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Abstract

Frequent and intense rainfall events demand innovative techniques to better predict the extreme rainfall dynamics. This task
requires essentially the assessment of the basic types of atmospheric processes that trigger extreme rainfall, and then to
examine the differences between those processes, which may help to identify key patterns to improve predictive algorithms.
We employ tools from network theory to compare the spatial features of extreme rainfall over the Japanese archipelago and
surrounding areas caused by two atmospheric processes: the Baiu front, which occurs mainly in June and July (JJ), and
the tropical storms from August to November (ASON). We infer from complex networks of satellite-derived rainfall data,
which are based on the nonlinear correlation measure of event synchronization. We compare the spatial scales involved in
both systems and identify different regions which receive rainfall due to the large spatial scale of the Baiu and tropical storm
systems. We observed that the spatial scales involved in the Baiu driven rainfall extremes, including the synoptic processes
behind the frontal development, are larger than tropical storms, which even have long tracks during extratropical transitions.
We further delineate regions of coherent rainfall during the two seasons based on network communities, identifying the
horizontal (east—west) rainfall bands during JJ over the Japanese archipelago, while during ASON these bands align with
the island arc of Japan.

Keywords Extreme rainfall - Baiu - Tropical storms - Event synchronization - Complex networks

1 Introduction

The climate of Japan ranges from subarctic in the north
(warm summers and snowy winters) to subtropical in the
west with humid summers, and moderate and rainy winters,
while eastern Japan is a transition zone (see Fig. 1). The
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surrounding seas partly moderate the climate by increasing
the humidity levels. The Asian monsoon system also influ-
ences Japan’s climate, which brings cold northeasterly winds
in winter and wet air from south-southwest in summer. The
Baiu front (also known as the Meiyu front in Southeast
Asia) and tropical storms together with extra-tropical lows
and local convection cells deliver nearly 75% of the total
annual precipitation over Japan (Kanae et al. 2004; Saito
et al. 2010). Studying the dynamics of the extreme rainfall is
essential not only for informing quantitative assessments of
concomitant flood and landslide hazards, but also to interpret
their temporal trends as proxies for atmospheric warming
(Knutson et al. 2010; Malik et al. 2016).

As part of the Asian monsoonal system, the Baiu sea-
son starts in late May with a northward shift in the North
Pacific subtropical high (NPSH) (Suda and Asakura 1955;
Krishnan and Sugi 2001; Okada and Yamazaki 2012). The
front forms in early May, when warm maritime tropical air
masses intersect with cool polar maritime air (Matsumoto
1989). In the following months of June and July, the Baiu
front moves northwards with a northward shift of the polar
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Fig. 1 Divisions of the four main islands of Japan into three subre-
gions based on climatic characteristics by the Japan Meteorologi-
cal Agency (JMA). TR, and TR, are the generalized typhoon tracks
around Japan (Grossman and Zaiki 2009; Grossman et al. 2015). K.P.
is the Korean Peninsula; S. Hon., C. Hon., and N. Hon. stands for
Southern, Central, and Northern Honshu, respectively. Gray shading
highlights the topography of up to 3500 m altitude

and subtropical jets, while the moisture is pushed eastwards
onto Japan, leading to persistent and heavy quasi-station-
ary rainfall (Sampe and Xie 2010; Okada and Yamazaki
2012). During this period, mesoscale convective systems
and/or mesoscale convective complexes cause significant
downpours over spatial extents of 10? to 10° km>. An abrupt
northward migration of the subtropical jet over East Asia
and a northward advance of the NPSH over the northwest-
ern Pacific ends the Baiu season in late July (Ninomiya and
Muraki 1986), unlike the Indian monsoon that continues
until September or October (Stolbova et al. 2016). The end
of the Baiu season is related to the northeast propagation of
Rossby waves and southern convective activity (Enomoto
et al. 2003; Okada and Yamazaki 2012). This eastward mois-
ture flow at around 35°N (from 110°E to 150°E) is unique
in the northern hemisphere and is held responsible for the
extreme rainfall in Japan in early June to late July (Fukui
1970; Ninomiya 1984). Except for Hokkaido (northernmost
main island), most of Japan experiences Baiu-derived heavy
rainfall, which is most pronounced in Kyushu (the southern-
most main island), which receives nearly half of its rainfall
from June to July (Fig. 2a, c¢) (Matsumoto 1989).

