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Abstract: Characteristics of extreme precipitation over Yellow River Loop Valley (YRLV) and links
to European blocking are investigated in this study. Spatial and temporal analysis of extreme
precipitation shows that it contributes more than 30% of the total summer precipitation in the YRLV
and is characterized by a strong and short period of local rainfall. Most of the extreme rains in the
YRLV occur in July and August. Two typical circulation patterns were identified using a k-means
clustering method. The extreme precipitation results from the combined actions of intensified high
pressure over northeast China (NECH) and the westward extension of the western Pacific subtropical
high (WPSH). The intensified southerly flow of the amplified NECH strengthens the water vapor
transport induced by the westward extension of the WPSH from the northwest Pacific or Bay of
Bengal into the YRLV. The NECH is amplified by the wave energy propagating from European
blocking via the Silk Road pattern (SRP). This is the subseasonal cause of extreme precipitation over
the YRLV. The composited July and August mean 500 hPa geopotential anomaly pattern for extreme
precipitation years shows a high-pressure anomaly over the European continent and a negative phase
of the SRP. The former provides a background for the occurrence of European blocking, and the latter
explains the preexistence of the NECH and provides a linkage between the activity of European
blocking and the subseasonal evolution of the NECH. Thus, the interannual variation in the extreme
precipitation over the YRLV is mainly reflected by the phase of the SRP and the stationary waves
over Europe.

Keywords: summer extreme precipitation; blocking; Yellow River Loop Valley; semiarid region

1. Introduction

The Yellow River Loop Valley (YRLV), a semiarid region, is located in the middle and
upper Yellow River reaches in northwest China. Summer precipitation accounts for more
than fifty percent of the total annual precipitation in this region [1], which decreases from
southwest to northeast of the YRLV and typically consists of intense but brief downpours [2].
It peaks in August with an average monthly precipitation of 80 mm, accounting for
22 percent of the annual precipitation [3]. China’s principal summer precipitation re-
gions are over the Yangtze River basin and the South China region [4]. YRLV extreme
precipitation is comparable to that of the Yangtze River basin and South China region [5].

Several studies have examined the precipitation in Yellow River Basin, which includes
the YRLV. The number of extreme days in the Yellow River Basin is decreasing, with the
exception of YRLV after 2003 [6]. This suggests that the mechanism for extreme precipitation
in YRLV may differ from other regions. Extreme precipitation has led to an increase in
drought occurrences in this region [7]. In the past 60 years, annual precipitation in the YRLV
has increased at a rate of mm-(10a)~! [8]. Additionally, the ratio of extreme precipitation
to total annual precipitation increases significantly in the Yellow River Basin [9]. Thus,
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extreme summer precipitation, particularly in July and August, plays a significant role in
the total precipitation for this semiarid region.

Previous research has shown that the position and strength of the Western Pacific
Subtropical High (WPSH, henceforth) have a significant impact on the summer precipitation
over China [10,11]. The northward and westerly displacement of the WPSH increases
precipitation in the Yellow River Basin [12,13]. Water vapor is transported from the Bay
of Bengal to the middle and lower Yellow River reaches in flood years in the Yellow River
Basin when the intensified WPSH shifts north and develops into an isolated high-pressure
over the west of Japan [14]. Several analyses of the heavy rainfall over YRLV support this
viewpoint [15,16]. Previous studies [12,17,18] discussed the statistical correlation between
Yellow River Basin precipitation and WPSH, as well as the pattern of water vapor transport
and local circulation distribution during Yellow River Basin precipitation. In the preceding
study, the causes of extreme precipitation in the YRLV were investigated.

Previous research has indicated that the WPSH plays a significant role in precipitation
over the Yellow River Basin and that the isolated high pressure over the Sea of Japan
has a significant impact on precipitation. This isolated high pressure over the Sea of
Japan resembles the Bonin high discussed by Enomoto et al. [19], which is a stationary
barotropic ridge that develops after Meiyu in late summer. It is believed that the Bonin
high is formed by the propagation of the Silk Road pattern (SRP) along the Asian jet in the
upper troposphere [19,20]. The SRP is a stationary wave train over Asia in the middle of
summer, with three action centers located in Middle Asia (50°-85° E, 30°-50° N), Mongolia
(85°-110° E, 30°-50° N), and East Asia (110°-145° E, 30°-50° N) [19-25]. According to a
number of studies, the SRP has a significant impact on the climate across a vast region,
including the Indian subcontinent, Europe, northern China, and Japan [20-24]. The Yellow
River is located beneath the SRP’s path. In addition, the SRP is a wave pathway for the
eastward propagation of Rossby waves [19] and displays substantial intraseasonal phase
and intensity variations. There is an association between the SRP, which is a type of
atmospheric internal variability, and upstream blocking activity [25]. Due to this, not only
the WPSH, but also the SRP and upstream blocking influence the occurrence of extreme
precipitation in the YRLV.

In this study, the effect of the WPSH on extreme precipitation over the YRLV was
examined. We investigate the relationship between upstream blocking, the SRP, and
extreme precipitation over the YRLYV, as well as the intraseasonal influence of atmospheric
circulations upstream on the occurrence of extreme precipitation. It may contribute to the
improvement of intraseasonal forecasts of extreme summer precipitation over the YRLV.

The paper is organized as follows: in Section 2, data and methods are described. The
characteristics of extreme precipitation events over the YRLV are discussed in Section 3.1. In
Section 3, circulation patterns associated with extreme precipitation events over the YRLV
are described, along with their daily variability. In Section 3.3, the relationship between
extreme precipitation over the YRLV and upstream blocking activity is discussed. A
summary and discussion are provided in Section 4. Section 5 concludes with the conclusion.

