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A B S T R A C T

The anomalous large-scale atmospheric circulation patterns concerned with surface air temperature and pre-
cipitation anomalies within East Asian Monsoon region for winter and summer months from 1979 to 2017 are
analyzed by employing the self-organizing map (SOM) neural network. The asymmetric 3× 4 SOM neural
network is firstly constructed with the geopotential height anomalies at 500-hPa level as the only input variable.
Then 12 characteristic anomalous large-scale atmospheric circulation patterns (nodes) are identified. The
composites of temperature and precipitation anomalies as well as vertical wind anomalies at 500-hPa level
assigned to each node are generated and visualized. The spatial distributions of anomalous geopotential height
(anticyclones or cyclones) are highly consistent with that of surface air temperature anomalies in both winter
and summer. Most precipitation extremes in winter are attributed to the joint effect of the horizontal and vertical
atmospheric motions, while strong air convection is prone to inducing extreme precipitation events in summer.
Based on the SOM classification, the differences of atmospheric circulations, temperature and precipitation
anomalies have also been partly identified in strong and weak phases of East Asia Monsoon.

1. Introduction

Temperature and precipitation extremes, regarded as the most de-
vastating weather events, usually cause serious impacts on ecosystems,
economy and human health (IPCC, 2007). The intensities and fre-
quencies of climate extremes have been significantly increasing over
the past few decades triggering widespread attentions (Katz and Brown,
1992; Peterson et al., 2002; You et al., 2011). Relevant studies sug-
gested that the variations of temperature extremes would be stronger at
regional and local scales due to global warming, while the changing
pattern of precipitation extremes was uneven and incoherent in dif-
ferent regions (Zhai et al., 1999; Alexander et al., 2006; Haylock et al.,
2006; Klein Tank et al., 2006; Brown et al., 2008; Li et al., 2012; Ohba
et al., 2015). Thus, an effective adaptation to future climate variations
deserves extensive research on the relationships between large-scale
atmospheric circulations and temperature and precipitation extremes
(Robeson, 2002; Wen et al., 2015; Gao et al., 2016; Agel et al., 2017;
Ford and Schoof, 2017; Loikith et al., 2017).

The synoptic-scale circulations, involved with key atmospheric in-
gredients such as geopotential height of a certain pressure level and sea-
level pressure, are generally considered as the main factors contributing
to the climate extremes (Grotjahn and Lee, 2016). The large-scale

atmospheric circulation patterns (LSACPs) are usually related to re-
gional environmental variables in studying the climate extremes
(Yarnal, 1993; Sheridan and Lee, 2012). The most vital core is the
identification of main characteristics of LSACPs and subtle variabilities.
There are a few of methods available that could be used to discern the
LSACPs associated with climate extremes at local or regional scales.
Hart et al. (2006) classified the surface and upper air meteorological
conditions from October to March over a 10-year period in Sydney into
the LSACPs using principal component analysis (PCA), and explored the
influence of atmospheric circulation on ozone pollution. Riddle et al.
(2013) applied the K-means clustering (KMC) approach to characterize
the anomalous LSACPs in winter over the North American region. Lau
and Nath (2014) conducted the EOF analysis on anticyclonic circulation
anomalies to construct the LSACPs relating to heat extremes in North
America and Europe, respectively. The self-organizing map (SOM) is an
unsupervised neural network approach that could project high-dimen-
sional input data on to a relatively low dimensional space (Kohonen,
1995). The SOMmethod has been prevalently employed in meteorology
and oceanography (Cassano et al., 2006; Cassano et al., 2007; Ohba
et al., 2015; Agel et al., 2017; Loikith et al., 2017). According to Liu and
Weiberg (2011) and Hewitson and Crane (2002), the SOM method has
significant advantages of continuity and accuracy than conventional

https://doi.org/10.1016/j.atmosres.2019.104679
Received 1 March 2019; Received in revised form 9 September 2019; Accepted 11 September 2019

⁎ Corresponding author.
E-mail address: mgao@yic.ac.cn (M. Gao).

Atmospheric Research 232 (2020) 104679

Available online 12 September 2019
0169-8095/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2019.104679
https://doi.org/10.1016/j.atmosres.2019.104679
mailto:mgao@yic.ac.cn
https://doi.org/10.1016/j.atmosres.2019.104679
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2019.104679&domain=pdf


feature extraction methods such as PCA or EOF. Loikith et al. (2017)
applied the SOM method to characterize LSACPs and related them to
temperature and precipitation extremes over the Northwestern United
States. Moreover, the influence of ENSO on anomalous atmospheric
circulation patterns and climate anomalies were also visualized based
on the above SOM classification. Agel et al. (2017) combined the KMC
and SOM methods to generate the LSACPs of dynamic tropopause
pressure anomalies relating to extreme precipitation in the US north-
east. Gao et al. (2019) applied the SOM method to reveal the re-
lationships between anomalous LSACPs and temperature anomalies
over China and quantified the relative contribution of atmospheric
circulation changes to climate extreme changes.