A tropical storm is a rotating system (counterclock-
wise in the Northern Hemisphere) around its center (eye)
characterized by thunderstorms and strong winds. Tropical
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storms are formed over large tropical water bodies, where
evaporation boosts their energy. They can reach daily for-
ward speeds (eye of the storm) of up to 500 km and make
landfalls over large areas. For example, the Typhoon Tip
(1979), the largest recorded tropical storm, was about 2000
km in diameter (Dunnavan and Diercks 1980). Similar
to the Baiu front system, tropical storms have connec-
tions to the Asian monsoon system in the northwestern
Pacific, while the Madden—Julian Oscillation modulates
tropical storm activity over intraseasonal timescales by
providing a favorable environment (Maloney and Hart-
mann 2001; Nakazawa 2006; Heistermann et al. 2013).
Tropical storms bring heavy rainfall to Japan from May
to November and their activity peaks around August and
September (> 5/year). Tropical storms that travel to Japan
mainly originate in the central-western Pacific. Tropical
cyclones move westwards towards the Philippines or Tai-
wan before veering north to Japan and then proceeding to
the east once more in mature stages (Fig. 1). They usu-
ally follow two generalized paths around Japan: the first
group (TR)) passes from the west of Kyushu towards the
Sea of Japan, the second group (TR,) approaches Kyushu
or Shikoku from the east (NW Pacific or the Philippine
Sea) (Grossman et al. 2015). About 80 tropical storms
followed TR, in ASON between 1950 and 2016 according
to the Japanese Meteorological Agency (JMA), whereas
more than 200 approached Japan following TR,. In later
stages, the TR, bears either to northern Honshu (~ 55)
or follows the way towards to Hokkaido (~ 25). Nearly
all the TR, storms pass by the eastern shores of central
Honshu (Eastern Japan) and bears to the east to the open
ocean (Grossman and Zaiki 2009; Grossman et al. 2015).
Tropical storms lose power in higher latitudes, when they
encounter cold air masses and large vertical wind shear.
However, they bring more than half of its annual rain to
northern Japan (Fig. 2b), though the most intense rains
occur around Kyushu (see Fig. 2d, f). Most tropical storms
pass over Japan from the southwest to the northeast, which
also leaves a footprint in the rainfall rates along this line
(see Fig. 2d). Rainfall systems of tropical storms are
classified into inner, outer and delta-shaped rain shields
(Shimazu 1998). Inner rain shields (within 150-250 km of
the eye) are present in all tropical storms, usually around
the northeast and/or southeast of the eye (Ozturk et al.
2018). The outer rain shields exist only occasionally and
extend towards northwest (~ 80%) or southwest (~ 20%)
(Shimazu 1998). In some particular cases, the shape of
the outer rain shields is transformed to a delta at the north
of the eye when tropical storms approach mid-latitudes,
these delta-shaped formations then rotate around the eye at
~ 10°/h (~ 25—45km/h) (Shimazu 1998). Tropical storms
in the Northwest Pacific have shifted west towards South
Korea with rising temperatures since the middle of the last



A network-based comparative study of extreme tropical and frontal storm rainfall over Japan 523

Fig. 2 Rainfall distributions in
the study area. a, b Percentage
of contribution to the mean
annual precipitation (MAP,
1998-2015) from JJ (ASON)
season. ¢, d Cumulative rainfall
in JJ (ASON). e, f 95th percen-
tile of rainfall intensities for the
study periods
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century (Webster 2005; Wu et al. 2005; Kim et al. 2006).
Consequently, the number of tropical storms that make
landfall in Japan has increased (Murakami et al. 2011;
Manda et al. 2014).

