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The compound heat wave and extreme precipitation events are responsible for severe
damages to the environment and human societies. Although major advances have been
made in understanding the compound extremes (e.g., drought and heat wave), little
is known about two types of extremes synchronized/connected in different regions in
China. Here we identify a new type of compound extreme termed as “remote compound
extreme” with the aid of a new extreme value detection method that combines isolated
forest and quantile statistics. The new compound extremes are reflected by a statistically
significant correlation (i.e., 0.52) between heat wave in the Pearl River Delta and extreme
precipitation in the Yangtze River Delta. The remote compound extreme may be tied to
the western Pacific subtropical high that modulates typhoons, surface temperature in
the Pearl River Delta and extreme precipitation in the middle and lower reaches of the
Yangtze River.

Keywords: compound extremes, heat wave, extreme precipitation, extreme detection, isolation forest

1. INTRODUCTION

Extreme weather and climate events have devastating effects, which have been projected to intensify
under climate change (Murray and Ebi, 2012; National Academies of Sciences and Medicine, 2016;
Stott, 2016). Extreme events like heat waves may claim thousands of lives every year and destroy
ecological systems (Gasparrini and Armstrong, 2011; Peng et al., 2011; Ma et al., 2015). This is also
true for extreme precipitation related to tropical cyclones, atmospheric rivers, monsoonal systems
associated with flash floods across the globe (Christensen and Christensen, 2003; Teegavarapu,
2012; Yin et al.,, 2018; Zhang et al., 2018).

Mounting evidence has shown that extreme weather events are connected, rather than
independent or isolated (Leonard et al., 2014; Zscheischler and Seneviratne, 2017; AghaKouchak
et al,, 2020; Raymond et al., 2020; Zscheischler et al., 2020). Over the past years, a new type of
extreme events, so-called compound extreme, has been identified (Leonard et al., 2014; Zscheischler
and Seneviratne, 2017; AghaKouchak et al., 2020; Raymond et al., 2020; Zscheischler et al., 2020),
leading to cascading effects on human and the environment (AghaKouchak et al., 2018). Therefore,
a better understanding of this new type of extreme climate events can pave the road for projecting
future climate risk assessment.
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Recent studies have documented compound extreme
including concurrent drought and heat wave (Fischer et al,
2007), tropical cyclone and heat waves in the future climate
(Matthews et al., 2019), concurrent wind and precipitation
extremes (Martius et al., 2016), concurrent heat and air pollution
(Zhong et al., 2017), heat stress followed by floods in the central
United States (Zhang and Villarini, 2020), and precipitation and
storm surge (Wahl et al., 2015; Lentz et al., 2016). Because these
extremes have been identified in the same spatial region/domain,
it is still unclear regarding whether compound extremes could be
connected and located in different regions.

The Pearl River Delta in South China has been frequently
attacked by heat waves (Sun et al., 2017; You et al., 2017; Liu
etal,, 2018; Deng et al., 2020). Moreover, the Yangtze River Delta
is affected by the Meiyu belt that may lead to fluvial flooding (Ge
etal., 2008; Han et al., 2015; Wang and Gu, 2016; Yin et al., 2016),
with the 2020 summer flooding that has wreaked havoc in China
(Guo et al.,, 2020; Wei et al., 2020). We are yet to understand
whether the heat wave (extreme heat) in the former region relates
to the extreme precipitation in the later region. We will examine
whether, the extent to which and how the heat wave events in the
Pearl River Delta are connected to extreme precipitation in the
middle and lower reaches of the Yangtze River.

Moreover, the definition of extreme events (e.g., what
precipitation is extreme) may lead to large uncertainties in
analysis results (Rivas et al, 2008; Stephenson et al, 2008;
Pendergrass, 2018). Here we propose a new extreme value
detection method that combines machine learning (i.e., isolated
forest) and statistical methods. The extreme detection method
is an advanced machine learning algorithm, that identifies the
outlier set, followed by using the quantile function to determine
the critical point of the extreme value from the outlier set (Liu
et al., 2008, 2012). Therefore, the main objective of this study
is to identify and investigate a new type of compound extreme
(termed as “remote compound extreme”) in China using machine
learning technologies (i.e., isolated forest).

In what follows, the study area and data source, methods
are introduced in section 2. In section 3, we give the analysis
results and their interpretations. The paper is then concluded by
a summary and discussion in section 4.

2. DATA AND METHODOLOGY
2.1. Study Area and Data Source

The present study focuses on extreme weather events that are
connected across two regions (i.e., the Pearl River Delta and the
Yangtze River Delta). The study area of this research thus covers
the middle and lower reaches of the Yangtze River and the Pearl
River Delta. We select daily temperature data in the Pearl River
Delta region and daily precipitation data in the middle and lower
reaches of the Yangtze River region, during June and July from
1979 to 2020.

We obtain daily precipitation and temperature data from
the European Center for Medium-Range Weather Forecasts
(ECMWF) ERA-5 reanalysis data with a spatial resolution of
0.25°. The 500-hPa geopotential height, 850 hPa winds and
500 hPa vertical velocity (omega) are also used to diagnose

large-scale circulation that is conducive to extreme precipitation
and temperature events across the study regions. Typhoon
information is obtained from the Shanghai Typhoon Institute
best track data.

2.2. A New Extreme Detection Method

This paper combines the isolated forest method and the quantile
statistical method to propose a new extreme detection method.

2.2.1. Isolation Forest

In this paper, we use the isolated forest algorithm (Liu et al.,
2008, 2012) to find and detect outliers. The term isolation means
“separating an instance from the rest of the instances.” Note
that the isolated forest algorithm is different from “decision tree”
and “random forest,” which are also commonly used machine
learning methods. Since anomalies are “few and different” and
therefore they are more susceptible to isolation. The method
exploits two particularities of anomalies: they represent fewer
instances in the observed set, and, compared to healthy instances,
they have discrepant attribute-values.

