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ABSTRACT: Based on a new approach that can effectively recognize both persistent
ridges and blockings (maxima) of 500-hPa geopotential height (500Z; PMZ) events,
the contributions of the frequency of PMZ events (FOPE) over different regions of
Eurasia to precipitation over eastern China are investigated. The results reveal that,
relative to the FOPE over other ranges of longitude, that over 110°E—130°E, near the
Stanovoy Mountains (SM) and Okhotsk Sea (OS) region, is most significantly
correlated with precipitation over the middle and lower reaches of Yangtze River
(MLRYR) during summer, particularly in August. Through southward Rossby-wave
energy dispersion of the geopotential height anomaly near the OS, the 110°E-130°E
FOPE is closely related to the high- and mid-latitude anomaly centers of East
Asian/Pacific (EAP) pattern which, together with the low-latitude anomaly center of
the EAP pattern, induce a convergence of cold and warm flows over the MLRYR, and
hence modulate precipitation in situ. The synthesized effect of July geopotential
height anomaly over the Balkhash Lake (BL) and that over the Caucasus region (CR),
which is closely connected with a Silk Road Pattern, can stimulate and intensify a
relay-like northeastward extension of geopotential height anomaly from the BL to OS
regions during July—August. This northeastward extension implies that high-pressure
systems appear over the BL during July and then gradually move northeastwards
during July—August and finally facilitate the occurrence of 110°E-130°E PMZ events
during August. As such, a July BL-CR height index measuring both the CR and BL
height anomalies gives a good performance in predicting the August 110°E-130°E

FOPE, which also facilitates, to some extent, the prediction of August MLRYR



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

precipitation.
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1. Introduction

Blocking is one of the most important atmospheric circulation systems at the middle
and high latitudes, contributing to weather and climate anomalies over different
regions during different seasons. For example, anomalous evolution of blocking can
trigger large-range cold waves during winter and spring (Lukas et al., 2017; Buehler
et al., 2011; Pfahl and Wernli, 2012; Cattiaus et al., 2010; Ye et al., 2015). During
summer, persistent blocking can induce local high pressure that prolongs dry and
warm surface conditions, and therefore lead to severe droughts and heatwaves (Green,
1977; Dole et al., 2011; Matsueda, 2011; Hoskins and Woollings, 2015; Horton et al.,
2016). Also, the maintenance of Eurasian blocking highs plays an important role in
adjusting large-scale droughts and floods over different regions of China (Gu et al.,
2016; Yu and Lin, 2006; Lu et al., 1999; Wu et al., 1994; Bi and Ding, 1992; Zhang
and Tao, 1998).

Besides blockings, it is found that open ridges are able to cause high-impact
weather and climate anomalies in certain cases, such as an extreme heatwave in early
August 2003 over Europe (Black et al., 2004) and an extreme cold event in East Asia
(Bueh and Xie, 2015). Actually, open ridge, omega-shape blocking, and closed
blocking often constitute a life cycle of the development of high pressure anomaly,
which consecutively affects synoptic-scale temperature and precipitation anomalies.

When the processes frequently take place, they can even adjust climate anomalies on
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seasonal timescale. For instance, strong persistent high-pressure (anticyclone)
anomaly over the Okhotsk Sea (OS) region can cause floods over the middle and
lower reaches of Yangtze River (MLRYR) during summer (Zhang and Tao, 1998), in
which the summer-mean high-pressure anomaly (anticyclone) should be considered as
a common outcome of both blockings and open ridges. It is well known that the
MLRYR is an important area bearing on the sustainable development in ecology and
economy of China (Zhang et al., 2008). However, this area experienced frequent
floods, which was the direct result of abnormally more precipitation that occurred
during summer (Yi and Li, 2001). It is obviously important to investigate the
relationship of summer precipitation over the MLRYR with blocking and open ridges
and to further explore associated preceding signals.