Extreme rainfall events are expected to further increase
in Japan during warm summer months, as projected by
the 5th Assessment Report of the Intergovernmental
Panel for Climate Change (IPCC) (Hartmann et al. 2013;
Manda et al. 2014). Extent of this shift in the frequency
of extreme events is likely to be more severe at locations,
where the mean annual rainfall is high. Frequent short
lasting rainstorms (> 1 day) with a high intensity may
lead to an increase on the damage due to rainfall linked
concomitant hazards, such as landslides and flash floods
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(Westra et al. 2014). Hence it is essential to study the spa-
tial dynamics of the extreme rainfall.

Complex interactions between several variables, such
as atmospheric pressure, humidity, temperature, wind, and
topography, control the spatial dynamics of rainfall. This
nonlinear interplay can complicate studying the climate sys-
tem. Complex networks practically facilitate climate data,
such as rainfall data that consists of spatial and temporal
components, and helps inferring topological properties of
the rainfall (Tsonis et al. 2006; Donges et al. 2009; Rhein-
walt et al. 2012; Stolbova et al. 2014). The application of
the complex networks theory to the analysis of spatiotem-
poral rainfall data has advanced our understanding of the
various rain generating atmospheric processes (Malik et al.
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2012; Boers et al. 2014; Agarwal et al. 2018b; Wolf et al.
2019). For example, frontal systems seem to control the
extreme rainfall over the subtropics (Boers et al. 2014), and
inter-seasonal oscillations in the extreme rainfall follow a
spatial pattern during the Indian Summer Monsoon (Malik
et al. 2012). Extreme rainfall over Japan and adjoining seas
exhibit complex spatial and temporal patterns, and a com-
plex network theory-based analysis of these patterns can
augment our present knowledge of the extreme rainfall trig-
gering atmospheric systems. Furthermore, identifying the
contrasting features of tropical storms and the Baiu-linked
frontal storms may provide additional insights into the key
patterns that separate these two major atmospheric systems.
Such patterns are particularly important when forecasting
extreme rainfall events that are triggered by different atmos-
pheric systems (Boers et al. 2014).

In this work, we carry out a comparative analysis of the
spatial patterns of extreme rainfall driven by the Baiu front
and tropical storms. Although it has been well-known that
both weather systems are highly multi-scale in terms of their
convective structures, traditionally they are analysed sepa-
rately mostly by synoptic and mesoscale analysis. For the
Baiu front, analysis usually was done on the frontal develop-
ment, contribution from the Baiu trough, local circulation
and embedded mesoscale convective systems in the front
(Chen 2002). For tropical storms, the focus is usually on the
eyewall structure (where the most intense rainfall is found),
the outer rainbands, and interactions with mid-latitude sys-
tems during extratropical transition. Our primary aim here
is to identify various contrasting features of the rainfall field
during the Baiu and tropical storm seasons by a unified
analysis framework. For this analysis, we employ quantita-
tive tools from network science. In recent years, the analysis
of extreme rainfall using methods of network science has
provided substantial new insights into processes underly-
ing extreme rainfall events (Agarwal et al. 2018b; Stolbova
et al. 2014; Rheinwalt et al. 2012), in particular, during the
Indian summer monsoon (Malik et al. 2012) or the South
American monsoon (Boers et al. 2014). We adopt here the
same techniques as used in the above works. However, these
techniques are not yet employed in comparative studies of
different rain generating phenomena over a region.

2 Data

In this study we employ satellite-derived daily (1998-2015)
rainfall estimates from the Tropical Rainfall Measuring Mis-
sion (TRMM 3B42V7), which has a 0.25° spatial resolution
(TRMM 2011). We split the data into two parts, the Baiu
frontal storm season from June 1 to July 31 (JJ), and the tropi-
cal storm season from August 1 to November 30 (ASON)
(Matsumoto 1989; Krishnan and Sugi 2001). We defined the
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rainfall above the pth percentile (p = 90% or 95%) as extremes
(Fig. 2e, f), where these are common thresholds in meteorolog-
ical studies (Imaizumi et al. 2015; Castellano and DeGaetano
2016).

