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Abstract: Light precipitation events are an essential feature of rainfall for agricultural production, risk
prediction of drought or flood disasters, and natural resource management in a certain area. We inves-
tigated the spatiotemporal variations in light precipitation events with intensities of 0.1-10 mm/day,
based on daily precipitation data for the Yellow River Basin (YRB), China, during 1960-2018, and
explored their relationships with large-scale atmospheric circulation patterns (LSACPs) and alti-
tude. For further analysis of the changes in the light precipitation events, we classified light rain
(0.1 £ P <10.0 mm/day) into five grades of intensity by using equal interval division. Results in-
dicate that the mean annual light precipitation amount and days were 182.7 mm and 80 days,
respectively, from 1960 to 2018 over the YRB, accounting for 39.2% and 85.2% of the total annual
precipitation amount and days, respectively. Both the amount of light rain and the number of light
precipitation days declined by —1.3 mm/decade and —1.4 days/decade, respectively, and suggested
that most rain events were of low intensity (0.1 < P <2.0 mm/day). Light precipitation events mainly
occurred in the upper and middle reaches of the YRB and decreased from the southwest to the north.
Additionally, changes in light rain events appear to be complex and possibly related to LSACPs
and altitude. We found that the LSACPs were a possible mechanism for light precipitation events
in the YRB over the past decades. With increasing elevation, light precipitation events decreased
significantly throughout the study period. Thus, the decrease in precipitation days mainly occurred
at lower altitudes in the YRB. The results also reflect the complexity of regional climate change in
the YRB because atmospheric circulation related to climate phenomena not only causes the complex
variation in precipitation but also changes its altitude dependence.

Keywords: light precipitation events; spatiotemporal variations; atmospheric circulation patterns;
Yellow River Basin

1. Introduction

Precipitation is a cornerstone of the hydrological cycle and a major trigger of extreme
weather events such as droughts and floods [1]. As global warming intensifies, heavy
precipitation events are likely to intensify and become more frequent in most regions [2].
Studies have shown, for example, that annual precipitation very likely increased in Asia [3],
North America [4,5], and Eurasia [6,7] over the last half-century, accompanied by more
heavy and less light precipitation. Some scholars believed that light rain is closely nega-
tively related with heavy precipitation and that light rain events decrease to some extent
with the increase in heavy precipitation events [8,9]. Some researchers have also demon-
strated an increasing trend in precipitation intensity along with fewer rainy days [10,11].
Furthermore, light precipitation days contributed the most to the decreasing trend of
heavy rain days, and the precipitation frequency decreased by 66% [12]. Changes in such
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events can greatly affect the rate of change in annual precipitation because they account
for a disproportionately high percentage of the annual total rainfall [13,14]. However, the
characteristic of daily precipitation at a certain station is mainly affected by light events,
whereas heavy precipitation events account for only a small part of the annual total precip-
itation frequency [14]. It is potentially useful to analyze the frequencies of precipitation
events with different intensities to understand the effects of a warming climate on the
precipitation characteristics.

Light precipitation is considered an important factor influencing drought control,
can directly affect soil moisture content and water conservation, and help to reduce the
frequency of drought, especially in arid and semi-arid areas [15]. Jiang et al. investigated
changes in rainfall intensity from different parts of China and found that light precipitation
events have been decreasing across the country in the context of continued warming of
the global climate [16]. The proportion of light precipitation to total precipitation and
light precipitation days to total precipitation days increased from southeast to northwest
China, and light precipitation days accounted for more than 60% of the total precipitation
days [12,15,17]. Additionally, a reduction in the number of light precipitation days was
observed in most regions of China [12,18,19], and a lower intensity of light rain was
associated with a much more significant reduction in the amount and number of light rain
days [14]. Similarly decreasing trends in the number of light precipitation days from 1973
to 2009 were reported in Europe, North America, and Asia [20,21]. Although changes in
light precipitation events have received wide attention, there is no universal or precise
standard definition of a light precipitation event. A fixed percentile (relative threshold)
method, which eliminates the unfavorable factors of applying the same standard over
different areas, has been used to explore the characteristics of light precipitation at different
stations in China [8-10]. Wen et al. (2016) used the percentile threshold method to define
light precipitation events and investigated trends in light rain events on a global scale [8,9].
Some scholars have also suggested using an intensity of 0.1 < P < 10.0 mm/day as a
standard for evaluating the homogeneity of daily precipitation series [11,22,23]. Qian et al.
defined light precipitation events as those with intensities of <10.0 mm/day [22]. Zhang
et al. reported that thresholds reported in most areas were approximately 1-5 mm/day;
generally, the thresholds for low latitudes or wetter regions were greater than those for
higher latitudes or arid and semi-arid regions [23]. The relative thresholds and range
for light precipitation intensity are not broadly applicable to certain regions, and for any
given study it is necessary to define a “light precipitation event” as appropriate for the
local situation.

