtained by approximate solution:
where 0< H(x) ≤ 0.5:

SPI = −
(

t− c0 + c1t + c2t2

1 + d1t + d2t2 + d3t3

)
(10)

t =

√√√√ln

(
1

(H(x))2

)
(11)

where 0.5 < H(x) ≤ 1:

SPI =
(

t− c0 + c1t + c2t2

1 + d1t + d2t2 + d3t3

)
(12)

t =

√√√√ln

(
1

(1.0− H(x))2

)
(13)

where c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 = 1.432788, d2 = 0.189269,
d3 = 0.001308.

In this paper, SPI_SL_6.exe software was used to calculate the SPI1, SPI3 and SPI12.
SPI3 in May, August, November and February of the next year were selected as the SPI
of the four seasons (spring, summer, autumn and winter) of the year, and SPI12 in De-
cember of each year was selected as the annual SPI of the year. According to relevant
studies [54,56–58] and the classification standard of National Climate Center, combined
with the reality of Northern China, the classification standard of the dry-wet level is as
follows (Table 1):
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Table 1. Classification of dry or wet conditions of the SPI.

SPI Value Categories SPI Value Categories

≥2 Extremely wet −0.99 to −0.50 Mildly drought
1.50–1.99 Very wet −1.49 to −1.0 Moderately drought
1.0–1.49 Moderately wet −1.99 to −1.50 Very drought

0.50–0.99 Mildly wet ≤−2.0 Extremely drought
−0.49–0.49 Normal

2.2.3. Drought Identification

Run theory is a method to analyze time series, which is widely used in the identification
of drought events [59–64]. The run theory has undergone a process of development.
Most of the past studies were based on the single threshold run theory for drought event
identification [59,62]. This raised the following two questions: (1) too many small droughts
complicated the analysis of drought event sequence. Can they be eliminated? (2) Droughts
with short intervals had temporal correlation. Can they be combined into one drought
event? What were the criteria for merging? The above two problems were solved and
the accuracy of drought event identification was increased after the improved run theory
method proposed by He et al. [63]. Three thresholds were included in the improved run
theory method: drought occurrence threshold X1, drought elimination threshold X2 and
drought combination threshold X0. Drought can occur only with negative run, so the
threshold X0 = 0 was set. According to the classification standard of SPI drought grade,
mildly drought occurred when SPI ≤ −0.5, so the threshold X2 = −0.5 was set. Even if the
level of mild drought was not reached, the persistent lack of precipitation in an area can also
have a negative impact on the socio-economic environment. Wang Xiaofeng et al. [61] also
believed that drought occurred when the SPI value of two or more consecutive periods was
in the range of −0.5 to −0.3, so the threshold X1 = −0.3 and X1 = −0.4 were set to identify
drought events. The advantage of doing so is that we can compare the effectiveness of
different thresholds to identify drought events in order to select a more suitable threshold
for this study. In this study, the monthly scale SPI (SPI1) was used to identify drought
events, and the recognition process was as follows.

The first step was to preliminarily determine the drought events according to the
threshold X1, from which six drought events (a, b, c, d, e, f) could be pre-selected. The
second step was to eliminate the drought event that lasted for one month but did not reach
the threshold X2, thus the drought event a could be eliminated. The third step was the
merger. If the interval between two adjacent drought events was 1 month and the index
value of the interval month was less than the threshold value X0, the two droughts were
combined into one drought, thus droughts b and c could be combined into one drought
(Figure 2).

Drought frequency (DF) was defined as the number of drought events, and drought
duration (DD) was defined as the time span (month) of a drought event. Drought severity
(DS) was the sum of the absolute values of all SPIs in a drought event, and drought intensity
(DI) was the severity of a drought event divided by the duration.
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Drought duration (DD), drought severity (DS) and drought intensity (DI) are calcu-
lated as follows:

DD = ts − te (14)

DS =
te

∑
i=ts

|Zi| (15)

DI =
DS
DD

(16)

ts is the start time of a drought event, te is the end time of a drought event, Zi is the
index value of time i within a drought event.