3 Methods

In this section, we introduce the mathematical tools used in the
analysis. First, we describe the nonlinear correlation measure
known as event synchronization and then follow with a brief
description of network construction technique and network
measures used in the study. Moreover, we discuss the connec-
tions between different network measures and meteorological
processes.

3.1 Event synchronization

Event synchronization (ES) is a non-linear correlation meas-
ure for a time series with well-defined events (Quiroga et al.
2002; Malik et al. 2010; Agarwal et al. 2017). For example,
in a rainfall time series events can be defined using differ-
ent thresholds in terms of the rainfall amounts. We define
extreme rainfall events in each time series based on a peak-
over-threshold method that sets all events above pth percentile
as extremes (Lind et al. 2016). Note that the pth percentile is
determined for each time series independently. To measure
the ES between two event time series, first, we compute time
tf at which an event [ occurs at grid i,/ = 1,2, 3, ... s;, where
s; 1s the total number of extreme events in the time series that
occur over grid i. Two events occurring over grid points i and
Jj are considered synchronized if these events occur within a
time-period Tifn, where it is defined as follows:

Tij _ t;+1 _t;’t]’" _t]m—l’tlm+1 _t]m} €h)

Im 2 ’

o i
mm{tl 0

where Tl’fn is the shortest interval between the preceding and
the successive events, and it is adaptive, i.e., it varies with
changing frequency of events.

Next, we calculate c(ilj), the number of synchronized events
appearing at grid i after they appeared at j. c(ilj) is calculated
as,

iy =3 3, @

=1 m=1

where,
1 ifo<r-4,
— 1 i i _
Jj=15 iff-0,=0 3)
0 else.
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Similarly, c(jli) can be calculated. Then, the strength of ES

between grid i and j is given by O,

¢+ ¢

Je-2-6-2 @

Q; is a symmetric quantity i.e., Q; = Q; and where
0< Qij <1, Qij =1 implies complete synchronization
between grid i and j.

For our analysis, we calculate a Qij matrix for the TRMM
data, which consists of daily rainfall recorded over a spatial
grid, extending from 23.875°N to 47.125°N latitudinally and
122.875°E to 149.625°E longitudinally. Each rectangular cell
within the spatial grid has a spatial resolution of 0.25°, i.e.,
we have 10152 grid cells covering the whole study region.
Hence, the dimensions of the Q; matrix are 10152 X 10152.
Let us refer to the ES matrix calculated using the p percentile
threshold for defining an extreme event as Qg.

Qij=

To construct a network from the Qg. matrix, we assume

that the spatial grid points of the TRMM data are nodes of
a network and edges between these nodes exists only if Qg

is above a certain threshold. As the largest values in Qf.;. are

the outcomes of the most correlated atmospheric features,
we assume grids (nodes) above the y percentile of Qfl. values

are connected. For example, when y = 95%, the edges (links)
are between nodes with the top 5% of Qf]. values. An undi-

rected network is represented by a binary square matrix,
known as the adjacency matrix AZ?. Here, we can obtain

such a matrix as follows:

1
Y _
Aij_{o

where a(y) is the corresponding threshold on Qg. for a given

if Q7 > a(y)
if 0/ < a(y), ®

y. If there exists an edge between grid i and j, then Al’;}' =1,
else Af.;” =0.