These studies have demonstrated that light precipitation events can be used for a
wide variety of hydrological cycles and as an early warning tool for disaster prevention
in relation to drought within an area [11,19,22,23]. In addition, the relationship between
aerosols and light precipitation has been investigated to determine possible causes for
changes in light precipitation [18,20], with the conclusion that changes in light rain could
be attributed to increases in aerosol concentration. Studies in various regions of the
world have revealed the influences of large-scale circulation changes on light precipitation
events [14,19], climate change, and hydrological variations [24,25]. These approaches reveal
possible mechanisms affecting light rainfall variation from a climatic perspective; however,
they are still highly uncertain. In summary, the effect of warming on the variation in light
rain events is not well understood. In particular, some of the relationships and physical
mechanisms involved need to be further addressed, including the relationships between the
spatiotemporal changes in light precipitation events and altitude influences on light rain
events in certain areas, which have rarely been investigated. Additionally, some studies
around the world have revealed the influences of the large-scale circulation changes on
weather regimes, climate change, and hydrological variations [24-26]. China is mainly
influenced by the East Asian Monsoon climate; it has recently been recognized that the East
Asian Monsoon is significantly influenced by the El Nifio-Southern Oscillation (ENSO),
the Pacific Decadal Oscillation (PDO) [27], the Arctic Oscillation (AO) [25], and the North
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Atlantic Oscillation (NAO) [24]. Thus, these large-scale atmospheric circulation patterns
(LSACPs) may influence regional climate change.

In this study, we used the Yellow River Basin (YRB) as an example to document the
spatiotemporal changes in light precipitation events and the impacts on them of topo-
graphical factors, using the daily precipitation dataset from 66 stations in the YRB during
1960-2018. Two principal objectives of this study are to: (1) explore the spatiotemporal
variability in light precipitation events in the YRB; (2) understand the impact of altitude
on light precipitation events over the YRB. Climate change in China is affected by the
LSACPs (for example, the Arctic Oscillation (AO), North Atlantic Oscillation (NAO), Pacific
Decadal Oscillation (PDO), and El Nifio-Southern Oscillation (ENSO) [24,25,28], so these
are likely to affect precipitation changes in this study area. Hence, the third objective of this
study is (3) to investigate whether LSACPs (ENSO, NAO, AO, and PDO) are the dominant
mechanisms behind changes in the occurrence of light precipitation events in the YRB. The
results will be helpful for hydro-climatic understanding and for potentially improving
preparedness for flood or drought disasters in the YRB region.

2. Materials and Methods
2.1. Study Area and Data Description

The Yellow River, known as the ‘Mother River of China’, is the second longest in China
and has a drainage area of 79.5 x 10* km? and a total river length of 5464 km (Figure 1).
From the source of the Yellow River to its mouth, the river flows through three different
topographic elevations [29]. The terrain of the Yellow River Basin (YRB) is low in the east
and high in the west, and is dominated by mountains in the upper and middle reaches of
the Yellow River, and plains and hills in the middle and lower reaches [30]. The annual
precipitation in most parts of the basin is between 200 and 650 mm, with more than 650 mm
in the southern (lower) parts of the middle and upper reaches. These elements, with large
annual and seasonal variations in the climatic elements, significantly affect the climate of
different regions in the YRB.
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Figure 1. Spatial distribution of meteorological stations on a digital elevation model in YRB, China.
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This study used daily rainfall data from 1960 to 2018 provided by meteorological
stations of the National Climate Center of the China Meteorological Administration (https:
/ /www.nmic.gov.cn, accessed on 10 November 2020). To ensure the consistency of the
observational data, a year in the dataset was considered missing if more than 5% of
days in the year were missing from the dataset. For station data with a low rate of
missing data (<5%), supplementary corrections were made through interpolation from
adjacent stations, covering the times before and after the missing dates. Finally, data
from 66 surface stations in the YRB were selected as appropriate for this analysis. The
possible associations between light precipitation events and LSACPs were analyzed using
multiple regression. The ENSO, PDO, NAO, and AO indices were obtained at a monthly
scale from the National Oceanic and Atmospheric Administration’s National Centers for
Environmental Information (https://www.ncei.noaa.gov, accessed on 10 November 2020).
In this study, we averaged monthly values to calculate the annual mean.

2.2. Methods
2.2.1. Definition of Light Precipitation Events

A precipitation event is usually defined as a day with a total precipitation of
>0.1 mm [14], and light precipitation is usually based on daily data using the definition of
0.1-10 mm/day [11,17,22]. This criterion is in accordance with the precipitation classifica-
tion standards of the China Meteorological Administration (CMA). Some scholars further
define a light precipitation event as 0.1 < P < 10.0 mm/day. (Refs.[15,17,25]. Wu et al.
adopted the CMA precipitation grade standards to measure daily precipitation rates and
classified rain into five grades of intensity: light (0.1 < P < 10.0 mm/day), moderate
(10.0 £ P < 25.0 mm/day), heavy (25.0 < P < 50.0 mm/day), storm (50.0 < P < 100.0 mm/day),
and downpour (>100.0 mm/day) [15,18]. The same method can be applied to classify
light precipitation into five grades of intensity: grade 1 (G1) (0.1 < P <2.0 mm/day), G2
(2.0 <P <4.0mm/day), G3 (4.0 < P <6.0 mm/day), G4 (6.0 < P < 8.0 mm/day), and G5
(8.0 < P <10.0 mm/day) [19,23]). In this study, we analyzed the light precipitation events
for days with precipitation less than 10 mm/day. The light precipitation assessment index
(LPAI) proposed by Li et al. was used for the magnitude and frequency in such events [19].
For one event at a given station, the LPAI can be calculated as follows