2. Data and Methods
2.1. Study Area and Data

Daily precipitation data at 740 stations in mainland China for the period of 1960-2009
were used in this study; the data were developed at the Climate Data Center (CDC) of
the National Meteorological Center of the China Meteorological Administration. A total
of 573 stations were selected from the 740 stations by considering the persistency of the
precipitation data at each station. The Yellow River Loop Valley Daily here is defined
as the rectangle region from (34° N, 104° E) to (41° N, 112° E) (red rectangle in), which
includes 40 out of 573 stations. Daily data for geopotential height, velocity, and specific
humidity were taken from the National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis data [26]. Data are on the
2.5° longitude x 2.5° latitude grid and daily timescale.
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2.2. Definition of Extreme Precipitation Days

The extreme precipitation threshold was calculated as the top 5th percentile of the
descending sorted daily precipitation based on 50 years of summer months (from July to
August). This calculation was based on the percentile-based index [27] developed by the
Expert Team on Climate Change Detection, Monitoring and Indices (ETCCDMI). Extreme
precipitation days for a station were defined as days in which the daily precipitation
exceeded the threshold of this station. The features of extreme precipitation days in YRLV
were analyzed by Empirical Orthogonal Functions (EOF) [28] statistical methods. The
regional extreme precipitation events were defined according to the leading EOF mode
of the YRLYV precipitation extremes according to the station precipitation data, which is
discussed in Section 3.1.2.

2.3. Method

A two-dimensional blocking index of Diao et al. [29] was used to identify blocking
events. A k-means algorithm [30] was used to identify the 500 hPa height circulation
regimes associated with regional extreme and normal precipitation events. K-means is a
clustering algorithm. Its objective is to minimize the average squared Euclidean distance
of documents from their cluster centers where a cluster center is defined as the mean or
centroid ﬁ of the documents in a cluster w.

Hw) = 3w

jw| £
XEw

In this study, X represents the 500 hPa geopotential height circulation field. There is
the smallest average distance in n-dimensional vector space in one cluster, which means
these events are similar. The wave-activity flux, defined by Takaya and Nakamura [31],
was used to evaluate the Rossby wave. Composite maps were used to show the daily
evolution of the circulation patterns related to the extreme regional precipitation events.
The characteristics of the blocking activities and the background circulation in the extreme
precipitation years were also investigated using composite maps. The composite results
are described in Sections 3.2 and 3.3, respectively.

The use of the above methods in the research process is as follows (Figure 1):

defination of the extreme analysis of spatial-temporal analysis (compositing and k-
precipitation day and EOF characteristics of extreme means clustering) of atmospheric
analysis of extreme —»| precipitation in YRLV by EOF and || circulations associated with extreme
precipitation days over China defination of the extreme precipitation events (section 3.2.1-
(section 3.1.1) precipitation events (section 3.1.2) 3.2.2)

links to western Pacific
< subtropical high <
(section 3.2.3-3.2.4)

links to European blocking
high(section 3.3)

Figure 1. The methods used in this study and research processes.

3. Results
3.1. Climatology of Extreme Precipitation over the Yellow River Loop Valley
3.1.1. Linkage to the Extreme Precipitation over China

The number of extreme precipitation days in summer at each station was calculated
for the 1960-2009 period, according to the extreme precipitation definition described in
Section 2. The EOF of the interannual variations of the summer extreme precipitation days
at each station were calculated to show the major spatial correlations of local variations
of the summer extreme precipitation over mainland China. The first EOF shows that
summer extreme precipitation over China exhibits a meridional tripole mode with one
action center over the YRLV. The interannual variations in summer extreme precipitation
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over the YRLV and Southeast China have the same sign but are opposite to those over the
Yangzi River basin (Figure 2). This result is very similar to the result of Wang et al. [14],
who used a fixed daily precipitation value as a threshold. Because the summer extreme
precipitation over the YRLV is correlated with the rainfall over other regions of China
(Figure 2), the extreme precipitation over the YRLV may be influenced by changes in large-
scale atmospheric circulation patterns. Figure 3b shows that the contributions of summer
extreme precipitation to the total summer rainfall exceed 30% over the YRLV, and this
percent contribution is even larger over the northwest of the YRLV. This result indicates that
extreme precipitation plays an important role in the total rainfall in this semiarid region.
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Figure 2. First EOF of the station-based summer extreme precipitation days in China, which explains
8.2% of the total variance. The red rectangle with the dashed line is defined as the YRLV region.
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Figure 3. (a) The first EOF mode of the station-based extreme precipitation days (explaining 18.8%
of the total variance); the black dots indicate the spatial distribution of the selected stations over
the YRLV. The region enclosed by a red solid line is the key region used to define the REP over the
YRLV. (b) The ratio of summer extreme precipitation to total summer precipitation over the YRLV;
the shaded region denotes that the ratio exceeds 0.33 (33%).

3.1.2. Characteristics of Summer Extreme Precipitation over the YRLV

To examine the characteristics of extreme precipitation over the YRLYV, 40 local stations
were used for further analysis (Figure 3a). EOF was performed for the number of extreme
precipitation days per year at these 40 stations. The leading EOF mode of local extreme
precipitation over the YRLV shows a homogenous pattern; the main loading is over the
northwest part of the YRLV (Figure 3a); notably, extreme precipitation occupies a larger
portion of the total summer rainfall over the northwest part of the YRLV than over the



Atmosphere 2022, 13, 1140

50f21

PC1/Number of REP days

southeast part of the YRLV (Figure 3b). The leading EOF mode is shown in Figure 3a and
the time series (PC1) in Figure 4a. The homogenous pattern of the leading EOF indicates
that the extreme precipitation over the YRLV presents regional consistency, especially
over the northwest part of the YRLV, where the EOF value is larger than that of the
surrounding areas.