Monsoon systems represent the dominant variation in the climate,
and about a quarter of the globe experiences a monsoon climate
(Trenberth et al., 2000). The East Asian Monsoon is a typical regional
monsoon system driven by the temperature differences between the
East Asian continent and the Pacific Ocean (Ding and Chan, 2005). It
affects approximately one-third of the global population, and can be
divided into 2 distinct climate subsystems, a warm and wet summer
monsoon (EASM) and a cold and dry winter monsoon (EAWM). The
EASM southeasterlies are closely correlated with the intraseasonal
variations of the rainband within East Asia, for example, Meiyu season
in the Yangze River valley, Baiu season in Southwest Japan and
Changma season in South Korea. The EAWM is characterized by strong
northwesterlies over North, Northeast China, Korea, and Japan and
strong northeasterlies along the coast of East Asia, which is the main
reason of cold extremes in winter and sand dust-storms in spring over
the northern East Asian (Huang et al., 2003). It is worthy to study the

relationships between anomalous atmospheric circulations and climate
extremes in East Asia to better understand the association of LSACPs
and climate extremes within the East Asian monsoon system. Wang and
Ho (2002) defined the EASM domain as the region of 20°N-45°N and
110°E-140°E, except for the South China Sea (Ding and Chan, 2005). In
our study, we choose the domain bounded in 15°N-55°N and 100°E-
150°E as the study area, which is denoted as the East Asian monsoon
region (EAMR).

The primary objective of our study is to explore the relationship
between anomalous LSACPs and temperature and precipitation
anomalies in winter and summer months within the East Asian mon-
soon region by applying SOM method. In addition, the LSACPs and
climate extremes under strong or weak EASM and EAWM conditions are
also analyzed. This paper is organized as follows. The description of
data is presented in Section 2, and the SOMmethodology is presented in
Section 3. Results of SOM-based composite analysis are shown in
Sections 4. Finally, discussions and conclusions are given in Section 5
and Section 6, respectively.

2. Data

Three climate ingredients, geopotential height (Z500), horizontal
(including zonal and meridional wind) and vertical winds at 500-hPa
level (1979–2017) involved in this study are derived from the ECMWF
interim reanalysis dataset within the region 0°–60°N, 60°–180°E (Dee
et al., 2011, data accessed April 2018). Specifically, Z500 is used be-
cause it depicts mid-tropospheric circulation very well and presents a
significant correlation with surface variables (Tolika et al., 2007;

SOM 1 (7.67%) SOM 2 (9.06%) SOM 3 (9.43%) SOM 4 (6.39%)

SOM 5 (9.63%) SOM 6 (10%) SOM 7 (10.09%) SOM 8 (7.36%)

SOM 9 (7.16%) SOM 10 (7.16%) SOM 11 (8.01%) SOM 12 (8.04%)

 

−0.52 −0.26 0 0.26 0.52
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Winter SOM Patterns

Fig. 1. The anomalous atmospheric circulation patterns around the study area in winter months (DJF) from 1979 to 2017 classified using the 3×4 SOM neural
network. The SOM classification is based on the normalized daily geopotential height anomalies (red and blue shading) at 500-hPa level. The stippling indicates
significance at the 95% confidence levels based on a modified t-test. The borders and positions of the cyclones and anticyclones are visualized by the zonal and
meridional wind anomalies (green vectors) at 500-hPa level. Only wind speeds above the 0.75 quantile are indicated. The node frequencies are shown as percentages
in the parentheses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Horton et al., 2015; Mioduszewski et al., 2016). The anomaly fields of
all atmospheric variables are obtained by the deseasonalization process.
For instance, Z500 is firstly deseasonalized and normalized to generate
the daily anomaly fields. Next, the daily anomaly fields of Z500 are
further weighted by the square root of the cosine of latitude to account
for area differences across the grid points (Ohba et al., 2015; Gao et al.,
2019). The horizontal winds are used to indicate the location and range
of cyclones and anticyclones on the composite maps. Vertical velocity
of wind at 500-hPa level, which is tied to the moisture convection in the
atmosphere, is applied to explain the precipitation anomalies under
different LSACPs (Higgins et al., 1997; Wu et al., 2009). In this study,
the winter months are specifically December, January and February
(DJF), while the summer months are June, July, and August (JJA).