LPAIZGq'D1+G2~D2+G3'D3+G4'D4+G5~D5 (1)

where G; represents the specific grade of light precipitation (i =1, ..., 5) and D; is the
number of days of light precipitation at said grade. For example, for a light precipitation
event that lasted five days with precipitation amounts of 1.2, 2.4, 4.5, 8.8, and 9.6 mm, its
LPAlis Gl(l) : D1(1) + G2(2) : D2(1) + G3(3) . D3(1) + G4(4) : D4(0) + G5(5) : D5(2) =1x1+
2x1+3x1+4x0+5x2=16.

2.2.2. Trend Analysis

The non-parametric Mann-Kendall (M—K) test and Sen’s slope estimates were applied
to identify trends in light precipitation events for the YRB. The M—K test is widely used
in climate change research for assessing the significance of monotonically increasing or
decreasing trends (e.g., [3,24,31]). The M-K test is based on the hypothesis that the expected
change in the series is a monotonic trend. The null hypothesis H is that in a series of data,
{xi,i=1,2,...,n}, x; is independent and equally distributed. The alternative hypothesis H;
is that a monotonic trend exists in X. The M-K test statistic is calculated as

n—=1 n
S=1Y ) sgn(xj—x) ()

i=1 j=it1
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where the x; are sequential data, n is simple size, and

+1,xj > X;

sgn(x]- — x,-) = 0, Xj = X (3)
—1,x; < x;
7 ] 1

The statistics S is approximately normally distributed when n > 8, with the mean and
the variance as follows
E(5) =0 4)

n
0c2=V(S)= |n(n—1)(2n+5) — Y ti(i —1)(2i +5) T (5)
i=1
where {; is the number of ties of extent i. The standardized test statistic Z. for one-tailed
test is estimated as

Ze = 0,S=0 (6)

S5+1 5<0
Var(S)’

It produces two important parameters: the magnitude of the slope (change per unit
time) in a time series and the statistic Z; that represents the direction of the trend. Positive
or negative Z. indicate increasing or decreasing trends, respectively. The testing took place
at a specific o significance level. In this study, significance levels of « = 0.01 and o = 0.05
were used. Sen’s slope is used to identify the magnitude of trend in a dataset [32]. The
method is non-parametric and is not sensitive to outliers. For a dataset with x; and x; as the
sample data points, Sen’s slope is calculated using Equation (7).

Sen'slope = medea{(x_i —x_j)/(j —i) :i<j} )

For a confidence level of 95%, we calculated lower and upper intervals (x; and xy;,
respectively) with respect to the number of pairs of time series elements (N) and standard

deviation of M-K test (o).
N—k
XL = —5— ®)

xy=-—f— )

where k is the product of critical Z statistics and standard deviation of M-K test.

The M-K method assesses the existence and significance of a trend, and also reveals
abrupt changes and the approximate starting point of a trend in climate [28,31]. The
temporal and spatial variations in light precipitation events were analyzed using Origin
Pro 9.0, SPSS 26.0, ArcGIS 10.2, and MATLAB R2020a.

2.2.3. Correlation Analysis

Four climate indices (NAO, AO, PDO, and ENSO) were used to evaluate the influence
of LSACPs on light precipitation events in the YRB. The presence of a statistically significant
relationship between light precipitation events and NAO, AO, PDO, and ENSO was
evaluated by simple linear regression, and statistically significant relationships between
light precipitation events and climate indices were investigated by using the Poisson
regression model. The counts in year i are denoted as N;, and it was assumed that N; has a
conditional Poisson distribution with the rate of occurrence parameter A; as follows

e’)‘i)\i.‘

P(N; = k|Ai) = —

(k=0,1,2...) (10)
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Increasing or decreasing trends were identified by verifying the assumption of a linear
relationship between A; and t.

A =exp (Bo + B1ti)

where 81 < 0 denotes a decreasing trend and 3 > 0 represents an increasing trend. Addition-
ally, the trend was significant when §; differed from 0 at the 5% significance level [24,25,33].