2.2.4. Mann-Kendall Trend Test and Sen’s Trend

The Mann-Kendall trend test [65,66] is a robust non-parametric statistical trend calcu-
lation method with the advantages of high computational efficiency and insensitivity to
measurement error and outlier data, which is commonly used for trend analysis of long
time series data [67]. It is the main method for trend judgment in the field of meteorology
and hydrology [68,69]. For estimating the slope of linear trend, the application of the
Sen trend degree is so necessary that it has been widely used to determine the size of the
trend in hydro-meteorological time series [70–72]. In this paper, both Mann-Kendall test
and Sen trend degree were used to calculate the variation trend and size of SPI of each
meteorological station.
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3. Results
3.1. Dry-Wet Change Characteristics
3.1.1. Characteristics of Meteorological Dry-Wet Change in Northern China

Based on the values of SPI12 and SPI3 of 320 meteorological stations in Northern
China during 1960–2019, the change tendency rates were calculated, and our results were
shown in Figure 3 and Table 2.
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Table 2. Statistics on the number of drying and wetting stations.

Inter-Annual Spring Summer Autumn Winter

Wetting 173 (54.06%) 243 (75.94%) 138 (43.13%) 145 (45.31%) 269 (84.06%)
Drying 147 (45.94%) 77 (24.06%) 182 (56.87%) 175 (54.69%) 51 (15.94%)
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[1/2 min,0), [0,1/2 max), [1/2 max,max] represents severe drying, slight drying, slight
wetting, and severe wetting, respectively [29].

At the inter-annual scale, the number of stations with wetting (173) was slightly larger
than that with drying (147), and the stations with wetting were mainly distributed in the
arid area (AA), semi-arid area (SAA) and the northeast of the semi-humid area (SHA). In
terms of seasonal scales, the number of stations with wetting in winter and spring (269
and 243, respectively) was much larger than that with drying (51 and 77, respectively).
Especially in winter, the drying ones only appeared in the central part of the SHA. The
number of wetting stations in summer and autumn (138 and 145, respectively) was slightly
lower than that of drying stations (182 and 175, respectively), showing characteristics of
humid area (HA) and SHA in the east becoming drying and SAA and AA in the west
became wetting. Overall, the AA and SAA in the west had the same trend of wetting
at the inter-annual and seasonal scales, while the HA and SHA in the east had complex
meteorological dry-wet changes in different seasons.

3.1.2. Regional Differences of Meteorological Dry-Wet Changes
The Trend of Meteorological Dry-Wet Change in Different Seasons

As shown in Figure 4, at the inter-annual scale, the AA and SAA showed the trend
of meteorological wetting. Especially in the AA, the wetting trend was the most obvious
with a SPI12 change tendency rate of 0.299/10a, while the HA had the most obvious
meteorological drying trend with a SPI12 change tendency of −0.046/10a. In winter, the
four areas all showed the trend of meteorological wetting, and the change tendency rates
from large to small were as follows: AA, SAA, SHA and HA. In spring, a weak trend of
meteorological drying was observed only in the HA, and the fastest wetting speed was in
the SAA. There were pronounced consistency between summer and autumn, that is, the
AA and SAA were wetting, while the SHA and HA were drying.
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Analysis of Dry-Wet Fluctuation Process

In order to further analyze the fluctuating relationship in the process of meteorological
dry-wet change in different dry-wet areas, the 5a moving average was carried out for SPI3
in different seasons (Figure 5). It can be found that there was an obvious reverse fluctuation
process (seesaw effect) in SPI3 in AA and HA in summer. The obvious reverse fluctuation
process of SPI3 also appeared in HA and SAA from the 1970s to 2010, while SHA and
AA had obvious reverse fluctuation characteristics in SPI3 before the 1990s. However, in
autumn, winter and spring, SPI3 in the four regions showed a “simultaneously and reverse”
fluctuation process.
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3.2. Evolution Characteristics of Drought Events
3.2.1. Threshold Optimization

Selecting appropriate drought threshold can make our result of drought identification
more accurate, so it is necessary to optimize the threshold. The maximum characteristic
values of drought events identified by different thresholds were shown in Table 3.
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Table 3. Comparison of maximum characteristic values of drought at different thresholds.