(b) Power Spectrum

Power Spectrum
e Q5,04 SigNificant level

-6
1960

!
1965

1
1970

1 1 1 1 1 1 1
1975 1980 1985 1990 1995 2000 2005 5 10 15 20 25
Year Periods(Year)

Figure 4. Interannual variability in the number of the REP days over the YRLV (gray bar) and the PC
of the first EOFs (PC1, dashed line) of the station-based extreme precipitation days (a) and the power
spectrum of PC1 (b).

The large-EOF-value region (indicated by the thick red line in Figure 3a) was defined as
the key region for the summer extreme precipitation over the YRLV in this study. Regional
extreme precipitation (REP) days were defined as days in which at least three stations
inside the key region simultaneously reached the extreme precipitation threshold and there
were at least 10 stations inside the key region with a daily precipitation value greater than
1 mm. An REP event was defined as successive precipitation days in which there was at
least one REP Day. Moreover, any two extreme precipitation events had to have a time
interval of more than 3 days; otherwise, they were considered one event.

Figure 4 shows the PC1 of REP days and the power spectrum of it. Both the PC1 and
interannual variation in the REP days show no significant trend. The main timescale of the
interannual variability is approximately 3 years. The interannual variation of the summer
REP days is significantly similar to that of the leading EOF (PC1) for station-based extreme
precipitation frequency. This result confirms that the leading EOF pattern reflects most of
the variation in the extreme precipitation over the YRLV.

According to the criterion defined above, 53 REP events were found in the summers
(JJA) from 1960 to 2009. It was found that these REP events exhibit some similar charac-
teristics. The probability distribution (PDF) of the spatial extent (indicated by the number
of extreme precipitation stations) of all REP days (regional extreme precipitation days in
these 53 REP events) is shown in Figure 5a. The result indicates that, for a major portion
of the REP days, the REP occurs simultaneously at 3-5 stations. Only in a few of the
REP days does extreme precipitation simultaneously occur within the regions that cover
6-10 stations, which means that the REP events mainly occur in a narrow region. The
PDF-REP event durations show the number of REP events versus their duration in days
(Figure 5b) and indicates that the REP events are short-period events that mostly last
1-2 days; only a small fraction of the REP events persist for 3-6 days. The monthly mean
numbers of REP days in each summer from 1960 to 2009 indicate that summer extreme
precipitation in the YRLV occurs mainly in July and August (mid-to-late summer); in these
months, extreme precipitation days occupy 39% and 49% of all days, respectively.



Atmosphere 2022, 13, 1140

6 of 21

20

o w

number of cases

3 4 5 6 7 8 9

Number of Stations

10 11 12 1

Day

Figure 5. The number of cases of REP events versus the number of stations (a) and the persistence
days (b).

3.2. Associated Atmospheric Circulations
3.2.1. Anomalous Circulation Patterns Corresponding to REP Events

As indicated in the above section, the duration of most REP events is no more than
2 days, and a large amount of the REP events occur within one day. For those consecutive
processes lasting more than one day, the day with maximum precipitation is defined as
the Lag 0 day. For one-day events, the extreme precipitation day is the Lag 0 day. To
show the circulations related to REP events, the 500 hPa geopotential height anomalies
corresponding to the Lag 0 day of the 53 REP events are clustered into two typical regimes
using the K-mean cluster method, called CE-1 and CE-2 hereafter. The 300 hPa and 500 hPa
geopotential height anomalies, the 850 hPa wind vectors (Figure 6), and the water vapor
transport and its divergence are composited based on the two clusters (Figure 7).
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Figure 6. Composites of 500 hPa geopotential height anomalies (contour, units: gpm) and
850 hPa wind velocity (vector, unit: m-s~1) (a,c) and of 300 hPa geopotential height anomalies
(b,d) at Lag 0 days of the REP events in CE-1 (a,b) and CE-2 (c,d); the blue shaded regions indicate
the zonal wind velocity (larger than 15 m/s) at 300 hPa, ‘Hb’ indicates the blocking high, and ‘H’
and ‘L’ indicate the high- and low-pressure anomalies, respectively. The clusters are based on all
Lag 0 days of the REP events. The gray shaded areas in (a,c) indicate elevations > 3200 m.
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(b) CE—1 Lag0

100E  120E 140

Figure 7. Composites of the 850 hPa water vapor transportation (vector, units: m-kg-s~!-kg~!) and
divergence (colored shading, same for all subplots, units: kg-s_1 ~kg_1 ) and of 500 hPa geopotential
height (black contour, units: gpm) at Lag —1 day (a,c) and Lag 0 day (b,d) for the REP events in CE-1
(a,b) and CE-2 (c,d). The 5880 gpm contour and the climatologic July and August mean 5880 gpm
contours are highlighted as a thick red line and thick blue line, respectively. The gray shaded areas
indicate elevations > 3200 m.

The composited geopotential anomaly fields in the two REP-event clusters show a
wave train with three action centers, illustrating positive, negative, and positive geopo-
tential height anomalies along the Asian jet from 60° E to 140° E at both the 300 hPa and
500 hPa levels and with a vertically barotropic structure (Figure 6), which is typical of a
negative phase of the SRP. In the mid-summer Asian continent, the SRP is the leading
mode along the Asian jet. The anomalous pattern of the SRP efficiently extracts available
potential energy from the jet by means of baroclinic energy conversion [25]. The barotropic
kinetic energy conversion from the Asian jet to the SRP occurring over the northwest of the
Asian jet is also a critical factor for anchoring the strongest vorticity anomaly around the
western jet core and determining the preferred longitudinal phase alignment of the wave
train. The wave energy propagating from the polar front jet in a southeastward direction to
the Asian jet may influence the evolution of the SRP [25]. Kosaka et al. [32] showed that
European blocking can be instrumental in triggering the SRP at a subseasonal time scale.
The appearance of European blocking is associated with the positive phase of the North
Atlantic Oscillation (NAO) [33].