(11)

3. Results and Discussion
3.1. Spatiotemporal Variations in Annual Precipitation

The spatial distribution of the average annual precipitation decreased from south
to north in the YRB (Figure 2a), and was lower than 800 mm/yr over most of the basin.
Only small regions (Huashan and Luanchuan) in the southern and eastern parts of the
YRB had values greater than 800 mm/y. The annual average number of precipitation days
showed a southwest to northeast gradient (Figure 2b), decreasing from >110 days in the
west to <80 days in the east. The distribution of annual precipitation was very uneven due
to arid and semi-arid climate conditions. Due to socio-economic development, the water
supply of the YRB is subject to heavy demands [34], especially as it flows through the Loess
Plateau, an ecologically fragile region in North China. The time series of the annual average
precipitation over all sites in the YRB exhibited a decreasing trend of 1.33 mm/decade,
but it was not significant from 1960 to 2018 (Figure 2c). The lowest annual precipita-
tion was only 343.7 mm in 1965, which was lower than the mean annual precipitation
(469.9 mm). The number of precipitation days showed a significantly decreasing trend,
reaching 1.38 d/decade over the YRB (Figure 2d). The average annual precipitation days
was 93 d at all meteorological stations.
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Figure 2. Spatiotemporal variations in the average annual total precipitation and precipitation
days over the YRB from 1960 to 2018. (a) Annual average precipitation, (b) annual average precip-
itation days, (c) inter-annual variation in precipitation amount, and (d) inter-annual variation in
precipitation days.
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3.2. Spatiotemporal Variations in Light Precipitation

Figure 3 presents the spatiotemporal variations in the mean annual amount of light
precipitation and mean number of light rain days from 1960 to 2018 in the YRB. As shown
in Figure 3a,b, the spatial variations in the amount and number of days for annual light rain
were consistent, with a gradual decrease from west to east. The maximum total annual light
precipitation (410.9 mm) was observed in the southwestern part of the YRB, represented by
Jiuzhi in Qinghai and Hongyuan in Sichuan (394.5 mm) (Figure 3a). The minimum total
annual light precipitation was observed in the central region of the YRB, represented by
Linhe (64.3 mm) in Inner Mongolia and Huinong (77.3 mm) in Ningxia. The number of
light rain days in the southwest region was more than 153 days in Hongyuan, whereas
the central region (Linhe) showed lower values (<33 days) (Figure 3b). Southwest parts
of the region saw up to 100 days of light rain, while relatively low values (<70 days) were
concentrated in northeastern parts of the region. Thus, the spatial distributions of the
amount and number of days of light precipitation were similar.
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Figure 3. Spatiotemporal variations in the mean annual amount of light precipitation and mean
number of light precipitation days from 1960 to 2018 in the YRB, (a) light precipitation amounts,
(b) light precipitation days, (c) amount of light precipitation as a proportion of total precipitation,
(d) number of light precipitation days as a proportion of total precipitation days, (e) trends in annual
light precipitation amounts and days, and (f) trends in annual amounts and days of light precipitation
as proportion of total precipitation amounts and days.
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We also found that the spatial changes in the number of light precipitation days
were consistent with the spatial changes in the overall number of precipitation days in
the YRB. The spatial distribution of the light rain amounts and days as proportions of
the total precipitation amounts and days exhibited declining and similar trends from
southwest to northeast in the study area (Figure 3c,d). The mean annual light precipitation
amount and days were 182.7 mm and 80 days, respectively, from 1960 to 2018 over the
YRB, accounting for 39.2 and 85.2% of the total annual precipitation amount and days,
respectively (Figure 3e,f). The amount of light rain was greatest in 1964 (238.3 mm), with
109 light rain days, and lowest in 1997 (149.0 mm), with 66 light rain days. The findings
of this study indicate that large amounts of light rain were associated with more light
rain days, and vice versa. On the whole, the light precipitation in the YRB decreased by
approximately 1.3 mm/decade over the entire study period, and the linear trends were not
statistically significant. The decreasing trend was more significant for the average number
of light precipitation days than for the amounts of light precipitation. The average number
of light precipitation days in the YRB decreased significantly at the rate of 1.4 days/decade
(p < 0.05) (Figure 3e). Additionally, the amount of light precipitation as a proportion of
the total decreased to a greater extent than the number of light precipitation days as a
proportion of the total during the study period (Figure 3f).

The light precipitation amounts and days encompass about 35.0-45.4% and 82-89%
of the total precipitation amounts and days of the research region, respectively. Although
light precipitation only accounts for 39% of the total precipitation amount, the number of
light precipitation days accounts for 85% of the total precipitation days. That is to say, most
rain events in the YRB are light precipitation events.

In order to further understand the changes in light precipitation events, we divided
light precipitation into five intensity levels (G1-G5) using equal interval division.