The abovementioned studies showed the importance of blockings and open ridges
in affecting temperature and precipitation anomalies on different timescales. However,
the definitions of most blocking indices cannot effectively recognize ridges of
different types, such as persistent ridges, immature blockings and omega-shape
blockings. Recently, a Lagrangian objective approach, which is different from
Eulerian objective method (Kaas and Branstator, 1993; Renwick, 2005; Parsons et al.,
2016), is developed to identify and track persistent open ridges of 500-hPa
geopotential height either as an individual event or as a part attached to a blocking
anticyclone (Liu et al., 2017). This new approach successfully captures the formation
and moving of open ridges and closed blockings, thus we use it to identify persistent

open ridges and blocking highs (maxima) of 500-hPa geopotential height (Z500; PMZ)
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in the present study.

Based on the PMZ events identified by the new approach (Liu et al., 2017), the
relationships between precipitation over eastern China and the frequency of PMZ
events (FOPE) over different regions of Eurasia during summer are explored, which
can disclose where the key region of PMZ events influencing precipitation over
eastern China is. In addition, preceding atmospheric signal of the FOPE over the key
region is investigated, which is, to some extent, favorable for understanding and
improving the prediction of precipitation over eastern China.

The rest of this paper is organized as follows: The datasets and methods are
described in section 2. The relationship between the FOPE and precipitation over
eastern China during summer, as well as associated mechanism that explains this
relationship, are presented in section 3. The preceding atmospheric signals of the
FOPE are investigated in section 4. Finally, a summary and a discussion are provided

in section 5.

2. Data and methods

2.1 Data

The daily 500-hPa geopotential height with the spatial resolution of 2.5° by 2.5°,
which is obtained from the National Centers for Environmental Prediction (NCEP)
and National Center for Atmospheric Research (NCAR) reanalysis dataset (Kalnay et
al., 1996), is applied in identifying the PMZ events. The NCEP monthly mean

pressure-level geopotential height and #- and v-wind (Kalnay et al., 1996) and the
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monthly values of the Climate Prediction Center Merged Analysis of Precipitation
(CMAP) with the spatial resolution of 2.5° by 2.5° (Xie and Arkin, 1997) are also

utilized in this study. The above datasets are extracted for the period 1979 to 2017.

2.2 Methods

Following Liu et al (2017), a PMZ event can be identified when its core includes a
local maximum of eddy anomaly (Z*) of Z500 and its neighboring grid points whose
values are greater than 100 GPMs and decrease radially to about 20 GPMs smaller
than the maximum value. In addition, if two cores share at least on grid point and
move no greater than 10° longitude per day on consecutive Z* maps, they belong to
one PMZ event. The PMZ event should persist for 2 days or longer; otherwise it
cannot be regarded as a PMZ event. To exclude weak ridges, each of the tracked cores
is expanded to contain more contiguous points whose Z* value decrease radially to
about 100 GPMs.

The FOPE is defined as follows. If a PMZ event appears (including occurs and
passes through) over a grid point in a day, one time is counted in this grid point. If a
persistent PMZ event occupies a grid point for n days, n times are counted in this grid
point. The FOPE over a region is calculated by the averaged times in each grid point
within this region, which can therefore reflect the length of time when PMZ events
govern this region.

Correlation and regression are also used in the present study to examine the
relationships between variables. Since the variation of one variable may sometimes be

caused by multiple factors, a linear fitting method is applied to reveal the independent
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effect of one factor after removing the variation of the other factor (Hu et al., 2012).
In this study, unless otherwise stated, the Student’s t-test is employed to evaluate the

statistical significance of correlation and regression analyses.