The most prominent feature of the SRP in both clusters of REP events is the significantly
amplified eastern action center, the high-pressure anomaly over northeast China (the
NECH, hereafter). However, there are distinct differences between the composites of the
geopotential height anomalies of the two clusters. The CE-1 shows the SRP as part of
larger-scale wave trains extending in a northwest-southeast direction from the European
continent, beginning with a high-pressure anomaly at approximately 0° E to the Asian
continent. The subpolar front wave train and the SRP are connected at the entrance of
the Asian jet. The NECH is constrained north of 30° N at both the 300 hPa and 500 hPa
levels (Figure 6a,b). At the 500 hPa level, the NECH and the negative geopotential height
anomaly over the South China Sea constitute a meridional dipole along the east coast of
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China. The composite circulation corresponding to the CE-2 shows a more zonal SPR along
the Asian jet at both the 500 hPa and 300 hPa levels. The NECH illustrates a meridional
monopole extending southward along the east coast of the Asian continent (Figure 6¢,d).

Based on the above result, it was found that the SRP is the upper-level background
condition for the occurrence of extreme precipitation over the YRLV. The difference in the
upper-level geopotential height fields between the two clusters induces different lower-
level wind fields and moisture transport. In CE-1, the meridional dipole along the eastern
coast leads to wind flow originating from the northwest Pacific and induces plentiful water
vapor transport into the YRLYV, as illustrated by the 850 hPa water vapor transportation.
The moist wind flow originating from the Pacific meets the northwesterly flow beneath the
forepart of the 500 hPa low-pressure anomaly west of the YRLYV, a condition that results in
a strong convergence band over the west part of the YRLV. The water vapor convergence
and the extreme precipitation are constrained mainly over the west part of the YRLV. The
convergence and precipitation are strong and persistent, beginning at Lag —1 day and
reaching a maximum at Lag 0 day. In CE-2, the more southward-extended eastern high-
pressure action center at 500 hPa induces southerly flow and water vapor transport from
the Bay of Bengal, as seen at 850 hPa. Strong water vapor convergence occurs over the west
part of the YRLV one day before the extreme precipitation day. On the extreme precipita-
tion day, the water vapor convergence reaches its maximum and expands to almost the
whole YRLV.

3.2.2. Anomalous Circulation Patterns Associated with Normal Precipitation Events

For comparison, normal precipitation day was defined as a day when at least
10 stations in the key region observe a daily precipitation no less than 1 mm, but no
stations satisfy the extreme precipitation criterion. Sixty-seven normal precipitation events
were selected and are clustered in the same way. The 500 hPa and 300 hPa geopoten-
tial height anomaly fields corresponding to Lag 0 day of the normal precipitation events
are clustered into two typical regimes (Figure 8). The composited 300 hPa geopotential
height anomalies corresponding to the two clusters show a negative phase of the SRP, with
the eastern action center illustrating a high-pressure anomaly over NECH, similar to the
composited patterns corresponding to the two REP-event clusters. However, the action
centers of the SRP related to the normal precipitation events are much weaker than those
related to the REP events. At 500 hPa, the two clusters are also distinguished from each
other by the different spatial distributions of the eastern high-pressure centers of the SRP.
One cluster shows a meridional dipole with a high-pressure anomaly over NECH and
a low-pressure anomaly over the South China Sea (CN-1, hereafter) (Figure 8a), and the
other cluster shows a meridionally elongating high-pressure anomaly from NECH to South
China (CN-2, hereafter) (Figure 8b). In the composite result of the CN-1, the water vapor
transport comes mainly from the Bay of Bangel and the South China Sea, which leads to
moisture convergence over the western part of the YRLV at Lag —1 day (Figure 9a,b). For
CN-2, the water vapor transport comes mainly from the Bay of Bengal, and convergence
occurs over the southwest part of the YRLV. For both clusters, the water vapor transport
and convergence occur only at Lag —1 day, a duration that is shorter than that of the REP
events (Figure 9¢,d).
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Composites of 500 hPa geopotential height anomalies (contour, units: gpm) and

850 hPa wind velocity (vector, unit: m-s~1) (a,c) and of 300 hPa geopotential height anomalies (b,d) at

Lag 0 days of the normal precipitation events in CN-1 (a,b) and CN-2 (c,d); the blue shaded re-
gions indicate the zonal wind velocity (larger than 15 m/s) at 300 hPa, “Hb’ indicates the blocking
high, and ‘H’ and ‘L’ indicate the high- and low-pressure anomalies, respectively. The clusters are

based on all Lag 0 days of the normal precipitation events. The gray shaded areas in (a,c) indicate

elevations > 3200 m.
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Figure 9. Composites of the 850 hPa water vapor transportation (vector, units: m-kg-s~'-kg~!) and

divergence (colored shading, same for all subplots, units: kg-s~!-kg ™! ) and of 500 hPa geopotential
height (black contour, units: gpm) at Lag —1 day (a,c) and Lag 0 day (b,d) for the normal precipitation
events in CN-1 (a,b) and CN-2 (c,d). The 5880 gpm contour and the climatologic July and August
mean 5880 gpm contours are highlighted as a thick red line and thick blue line, respectively. The gray

shaded areas indicate elevations > 3200 m.
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3.2.3. Link to the Western Pacific Subtropical High

The composited geopotential height anomalies at 500 hPa and 300 hPa show the
existence of a negative phase of the SRP and an amplified NECH at Lag —1 day and
Lag 0 day of the REP events, acting as the upstream and local circulation conditions for
extreme precipitation over the YRLV. Meanwhile, the summer WPSH over the western
Pacific, which can extend westward to the eastern coast of the Asian continent, has promi-
nent impacts on weather over China in summer [34]. To examine whether the WPSH is
connected to the REP events, the 5880 gpm contours are highlighted in 500 hPa geopotential
height fields that correspond to the two REP-event clusters in Figure 7 to show the spatial
distribution of the current WPSH. For comparison, the climatologic 5880 gpm contour is
also added.