3.2.1. Spatiotemporal Variations in G1 Light Precipitation Events

The spatiotemporal changes in the G1 light precipitation events over the YRB are
shown in Figure 4. The amount of G1 light precipitation showed an obvious zonal dis-
tribution (Figure 4a), with low values (<20 mm) in the north-central part of the region
and high values in the southwest (>55 mm), similar to the spatial distribution of light rain
overall, as shown in Figure 3a. Low values of G1 light rain were located in the north—central
part of the region, and they corresponded to those with low values of the total amount of
light precipitation. This further confirmed that the north-central part of the YRB mainly
experienced light rain. The spatial distribution of the number of G1 light precipitation days
was similar to that of the G1 light precipitation amounts (Figure 4b). The G1 light rain
amount was highest in Dari (60.7 mm), with 90 G1 light precipitation days, and lowest
in Linhe (13.4 mm), with 22 light precipitation days. These results indicate that greater
Gl light rain amounts were associated with more G1 light precipitation days. The G1
light precipitation amount as a proportion of the total precipitation amount ranged from
approximately 3.4-17.4% (Figure 4c), while days of G1 light precipitation accounted for
more than 51.2% of the total light precipitation days (Figure 4d). Linear regression indi-
cated that the annual mean G1 light precipitation amount and number of G1 days over
the study area showed decreasing trends (Figure 4e). The amount of G1 light precipitation
declined at the rate of 0.34 mm/decade during the study period, and the linear trend was
statistically significant at the 0.01 level. Similarly, the G1 light precipitation days decreased
by 1.33 d/decade from 1960 to 2018, and the linear trend was statistically significant at
the 0.01 level. As shown in Figure 4f, the annual average amounts and days of G1 light
precipitation as proportions of the total precipitation amounts and days decreased at a rate
of 0.87%/decade and 0.45%/decade, respectively, over the entire study period. The annual
mean G1 light precipitation amounts and days as proportions of the total precipitation
amounts and days were 6.7% and 51%, respectively. This manifests that days with intensity
0.1-2 mm/day accounted for more than half of the total light rain (0.1 < P < 10 mm/day)
over the YRB, although they accounted for a small proportion of the total light precipitation.
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Figure 4. Spatiotemporal variations in G1 (0.1 < P < 2.0 mm/day) light precipitation events from
1960 to 2018 in the YRB, (a) annual G1 light precipitation amounts, (b) annual number of G1 light pre-
cipitation days, (¢) amount of G1 light precipitation as a proportion of total precipitation, (d) number
of G1 light precipitation days as a proportion of total precipitation days, (e) trends in annual G1 light
precipitation amounts and days, and (f) trends in annual amounts and days of G1 light precipitation
as proportions of the total precipitation amounts and days.

3.2.2. Spatiotemporal Variations in G2 Light Precipitation Events

Figure 5 shows the spatiotemporal changes in the G2 light precipitation events
from 1960 to 2018 in the YRB. The amount of G2 light precipitation varied considerably
with a zonal distribution (Figure 5a). The amount of G2 light precipitation ranged from
14.9 to 88.6 mm, decreasing from west to east and south to north of the study area. Higher
values for the amount of G2 light precipitation from 1960 to 2018 were mostly found in
the southwestern part of the YRB (Figure 5a), while lower values were mainly found in
the central regions. The spatial pattern of the number of G2 light precipitation days was
very similar to that of the G2 light precipitation amounts (Figure 5b), which demonstrates
that the more G2 precipitation the region received, the more G2 days it experienced. The
spatial variations in the amounts and days of G2 light precipitation as proportions of the
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total precipitation amounts and days were similar (Figure 5c,d). The proportion of G2 light
precipitation amounts and days fell from 17.7% to 4.6% and 17.9% to 12.6%, respectively,
and gradually decreased from the north to the southeast. Both the amounts and days of
G2 light precipitation decreased significantly at 0.31 mm/decade and 0.34 days/decade,
respectively (Figure 5e). The annual average amounts and days of G2 light precipitation
were 40.5 mm and 31 days, respectively (Figure 5e). These decreasing trends were weaker
in intensity than those observed with G1. The proportions of annual mean G2 light precipi-
tation amounts and days were 8.7% and 33%, respectively (Figure 5f). Although the annual
mean G2 light precipitation amount as a proportion of the total precipitation amounts and
days is slightly greater than that of G1 (6.7% for G1 and 8.7% for G2), the proportion of G2

light rain days was much lower than that of G1 (51% in G1 and 33% in G2).
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Figure 5. Spatiotemporal variations in G2 light precipitation events (2.0 < P < 4.0 mm/day) from
1960 to 2018 in the YRB, (a) annual G2 light precipitation amounts, (b) annual number of G2 light
precipitation days, (c) amount of G2 light precipitation amount as a proportion of total precipitation,
(d) number of G2 light precipitation days as a proportion of total precipitation days, (e) trends in
annual G2 light precipitation amounts and days, and (f) trends in annual amounts and days of G2

light precipitation as proportions of total precipitation amounts and days.
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3.2.3. Spatiotemporal Variations in G3 Light Precipitation Events

As shown in Figure 6a, there was an obvious difference between the west and east in
the spatial distribution of amounts of G3 light precipitation. Minimum G3 light precipita-
tion amounts (<24.2 mm) appeared in the central-northern parts of the YRB with a tendency
to increase towards the southwest parts of the region (>52.9 mm) (Figure 6a). The spatial
pattern of the number of G3 light precipitation days was consistent with that of the G3
light precipitation amounts (Figure 6b). The annual mean G3 light precipitation amounts
and days range from 14.6 to 91.1 mm and from 3 to 19 days, with averages of 39.9 mm and
8 days, respectively. The spatial distribution of the amounts and days in the annual mean
G3 light precipitation were in accordance with those of G2 (maximum in the southwest
and minimum in the north and east). The spatial patterns of G3 and G2 light precipitation
amounts and days as proportions of total precipitation amounts and days were similar
(Figure 5¢,d and Figure 6c,d). The inter-annual variations in G3 light precipitation amounts
and days were relatively consistent over the whole region; both decreased slowly at a rate
of —0.28 mm/decade and —0.06 day/decade, respectively (Figure 6e). The average annual
amount of G3 light precipitation (39.9 mm) was basically equal to that of G2 (40.5 mm), but
there were only 8 days of G3 (approximately 57% of G2).