The daily maximum (Tmax) and minimum (Tmin) surface air tem-
perature and daily total precipitation data on a 0.5°× 0.5° grid within
the study area EAMR (15°N-55°N, 100°E-150°E) are provided by the
National Oceanic and Atmospheric Administration Climate Prediction
Center in U.S (available at https://www.esrl.noaa.gov/psd/data/
gridded/data.cpc.globaltemp.html and https://www.esrl.noaa.gov/

psd/data/gridded/data.cpc.globalprecip.html). The daily mean clima-
tology for temperature and precipitation are firstly calculated and
smoothed. Then, the smoothed mean climatology is subtracted by daily
values generating the surface air temperature anomalies. Especially, the
smoothed mean precipitation is divided by the daily precipitation, and
the ratio represents the precipitation anomaly.

The East Asian Winter Monsoon index (EAWMI in winter months)
and Western North Pacific Monsoon index (WNPMI in summer months)
concerned with the East Asian monsoon, are adopted in this study to
define the intensity of EAWM and EASM, respectively. In this study, the
EAWMI is defined as an index based on the normalized area-averaged
sea level pressure differences between the Siberia (40°N-60°N, 70°E-
120°E), the North Pacific (30°N-50°N, 140°E-170°W), and the Maritime
Continent (20°S-10°N, 110°E-160°E), which is capable of reflecting the
intensity and nature of the EAWM (Wang and Chen, 2014). The specific
formula is as follows:

= ×EAWMI (2 SLP SLP SLP )/2S NP MC (1)

where SLPS, SLPNP, and SLPMC represent the normalized area-averaged

Fig. 2. Composites of daily minimum surface air temperature (Tmin) anomalies in winter months (DJF) from 1979 to 2017.
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sea level pressure within the Siberia, the North Pacific and the Maritime
Continent. As for the WNPMI, the index, obtained by calculating the
difference of 850-hPa zonal winds between the southern region in
South China Sea (5°N-15°N, 100°E-130°E) and the northern region
across Southeast China and West Pacific (20°N-30°N, 110°E-140°E),
describes precisely the variations of Asian summer monsoon with fea-
ture like multiple time scale (Wang et al., 2001). The specific formula is
as follows:

=WNPMI U850 U850s N (2)

where U850s and U850N represent the 850-hPa zonal winds on the
southern region in South China Sea and the southeastern coast of China. In
this study, we define EAWMI+/ EAWMI– as strong/weak winter monsoon
and WNPMI+/ WNPMI– as the strong/weak summer monsoon.

3. Methodology

The SOM method is adapted to study the relationship between
LSACPs and climate anomalies or extremes within the EAMR. The SOM

has been considered as an effective method to identify local or regional
meteorological patterns (Ding and Chan, 2005). It uses unsupervised
classification to perform nonlinear mapping of high-dimensional data
sets onto regularly arranged two-dimensional arrays referred to as
SOMs (Kohonen, 1995). Each of the elements in SOM array is denoted
as a node (or neuron). The process involves in all of the input data, so
that there is no priori assumption about the distribution of the data for
SOM methodology (Hewitson and Crane, 2002). Each piece of input
data is distributed into winning node, which is the most similar node
based on the minimum Euclidean distance in class space. Then both
winning node and neighborhood nodes are updated. The process en-
sures the similar input fields to assemble together and guarantee the
output results to be continuum. After thousands of iterations, the two-
dimensional SOM array is established finally, where vicinal patterns
resemble to each other and far apart those have relatively different
characteristics (Agel et al., 2017).

The number of nodes is user-defined and only determined by ex-
perimental tests. If the map size is too small, the diversity of highly
generalized circulation patterns could not effectively captured; if it is

Fig. 3. Percentage of extreme cold days for each SOM node in winter months (DJF) from 1079 to 2017. The gird cells shaded is statistically significant at the 95%
level based on the Monte Carlo simulations.
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too big, adjacent patterns will be too similar and visualization is un-
wieldy (Agel et al., 2017; Loikith et al., 2017). In this study, we choose
a 3×4 SOM as Loikith et al. (2017). This 3×4 SOM is capable to
precisely distinguish the critical variability of LSACPs, and the outcome
has the brilliant physical interpretation. Other map size has also been
tested and the results are not qualitatively changed.

The relationships between the LSACPs and climate anomalies (or
extremes) could also been presented in the composite maps of climate
anomalies (or extremes) corresponding to each LSACP (Liu and
Weiberg, 2011). The statistical significance of all climate anomalies in
the composite maps are tested using the modified t-test method pre-
sented in Brown and Hall (1999). The climate extremes are defined as
the coldest (warmest or heaviest) 5% of the daily Tmin (Tmax or pre-
cipitation) anomalies distribution (Loikith et al., 2017). The statistical
significance of the percentage of climate extreme concurrent with each
SOM node is determined by a Monte Carlo approach (Loikith et al.,
2017). The composite maps of vertical wind velocity anomalies corre-
sponding to each SOM are also constructed to investigate the influence
of air convection on precipitation anomalies.