3.2 Network measures and properties

A complex network consist of nodes, which are the geo-
graphical coordinates of the TRMM time series in this study,
and edges, which identify the connected nodes, decoded in
the adjacency matrix Agy. The physical length of edges is a
measure of the spatial scales involved in the rain producing
atmospheric processes (Malik et al. 2012). We analyze the
distribution of (azimuthal) length of edges £ (Schieber et al.
2017) to quantify the global differences between spatial
scales involved in the Baiu front and tropical storms driven
rainfall. To identify these differences at finer scales, we use
the mean edge length (azimuthal) &, ., of all the edges
incident on a node.

ean

Centrality measures indicate the importance of nodes in a
complex network. We first investigate the degree centrality k
for both Baiu and tropical storm seasons. High k nodes are the
central nodes of a network. They are measured by counting
the number of edges incident upon the node (Newman 2010).
The k of the node i is,

ki = Z} Ay (6)
e

where n is the total number of nodes in a network, and
A; indexes whether there is an edge between node i and j.
Highly connected regions will have large k values, where
these regions are the ones where rainfall is an outcome of
large-scale spatial atmospheric processes (Tsonis and Swan-
son 2008; Malik et al. 2012). For example, giant topographic
barriers tend to disintegrate large-scale spatial atmospheric
processes and hence one observes low degree centrality
across topographic barriers (Malik et al. 2012; Stolbova
et al. 2014). Regions with low k values are the ones where
rainfall is an outcome of isolated and small-spatial atmos-
pheric processes (Boers et al. 2014; Stolbova et al. 2014).
Another critical centrality measure is the closeness y; it is
the normalized total sum of the shortest paths between a node
and all other nodes in a network (Sabidussi 1966; Newman
2010). Thus, it measures the average network distance between
anode and its neighbors. The y of the node i is given by,

I
%= 7
21 4 @

where d;; stands for the distance between nodes i and j. Any
perturbation introduced at the nodes (regions) with the high-
est y will disperse over the network at a faster rate (Malik
et al. 2012). Hence, it locates the nodes, where the informa-
tion flow (in the context of this study, rainfall dynamics) is
the fastest. Regions with high y will significantly impact
upon meteorological processes, including rain producing
systems. High y corresponds to a rainfall system, which is
effective over a large area (e.g., Indian summer monsoon),
while low y indicates locally effective rainfall with minor
movement (e.g., short lived frontal systems).

We also study one of the most fundamental structural prop-
erty of real-world networks, the clustering coefficient C (Watts
and Strogatz 1998). Mathematically, it measures the frequency
of triangles in a network, i.e., the number of 3-vertex cliques
(triangles) in which all three nodes are connected. The C of
the node i,

C = ZiAij 'Aih 'Ajh
1 k ’

l

®
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where A;, Ay, and Ay, indicate whether there is an edge
between node i and j, i and £, j and h, respectively. The local
clustering coefficient measures the ratio of links connecting
the direct neighbours of a particular node to the number of
all possible links between them (Jha et al. 2015), and it is a
characteristic of the spatial continuity of the rainfall field.
High C indicates an atmospheric system that brings rainfall
to a large region at once (e.g., warm frontal precipitation in
a developing cyclone system), while low C means scattered
rainfalls without any physical connection between the local
rainfall events (e.g., small-scale, isolated moist convections).
Thus, the local clustering coefficient is able to distinguish
rainfall generated from large-scale systems or in a smoother
form (e.g., stratiform rain) versus mesoscale and convective-
scale rainfall.

Centrality measures are subject to embedding biases,
for example, borders of the study site remove edges that
may exist with the area outside of the study site. We have
corrected such boundary effects in the centrality measures
using the numerical solution proposed by Rheinwalt et al.
(2012). The algorithm estimates the boundary effect itera-
tively based on the existence of edges in spatially embedded
random networks that mimic the edge length (azimuthal)
distribution of the original network.

We complete the analysis by finding communities F that
best partition the networks for the Baiu front and tropical
storms. Communities in a network represent groups of nodes
that are highly connected within each group, but with weaker
links among the groups (Fang et al. 2017). An analogue may
be the traditional clustering analysis in statistics. There are
many algorithms for identifying network communities (Are-
nas 2005; Fortunato and Hric 2016). We use an algorithm
which involves the maximization of modularity, see Blondel
et al. (2008) for details. Although modularity is commonly
applied to explore the communities in network studies, it is
not widely used in climate networks (Agarwal et al. 2018).
We choose the algorithm by Blondel et al. (2008) particu-
larly because of the high computation speed and accuracy.
These communities are representative of coherent rainfall
zones over the study area, i.e., the rainfall over these zones is
more homogeneous, synchronized and have similar dynami-
cal properties.