As shown in Figure 6f, the annual average amounts of G3 light precipitation as
proportions of the total precipitation amounts and days decreased significantly at a rate
of 0.68%/decade over the entire study period. However, the proportions of the annual
average days of G3 light precipitation showed an obvious increasing trend at a rate of
0.8%/decade. The proportions of annual mean G3 light precipitation amounts and days
are 8.5% and 8.8%, respectively. The annual average proportion of G3 amount is basically
equal to that of G2, but there are fewer G3 days than G2 (33%).
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Figure 6. Spatiotemporal variations in G3 (4.0 < P < 6.0 mm/day) light precipitation events from
1960 to 2018 in the YRB, (a) annual amounts of G3 light precipitation, (b) annual number of G3 light
precipitation days, (c) amount of G3 light precipitation amount as a proportion of total precipitation,
(d) number of G3 light precipitation days as a proportion of total precipitation days, (e) trends in
annual G3 light precipitation amounts and days, and (f) trends in amounts and days of G3 light
precipitation as proportions of total precipitation amounts and days.

3.2.4. Spatiotemporal Variations in G4 Light Precipitation Events

The spatial distribution of the annual mean G4 light precipitation declined from south-
west to northeast over the study region (Figure 7a). Relatively larger values (>68.2 mm)
were observed in the southwest region (in Hongyuan and Jiuzhi) and smaller values
(<21.3 mm) were observed in the central region (in Linhe and Huinong). The spatial varia-
tion in the annual average number of G4 light precipitation days was the same as that of
the amounts, decreasing from >10 d in the southwest to <3 d in the central area (Figure 7b).
The amounts of G4 light precipitation as proportions of the total precipitation amounts fell
from 13.2% to 4.4% and gradually decreased from the north to the southeast (Figure 7c)
with a similar spatial pattern to the amounts of G3 light precipitation as proportions of the
total precipitation amounts (Figure 6¢). The number of G4 light precipitation days as a pro-
portion of the total precipitation days ranged from 4.1 to 7.8% and the smallest proportion
was concentrated in the north-central region (Figure 7d). Both the amounts and days of
G4 light precipitation decreased over the study period, with rates of —0.34 mm/decade
and —0.03 day/decade, respectively (Figure 7e). The annual mean amounts of G4 light
precipitation as proportions of the total precipitation amounts showed a weakly increasing
trend at a rate of 0.14%/decade, whereas the number of days of G4 light precipitation as
proportions of the total precipitation days decreased at a rate of 0.71%/decade from 1960
to 2018 over the study area (Figure 7f). The annual mean amounts and days of G4 light
precipitation as proportions of the total precipitation amounts and days were 8.0% and
5.8%, respectively.
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Figure 7. Spatiotemporal variations in G4 (6.0 < P < 8.0 mm/day) light precipitation events from
1960 to 2018 in the YRB, (a) annual amounts of G4 light precipitation, (b) annual number of G4
light precipitation days, (c) amount of G4 light precipitation as a proportion of total precipitation,
(d) number of G4 light precipitation days as a proportion of total precipitation days, (e) trends in
annual G4 light precipitation amounts and days, and (f) trends in amounts and days of G4 light
precipitation as proportions of total precipitation amounts and days.

3.2.5. Spatiotemporal Variations in G5 Light Precipitation Events

The spatiotemporal variations in the amounts and days of G5 light precipitation are
shown in Figure 8, and these patterns were largely the same as those of G4 (Figure 7a,b).
The maximum values for the amounts and days of G5 light precipitation (>59.4 mm and
5 days, respectively) were observed in the southwest and decreased to the north (<17.4 mm
and 3 days) of the area. The amount of G5 light precipitation as a proportion of the total
precipitation amounts ranged from 5.0 to 10.8% (Figure 8c), while the number of days of G5
light precipitation accounted for more than 4.1% of the total light rain days (Figure 8d). Both
the amounts and days of G5 light precipitation slightly increased (not significantly) over
the study period, but the magnitudes of inter-annual variations were large (Figure 8e). The
amounts of G5 light precipitation as proportions of the total precipitation amounts slightly
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increased over the study period, whereas the number of G5 days as a proportion of the total
precipitation days increased at a rate of 0.55%/decade from 1960 to 2018 (Figure 8f). The
annual mean amounts and days of G5 light precipitation (33.9 mm and 4 days, respectively)
were roughly the same as those of G4 (37.4 mm and 5 days).
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Figure 8. Spatiotemporal variations in G5 (8.0 < P < 10.0 mm/day) light precipitation events from
1960 to 2018 in the YRB, (a) annual amounts of G5 light precipitation, (b) annual number of G5
light precipitation days, (c) amount of G5 light precipitation as a proportion of total precipitation,
(d) number of G5 light precipitation days as a proportion of total precipitation days, (e) trends in
annual G5 light precipitation amounts and days, and (f) trends in amounts and days of G5 light
precipitation as annual proportions of total precipitation amounts and days.