Value
(X1 = −0.3)

Time
(X1 = −0.3)

Value
(X1 = −0.4)

Time
(X1 = −0.4)

MAX-DD(HA) 7

December 1981 to
June 1982/April
1997 to October

1997/March 2001
to September 2001

7 April 1997 to
October 1997

MAX-DS(HA) 8.66 March 2001 to
September 2001 7.32 April 1997 to

October 1997
MAX-DI(HA) 2.89 March 1962 2.89 March 1962

MAX-DD(SHA) 9 March 2001 to
November 2001 9 March 2001 to

November 2001

MAX-DS(SHA) 8.88 March 2001 to
November 2001 8.88 March 2001 to

November 2001
MAX-DI(SHA) 2.51 May 1979 2.51 May 1979

MAX-DD(SAA) 11 November 1964 to
September 1965 11 November 1964 to

September 1965

MAX-DS(SAA) 16.16 November 1964 to
September 1965 16.16 November 1964 to

September 1965

MAX-DI(SAA) 2.07 July 2015 to
August 2015 2.07 July 2015 to

August 2015

MAX-DD(AA) 12 November 1964 to
September 1965 9 September 1974 to

May 1975

MAX-DS(AA) 10.85 November 1964 to
September 1965 8.97 February 1962 to

August 1969
MAX-DI(AA) 2.42 April 1993 2.42 April 1993

Note: MAX-DD stands for maximum drought duration; MAX-DS stands for maximum drought severity; MAX-DI
stands for maximum drought intensity.

As shown in Table 3, the identification results of X1 = −0.3 and X1 = −0.4 for the
maximum characteristic values of drought events in the SHA and SAA were completely
consistent, but different in the HA and AA. It can be seen that the drought events identified
when X1 = −0.3 had longer MAX-DD and MAX-DS, and had a better recognition effect
on severe drought events in AA and HA. We verified two drought events in the HA, from
April 1997 to October 1997 (X1 = −0.4) and March 2001 to September 2001 (X1 = −0.3).
Firstly, the SPI12 in the HA in 1997 and 2001 were compared. It was found that the DS in the
HA in 2001 (SPI12 = −2.09) was more serious than that in 1997 (SPI12 = −1.87). Secondly,
the precipitation values corresponding to the two drought events were compared. It was
found that the monthly average precipitation from July 1997 to October 1997 was 75.4 mm,
and the monthly average precipitation from March 2001 to September 2001 was 71.8 mm.
Therefore, X1 = −0.3 was selected as the threshold of drought occurrence in the following
drought event identification.

3.2.2. Spatial Distribution of Drought Characteristics

As shown in Figure 6, drought characteristics were quite different in space. The
drought frequency (DF) was high in the east and low in the west, with the highest DF in
the north of the SHA and the lowest DF in the south of the AA (Figure 6a); the average
drought duration (ADD) showed a spatial distribution pattern of “one high and three low”.
A high value area was distributed in the northwest of the AA, and three low value areas
were distributed in the south of the AA, the north and south of the SAA (Figure 6b). There
was no significant difference in the average drought severity (ADS) in HA, SHA and the
SAA, while a clear north-south divergence is observed in AA: a high value center in the
north and a large low value area in the south (Figure 6c). The average drought intensity
(ADI) showed the spatial distribution characteristics of “two high and one low”. Two high
value areas were located in the northern part of the AA and the southern part of the SHA
and SAA, and a low value area was located in the southern part of the AA (Figure 6d).
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Overall, the south-central part of the AA was the low-value center of drought events;
the DF and DI showed strong spatial consistency, and the DD and DS also showed good
spatial consistency.

3.2.3. Change Trend of Drought Characteristics

As shown in Table 4, the DF of Northern China, SHA, SAA and AA all showed
a decreasing trend, which was the most obvious in AA (−1.4857 times/10a). The DF
increased slightly only in HA (0.0571 times/10a). The DD and DS of Northern China, SAA
and AA showed a decreasing trend, which was the most obvious in SAA (−0.0104/10A
and −0.108/10a). The DD and DS of HA and SHA increased, but HA increased more than
SHA. In both Northern China and all dry-wet areas, the DI showed a decreasing trend in
the last 60 years, indicating that the DS of Northern China per unit time decreased. The
analysis of drought characteristics revealed that drought decreased in Northern China but
increased in HA and SHA.
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Table 4. The change tendency rate of drought characteristic parameters.