4 Results and discussion

Extreme rainfall is triggered by several weather systems,
in addition to tropical or frontal systems, e.g., orographic
downpours linked to low-level jets (Monaghan et al. 2010;
Sato 2013) might also trigger extreme rainfall. Hence,
we consider the following different combinations of the
thresholds p and y in our above-described method (Eq. 5):
(p,7) = (90%, 90%),(95%, 90%),(90%, 95%) and (95%, 95%).

@ Springer

We try to minimize the bias in our event series due to the
extremes that might have been triggered by the other rainfall
systems by setting p as high as 90% or 95%. We will show
only one case to conserve space in the figures with spatial
maps of the region. However, we have checked that these
results are not sensitive to the above choices of thresholds.

The distribution of the length of the edges & is shown in
Fig. 3. We identify that £ follows a good approximation of
a gamma (Weibull) distribution in JJ (ASON). Both of these
distributions are extensions of the exponential distribution
and are frequently encountered in the modeling of extreme
events. In contrast to JJ, it appears that rainfall events during
ASON tend to cluster more towards specific length scales
leading to a Weibull distribution (observe the higher peak
values for ASON in Fig. 3a—d). Also, JJ has more spread
out tails, i.e., the spatial scales of extreme rainfall during
JJ are longer compared to ASON when y = 90%, including
a larger mean length (note the difference in p;; and p, g0y
values in Fig. 3).

This result may seem at first counter-intuitive because the
spatial length scales of the rainfall field are bound to the for-
ward speed and the size of the tropical storms during ASON,
and when they travel long distances during the extratropical
transition the rainfall field is expected to be connected over
such long distances. This fact of longer mean edge lengths in
1] is linked to the Baiu front development, which starts over
east China associated with the Baiu trough and extends all
along western and eastern Japan (with possible interaction
with other cyclonic systems) towards northwestern Pacific
for about 3000 km (Laing and Evans 2015). Hence the Baiu
linked events during JJ can occur over larger spatial scales
than the tropical storm dependent events.

Spatially, the longest mean geographical lengths of edges
Z pean> €Xist over the Sea of Japan for the JJ season whereas,
for the ASON season, parts of northern Japan and the north-
west Pacific have longer mean geographical length of edges
(see Fig. 4a—c). In Fig. 5a, b we observe a similar pattern
for the degree centrality k as well (Eq. 6). The regions men-
tioned above are not those with the highest rainfall amounts,
but the relatively drier regions during the JJ and ASON
season (see Fig. 2). The Baiu front is a highly multi-scale
phenomenon (Ninomiya and Akiyama 1992; Ninomiya and
Shibagaki 2007). During such frontal developments in JJ,
mid-level shortwaves from north China together with south-
westerlies from lower latitudes create the Baiu trough over
the northern Sea of Japan. However, when the frontal activ-
ity effects southern Japan, the heavy rainfall is often due to
mesoscale convective systems embedded in the front, some-
times related to topographic effects over land. The mesoscale
systems would reduce £, ,,, and k from the network per-
spective, because of the much-localized extreme rainfall (see
western Japan in Figs. 4a, 5a). Both £, ,, and k patterns

mean

match with the typical TR, and TR, tropical storm paths in
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ASON, one south and another north of Honshu island. The
tropical storm rainfall following these paths is revealed in
these two network metrics. Hence, from these observations,
we can infer that rainfall over the Sea of Japan during JJ, and
northern Japan and the northwest Pacific during ASON is
the outcome of the most extended spatial scale atmospheric
processes that generate the extreme rainfall associated with
the Baiu front and tropical storms.