3.3. The Spatial Distribution of the Light Precipitation Assessment Index

To analyze the spatial characteristics of different intensities of the light precipitation
events over the YRB, we calculated the light precipitation assessment index (LPAI) for the
entire study region. The spatial distributions of the LPAI (Figure 9) were parallel to those
of the amounts and days of light rain events (shown in Figure 3a,b), namely, the LPAI
declined in a trend from the southwest of the study region to the central and north areas.
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The LPAI maximum was observed in the southwestern part of the YRB, represented by
Jiuzhi in Qinghai, Hongyuan, and Sichuan. The minimum LPAI value was observed in the
central region of the YRB, which was represented by Linhe in Inner Mongolia and Huinong
in Ningxia. Through spatial analysis of the LPAI, we can more accurately understand
that light rain events were more common in the southeast over the YRB compared to the
northwest. According to the analysis of the LPAI and the different grades of precipitation,
we can conclude that the amount of G1 light precipitation accounted for the least amount
(31.0 mm) but the most precipitation days (48 days), which accounted for 48% of the
total light precipitation days. The amounts and days of light precipitation from G2 to G5

gradually decreased.
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Figure 9. Spatial patterns of the light precipitation assessment index over the YRB.

3.4. Mutation Analysis of the Light Precipitation Events

We performed a mutation test analysis to investigate trends for different grades of
precipitation (G1-G5) over the YRB from 1960 to 2018 by applying the M-K method with
a 0.01 significance level. A mutation in G1 light precipitation occurred in 1988 (Table 1);
namely, the G1 light precipitation amount decreased after 1988. Before 1988, the Gl
amount was 31.8 mm, and it was 30.5 mm after 1988, thus it reduced by 1.3 mm following
mutation (Table 1). A mutation in G2 occurred in 1978. Similarly, mutations in G3-G5
light precipitation occurred in 1986, 1970, and 1987, respectively. Significant differences in
mutation for G1-G5 light precipitation across the region led to different levels of reduction
(Table 1). The years of abrupt change for G1-G5 light precipitation ranged from 1970 to
1988. These results also manifested that this study area has been sensitive to climate change
during recent years.
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Table 1. Mutations in the light precipitation and differences in the before and after abrupt change
over YRB.

Differences of the

Grade Abrupt Change Before After before and after
Year Abrupt Change  Abrupt Change Abrupt Change
Gl 1988 31.8 30.5 13
G2 1978 421 39.8 24
G3 1986 40.6 39.3 13
G4 1970 39.1 37.0 2.1
G5 1987 34.2 33.7 0.5

3.5. Relationships between Large-Scale Atmospheric Circulation Patterns, Elevation, and
Light Precipitation

Figure 10 shows the correlation coefficients among the four climate indices, elevation,
and light precipitation. The G1-G5 categories of light precipitation were significantly (at
the 1% level) positively correlated with annual total precipitation (ATP). The NAO and
PDO were negatively correlated with ATP, light precipitation (0.1 < P < 10 mm), and
G1-GS5 light precipitation from 1960 to 2018 and the correlation coefficients of these are
not statistically significant. Abnormal development of large-scale atmospheric circulation
patterns often leads to abnormal weather phenomena. The ENSO significantly showed
positive correlation with ATP, while showing insignificant positive correlations between
the ENSO and light precipitation (0.1 < P < 10 mm), and G1-G5 light precipitation. The
AO was positively correlated with light precipitation (0.1 < P < 10 mm) and G1-G4 light
precipitation during 1960-2018, and negative correlations between the AO and ATP and G5
light precipitation were not significant. The PDO showed negative correlations with light
precipitation (0.1 < P < 10 mm) and G1-GS5 light precipitation, while showing significant
positive correlations between the AO and light precipitation (0.1 < P <10 mm), and G1-G5
light precipitation. The relationship between G1-G5 light precipitation and the ENSO is
closer than that of the NAO and PDO, which implied the contribution of the ENSO is greater
than that of the NAO and PDO for the occurrence of G1-G5 light precipitation over the YRB
(Figure 10). There were negative correlations between elevation and ATP, light precipitation,
and G1-G5 from 1960 to 2018. With increasing elevation, ATP, light precipitation, and
G3-G5 light precipitation decreased significantly (p < 0.05), which showed that the decrease
in precipitation days mainly occurred at lower altitudes over the YRB. Altitude determines
the vertical distribution of energy and water, possibly affecting regional precipitation
change [25]. The results also reflect the complexity of regional climate change in the YRB
because atmospheric circulations not only lead to the complex variation in precipitation
but also change the altitude dependence of rain.
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Figure 10. Correlations among large-scale atmospheric circulation patterns, elevation, and light
precipitation over YRB.