3. Relationship between the FOPE and precipitation over eastern China

3.1 Climate distribution of the FOPE and precipitation
Before exploring the relationship between the FOPE and precipitation over eastern
China during summer, we first detect the climate mean distributions of FOPE for four
seasons (spring, summer, autumn, and winter) during the period 1979-2017, which
are shown in Figure 1. During summer the area with the FOPE higher than 5 extends
eastwards from Europe to eastern Russia, around the longitude of 145°E, to the north
of the OS (Figure 1b), while the area with the FOPE higher than 5 can only extend to
the west of the Baikal Lake during the other three seasons (Figures la, c, and d).
Especially, over the region to the north of the OS, the PMZ events during summer
appear more often than those during the other three seasons. Strong persistent
blockings around the OS often result in flood events over the MLRYR during summer
(Sun and Zhao, 2003; Shen et al., 2008). As such, the summer higher FOPE around
the OS, indicating longer-term control of blockings and ridges in situ, tends to play an
important role in causing more precipitation over eastern China.

The climate distribution of precipitation shows that more precipitation (exceeding
160 mm) occurs over the MLRYR and its south in summer (Figure 2a). Actually, main

rain belt generally appears to the south of the Yangtze River in June (Figure 2b), and
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then advances northwards to the MLRYR in July (Figure 2c), and finally retreats back
to southern coast of China in August (Figure 2d). This is a typical monthly evolution
process of the main rain belt over southern China during summer.

However, this typical evolution of rain belt may be changed due to abnormal
atmospheric circulation in some specific years. For example, in 1980, the main rain
belt stayed over the MLRYR for a longer time since a stronger and farther-southward
western Pacific subtropical high (WPSH) during August (Zhao, 1999). As such, more
August precipitation appeared over the MLRYR, which accounted for 40% of summer
precipitation amount in sifu in 1980, much higher than the climate-mean one (28%).
Furthermore, this process in 1980 is not merely occasional. According to the result
based on expanded empirical orthogonal function (Chen et al., 2007), this kind of
process should be considered as one of most dominant modes of rain belt’s evolution
during summer. This signifies that, in some specific situations, precipitation in a
particular month has a greater contribution to summer precipitation amount over the
MLRYR. Evidently, it is worthy of exploring that the relationship between the FOPE
and precipitation over eastern China during each month of summer and during the

whole summer.

3.2 Precipitation and large-scale atmospheric circulation anomalies associated
with the FOPE

Figure 3 presents the correlation of summer precipitation over eastern China with
the simultaneous FOPE over the region between 110°E and 130°E (hereinafter called

110°-130°E FOPE) during 1979-2017. Here the latitudinal range of FOPE is not
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specifically confined, but the PMZ events primarily appear between 50 °N and 80°N,
which can be detected in Figure 1b. Namely, all PMZ events at the mid- and
high-latitudes of Eurasia are included in this analysis. As shown in Figure 3, the
110°-130°E FOPE is significantly and positively correlated with precipitation over
the MLRYR region (27.5°N-33°N, 107°E-123°E). Actually, to investigate the
relationship between the FOPE over different ranges of longitudes and the MLRYR
precipitation, we also calculate the 5°-longitude sliding correlation coefficient
between the MLRYR precipitation and the FOPE from the 30°E-50°E to
130°E-150°E regions (Figure 4a). This result further shows that, the correlation
coefficient between the FOPE over the 110°E-130°E region and the MLRYR
precipitation is the highest (0.56) during summer, significantly at the 99.9%
confidence level (Figure 4a). In other words, the 110°E—130°E region is the most
crucial region where the FOPE is closely related to the MLRYR precipitation during
summer.

The correlations between the 110°E-130°E FOPE and precipitation over eastern
China during June, July, and August, respectively, are displayed in Figure 5. The
results further reveal that the significantly positive relationship between the
110°E-130°E FOPE and precipitation over the MLRYR region primarily exhibits
during August (Figure 5c) rather than June (Figure 5a) and July (Figure 5b). Moreover,
the 5°-longitude sliding correlation during August (Figure 4b) indicates that the
MLRYR precipitation is also most significantly correlated with the FOPE over the

110°E—130°E region.
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Figure 6 shows the time series of the August 110°E—130°E FOPE and MLRYR
precipitation indices during 1979-2017. During August, the correlation coefficient
between the 110°E-130°E FOPE (red line in Figure 6) and MLRYR precipitation
(blue line in Figure 6) indices is up to 0.57, significant at the 99.9% confidence level.