The 500 hPa geopotential heights of both clusters show a wavy Asian jet over mid-
latitude Asia, which is a reflection of the SRP. Over the northwest Pacific, the spatial
pattern of the WPSH exhibits an obvious difference between CE-2 and CE-1, which leads
to differences in the spatial distribution of the westerly jet over the northwest Pacific
and NECH. In the composite map of CE-1, the WPSH is located more northward than the
climatologic mean, which has a western ridge north of 30° N. On Lag —1 day, the northward-
shifted WPSH induces southeasterly flow from the Pacific to the eastern coast of China.
The intensified NECH illustrated as the strong ridge in the original 500 hPa geopotential
height field (Figure 7a) also induces southeasterly flow and relays the northwest-Pacific-
originating flow to the YRLV. At Lag 0 day, the NECH is further intensified, and the WPSH
extends westward; the NECH and WPSH seem to join with each other. The 5880 gpm
contour extends westward into East China, a condition that further intensifies the Pacific-
originating flows intruding into the YRLV. In the composite map of CE-2, the WPSH is
located south of 30° N, with a western edge in the East China Sea at Lag —1 day. As
the NECH continues to intensify, the WPSH extends to South China at Lag 0 day. The
intensification of the NECH and the WPSH together strengthens the southerly flow and
water vapor transport from the Bay of Bengal in CE-2.

However, the composited 500 hPa geopotential heights of both CN-1 and CN-2 show
much weaker WPSH (Figure 9). The current 5880 gpm contour almost disappears west of
longitude 140° E. Thus, it seems that the WPSH has little influence on the distribution of
NECH and does not significantly contribute to the water vapor transport toward the YRLV.
The high-pressure anomalies over NECH are the result of the development of the negative
phase of the SRP.

According to the above discussion, it is showed that water vapor transport is carried
out by both the NECH and the westward-extended WPSH as a relay process. The westward-
extended WPSH causes water vapor transport from the northwest Pacific or the Bay of
Bengal to East China or South China, and the NECH continues to transport the water vapor
to the YRLV. Therefore, the intensified WPSH reinforces the southerly flow and water vapor
transport at the lower level. Moreover, the difference in the location of the WPSH leads to
different distributions of lower troposphere circulation over the east coast and consequently
different water vapor transport patterns.

3.2.4. Differences between Normal Precipitation Events and REP Events

To further distinguish the circulation of REP events from that of normal precipitation
events, differences in the 500 hPa geopotential height anomalies, the 850 hPa wind velocity
vectors, and water vapor transport (vectors) and its divergence (color shadings) between the
REP events and normal precipitation events are shown in Figure 10. The differences in the
500 hPa geopotential height anomalies between the REP events and normal precipitation
events show a significant positive anomaly west of Japan that is confined to the north
of 30° N for Cluster 1, as well as a more meridionally elongated positive anomaly along
the east coast of the Asian continent. The results indicate that there is a high similarity
between the clustered circulation regimes of the REP events and normal precipitation.
The two clustered regimes have typical circulation patterns for both normal and extreme
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precipitation events. The significant positive geopotential height anomalies over the NECH
indicate that the amplification of the NECH is the main reason for the extreme precipitation
over the YRLV through enhanced westward and northward water vapor transport from
the ocean. The differences in the water vapor transport and the divergence of this transport
between the REP events and normal precipitation events, as shown in Figure 10a,b, reveal
that the 850 hPa flow and associated water vapor transport from the northwest Pacific/Bay
of Bengal are strengthened during extreme precipitation events for CE-1/CE-2. Thus, the
strength of the water vapor convergence is greatly increased for the two clusters of extreme
precipitation events.

(a) CE—1 lag—1

(b) CN—1 lag—1
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Figure 10. The difference (extreme minus normal) of the composited water vapor transport (vectors,
m-kg-s~!-kg~1) and its divergence (color shadings) (a,b) and of the composited 500 hPa geopotential
height (contours) and 850 hPa wind vector (vectors, m-s~1) (c,d) between the composites based on
the Lag —1 days of the events in CE-1 and CN-1 (a,c) and in CE-2 and CN-2. The red dots denote the
95% confidence level.

The rainfall amounts of the two REP-event clusters and normal precipitation events
are composited, as shown in Figure 11. During the CE-1 REP events, the NECH pressure
is located northward, and the northwest-Pacific-originating water vapor is transported
mainly from southeast of the YRLV. The extreme precipitation loading occurs primarily
over the north and west of the YRLV, with a maximum over the north of the YRLV. For the
REP events of CE-2, the extreme precipitation covers the entire YRLV, with a maximum
over the central part of the YRLV. This is because the NECH is more meridionally elongated,
and the corresponding water vapor transport comes from south of the YRLV. In contrast,
the precipitation composites of the two clusters of normal precipitation events are much
weaker than those of the REP events. Th e difference between the spatial distributions
of the eastern high-pressure circulation in the two clusters of the normal precipitation
events also leads to different distributions of rainfall in the YRLV. However, the difference is
not obvious.
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Figure 11. Composite of the total rainfall amount (mm/day) over the YRLV for the events in CE-1 (a),
CE-2 (b), CN-1 (c), and CN-2 (d); the gray dots denote the 95% confidence level.