To illustrate the influence of EAWM and EASM on LSACPs and cli-
mate anomalies within EAMR, the node frequencies in 150 winter
(summer) days with highest/lowest EAWMI (WNPMI) values are shown
as heat maps, respectively. The statistical significance of differences in
node frequency between the strong and weak phases is calculated in a
manner similar to Cassano et al. (2007). Under the null hypothesis
condition that the frequency difference corresponding to each node
between the two phases is zero, the statistical test is conducted as
below:

+

p p
p p

n
p p

n

1 2
(1 ) (1 )1 1

1
2 2

2 (3)

where p p
n

(1 )1 1
1

and p p
n

(1 )2 2
2

are variances of two independent, random,
binomial processes, p1 and p2 are the expected proportions of frequency
over the strong and weak EAWM (WNPSM) days, n1 is the number of
samples in highest-index winter (summer) days, and n2 is the number of
samples in lowest-index winter (summer) days. If the test statistic ex-
ceeds 1.96, we reject the null hypothesis at the 95% confidence level

Fig. 4. Composites of daily precipitation anomalies in winter months (DJF). The definition of precipitation anomalies is shown in Data section.
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and consider the frequency difference between the two phases to be
significant. This statistical test does not account for the effects of serial
correlation in the atmospheric circulation fields, so that it is likely to
overestimate the degrees of freedom. Analogously, we also divide the
number of samples of the two datasets by 5 resulting in fewer degrees of
freedom and therefore a test statistic of greater magnitude and raising
the threshold to achieve statistical significance (Mioduszewski et al.,
2016; Gao et al., 2019).

4. Results

4.1. Anomalous LSACPs and climate extremes

1) Winter months

The 3× 4 SOM node patterns for winter months are shown in Fig. 1,
and each node corresponds to one anomalous LSACP. The geopotential
height anomalies (red and blue shading) at 500-hPa level are depicted

by shaded contours. The anomalous zonal and meridional winds at 500-
hPa level are also illustrated by green vectors for the purpose of vi-
sualizing the location and range of cyclones and anticyclones. The
corresponding node frequencies are displayed as percentages at the top
of each panel. Generally, the LSACPs of adjacent nodes are more similar
than those of distant nodes (Fig. 1). The nodes SOM-7 and SOM-6 have
the highest frequency (10.09% and 10%) with anticyclone as well as
positive geopotential height anomalies over the coastal regions of
eastern China and Japan. In node SOM-2, positive geopotential height
anomalies cover the northeastern Asia, while negative geopotential
height anomalies are over the western Pacific. Negative geopotential
height anomalies associated with cyclones over the study area are
identified in nodes SOM-3, SOM-4, SOM-5 and SOM-9 within the study
area. The node SOM-4 has the lowest frequency (6.39%). Negative
geopotential height anomalies dominate over the whole study region,
while positive geopotential height anomalies are located at the Okhotsk
Sea and the Ural Mountains, respectively.

The composites of Tmin anomalies for each SOM node in winter

Fig. 5. Percentage of extreme precipitation days in winter months (DJF) from 1079 to 2017. The gird cells shaded is statistically significant at the 95% level based on
the Monte Carlo simulations.
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months are shown in Fig. 2. Tmax composites are also computed and si-
milar to the Tmin composites (not shown for winter months). The red
(blue) shaded contours indicate the relatively high (low) normalized
temperature anomalies. Generally, the negative temperature anomalies
correspond to negative geopotential height anomalies and cyclones, while
positive temperature anomalies correspond to positive geopotential height
anomalies and anticyclones (Fig. 1). The consistence verifies the close
relationship between LSACPs and temperature anomalies within the study
area EAMR. The percentages of cold extreme occurring on days assigned to
each node are shown in Fig. 3. Cold extremes are defined as the coldest 5%
of the daily Tmin anomaly distribution. Only grid cells with statistically
significant percentage at the 5% confidence level according to the Monte
Carlo simulations are shaded in Fig. 3. From Fig. 3, we find that cold
extremes are more associated with node SOM-1, SOM-3, SOM-4, SOM-5
and SOM-9 in winter months. Specifically, the cold extremes in SOM-3,
SOM-4, and SOM-5 are associated with negative geopotential height
anomalies and cyclones.

In Fig. 4, the precipitation anomalies corresponding to each SOM
are presented using the green (orange) shaded contours. Also, the
percentages of extreme precipitation event occurring on days assigned
to each node are shown in Fig. 5. The spatial distribution of statistically
significant extreme precipitation days is consistent with the precipita-
tion anomalies shown in Fig. 4. In addition, the composites of vertical
wind velocity anomalies at 500-hPa level corresponding to each SOM in
winter months are shown in Fig. 6. Taking SOM-1 as an example, ex-
cessive precipitation mainly occurs in Japan and Korean Peninsula
(Figs. 4 and 5) with a warm ascending air (Fig. 6) and wet southerlies
(Fig. 1). Analogously, the excessive precipitation identified in SOM-4,
SOM-6, SOM-7, SOM-8, SOM-9, SOM-10 and SOM-11 also could be

explained jointly by the horizontal and vertical atmospheric motions.