Quite distinct from the mean edge length and degree cen-
trality, all the regions with higher closeness y (Eq. 7) are
around the boundary of the studied region for the JJ season,

but unlike &£, ,,, and k, with lower values over the Sea of

Japan, indicating that the processes that impact the JJ rain-
fall are larger than the area of study (Fig. 6). The JJ season
receives rainfall due to the movement of the Baiu front,
which is a massive spatial scale process and controlled by
planetary-scale processes such as Rossby waves and accom-
panied Baiu trough development. Since y emphasizes the
pathways of extreme rainfall more (even when degree cen-
trality is small), the pattern in Fig. 6a nicely indicates the
northward movement of the Baiu front, shown by the yellow
coloured area that extends from 30°N to 40°N on Japan and
Sea of Japan. The regions with even higher closeness (red
coloured) can be seen extending to the northern Sea of Japan
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Fig.6 Closeness centrality y for Q°° — A% in the periods a JJ, b ASON, and c their difference 4y = y(J7) — y(ASON)

and northwest Pacific, indicating the connection between
Baiu rainfall and other synoptic systems in the vicinity. In
contrast, for the ASON season, the higher y regions lie along
the Japanese archipelago, with most higher values observed
over northern Japan. Tropical storms traveling along the
Japanese archipelago cause the ASON rainfall (see TR,
and TR, tracks of tropical storms in Fig. 1). Hence, ASON
rainfall is mainly influenced by processes taking place over
the Japanese archipelago, including the interaction with
the topography of the region. Higher y values during the
JJ season indicates once again the larger scale of the Baiu
frontal system compared to tropical storm systems during
the ASON season. In Fig. 6¢, we plot the difference between
 during JJ and ASON, where a diagonal pattern along the
Japanese archipelago becomes even more evident.

The local clustering coefficient C (Eq. 8) measures the
interconnections between network nodes (triangles of ver-
tices), and C indicates the continuity of the rainfall fields
in rainfall networks. Higher C means that the rainfall field

@ Springer

is more homogeneous in space, whereas lower C refers to
a spatially heterogeneous rainfall field. We do not observe
a specific spatial pattern in C over the area of interest for JJ
(see Fig. 7a). This is consistent with the fact that the extreme
rainfall within the Baiu front is often from the mesoscale
convective systems and they have highly variable loca-
tions. However, we do observe higher C over Eastern Japan
(Central Honshu) in the case of ASON, which is the region
with a very high topography, including the Japanese Alps.
It, therefore, appears that tropical storms interact with the
topography of the Japanese archipelago. Also, at the lati-
tudes of Japan, tropical storms interact with the persistently
large vertical wind shear in the region, which often results in
typical rainfall patterns under the influence of westerly shear.
This may be one of the reasons, other than the topography,
of the higher clustering coefficient during ASON compared
with JJ.

Next, we identify regions of coherent rainfall activity dur-
ing the JJ and ASON seasons. For this purpose, we identify
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Fig.8 Communities F for 0% — A% in the periods a JJ, and b ASON

the community structure in the networks, i.e., we partition
network nodes into different groups or communities. We
use the modularity maximization method (Louvain method)
to detect communities by iteratively optimizing the local
communities up to a level that the global modularity can no
longer be improved (Blondel et al. 2008). Communities rep-
resent highly interconnected parts of a network or functional
modules within a network. In rainfall networks, communities
can identify the regions of coherent rainfall activity; accord-
ing to our definition of edges, which is based on event syn-
chronization, they are the regions with more synchronized
and homogenized rainfall.