3.3. Links to European Blocking Activity

According to the above discussion, it has been showed that precipitation over the YRLV
occurs when the SRP shows a negative phase with a high-pressure anomaly over NECH.
Extreme precipitation occurs when the high-pressure anomaly over NECH is intensified
and the WPSH extends westward. Although the westward-extended WPSH can reinforce
southerly flow in the lower troposphere from the northwest Pacific during REP events, the
WPSH is not the reason for the intensification of the NECH and the other two action centers
of the SPR. The SRP is a signal that is most significant above the 500 hPa level. Moreover,
the amplified NECH is the local circulation that controls the local water vapor transport and
convergence over the YRLV. Therefore, the development of the SRP and the amplification
of the NECH is the key to explaining the summer extreme precipitation in YRLV. Kosaka
et al. [25] indicated that the intraseasonal intensification of the SRP is generally attributed
to the energy from upstream blocking. In this section, the possible connection between
upstream blocking activities and the evolution of the NECH is investigated.

3.3.1. Statistic Connection to Upstream Blocking Activities

In the mid-summer Asian continent, the SRP is the leading mode along the Asian
jet. The anomalous pattern of the SRP efficiently extracts available potential energy from
the jet by means of baroclinic energy conversion [25]. Chen at el. also indicated that
quasi-stationary external modes are destabilized by weak thermal damping. Chen and
Huang [22] indicated that the interannual variation in the SRP is connected to the Circum-
global Teleconnection (CGT). However, at a monthly to seasonal scale, coupled models
cannot predict the temporal phase of the SRP, and the wave energy propagating from the
polar front jet in a southeastward direction to the Asian jet influences the evolution of
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the SRP [25]. Kosaka et al. [32] showed that European blocking can be instrumental in
triggering the SRP at a subseasonal time scale.

To examine the connection between upstream blocking and the summer precipitation
extremes over the YRLYV, the blocking activities for strong extreme precipitation years and
normal precipitation years were composited. The extreme and normal precipitation years
were defined as follows. Based on the yearly REP index, an extreme precipitation year
must have least 3 REP days in summer, while a normal year must have no REP days in
summer. The blocking frequency was calculated according to a two-dimensional blocking
index [29]. The results (Figure 12a) indicate that the number of summer blocking days is
greater than the climatological mean in extreme precipitation years; in contrast, the number
of European blocking days is at the mean level in normal precipitation years (Figure 12b).
This confirms our conjecture that the occurrence of extreme precipitation in the YRLV is
connected to upstream blocking activities.

180°W
180°W

Figure 12. Composites of the blocking frequency anomalies for extreme precipitation years (a) and
normal precipitation years (b). The contour interval is 2; shading denotes the 95% confidence level.

3.3.2. Daily Evolutions of the SRP Action Centers and Upstream Blocking

The composited results of the extreme/normal precipitation years indicate a statistical
connection between European blocking and the occurrence of REP in the YRLV (Figure 12).
In this section, the evolution of the action centers in the SRP will show how upstream
blocking influences the amplification of high pressure over the NECH. This may provide a
possible mechanism underlying the occurrence of REP in the YRLV.

To investigate how upstream blocking influences the evolution of high-pressure
anomalies over NECH, the daily variations in the 500 hPa height anomaly from Lag —5 to
Lag +2 are composited based on the 53 selected REP events (Figure 13). At Lag —5 day, the
composited 500 hPa geopotential height anomalies illustrate an incipient negative phase
of the SRP along the Asian jet with high pressure over Japan and a northwest-southeast
oriented subpolar wave train from north Europe to the Asian continent. The wave train
pattern is very similar to the July and August mean high-pressure anomaly for the extreme
precipitation years in Figure 13. This indicates that the July and August mean circulation
pattern provides a background for the intraseasonal development of the SRP and the NECH
that corresponds to the occurrence of extreme precipitation in the YRLV. The wave-activity
flux is considered a “snapshot” of a propagating packet of stationary or migratory wave
disturbances [31]. Figure 13 also shows the daily wave-activity flux during the REP events.
On Lag —5 day, the wave-activity flux is found mainly along two paths: one path begins at
the entrance of the Asian jet, and the other is oriented in a southeast direction from north
Europe (polar front) to the Asian jet. Kosaka et al. [25] concluded that the southeastward
direction of the wave-activity flux indicates the propagation of wave energy from the polar
front jet to the Asian jet. Figure 13 illustrates a combination of the wave-activity fluxes
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of the polar front and Asian jet from the Lag —5 day to the Lag —2 day that leads to the
intensification of the action centers of the SRP. The SRP begins to show a typical shape on
Lag —4 day. The west part of the incipient high-pressure anomaly over Japan intensifies as
the wave activity flux continuously propagates from west to east and eventually appears
as high pressure over NECH. The incipient large-scale high pressure is then divided into
two high-pressure centers. Thus, the amplification of the high pressure over NECH is a
result of downstream wave energy propagation from the wave activity over Europe.

40E 60E 80E 100E 120E 140E  160E

RNAT

140E  160E 1 0 0 0 0 80E 120E 140 160E 1

Fm/s 3m/s

Figure 13. Composites of the Lag —5 day to the Lag +2 day 500 hPa geopotential height (contour,
gpm) and 300 hPa Rossby wave activity (vector, m?/s?) for the REP events. The gray dots indicate
the 95% confidence level.