There are 9 years (1980, 1988, 1991, 1998, 1999, 2000, 2011, 2015, and 2017)
with the 110°E-130°E FOPE higher than 9 days, which indicates that the PMZ events
occupied the 110°E—130°E region for approximately 30% of all 31 days in August.
The 9-year mean precipitation over the MLRYR during August is 181.04 mm,
considerably more than climate mean precipitation (152.26 mm) in situ. Moreover, the
9-year mean MLRYR precipitation in August is even more than that (170.09 mm) in
July, which implies that the main rain belt commonly tends to stay and govern over
the MLRYR corresponding to more PMZ events over the 110°E-130°E region during
August.

There are 6 years (1985, 1986, 1997, 2003, 2012, 2016) with the 110°E-130°E
FOPE lower than 2 days. That is, there was no or very less PMZ events over the
110°E—130°E region during August. The 6-year mean precipitation over the MLRYR
during August is 115.79 mm, clearly less than climate mean precipitation (152.26 mm)
in situ. The 6-year mean MLRYR precipitation in August is much less than that
(182.85 mm) in July. This implies that the main rain belt generally cannot stay over
the MLRYR in the absence of PMZ events over 110°E—130°E region during August.

The composite difference of precipitation between the years with the August high

and low FOPE shows that, precipitation over the MLRYR does not manifests
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significant anomalies during July (Figure 7a), but exhibits significant positive
anomalies during August (Figure 7b). This further implies that, accompanied with the
higher FOPE appearing over 110°E-130°E, the main rain belt is normal during July,
but still govern the MLRYR rather than withdraw back during August, therefore
resulting in more precipitation over the MLRYR at that time.

In short, the aforementioned results signify that, among all PMZ events over
Eurasia, those over the 110°E—130°E region seem to be of most importance in relating
to the MLRYR precipitation during summer. Moreover, this close relationship
primarily manifests during August, which is possibly due to that the PMZ events over
the 110°E—-130°E region generally tend to postpone the southward retreat of main rain
belt and make it stay around the MLRYR in August. Thus, August large-scale
atmospheric circulation anomalies associated with 110°E-130°E FOPE and their
climate affects are further discussed.

Firstly, circulation anomalies associated with the MLRYR precipitation are shown
to explain the reason for the variation of August MLRYR precipitation. During August,
anomalous 500-hPa geopotential heights regressed upon the MLRYR precipitation
(Figure 8a) approximately shows an East Asian/Pacific (EAP) teleconnection pattern
(Huang and Sun, 1992; Lu, 2004), which is characterized by a positive geopotential
height anomaly at the high-latitude area over the Stanovoy Mountains (SM) and OS
region, a negative geopotential height anomaly over the mid-latitude area of East Asia,
and positive geopotential height anomaly over the western Pacific subtropical area at

the 500-hPa level (Bueh et al., 2008; Shi et al., 2009). This is a typical pattern

11
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contributing to precipitation over the MLRYR. Accompanying the positive
geopotential height anomaly to the west of the OS, anomalous 850-hPa anticyclone
appears in situ and induces an anomalous northeastward cold flow along the
southeastern flank of this anticyclone (Figure 8b). Moreover, the positive geopotential
height anomaly over the western Pacific subtropical area reflects a stronger and
farther-southward WPSH. Correspondingly, anomalous 850-hPa anticyclone occurs
and transports warm air to the MLRYR along the northwestern flank of this
anticyclone (Figure 8b). The anomalous cold flow and warm air meet over the
MLRYR and consequently facilitate more precipitation in situ.