2) Summer months

Fig. 7 shows the classified LSACPs generated by the SOM neural
network for summer months. The grid size of the SOM neural network is
also 3×4, and adjacent nodes share more commonalities than distant
nodes. Node SOM-2 has the highest frequency (9.7%) with both positive
and negative geopotential height anomalies in the study area. The ad-
jacent node SOM-1 has the lowest frequency (6.44%) with a cyclone
over northeastern Asia and centered at Lake Baikal. In node SOM-3, the
cyclone moves east to the Okhotsk Sea and the anticyclone is centered
at Lake Baikal. Node SOM-7 is characterized by positive geopotential
height anomalies (anticyclones) over the northern part of the study
area. In particular, there are three anticyclones cantered at the north-
eastern China, the Ural Mountains and the Bering Sea, respectively.
SOM-6 resembles SOM-7 except for negative geopotential height
anomalies over Bering Sea.

Fig. 8 shows the composites of Tmax anomalies for each SOM node
in summer months. The temperature anomaly patterns are still con-
sistent with the geopotential height anomaly patterns presented in
Fig. 7. Similar to the cold extremes, the statistically significant per-
centages of warm extreme occurring on days assigned to each node are
shown in Fig. 9, where warm extremes are defined as the warmest 5%
of the daily Tmax anomaly distribution. From Fig. 9, it can also be
found that the associations between warm extremes and anticyclones
are more intense at middle latitudes than low latitudes.

Composites of precipitation anomalies and percentages of extreme
precipitation for each node in summer months are plotted in Figs. 10

SOM 1 SOM 2 SOM 3 SOM 4

SOM 5 SOM 6 SOM 7 SOM 8

SOM 9 SOM 10 SOM 11 SOM 12

−0.05 −0.03 0 0.03 0.05

Fig. 6. Composites of the normalized anomalies of vertical wind velocity at 500-hPa level in winter months (DJF).
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and 11, respectively. Unlike in winter months, statistically significant
extreme precipitation events only account for a small part of pre-
cipitation anomalies in summer months (Figs. 10 and 11). Extreme
precipitation events are usually sparsely distributed for each node. By
comparing Figs. 7 and 10, we find that the locations of precipitation
extremes and the locations of cyclones do not always coincide except
for in node SOM-1. That means the horizontal atmospheric motions
cannot effectively explain the extreme precipitation events in the study
region. Fig. 12 shows the composites of vertical wind velocity anoma-
lies in summer months. From Fig. 12, we see that the vertical atmo-
spheric motions explain the excessive precipitation events in summer
months more properly.

4.2. Anomalous LSACPs and East Asian Monsoon

The node frequencies on 150 winter/summer days with highest/
lowest EAWMI (WNPMI) values are shown in Fig. 13. In the strong
EAWM phase (Fig. 13a), SOM-3 and SOM-4 are the two most frequent
nodes and those do not occur in the weak EAWM phase. In the weak
EAWM phase (Fig. 13b), nodes SOM-9 and SOM-11 account for 47% of
all anomalous LSACPs. Moreover, the frequency differences for strong
and weak phases of EAWM are shown in Fig. 13c. There are 7 nodes
exhibit statistically significant difference at a 95% confidence level.
Node SOM-3, SOM-4 and SOM-6 are more associated with strong
EAWM. In particular, node-3 and node-4 are featured with cold

extremes over the most part of the study area and negative precipitation
anomalies in East China. In node SOM-6, the air temperature at the
eastern coast of China, Korean Peninsula and Japan is not lower than
the mean climatology, and central and eastern China is moister than
normal condition due to the anticyclone centered at the study area
EAMR. Nodes SOM-7, SOM-9, SOM-11 and SOM-12 are more associated
with weak EAWM (Fig. 13c), and positive temperature anomalies are
dominant in nodes SOM-7 and SOM-11. Since there are identified cy-
clones in node SOM-7 and SOM-12, cold extremes still occur within the
study area (Figs. 2 and 3). Especially, nodes SOM-7, SOM-9 and SOM-11
exhibit the positive precipitation anomalies in Southeast China and
Northeast Asia.

The node frequencies and frequency differences for strong and weak
EASM phases are shown in Fig. 13(d-f). The associations between
LSACPs and monsoon in summer months are not as tight as those in
winter months. Only the differences of node frequency in 4 nodes are
statistically significant at a 95% confidence level. Nodes SOM-5 and
SOM-9 are associated with strong summer EASM, while nodes SOM-1
and SOM-2 are associated with weak summer EASM. The node fre-
quency difference in strong and weak EAWM and EASM phases will be
discussed in detail in the next section.