Northern China HA SHA SAA AA

DF
(times/10a) −0.4587 d −1 −0.2286 −1.4857

DD −0.0043/10a 0.0027/10a 0.0018/10a −0.0104/10a −0.007/10a
DS −0.052/10a 0.019/10a 0.009/10a −0.108/10a −0.07/10a
DI −0.011/10a −0.012/10a −0.0005/10a −0.004/10a −0.005/10a

4. Discussion
4.1. Influencing Factors of Meteorological Dry-Wet Changes in Different Seasons

As mentioned above, there were differences in meteorological dry-wet change charac-
teristics in different seasons and areas in Northern China. The four dry-wet areas in winter
and spring were mainly characterized by meteorological wetting, while the differences
in summer and autumn were obvious. The HA and SHA with precipitation greater than
400 mm showed meteorological drying, while the SHA and AA with precipitation less
than 400 mm showed meteorological wetting. The water balance of a region is largely
affected by circulation factors. Through forewords analysis, we know that teleconnec-
tion factors such as the Arctic Oscillation (AO), ENSO (NINO3.4), North Pacific Decadal
Oscillation (PDO) and North Atlantic Oscillation (NAO) can change the atmospheric cir-
culation. Furthermore, the spatio-temporal changes of precipitation in different dry-wet
areas are affected [3,23,49–51,53]. Therefore, the Pearson correlation coefficients of SPI and
teleconnection indices (TP1, AO, NAO, WP, PNA, NINO3.4, AMO, SOI, PDO and APV) in
different seasons were calculated in this paper to explore the effects of different circulation
pattern systems on meteorological dry-wet changes in Northern China.

4.1.1. Analysis on Influencing Factors of Meteorological Wetting in Winter and Spring

From Table 5, it could be seen that the winter meteorological wetting trend in North-
ern China was mainly positively influenced by TP1, AO, AMO and other factors. As a
transitional season, spring was not only positively affected by TP1, AMO and PDO, but
also negatively affected by SOI and APV.

Table 5. Correlation coefficients between winter and spring SPI3 and teleconnection index. Only
significant values were shown (** p value < 0.01).

TP1 AO AMO SOI PDO APV

Winter 0.708 ** 0.594 ** 0.624 ** - - -
Spring 0.712 ** - 0.875 ** −0.376 ** 0.468 ** −0.906 **

In winter, due to the strong radiation cooling effect, cold high is formed over the
Qinghai-Tibet Plateau relative to the atmosphere at the same height and anticyclonic flow
prevails, which intensifies winter wind. Then the cold air southward is enhanced, bringing
abundant precipitation to Northern China. This effect will last until spring. AO is a
“seesaw” phenomenon of pressure difference between the middle latitudes of the Northern
Hemisphere and the Arctic region [73]. When experiencing AO+, the low pressure system
in the Arctic region weakens while the high pressure system in the mid-latitude region
strengthens, limiting the development of cold polar air to the mid-latitude region [74].
The weakening of the radial circulation system leads to the enhancement of the westerly
circulation system. At the same time, AMO+ can heat the middle and upper troposphere of
Eurasia [75] and enhance westerly wind fluctuations. Therefore, under the combined action
of AO, AMO, PDO and TP1, winter in Northern China showed a trend of meteorological
wetting.
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As a transitional season, the meteorological wetting in spring is not only influenced by
the continuous positive influence of TP1 and AMO, but also by the APV, which represents
the intensity of the Asian polar vortex. When APV+, the southern force of the polar vortex is
so strong that more precipitation is easy to form. However, at the same time, the weakening
of APV fluctuations will reduce the interference of the radial circulation on the westerly
circulation. Therefore, under the joint action of TP1, AMO, APV and other factors, Northern
China also showed a trend of meteorological wetting in spring.