The formation of the EAP pattern can be partly attributed to meridional
propagation of quasi-stationary Rossby wave, which is triggered by the anomalous
convective activity in the western Pacific warm pool (Nitta, 1987; Huang and Sun,
1992). Furthermore, Rossby wave packets over the high- and mid-latitude Eurasia
propagate toward East Asia in upper troposphere and play an important role in
forming the high- and mid-latitude anomalies of the EAP pattern (Bueh et al., 2008;
Shi et al., 2009). That is, the EAP pattern is resulted from an interaction between high
and lower-latitude circulation systems (Bueh et al., 2008; Shi et al., 2009). According
to the latter theory (Bueh et al., 2008; Shi et al., 2009), it is highly possible that the
PMZ events frequently appearing over 110°E—130°E region, which are measured by
the 110°E-130°E FOPE, are responsible for, to some extent, the high- and
mid-latitude height anomalies of the EAP pattern during August.

Anomalous 500-hPa geopotential heights regressed upon the 110°E-130°E FOPE

12
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(Figure 8c) bear a similar EAP-like pattern, with a stronger and more significant
positive anomaly around the SM and OS region, centered around (55°N, 130°E). This
implies that, the higher (lower) 110°E-130°E FOPE can effectively represent the
mid-high latitude blockings and ridges more frequently (seldom) appearing and
governing over the SM and OS region during August, and accordingly dominates the
month-mean anomaly of 500-hPa gepotential height in situ.

Corresponding to the EAP-like pattern associated with the higher 110°E-130°E
FOPE (Figure 8c), anomalous 850-hPa winds over East Asian coast (Figure 8d) are
also similar to those modulating the MLRYR precipitation (Figure 8b), with the
anomalous cold northeasterly and warm southwesterly converging over the MLRYR
region (Figure 8d) and therefore favoring more precipitation in sifu, and vice versa.

It should be indicated that, although there is a 110°E-130°E FOPE-related
positive anomaly over the western Pacific subtropical area (Figure 8c), it is hard to
declare that PMZ event stimulates such an anomaly according to the present theories.
However, after removing the variability of geopotential height averaged over the
western Pacific subtropical area (15°N-25°N, 115°E-140°E) using the method of
linear fitting (Hu et al., 2012), the individual variability of 110°E-130°E FOPE is still
closely related to the high- and mid-latitude anomalies of the EAP pattern at the
500-hPa level (Figure 9a), and is therefore intimately linked with the MLRYR
precipitation (Figure 9b), with a correlation coefficient of 0.42, significant at the 99%
confidence level. This result further supports the notion that the development of the

negative geopotential height anomaly over East Asian mid-latitude area is partly
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emanated from Rossby-wave energy dispersion of the positive geopotential height
anomaly near the OS (Shi et al., 2009). In contrast, after removing the variability of
110°E-130°E FOPE, the individual variability of geopotential height averaged over
the western Pacific subtropical area is not closely related to the MLRYR precipitation
anymore (not shown), with the correlation coefficient decreasing from 0.45 to 0.23.

Certainly, in some specific years, the WPSH anomaly seems to play an more
important role and disturb the relationship between the 110°E-130°E FOPE and
MLRYR precipitation. For instance, although there was higher FOPE over
110°E—-130°E region in August 1998, the rain belt moved northwards to the lower
Yellow River valley (Figure 10a), which is due to a stronger and farther-northward
WPSH (Figure 10b). As a result, there was no pronouncedly more precipitation over
the MLRYR during August, floods mostly happened in situ during June and July in
1998, caused by two processes of the Meiyu precipitation during 12-28 June and
20-30 July, respectively (Tao et al., 1998). In August 1991, although there was also
higher FOPE over the 110°E—130°E region, but there was no significant precipitation
anomaly over the MLRYR (Figure 10c), which is mainly attributed to no stronger
WPSH governing southern China, as indicated by negative 500-hPa geopotential
height anomalies (Figure 10d).

Although the above exceptions, the variability of 110°E-130°E FOPE is
undoubtedly important in modulating precipitation over the MLRYR during August.
Therefore, it is also important to explore whether the August 110°E—130°E FOPE can

be successfully predicted. Recently, the Next Generation Global Prediction System
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(NGGPS) is used to predict PMZ events by He et al (2018). Nevertheless, their results
show that the skill score associated with the FOPE is generally lower in the
Euro-Atlantic-Asia sector than in the Pacific-North America sector. To provide an
additional tool or guidance to predict the FOPE in a specific region of Asia (i.e.,
110°E—130°E), we further explore preceding atmospheric signals through statistical

analyses, which may also help to improve the prediction of the MLRYR precipitation.