5. Discussions

Atmospheric and oceanic circulations are the basic reasons for the

SOM 1 (6.44%) SOM 2 (9.7%) SOM 3 (8.89%) SOM 4 (7%)

SOM 5 (7.61%) SOM 6 (8.67%) SOM 7 (8.86%) SOM 8 (7.53%)

SOM 9 (9.36%) SOM 10 (9.17%) SOM 11 (8.19%) SOM 12 (8.58%)

 

−0.37 −0.18 0 0.18 0.37
→ 0.5

Summer SOM Patterns

Fig. 7. The anomalous atmospheric circulation patterns around the study area in summer months (JJA) from 1979 to 2017 classified using the 3× 4 SOM neural
network. The SOM classification is based on the normalized daily geopotential height anomalies (red and blue shading) at 500-hPa level. The stippling indicates
significance at the 95% confidence levels based on a modified t-test. The borders and positions of the cyclones and anticyclones are visualized by the zonal and
meridional wind anomalies (green vectors) at 500-hPa level. Only wind speeds above the 0.75 quantile are indicated. The node frequencies are shown as percentages
in the parentheses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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formation and evolution of climate extremes. The geopotential height
anomalies at 500-hPa level could effectively represent the middle-tro-
pospheric circulations (You et al., 2011; Gao and Franzke, 2017; Loikith
et al., 2017). However, Z500 was not usually chosen as the only input
variable but as an element of a combination of a few of variables i.e. sea
surface pressure (SLP), zonal and meridional winds (Loikith et al.,
2017; Agel et al., 2017; Gao et al., 2019). In Horton et al. (2015), the
SOM method with Z500 as the only input variable was also applied to
identify different atmospheric circulations and quantified the relative
contributions to changes in temperature extremes. In this study, we
found that the anomalous LSACPs could be successfully identified and
classified using the 3×4 SOM neural network with Z500 as the only
input variable. The zonal and meridional wind anomalies were also
presented in the composite maps just for the purpose of indicating the
locations and ranges of cyclones and anticyclones. In addition, the
vertical winds at 500-hPa level were composited based on the SOM

classification to reveal the influence of vertical atmospheric motions on
precipitation anomalies. We also performed the test using all the above
atmospheric ingredients as the input variables of SOM, while the final
conclusion was not qualitatively altered. The size of SOM neural net-
work is typically user-defined and a moderate-sized map is preferred
(Horton et al., 2015; Mioduszewski et al., 2016). In this study, the size
of SOM neural network is 3× 4 (Loikith et al., 2017). We also tested
other grid sizes (3× 3, 4× 4, 5×5, and 6× 6) and found that the
asymmetric 3×4 SOM could capture and separate the important dif-
ferences in LSACPs in winter and summer, respectively.

In winter months, a close relationship between LSACPs and tem-
perature anomalies within the study area EAMR was verified in this
study. Consistent relationship between LSACPs and temperature
anomalies has been also found in China (Gao et al., 2019). Cold ex-
tremes were generally associated with negative geopotential height
anomalies and cyclonic circulations. Horton et al. (2015) concluded

Fig. 8. Composites of daily maximum surface air temperature (Tmax) anomalies in summer months (JJA) from 1979 to 2017.
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that the cold extremes in winter months over East Asia were due to the
cyclonic circulation taking the cold air from Arctic into the study area
EAMR. In our study, the cold anomalies and extremes were closely
associated with the cyclonic circulation around the coast of EAMR and
anticyclonic circulation over Eurasia at mid-high latitudes. The pattern
implied that the East Asia Trough (EAT) extended southward. The
northerly was predominant in the coast of EAMR located behind or in
the trough (Wang et al., 2018). The strong meridional circulation re-
sulted in cold temperature over the most areas of EAMR, and vice versa.
In summer months, the temperature anomalies within the study area
EAMR were also closely correlated to anomalous LSACPs. Specifically,
summer warm extremes were usually associated with positive geopo-
tential height anomalies and anticyclonic circulations (Wan et al.,
2013). When the anticyclone controlled the northern continent of

EAMR, the Northeast China Cold Vortex (NCCV) was less active than
normal condition. Besides, the anticyclone weakened the cold air from
higher latitudes and promoted the warm air for lower latitudes into the
controlled area. Hence, the warm extremes appeared over the northern
EAMR. Especially, the positive geopotential height anomalies around
120oE at low latitudes implied that the Western Pacific Subtropical
High (WPSH) was relatively strong and further westward and north-
ward, which prevented the southward intrusion of cold air into South
China thereby causing the warm extremes in this area (Zhang et al.,
2017). Furthermore, the formation of anticyclonic circulation, raising a
cascade of self-reinforcing, heat-accumulating physical process, was
also favorable for extreme heat (Diffenbaugh et al., 2005; Miralles et al.,
2014).