4.1.2. Analysis of Influencing Factors of Summer and Autumn Dry-Wet Change

As mentioned above, the east became drying and the west became wetting in both
summer and autumn (Figure 3). In summer, the main influencing factors of dry-wet
changes in HA, SHA, SAA and AA were PNA, WP, PDO and TP1, respectively (Table 6).
PNA represents the seesaw effect between the Aleutian low and the Hawaiian high. When
PNA is in the positive (negative) phase, Hawaiian high is stronger (weaker). As part of
the subtropical high, the strengthening (weakening) of the Hawaiian high will strengthen
(weaken) the East Asian summer monsoon, thereby increasing (decreasing) precipitation
over HA in summer. Therefore, the weakening fluctuation of PNA leads to the trend of
meteorological drying in HA. Meanwhile, the enhanced fluctuation of NAO interferes
greatly with the westerly wind, which is also one of the reasons for the meteorological
drying in HA. Western Pacific Oscillation Index (WP) generally represents the phenomenon
that the pressure of the western Pacific Ocean is high in the north and low in the south with
45◦ N as the boundary. When WP is in positive (negative) phase, the atmospheric pressure
north of 45◦ N is higher (lower) than that south of 45◦ N, which weakens (strengthens) the
East Asian summer monsoon to a certain extent, leading to less (more) precipitation in
SHA. Thus, the enhanced fluctuation of WP leads to the trend of meteorological drying
in SHA. In the meantime, the weakening of the East Asian summer monsoon due to the
strengthening effect of the enhanced AMO fluctuations on the westerly wind is also one of
the reasons for the drying of the SHA. In the meantime, the enhanced AMO fluctuation will
weaken the East Asian summer monsoon caused by the strengthening effect of westerly
wind, which is also one of the reasons for the drying of the SHA. The Pacific Decadal
Oscillation (PDO) is a natural phenomenon of the inter-decade cycle of SST in the North
Pacific Ocean. In the warm (cold) PDO phase, the SST over the central North Pacific is
abnormally cold (warm), corresponding to the high (low) sea level pressure over the central
Pacific. Therefore, the East Asian summer monsoon is strengthened (weakened), and
the summer precipitation in the SAA (the eastern part of the SAA in this study belongs
to the monsoon region and is affected by the East Asian summer monsoon) is increased
(decreased). This is consistent with existing research conclusions [76]. Meanwhile, the
strengthening of westerly wind fluctuation caused by the enhancement of AO fluctuation
is also one of the reasons for the meteorological wetting in SAA. The influencing factors
of meteorological wetting in AA in summer are relatively complex (Table 6), which is
the result of the combined action of TP1, WP, NINO3.4, AMO, PDO and other factors.
Among them, the enhanced fluctuation of TP1 in summer will intensify the convergence of
the atmosphere in the middle troposphere of the northern Tibetan Plateau to the plateau
surface, which in turn enhances the convective process of the near-surface atmosphere in
the AA of northwest China. As a result, precipitation increases and AA shows a trend of
meteorological wetting.
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Table 6. Correlation coefficient between SPI3 and teleconnection index in summer. Only significant
values were shown (** p value < 0.01, * p value < 0.05).

HA SHA SAA AA

TP1 - −0.274 * - 0.659 **
AO - - 0.351 ** -

NAO −0.282 * - - -
WP - −0.428 ** - −0.61 **

PNA 0.381 ** - - -
NINO3.4 - - - 0.471 **

AMO - −0.342 * - 0.348 **
SOI - - - −0.279 *

PDO - - 0.396 ** 0.376 **

In autumn, the correlation between TP1 and SPI3 was the highest in HA and SHA, and
both were negatively correlated, indicating that the enhancement of TP1 in autumn did not
lead to the increase of precipitation in HA and SHA. The decrease in PDO fluctuation and
the increase in WP and PNA fluctuation are the important factors of autumn meteorological
drying in HA and SHA. AMO is the main influencing factor of dry-wet changes in SAA
and AA (Table 7). The Atlantic Multiannual Oscillation Index (AMO) is a sea basin-scale
SST anomaly with the multi-year variability that occurs in the North Atlantic region. It
is a natural variability with a period of 65–80a and an amplitude of 0.4 ◦C [77]. AMO is
significantly positively correlated with dry-wet changes in SAA and AA, which can be
explained from the following two aspects. First, AMO strengthens the thermal difference
between land and sea by heating the middle and upper troposphere of Eurasia [75]. Then,
the East Asian summer monsoon is enhanced, which in turn affects the eastern part of the
SAA. Thus, the precipitation in the SAA will increase. Second, the positive phase of the
AMO heats up the Tibetan Plateau [78] and enhances the plateau monsoon, which in turn
strengthens the convective processes in the AA of northwest China, resulting in an increase
in precipitation.

Table 7. Correlation coefficient between SPI3 and teleconnection index in autumn. Only significant
values were shown (** p value < 0.01, * p value < 0.05).