4. Preceding atmospheric signals of the 110°E-130°E FOPE

The correlation between the August 110°E-130°E FOPE and previous July
500-hPa geopotential heights during 1979-2017 (Figure 11) shows that there are three
significantly positive correlations near the SM, the Balkhash Lake (BL), and the
Caucasus region (CR), respectively. The preceding signals of significant correlations
generally appear over the SM region and its west at the mid- and high-latitudes,
implying that the August 110°E-130°E FOPE can possibly be tracked to upstream
atmospheric circulation anomalies during previous July. The correlation analysis
further reveals that no significant correlations can be detected at the mid-high
latitudes during the earlier month (i.e., June; not shown). The results imply that the
July mid-high-latitude atmospheric circulation anomalies are probably applied in
statistically predicting the August 110°E—-130°E FOPE, but the earlier (June) ones are
not.

Based on Figure 11, the regionally averaged 500-hPa geopotential height over the
SM (52°-60°N, 126°-140°E; the box on the right), BL (39°-46°N, 72°-90°E; the box
in the middle), and CR (36°-46°N, 30°-50°E; the box on the left) is defined as the
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SM, BL, and CR height indices, respectively. Using the three indices, the effects of
the July geopotential height anomalies over the three key regions on the 110°E-130°E
FOPE during the ensuing August are further investigated.

The correlation coefficient between the July SM height index and the August
110°E-130°E FOPE is 0.35, significant at the 95% confidence level. However, the
correlation between the July SM height index and the ensuing August 500-hPa
geopotential heights displays a significantly positive correlation to the east of Japan
(not shown), where is farther east relative to the FOPE-related region where a center
of significantly positive correlation appears (Figure 8c). This implies that the July
geopotential height anomaly over the SM seems to affect its eastern (downstream)
geopotential height anomaly rather than local one during the next month. Therefore,
the July SM height index should not be regarded as a signal that is directly related to
the August 110°E-130°E FOPE. 1t is possible that one or multiple factors affect both
the July geopotential height anomaly over the SM and the August 110°E-130°E
FOPE, and consequently result in their indirect link. However, it might be a
complicated physical process and would not be discussed in the present paper.

The correlation coefficient between the July BL height index and the August
110°E-130°E FOPE is 0.39, significant at the 95% confidence level. The correlation
between the July BL height index and simultaneous 500-hPa geopotential heights
(Figure 12a) shows that a significantly positive correlation extends northeastwards
from the BL region to the region around the Baikal Lake. During August, the

significantly positive correlation continues to extend northeastwards and eventually
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forms a center around the SM and OS region (Figure 12b). The results imply that the
geopotential height anomaly over the BL region may relay its impact through
extending northeastwards during July—August. A potential process is speculated as
follows. High-pressure systems appear over the BL region during July, and then they
gradually move northeastwards during July—August and eventually develop and form
PMZ events around 110°E-130°E and result in month-mean geopotential height
anomalies over the FOPE-related region (i.e., the SM and OS region; Figure 12b)
during August. It should be pointed out that the high-pressure systems over the BL
may not reach the threshold of PMZ event’s strength during July. However, with their
continuous moving and developing from July until August, the high-pressure systems
act to facilitate the formation of PMZ events and make them frequently appear around
110°E-130°E. As such, the July BL height index is closely related with the
110°E-130°E FOPE and with month-mean geopotential height anomaly over the SM
and OS region during August (Figure 12b).