Figure 13 also shows that a high-pressure anomaly persists over Europe from the
Lag —5 day to the Lag +2 day. The long-lasting high pressure indicates the existence of a
blocking event over Europe that is related to the positive phase of NAO [33]. The eastward
propagating wave-activity fluxes propagate continuously from the Europe blocking, a
condition that implies the energy connection between upstream blocking and the action
centers of the SRP. Three high-pressure centers are in relation with the process, including
blocking over Europe (20° W-20° E, 40° N-70° N), the medium high-pressure anomaly
over Mongolia (40° E-80° E, 40° N-70° N, the medium center), and the high-pressure
anomaly over northeast Asia (110° E-160° E, 40° N-70° N, the eastern center), which
evolves into the NECH. The maximum composited 500 hPa geopotential height anomalies
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in these three regions are shown in Figure 14; these values are considered the amplitudes
of the action centers. The result shows that the development of the three action centers
illustrates a lead-lag process. The amplitude of the blocking circulation first develops
10 days before the extreme precipitation day (Lag —10 day), reaches its maximum at
Lag —7 day, and then decays to its minimum at Lag —4 day. The medium center intensifies
during the decay of the blocking and reaches its maximum on Lag —3 day. The decay of the
medium center is accompanied by the amplification of the eastern center, which reaches a
maximum at Lag 0 day. This significant lead-lag connection among the three high-pressure
anomalies confirms that the amplification of the NECH is a result of the existence of blocking
over Europe.
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Figure 14. Temporal evolution of the three high-pressure anomaly centers: blocking high over the
European continent (the blue line, located at 20° W-20° E; 40° N-70° N), the high-pressure anomaly
over Mongolia (the green line, located at 40° E-80° E; 40° N-70° N), and the high-pressure anomaly
over the west of Japan (the red line, located at 110° E-160° E; 40° N-70° N).

3.3.3. Seasonal Background

The connection between extreme precipitation and blocking activities at the inter-
annual time scale are reflected in seasonal background circulation patterns. The July
and August mean 500 hPa geopotential height anomalies are composited according to
the extreme precipitation years and normal precipitation years (Figure 15a,b). The most
prominent characteristic of the composited fields is the negative phase of the SRP over the
Asian continent. The three action centers of the SRP, showing positive-negative-positive
geopotential height anomalies, align along the Asian jet from west to the east over 60° E,
90° E, and 120° E, respectively. Meanwhile, the composite 500 hPa geopotential height for
the normal precipitation years shows no obvious high-pressure anomaly over the European
continent and a weak positive SRP over the Asian continent. The negative phase of the
SRP corresponding to the extreme precipitation years is very similar to the leading mode
of the summer 200 hPa geopotential height anomaly, the CGT [35], which is considered
the interannual component of the SRP and is connected to tropical heating anomalies [22].
Chen and Huang [22] indicated that the tropical heating anomalies most responsible for
the CGT pattern are located over the North Indian Ocean. Their result is supported in this
study. The composite one-month-leading (June—July mean) tropical sea surface temperature
(SST) anomaly pattern of the extreme precipitation years shows significant positive SST
anomalies over the northern Indian Ocean (Figure 16). Hong and Lu [36] further indicated
that the negative SST anomalies over the tropical central and eastern Pacific of the preced-
ing spring lead to significantly cooler tropical tropospheric temperatures in summer and
induced the northward displacement of the Asian jet and the negative phase of the SRP.
The composite SST anomaly pattern of the extreme precipitation years also shows negative
anomalies over the central and eastern tropical Pacific.
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1800w

Figure 15. Composites of the July and August mean 500 hPa height anomaly for the extreme
precipitation years (a) and normal precipitation years (b). The shading denotes the 90% confidence
level, the dashed/solid lines indicate negative/positive values, and the contour interval is 4 gpm.

14N 0.4
12N ° 0.2
(° o / °

0 ! \ 0.2
12% > 04

0° 40°E 80° 120° 160% 10w 120w 80°W 40w °

Figure 16. Composite of the June—July mean SST anomalies (°C) for extreme precipitation years.

In the composited July and August mean geopotential height anomaly field (Figure 15),
the subpolar wave train is also significant, especially the high-pressure anomaly over the
European continent. Because a blocking anticyclone develops through the interaction of
an incipient high-pressure anomaly with preexisting synoptic-scale perturbations [37], the
high-pressure anomaly over the European continent indicates the tendency of European
blocking. Thus, the background European high and negative phases of the SRP can
be regarded as preconditions for the amplification of the high-pressure anomaly over
NECH and extreme precipitation over the YRLV. However, we do not observe an obvious
intensification and westward extension of the main body of the WPSH in the composited
July and August mean circulation pattern for the extreme precipitation years. There is
only a strong high-pressure anomaly from NECH to Japan. This July and August mean
high-pressure anomaly is often called the Bonin high [19], which is a stationary barotropic
ridge that occurs after Meiyu in late summer near Japan. Enomoto et al. [19] indicated
that the Bonin high is formed as a result of the propagation of the SRP along the Asian
jet in the upper troposphere. The existence of the Bonin high provides a condition for
the west and north stretch of the WPSH at the subseasonal time scale. Therefore, the
spatial pattern of the subpolar stationary wave over the Eurasian continent and the phase
of the SRP are responsible for the interannual variability of extreme precipitation over
the YRLV. The occurrence of blocking events stimulates the subseasonal evolution of
extreme precipitation.

4. Discussion
4.1. Extreme Precipitation Days

The first EOF of the interannual summer extreme precipitation variability over China
shows a distinct loading over the YRLV and has the same sign as the interannual summer
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extreme precipitation variability over South China but an opposite sign as that over the
Yangtze River basin. This result indicates that the interannual variabilities of extreme
precipitation over the YRLV could be influenced by large-scale circulation and could be
connected to the lower latitude circulation system.

Previous studies show the variations of rainfall at the middle and upper reaches of the
Yellow River [14] or the climatology variation of days with heavy rain in YRLV [2]. This
study further reveals the spatial and temporal distribution of extreme precipitation days
over the YRLV region. The distribution of the local summer extreme precipitation days
over the YRLV (Figure 3a) shows a homogenous mode. The action center is located over
the northwest YRLV. Summer extreme precipitation accounts for a large amount of the total
summer rainfall in the YRLV region, especially over the northwest part of it. The extreme
precipitation occupies more than 30% of the total amount of summer precipitation in the
northwest YRLV (Figure 3b), indicating that extreme precipitation has a critical influence
on the local dry climate. Most of the extreme precipitation events occur simultaneously
over fewer than three stations and persist for 1-2 days (Figure 4).