4. Discussion

This study analyzed the spatiotemporal variations in light precipitation events and
their connections to large-scale atmospheric circulation patterns (LSACPs, e.g., ENSO,
NAO, PDO, and AO) over the whole YRB from 1960 to 2018. There were no significant
changes in ATP or light precipitation amounts during 1960-2018 in this basin. By analyzing
the ATP, we found a difference in the precipitation between the north and south, and the
precipitation also changed from the south to the middle reach of the YRB. Zhang et al.
reported that the spatial distributions of the average annual reference evapotranspiration
exhibited an increasing trend from southwest to northeast over the YRB [35]. This result
is inconsistent with our studies. The southeastern portion of the YRB received more
precipitation because it is close to the sea and has low elevation. Dore reported that
the increases in precipitation over middle and high latitude land areas in the northern
hemisphere have a strong correlation with the increases in total cloud amount [36]. Previous
studies also found that total cloud cover, solar irradiance, and air temperature are strongly
correlated with changes in light precipitation [14,18]. Although the amount of precipitation
contributed by light rain only accounted for 39.2% of total precipitation in this study area,
the number of light rain days (0.1 < P <10 mm/day) accounted for approximately 85.2%
of the total number of rainy days. Therefore, we infer that the majority of precipitation
events in the study region were light rain events, and the main reason for the decrease
in precipitation days was the significant decrease in light rain days. The reasons for this
phenomenon are as follows: first, the variation in and complexity of the terrain created
different regional climate characteristics, which also resulted in the spatial differences in the
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ATP and light precipitation events over the YRB. The basin flows through the Qinghai-Tibet
Plateau with altitudes of 2000-5000 m, the Loess Plateau with altitudes of 500-2000 m,
and the North China Plain; therefore, the underlying surface and topography of the basin
are complex [30]. Such complex topographical conditions significantly affect the spatial
distribution of light precipitation events in the YRB. Second, the monsoon and Tibetan
Plateau influence precipitation processes [37], with further impacts on the transformation
of light precipitation events in the YRB.

Comparing the results of the present study with those of previous studies [18,19,23,38],
we set the light rain event threshold to 0.1 < P < 10.0 mm/day and found a significant
decrease in the amount and number of days of light rain over the study area. However,
this threshold of 0.1 < P < 10 mm/day did not accurately reflect the variations in light
rain events. To reflect the variation in light precipitation in the YRB more accurately,
we divided the threshold into five grades of light precipitation (G1-G5). The G1 light
precipitation accounted for only 6.7% of the total amount of precipitation, but the number
of days of G1 light rain accounted for more than 51.2% of the total precipitation days.
Therefore, we believe that the threshold (0.1 < P <2 mm/day) is more useful as a light
precipitation standard for the YRB. The current study is also in agreement with the research
reported by Liu et al. [14]. Furthermore, we investigated possible reasons for variations
in light precipitation events and found that altitude and LSACPs (ENSO, AO, NAO, and
PDO) exhibited positive and negative correlations with light precipitation events. The
whole study area is affected by multiple climate indexes, indicating that the influence
of one climate index is always regulated by other climate indexes. We conclude that
LSACPs were a possible mechanism for light precipitation events in the past decades.
Li et al. found increased precipitation frequency at higher altitudes and a decreasing
trend at lower altitudes in Southwest China [39]. Some studies also indicated that the
atmospheric circulation change is an important mechanism affecting the heat and moisture
transportation in some regions of China [3,39]. The results also reflect the complexity
of regional climate change in YBR because atmospheric circulation not only causes the
complex variation in precipitation but also changes its altitude dependence. Therefore, it
is necessary to analyze the influence of global climate indices on light rain events and to
understand and predict the regional response of rain to variations in global climate indices.

5. Conclusions

In this study, we focus on the changes in the characteristics of light precipitation
events (0.1 < P <10 mm/day) over the YRB from 1960 to 2018 and their connections to
large-scale atmospheric circulation patterns (LSACPs) and elevation. The amount and
days of light precipitation accounted for 39% and 85% of the total precipitation amount
and days, respectively. We infer that the majority of precipitation events in the study
region were light rain events, and the main reason for the decrease in precipitation days
in the study period was due to the significant decrease in light rain days. Therefore,
light rain events are potentially an important indicator of climate change in the YRB. We
divided light rain into five grades of intensity (G1-G5) using equal interval division and
explored the spatiotemporal variations in G1-G5 light precipitation events. The number
of G1 (0.1 < P <2 mm/day) days accounted for 51.2% of the total precipitation days, and
the trends of decreasing light rain can be attributed to changes in G1 events because the
decline in light rain amounts and days for G1 is more obvious than that of other grades of
intensity (G2-G5). Additionally, we investigated possible reasons for the variations in light
precipitation events and found that the altitude and climate phenomena (ENSO, AO, NAO,
and PDO) were correlated (positively or negatively) with the light precipitation events in the
past decades. With increasing elevation, annual total precipitation, light precipitation, and
G3-G5 light precipitation decreased significantly (p < 0.05), which showed that the decrease
in precipitation days mainly occurred at lower altitudes over the YRB. Thus, changes in
light precipitation events appear to be complex and may be related to global atmospheric
characteristics and altitude. The results of this study have considerable and significant
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implications for water resource planning, disaster preparedness, and the mitigation of risk
regarding droughts or floods in the study area.
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