The correlation coefficient between the July CR height index and the August
110°E-130°E FOPE is 0.41, significant at the 99% confidence level. Figure 13a
displays that, apart from a local high correlation, the geopotential height anomaly over
the CR 1is also remotely correlated with that over the BL, forming a
positive-negative-positive pattern from the CR to the BL during July. Similarly, the
BL height anomaly continually extends northeastwards and notably modulates the
110°E-130°E FOPE and associated geopotential height anomaly during July—August

(Figure 13).
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In effect, the geopotential height anomaly over the CR is closely connected with
that over the BL region during July, with a correlation coefficient of 0.56 (significant
at the 99.9% confidence level), and the latter can relay its effect through extending
northeastwards during July—August. Therefore, it is necessary to further understand
whether the variation of the July BL height index itself is sufficient to adjust the
110°E—130°E FOPE or the variation of the July CR height also play a crucial role in
this process. To examine the individual effect of the BL height anomaly when the
variability of the July CR height index is absent, an individual BL height index is
obtained through removing the CR height index-related variation. Figure 14a presents
the correlation between the individual BL height index and 500-hPa geopotential
heights during July, which reveals that the individual geopotential height anomaly
over the BL region is confined to a local area rather than extends northeastwards,
which causes a non-significant correlation (only 0.19) between the individual July BL
height index and the August 110°E-130°E FOPE. The result indicates that the July BL
height anomaly itself is not enough to effectively affect the August 110°E—130°E
FOPE. Meanwhile, this result also implies that the variation of the July CR
geopotential height can also contribute to that of the August 110°E-130°E FOPE, and
therefore the former should also be considered as an important signal for the latter.

To further emphasize the synthesized effect of the BL and CR height anomalies, a
new BL-CR height index is calculated by a simple arithmetic mean of the BL and CR
height indices. The correlations of July (Figure 14b) and August (Figure 14c) 500-hPa

geopotential heights with the July BL-CR height index clearly shows a relay-like
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northeastward extension from the BL to the SM and OS region via the Baikal Lake.
This further reveals that, after superimposing the effect of the CR height anomaly, the
synthesized effect of the July BL and CR height anomalies considerably boosts this
northeastward extension of geopotential height anomaly during July—August relative
to the individual effect of the July BL height anomaly (Figure 14a). As a result, the
July BL-CR height index is closely related to the August 110°E-130°E FOPE, with a
correlation coefficient of 0.46, significant at the 99% confidence level, which is
higher than the correlation coefficients of the August 110°E-130°E FOPE with the
July BL (0.39) and CR (0.41) height indices, respectively.

In addition, the 200-hPa geopotential heights related to the synthesized variation
of the CR and BL height anomalies during July show a clear wave-train pattern from
the tropical Atlantic to East Asia and it adjacent Pacific (Figure 15a). Moreover, the
northeastward extension from the BL to the Baikal Lake is also clear at the
upper-tropospheric level, which further indicates that the preceding atmospheric
signal of the August 110°E-130°E FOPE is closely related to the upper-tropospheric
wave-train pattern. The 200-hPa v-winds related to the synthesized variation of the
CR and BL height anomalies during July (Figure 15b) evidently show a Silk Road
Pattern (SRP; Lu et al., 2002; Sato and Takahashi, 2006; Yasui and Watanabe, 2010;
Chen and Huang, 2012; Hong et al., 2018). Apparently, it is worthy of further
investigation that the relationship between the preceding July SRP and anomalous
activities of PMZ events over the 110°E-130°E region during August and associated

physical mechanism in the future.
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5. Summary and discussion

Based on an updated approach developed by Liu et al. (2017), which can effectively
identify and track persistent ridges and blockings as PMZ events, a FOPE is defined
to reflect time length when and domain where PMZ events govern during some period.
The relationships between the FOPE over different regions of Eurasia and
precipitation over eastern China are explored. The results shows that, among PMZ
events occurring over Eurasia, those over the 110°E-130°E region have the closest
relationship with the MLRYR precipitation during summertime, in particular, during
August. This may, to some extent, be attributable to that the PMZ events over the
110°E—-130°E region generally tend to postpone the southward retreat of main rain
belt and make it reside around the MLRYR in August.