The vertical winds at 500-hPa level representing the subsidence or

Fig. 9. Percentage of extreme warm days for each SOM node in summer months (JJA) from 1079 to 2017. The gird cells shaded is statistically significant at the 95%
level based on the Monte Carlo simulations.
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ascendance of air mass assigned to each node were also composited to
reveal the relationships between anomalous LSACPs and precipitation
anomalies. There is no definite association between cyclone or antic-
yclone and air subsidence or ascendance (Fig. 1 vs Fig. 6, and Fig. 7 vs
Fig. 12). In winter months, the widespread wet anomalies and extremes
within the entire EAMR (Figs. 4 and 5) were triggered by the strong
meridional circulation associated with ‘- + -’ wave train pattern of
Z500 anomalies across the EAMR at mid-high latitudes. The pattern
means the establishment of stable blocking in North Pacific, which
suppressed the eastward movement of cyclonic circulation system and
leaded the East Asia Trough (EAT) to become weaker than normal
condition (Zhang et al., 2009; Zhao et al., 2016). Correspondingly, the
southeasterly was developed and then enhanced humid air from the
Pacific Ocean into the land. Meanwhile, the convection was relatively
active over EAMR (Fig. 6). The upward atmospheric motion promoted
the condensation of water vapor resulting in excessive precipitation.

Overall, the horizontal and vertical atmospheric motions jointly con-
tributed to the precipitation extremes within the whole continent of
EAMR. The precipitation extremes in the local area of study region were
attributed to the zonal atmospheric circulation system. The zonal an-
ticyclones/cyclones brought abundant moisture from ocean to land, in
conjunction with the ascending atmospheric movement, playing to-
gether an important role on the precipitation extremes in local area.
This result about extreme precipitation event was consistent with those
in previous studies that manifest the precipitation extremes are mainly
determined by the strong air convection and advection (Zhu et al.,
2000). In summer months, the anomalous vertical winds solely ex-
plained the precipitation anomalies properly. Since the purpose of this
study was to reveal the anomalous LSACPs and precipitation anomalies
within EAMR, extreme precipitation events caused by tropical cyclones
in summer months were not included in the current composite analysis.
In future, the tropical cyclones should be considered independently

Fig. 10. Composites of daily precipitation anomalies in summer months (JJA). The definition of precipitation anomalies is shown in Data section.
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because of the tight association between tropical cyclones and heavy
rains in East Asia (Lee et al., 2012).

East Asia is a typical monsoon region, where the monsoon circula-
tion anomalies have serious impact on the local climatic variations
(Gao, 2007). Chen (2002) found that the positive temperature anoma-
lies usually were associated with the weak EAWM, while the negative
temperature anomalies were associated with a strong EAWM over
China. Wang and Feng (2011) proposed that the strong EAWM was
characterized by a deepened mid-tropospheric trough in East Asia and
the suppressed precipitation in Southeast China. The anomalous
LSACPs and climate extremes under strong or weak EASM and EAWM
conditions were also analyzed based on the SOM classification. In
winter months, there were obvious differences in node frequency for
strong and weak EAWM phases, and cold extremes and precipitation
anomalies were associated with EAWM. Generally, the above findings

were in accordance with those in previous relevant studies (Chen, 2002;
Gao, 2007; Wang and Feng, 2011; Wang and Chen, 2014).

The relationships between EASM and LSACPs were a little complex
in summer months. When EASM is strong (Fig. 13d), only SOM-5 and
SOM-9, the leading two LSACPs, were statistically significant in fre-
quency difference (Fig. 13f). EASM is a distinctive component of the
Asian climate system; however, defining the intensity of the EASM has
been extremely controversial (Wang et al., 2008). In this study, the
WNPSM index was chosen as the measure for the EASM since it could
well present the large-scale variability of Asia summer Monsoon (Wang
et al., 2001). Nodes SOM-5 and SOM-9 were associated with strong
summer EASM (Fig. 13), where anticyclones were identified around
30°N to 40°N (Fig. 7).The result was in line with that in Wang et al.
(2001). The associations between nodes SOM-1 and SOM-2 with weak
summer EASM were statistically significant at a 95% confidence level

Fig. 11. Percentage of extreme precipitation days in summer months (JJA) from 1079 to 2017. The gird cells shaded is statistically significant at the 95% level based
on the Monte Carlo simulations.
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(Fig. 13). For node SOM-1 and SOM-2, cyclones were identified at the
northern part of the study area (Fig. 7). Moreover, the enhanced rainfall
along the mei-yu/baiu front was also observed for node SOM-1 and
SOM-2 (Fig. 10). In general, the features of climate anomalies for dif-
ferent phases of EASM within the study area were in line with the
conclusions documented in relevant studies (Shi and Zhu, 1996; Guo
et al., 2004; Huang, 2004; Zhu et al., 2005; Wang et al., 2008).