HA SHA SAA AA

TP1 −0.430 ** −0.444 ** −0.319 * 0.509 **
AO - - 0.356 ** -
WP - −0.277 * - -

PNA - −0.370 ** - -
AMO - - 0.533 ** 0.691 **
SOI - - 0.482 ** 0.372 **

PDO 0.298 * - - -

4.1.3. Factors Influencing the Reverse Fluctuation of Meteorological Dry-Wet in HA and
AA in Summer

According to Table 6, in summer, the teleconnection factors strongly correlated with
HA meteorological drying were PNA and NAO, and the teleconnection factors strongly
correlated with AA meteorological wetting were TPI, WP, NINO3.4, AMO, SOI and PDO.
In order to further clarify the main reasons for the reverse fluctuation of meteorological
dry-wet in HA and AA in summer, a comparative analysis was made between the above
factors and the five-year moving average fluctuation process of SPI3 (Figure 7). In HA,
SPI3 fluctuated in the same direction with NAO (Figure 7g), but in the opposite direction
with PNA (Figure 8h). In AA, SPI3 fluctuated in the same direction with NINO3.4 and TP1
(Figure 7c,f), and in the opposite direction with AMO and SOI (Figure 7a,d,e), and had no
consistent fluctuation relationship with WP and PDO (Figure 7b). The five-year moving
average fluctuation process of each influence factor was shown in Figure 8. It can be seen
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that the NAO had no consistent fluctuation relationship with TP1 and WP (Figure 8a,b),
and was in the same direction with NINO3.4 and PDO (Figure 8c,f), and in the opposite
direction with AMO and SOI (Figure 8d,e). There was no consistent fluctuation relationship
between PNA and TP1 (Figure 8g), and PNA fluctuated in reverse with NINO3.4 and PDO
(Figure 8i,l), and in the same direction with WP, AMO and SOI (Figure 8h,J,k). The above
complex relationship can be visually demonstrated in Figure 9, and it can be found that
the co-fluctuation of NAO-NINO3.4, PNA-AMO and PNA-SOI and the reverse fluctuation
of NAO-SOI, NAO-AMO and PNA-NINO3.4 jointly determined the reverse fluctuation
process (seesaw effect) of HA and AA in summer.
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4.2. Comparison with Previous Studies and Future Prospect

In this paper, SPI was used to analyze the spatio-temporal change in meteorological
dry-wet in Northern China in the last 60 years. In recent years, SPI has become increasingly
important as a potential indicator of drought and can be compared across different precipi-
tation regions [79,80]. In Northern China, there is a large east-west span and a large gap
in precipitation. A direct comparison of precipitation changes at various stations cannot
directly reflect the degree of dry-wet change. SPI is a very suitable index to reflect the
dry-wet situation in Northern China. Due to differences in research scale and methods, our
results were different from those of previous studies. For example, Tao et al. [60] used PDSI
to find that the average duration of drought in semi-humid and semi-arid areas from 1982
to 2015 was longer and the intensity was larger. Our result is that the average duration of
drought in Northern Xinjiang from 1960 to 2019 was longer and the intensity was larger.
The influence of westerly circulation is greater in Northern Xinjiang, while the influence
of the summer monsoon is greater in semi-humid and semi-arid areas. The precipitation
fluctuation in the monsoon region is greater than that in the west wind region, and the
atmosphere is more prone to disturbance and instability. Theoretically, the drought dura-
tion in the monsoon area should be shorter than that in the west wind area. Shi et al. [81]
found that SPEI of about 74% regions in Northern China showed a decreasing trend from
1981 to 2017. This study found that SPI of 54.06% stations in Northern China showed an
increasing trend from 1960 to 2019. This may be due to two factors. On the one hand, the
time period studied was different, the summer monsoon changed from strong to weak in
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the late 1970s [82], so the former results in a larger range of drying trend. On the other hand,
the drought index considered different meteorological factors. The former took into account
temperature, which led to a larger range of drying trend. Ren et al. [83] used SPEI to find
that from 1959 to 2011, most areas in Northwest China showed a drying trend in spring,
summer and autumn, and a wetting trend in winter. In this paper, it was found that most
areas in Northwest China showed a wetting trend in all seasons from 1960 to 2019. On the
one hand, it may be because the temperature was taken into account in the former, and the
change in temperature had a great influence on the change trend of dry-wet. On the other
hand, the trend of wetting in the 2010s had significantly changed the overall change trend.
Zhuo et al. [58] used SPI to find that Northwest China was a region with a high incidence
of drought disasters during 1961–2010. In this paper, it was found that drought events
occurred more frequently in North China and Northeast China during 1960–2019. The
precipitation in the monsoon region is unstable, and it is more prone to precipitation (nega-
tive) anomaly than in the non-monsoon region, and the occurrence frequency of drought is
theoretically higher than that in the non-monsoon region. Although the research methods
were different, we had come to the same or similar conclusions as our predecessors. For
example, Han et al. [84] used the improved comprehensive meteorological drought index
(MCI) to find that the frequency of drought in eastern China was higher than that in western
China during 1960–2014, which is consistent with the conclusion that the frequency of
drought events in North China and Northeast China was higher during 1960–2019. Zhang
et al. [57] used the aridity index (AI) to find that drought in the monsoon fringe region
during 1961–2013 was greatly affected by monsoon intensity. The earlier the northernmost
of the monsoon fringe region appeared, the lower the latitude, the shorter the duration, and
the drier the climate in the monsoon fringe region. In this study, we found that there was a
drying trend in the monsoon fringe region from 1960 to 2019, which may be related to the
weakening of summer monsoon [82]. In summary, our results are basically consistent with
the facts and are reliable, indicating that SPI has good applicability to northern China. In
addition, our results are similar to the results of dry-wet characteristics in the surrounding
areas of TP. For example, Masoud Moradi [85] found that the drought in Kermanshah, Iran
in recent decades has significantly decreased compared with the previous period. Firdos
Khan [86] found that the precipitation of meteorological stations in the Karakoram region
increased during 1962–1990. Jayanta Das [87] found that drought intensity was reduced in
the western part of the Mud River Basin in Rajasthan, western India. At the same time, this
paper discussed the influence factors of dry-wet changes in different seasons in different
dry-wet areas by using teleconnection factors, which can provide important references for
drought disaster prevention and mitigation in Northern China and the establishment of
drought monitoring and early warning system. However, due to the research scale of this
paper, the influence factors of meteorological dry-wet were discussed only from the large
circulation pattern, and the influence factors of local dry-wet change were lacking in the
discussion. Future research should pay more attention to the local area, and consider a
variety of local influencing factors, such as water resources conditions, human activities,
geological landforms, relative humidity, wind speed and solar radiation.
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5. Conclusions