4.2. Atmospheric Circulations

The YRLYV is in the boundary belt of the summer monsoon [38]. The edge of the
summer monsoon circulation expands the most northward in late July and then retreats
southward [38]. After the retreat of the summer monsoon, the SRP becomes obvious in
July and August [29], during which the YRLV and its surroundings are under the control
of the SRP. Thus, the background circulations over the YRLV in the early summer are
different from those over the YRLV in the mid to late summer. Summer monsoon-induced
rainfall mostly occurs over the southeast part of the YRLV, and the impact of the summer
monsoon usually ends in July. Most of the extreme precipitation (nearly 90% of the total
summer extreme precipitation) in the YRLV occurs in July and August, a period that is
consistent with the results showing that extreme precipitation in the YRLV is induced by
the amplification of the SRP.

The composite 500 hPa and 300 hPa circulations at Lag —1 day and Lag 0 day of both
the regional extreme and normal precipitation events show high-pressure anomalies over
NECH (Figures 6-9) and a negative phase of the SRP over the Eurasia continent. This means
that either normal precipitation or extreme precipitation is connected to the high-pressure
anomalies over NECH. However, this high-pressure anomaly is much stronger for extreme
precipitation. The strong high-pressure anomaly induces enhanced water vapor transport
from the Bay of Bangle or the northwest Pacific, which results in extreme precipitation in
the YRLV.

Various studies have indicated that the SRP significantly affects climate over a broad
area [20-22,39]. In this study, it was found that Rossby wave energy propagates in a
southeastward direction from the European blocking to the SRP and eventually amplifies
the NECH, the eastern action center of the SRP in the upper troposphere. The schematic
diagram in Figure 17 shows the subseasonal procedure by which blocking amplifies the
NECH a36.
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Figure 17. A schematic diagram showing how European blocking causes the occurrence of extreme
precipitation over the YRLV under the combined action of the negative phase of the Silk Road pattern
(SRP—the blue circles over mid-latitude Asia) and the western Pacific high (WPSH, the red solid arc).
The Rossby wave energy (the thick dashed gray curve with arrows denoting the pattern and direction
of the wave energy propagation) propagates in a southeastward direction from the European block
to the SRP, amplifying the northeast China high (NECH), the eastern action center of the SRP in the
upper troposphere. The lower troposphere anti-cyclonic circulation with a center over the Bohai Sea
is the lower-level reflection of the NECH, which has a spatial pattern modulated by the location of
the WPSH. The combined effect of the amplified NECH and the WPSH strengthens the water vapor
transport and determines the water vapor transport pattern and location of extreme precipitation
over the YRLV.

d leads to extreme precipitation over the YRLV.

The lower troposphere anti-cyclonic circulation with a center over the Bohai Sea is
the lower-level reflection of the NECH, whose spatial pattern is modulated by the location
of the WPSH, as shown in the composited 500 hPa circulations of the CE-1 and CE-2 at
Lag 0 day (Figures 6 and 7). The amplified NECH and the WPSH strengthen the water
vapor transport and determine the pattern of water vapor transport and the location of
extreme precipitation over the YRLV (Figure 7). For the REP events in CE-2/CE-1, the
southerly flow along the west of the high-pressure anomaly over the NECH relays the
water vapor transport from the Bay of Bengal /northwest Pacific along the west and south
of the intensified WPSH.

The composited 500 hPa background circulation pattern for the extreme precipitation
years does not illustrate the westward extension of the main body of the WPSH; there is
a significant high-pressure anomaly covering a broad region from the Bohai Sea to Japan
that is similar to the Bonin high (Figure 15). This high pressure is considered a result of the
propagation of the SRP along the Asian jet [19]. The apparent westward extension of the
5880 gpm contour in the composite Lag —1 day and Lag 0 day of the REP events can be
considered the result of both the amplification of the Bonin high and the daily evolution of
the WPSH. This is consistent with many earlier studies that indicated that an isolated high
pressure exists west of Japan in flood years [14,40]. However, these studies did not discuss
extreme precipitation. As shown in the present study, extreme precipitation occurring
after the retreat of the summer monsoon circulation is a critical supplement for the drier
northwest YRLV, which always leads to drought or flood summers in this region.
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The composited July and August mean 500 hPa geopotential anomaly for the extreme
precipitation years shows a high-pressure anomaly over the European continent and a
negative phase of the SRP along the Asian jet (Figure 15). The former provides a background
for the occurrence of European blocking, and the latter provides an explanation for the
preexistence of the NECH and a linkage between European blocking and the amplification
of the NECH. Thus, the interannual variation in the extreme precipitation over the YRLV
is mainly reflected by the phase of the SRP and the stationary waves over Europe, which
are considered to be connected to the tropical heating over the north Indian Ocean and the
tropical Pacific (Figure 16). The occurrence of blocking events stimulates the subseasonal
evolution of extreme precipitation.

5. Conclusions

This study analyses the features of extreme precipitations in summer over YRLYV, as
well as the corresponding circulation characteristics. Based on the analysis of regional
extreme precipitation events, the circulation field of extreme precipitation can be divided
into two clusters. Enhanced high pressure over northeast China (NECH) and the western
Pacific subtropical high (WPSH) are the key factors causing extreme precipitation. The
intensified southerly flow of the amplified NECH strengthens the water vapor transport
induced by the westward extension of the WPSH from the northwest Pacific or Bay of
Bengal into the YRLV. Extreme precipitation occurs over the northwest/central region of
the YRLV when the WPSH is located north/south of 30° N.

There is a high anomaly of blocking frequency for extreme precipitation years. Addi-
tionally, the NECH is amplified by the wave energy propagating from European blocking
via the Silk Road pattern.
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