Although the associations between LSACPs and climate extremes
have been generally revealed by the SOM approach, the differences of
LSACPs and climate anomalies in opposite phases of the EAWM/EASM
were not fully discriminated (Fig. 13). Firstly, EAWM and EASM are the
complicated and dynamic circulation systems. Wang et al. (2001)
concluded that the EASM were interfered by the Indian summer mon-
soon (ISM) and western North Pacific summer monsoon (WNPSM). Fu
et al. (2008) presented that the East Asian monsoon was also related
tightly with Australian monsoon. Wang et al. (2008) found that the
precipitation in northern China (36°N-42°N) was often disturbed by the
teleconnection with Indian monsoon or mid-latitude tropospheric ac-
tivities, while precipitation anomalies in southern China (20°N-26°N)
were impacted by cyclonic circulations in the tropic. Wang and Chen
(2014) proposed that the El Niño–Southern Oscillation, Eurasian pat-
tern and North Pacific Oscillation have serious influence on the EAWM.
In this study, the two monsoon indices, EAWMI and WNPMI, were
chosen as the measure of East Asian Monsoon. Despite the two indices
exhibit the excellent capacities for the description of the monsoon cir-
culation, the simple index, determined by one element, is hard to re-
present completely the monsoon circulation systems over the entire
East Asia (Gao, 2007; Wang et al., 2008). In future, multiple indices or a
unified index will be adopted to determine the opposite strong/weak
phases of East Asian Monsoon. Moreover, the climate anomalies, in
particular, precipitation anomalies in East Asia show huge difference of
spatial distribution and temporal evolution in longitude because of the
immense territory and variation of solar radiation.

6. Conclusions

In this study, the SOM method has been applied to represent a
continuum of anomalous LSACPs around East Asia (0°–60°N,
60°–180°E), and then linked the LSACPs with temperature and pre-
cipitation anomalies within the EAMR. The asymmetric 3×4 SOM
neural network was constructed with the geopotential height anomalies
at 500-hPa level as the only input variable. With the created SOM
neural network, 12 characteristic anomalous LSMPs (nodes) for the
summer and winter seasons in the period 1979–2017 have been iden-
tified. In addition, the horizontal winds at 500-hPa level were also
added into the composite maps of LSACPs to indicate the location and
range of cyclones and anticyclones. Based on the SOM classification, the
associations between LSACPs and climate anomalies (surface air tem-
perature anomalies and precipitation anomalies) within the study area
EAMR in winter and summer months were compactly visualized. The
spatial distribution of anomalous geopotential height associated with
cyclones/anticyclones was almost consistent with that of surface air
temperature anomalies in both winter and summer months. The vertical
wind velocity anomalies at 500-hPa level were also composited to
present the anomalous vertical atmospheric motions. The anomalous
vertical atmospheric motions were not very consistent with the spatial
distribution of temperature anomalies but consistent with the pre-
cipitation anomalies. Most precipitation extremes in winter months
were due to the joint effect of the horizontal and vertical atmospheric
motions, while strong air convection was prone to inducing extreme
precipitation events in summer.

The classified anomalous LSACPs were also evaluated under strong
or weak EASM and EAWM conditions. In winter months, the features of
anomalous LSACPs for strong and weak phases of EAWM have been
partly identified. Cold extremes were prone to associated with EAWM,
whereas the relationship between the EAWM and precipitation was
dependent on the position. In summer months, although the wet/dry

SOM 1 SOM 2 SOM 3 SOM 4

SOM 5 SOM 6 SOM 7 SOM 8

SOM 9 SOM 10 SOM 11 SOM 12

 

−0.03 −0.01 0 0.01 0.03

Fig. 12. Composites of the normalized anomalies of vertical wind velocity at 500-hPa level in summer months (JJA).
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anomalies along the mei-yu/baiu were roughly responding to the weak/
strong EAWM, the differences of anomalous LSACPs, temperature and
precipitation extremes within EAMR were not fully discriminated using
the SOM method for strong and weak phases of EASM. The failure
might due to the intrinsic complexity of the East Asia Monsoon system
and the inherent limitations to the SOMs approach. It is necessary to
adjust the SOMmethod to study the atmospheric circulations within the
East Asia Monsoon system.

In conclusion, the SOM method was capable of classifying the
anomalous LSACPs and identifying the association between anomalous
LSACPs and extreme temperature and precipitation within EAMR.
Linking anomalous LSACPs to climate anomalies can be potentially
profitable to better understand the origin of climate extremes. In par-
ticular, this method could be used to assess the future changes in at-
mospheric circulations related to climate extremes. The detection of
circulation pattern trends and the attribution of climate extreme
changes within EAMR will be elucidated in future research.
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