Based on the standardized precipitation index (SPI), Mann-Kendall method (MK) and
Sen Slope, the dry-wet changes and drought evolution characteristics in Northern China
from 1960 to 2019 were studied. Pearson correlation was used to analyze the relationship
between dry-wet changes and teleconnection correlation factors and reveal the driving
mechanism of dry-wet change in each dry-wet area. The main conclusions were as follows:

(1) At the inter-annual scale, the number of wetting stations in Northern China was
slightly more than that of drying stations. It presented the spatio-temporal character-
istics of drying in the HA and SHA in the east, and wetting in the SAA and AA in the
west. The AA and SAA in the west had the same trend of wetting at the inter-annual
and seasonal scales, while the HA and SHA in the east had complex meteorological
dry-wet changes in different seasons. The AA and HA not only showed the opposite
dry-wet trend, but also appeared a very pronounced “reverse fluctuation” called the
“seesaw effect” in summer.

(2) The drought characteristics differed widely in space. Overall, the south-central part
of the AA was the low-value center of drought events; the DF and DI showed strong
spatial consistency, as did the DD and DS in space. From 1960 to 2019, the DF in
the SHA, SAA and AA showed a decreasing trend. The DD and DS of SHA and AA
showed a decreasing trend, while HA and SHA increased. In addition, the DI of each
dry-wet area showed a decreasing trend.

(3) TP1 (r = 0.708, p = 0.01) and APV (r = −0.906, p = 0.01) were the main influencing
factors of dry-wet change in winter and spring in Northern China, respectively. In
summer, PNA, WP, PDO and TP1 were the main influencing factors of dry-wet change
in HA, SHA, SAA and AA, respectively. In autumn, TP1 was the main influencing
factor of dry-wet change in HA and SHA, while AMO was the main influencing factor
of that in SAA and AA. Moreover, the co-direction fluctuation of NAO-NINO3.4,
PNA-AMO and PNA-SOI and the reverse fluctuation of NAO-SOI, NAO-AMO and
PNA-NINO3.4 jointly determined the reverse fluctuation process of SPI3 of HA and
AA in summer.
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