The 110°E-130°E FOPE can effectively reflect more frequently (seldom)
activities of the blockings and ridges near the OS, and therefore is also linked with the
month-mean anomaly of 500-hPa gepotential height in situ during August. Through
southward Rossby-wave energy dispersion of the geopotential height anomaly near
the OS (Shi et al., 2009), the 110°E-130°E FOPE is closely related to the high- and
mid-latitude anomalies of the EAP pattern. Together with the low-latitude anomaly of
the EAP pattern, the high- and mid-latitude anomalies of the EAP pattern associated
with the 110°E-130°E FOPE induce a convergence of cold and warm flows over the
MLRYR, and hence modulate precipitation in situ.

Moreover, the preceding atmospheric signals of the August 110°E-130°E FOPE

are studied. The July geopotential height anomaly over the BL region can extend
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northeastwards from the BL to SM and OS regions during July—August. This
relay-like northeastward extension implies the following potential process, that is,
high-pressure systems appear over the BL region (although they may not reach the
strength level of PMZ events) during July and then gradually move northeastwards
during July—August and finally develop and facilitate the occurrence of PMZ events
around 110°E—-130°E during August. The geopotential height anomaly over the CR is
closely linked with the one over the BL through a positive-negative-positive wave
train during July, and therefore also contributes to the variation of the August
110°E-130°E FOPE. Further analyses suggest that the synthesized effect of the July
CR and BL height anomalies can pronouncedly intensify the northeastward extension
of geopotential height anomaly during July—August. Therefore, to reflect the
synthesized variation of the July CR and BL height anomalies, a BL-CR height index
is defined and is found to be significantly correlated with the August 110°E-130°E
FOPE. Relative to the BL and CR height indices, the July BL-CR height index gives a
better performance in predicting the August 110°E-130°E FOPE, and therefore should
be considered as one of the important predictors. The CR and BL height anomalies are
directly linked with the SRP during July. It should be further discussed how and why
the preceding July SRP can indicate the August 110°E-130°E FOPE in the future.

It is also noted that, although the July BL-CR height index is closely related to the
August 110°E-130°E FOPE, but it is not significantly correlated with August
geopotential heights over the western Pacific subtropical area (i.e., the low-latitude

anomaly center of the EAP pattern), with a low correlation coefficient of 0.13. The
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result indicates that the July BL-CR height index cannot successfully predict the
low-latitude component of the EAP pattern. Despite that, the correlation coefficient
between the July BL-CR height index and August the MLRYR precipitation is 0.27
during 1979-2017, still at the 90% confidence level. In the future, we should further
explore new predictors for August geopotential height over the western Pacific
subtropical area, which should also be combined with the preceding July BL-CR
height index to predict the entire anomalous structure of the EAP pattern. This
combination of multiple predictors may have a higher skill in predicting related

MLRYR precipitation during August.
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Figure 2. Climate mean distribution of (a) summer monthly mean, (b) June, (c) July,
and (d) August precipitation (units: mm) over eastern China during 1979-2017. The
amount of summer precipitation is the value of monthly mean precipitation multiplied
by 3. The upper and lower thick black lines represent the Yellow and Yangtze River,

respectively.
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removing the variability of geopotential heights averaged over the western Pacific
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yellow (red) shading denotes positive correlations significant at the 95% (99%)
confidence level, and blue (purple) shading indicates negative correlations significant
at the 95% (99%) confidence level. For precipitation (b), the shadings also denote

significance of correlation, but at the 90% (95%) confidence level.
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737  Figure 13. As in Figure 12, but for the correlations between the July CR height index
738 and 500-hPa geopotential heights.
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Figure 14. (a) Correlation of July 500-hPa geopotential heights with the July
individual BL height index after removing the variation of the CR height index during
1979-2017. (b) As in (a), but for the correlation with the July BL-CR height index. (c)
As in (b), but for the correlation of August 500-hPa geopotential heights. Yellow (red)
shading denotes positive correlations significant at the 95% (99%) confidence level,
and blue (purple) shading indicates negative correlations significant at the 95% (99%)

confidence level.
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