We identified four communities for the JJ season by maxi-
mizing the modularity (see Fig. 8a). The communities in
Fig. 8a appears to capture the fact that the Baiu front gradu-
ally moves northwards from the south of the area shown.
Baiu fronts are typically heavily elongated, extending zon-
ally (east—west) rather than meridionally (north—south),
which is seen by the horizontally-extending community 2
that includes the highest rainfall regions. The northern most
latitudes are divided into two communities, possibly due
to the mechanisms involved at the end of the Baiu season,
for example the northward advance of the NPSH over the

northwestern Pacific (associated with community 4). On the
other hand, community 3 is associated more with monsoon
development processes over East Asia. In the case of the
ASON season, we obtain five communities (see Fig. 8b).
Communities 6 and 7 appear to be due to the track TR, of the
tropical storms, and communities 5 and 9 are due to the track
TR, of the tropical storms. ~ 2/3 of the track TR, appear to
converge towards northern Honshu and merge with commu-
nity 7, whereas the remaining ~ 1/3 represent community 9,
where tropical storms lose energy in such northern latitudes
(> 40°N). Most of Japan appears to fall within one single
coherent rainfall community during ASON (see community
7 in Fig. 8b), with only some parts of Hokkaido and southern
Japan being outside of it. The area marked by the community
7 is emphasized also by high clustering in Fig. 7b, which we
interpret as the large cloud systems being effective over the
region concurrently and distinct topographic effect to rain-
fall is highlighted over the Japan Alps. Whereas, during the
JJ there exist a clean division between northern (Hokkaido
and North Honshu) and rest of Japan, where Baiu is active.

5 Conclusion

Spatially embedded climate networks have been recently
adopted to uncover non-linear climatic processes over large
spatial scales, such as the spatial distribution of extreme rain-
fall over the Indian subcontinent during the Indian Summer
Monsoon (Malik et al. 2012; Stolbova et al. 2014), or the
propagation of extreme rainfall over south America (Boers
et al. 2014). This study is the first example in which complex
networks are adopted to compare the spatial dynamics of
two different atmospheric systems that commonly initiates
extreme rainfall, the Baiu front, and tropical storms, which
bring rainfall to Japan. We have employed tools from net-
work science to analyse satellite-derived daily rainfall on
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two disjointed seasons; JJ and ASON, for the analysis. The
Baiu front is the main source of rainfall during JJ and tropi-
cal storms during ASON. Consistency of the Baiu season
decreases the chance of biases due to tropical storms during
JJ, which is reflected clearly in our results.

Complex network measures are able to effectively iden-
tify different areas where contrasting tropical storm tracks
are effective using only TRMM rainfall estimates. Although
the spatial dynamics of the Baiu frontal system was long
studied, this study might be the first that numerically identi-
fies the Baiu dominated region on Japan on a decadal time
scale.

We have uncovered that spatial scales involved in rain-
fall caused by the Baiu season are longer (~ 10° km) than
rainfall produced by tropical storms, when the longest links
are considered, and follow a gamma distribution. Tropi-
cal storms show a preference for moderate length scales in
the range of 10? km and follow a Weibull distribution. The
longer scales should be related to the fact that the Baiu front
is a nearly stationary weak baroclinic zone, whereas the
tropical storms are highly dynamic, closed low-level atmos-
pheric circulations.

The longest length scale rainfall during the Baiu season
seems to exist over the Sea of Japan, one of the driest regions
during this period (versus Western Japan) associated with
the shortwave from the Asia continent and southwesterlies
from land. It appears that the Sea of Japan receives rainfall
as a result of massive spatial activities of the atmosphere,
which are responsible for generating the Baiu trough. Dur-
ing the tropical storm season, spatially massive storms bring
rainfall over northern Japan along the two typical storm track
types. These different scales of processes associated with
Baiu front and tropical storms have been revealed from
various network measures based on event synchronization,
such as mean edge length Z,,, ., degree k and closeness y
centralities. The first two measures indicate the more local
characteristics of the extreme rainfall, while closeness cen-
trality, by its definition, is able to indicate the pathway of
development of extreme rainfall event and spatial relation-
ships with other synoptic systems.

We suspect that the processes impacting upon the Baiu
season are of a planetary scale, whereas local processes
that are active around the Japanese archipelago influence
the tropical storms, including the topography of different
islands. We have further identified, based on network com-
munities F, that during JJ there exist east-west bands of
coherent rainfall over the study region. In contrast, bands of
coherent rainfall form along the tracks for tropical storms
during ASON season.
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