Anomaly detection using iForest is a two-stage process. The
first (training) stage builds isolation trees using subsamples of the
training set. The second (testing) stage passes the test instances
through isolation trees to obtain an anomaly score for each
instance (Liu et al., 2008, 2012).

In the training stage, iTrees are constructed by recursively
partitioning a subsample X’ until all instances are isolated. Details
of the training stage can be found in Algorithms 1 and 2. Each
iTree is constructed using a sub-sample X’ randomly selected
without replacement from X, X’ C X.

Algorithm 1: iForest(X, t, /)
Input:
X - input data,
t - number of trees,
Y - subsampling size
Output:
asetoftiTrees
1: Initialize Forest
2: fori=1totdo
3 X <« sample(X, ¥);
4:  Forest < Forest U iTree(X');
5
6

: end for
. return Forest;

There are two hyperparameters to the iForest algorithm in
Algorithm 1: the subsampling size 1/ and the number of trees t.
The subsampling size 1 controls the training data size and the
number of trees ¢ controls the ensemble size.

The normal points tend to be isolated at the deeper end of the
tree, whereas anomalies are closer to the tree root, due to their
singularity nature. The shorter the average path length, the higher
the chances to be anomalies. Hence, the anomaly score s is then
defined by:

_ E(h()
s(x,n) =2 (1)
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Algorithm 2: iTree(X’)
Input:
X’ - input data
Output:
an iTree
1: Initialize Forest
2: if X’ cannot be divided then
3. return exNode{Size = |X'|}
4: else
5
6
7

let Q be a list of attributes in X’

randomly select an attributes g € Q

randomly select a split point p between the max and min
values of attribute g in X’

8. Xj < filter(X',q < p)

9 X, < filter(X',q > p)

10:  return inNode{Left <« iTree(X)), Right “«~
iTree(X,), SplitAtt < q, SplitVale < p}

1: end if

—

where 7 is the number of samples in the dataset, E(h(x)) is the
average of path length h(x)from a group of isolation tree, and
c(n) is the average of h(x) given n, used for normalizing the
path length.

Details of the testing stage can be found in Algorithm 3.

Algorithm 3: PathLength(x, T, hlim, e)
Input:
x - an instance, T - an iTree, hlim - height limit, e - current
path length;
to be initialized to zero when first called
Output:
path length of x
. if T is an external node or e > hlim then
return e + c(T.size)
end if
. a < T.splitAtt
. if x, < T.splitValue then
return PathLength(x, T left, hlim,e + 1)
else
return PathLength(x, T.right, hlim,e + 1)
: end if

R N AR A R > e

2.2.2. Quantile Statistical Methods
In probability and statistics, the quantile function, associated
with a probability distribution of a random variable, specifies
the value of the random variable such that the probability of
the variable is less than or equal to the given probability. It
is also called the percent-point function or inverse cumulative
distribution function.

With reference to a continuous and strictly monotonic
distribution function, for example the cumulative distribution
function of a random variable X, the quantile function Q returns

a threshold value x below which random draws from the given
c.d.f would fall p percent of the time (Parzen, 2004).

In terms of the distribution function F, the quantile function
Q is then defined by:

Q(p) = inf{x € R:p <= F(x)}. (2)
2.2.3. A New Extreme Detection Method

Definition of extreme values: In this paper, we treat extreme
values as a subset of outliers. Therefore, we first use the isolated
forest algorithm to identify and label the outliers of temperature
or precipitation at each spatial grid, and then for the outliers of
each grid point, the 95-quantile method is used to determine the
critical point of the extreme value, and the value greater than the
critical point is defined as the extreme value.

We use “isolated forest,” which is an advanced machine
learning algorithm, to detect the outlier set, followed by using
the quantile function in statistics to determine the critical point
of the extreme value from the outlier set. We finally identify
values greater than the critical point as extreme values. We apply
this extreme identification methodology to precipitation and
temperature data over the Pearl River Delta and the middle and
lower reaches of the Yangtze River in China.

In this paper, we propose a new extreme value detection
algorithm as shown in Algorithm 4. The return value label of
the isolated forest model uses —1 to denote the outlier. After
that, the percentile function is used to obtain the critical value of
the pth percentile, and finally record the points greater than the
critical value in the original vector as extreme values to realize the
discovery and identification of extreme values.

Algorithm 4: A new extreme detection method

Input:
X - an vector
Output:
the extreme label corresponding to the vector value
0 means non-extreme value, 1 means extreme value
1: Use the isolated forest algorithm to identify outliers on x
2: Use quantile statistics to obtain the critical point 6 of extreme
values in the outlier vector

3: if x > 6 then

4:  return 1(extremevalue)

5. else

6: return 0(non — extremevalue)
7: end if

Based on the assumption that extreme values are outliers, we
propose a new extreme value detection method introduced in
this paper. Compared with other algorithms, the isolated forest
algorithm (Liu et al., 2012) has better generalization ability and
robustness in the detection and recognition of outliers. It can
be applied to univariate or multivariate outlier detection and
identification problems, and absorbs the advantages of ensemble
learning ideas.

This new extreme value detection method, on the one hand,
absorbs the advantages of the isolated forest algorithm in the
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FIGURE 1 | Spatial distribution of climatological mean (A) precipitation
(mm/day) and (B) temperature (°C) during June and July of 1979-2020 in
Southeast China.
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FIGURE 2 | Spatial distribution of composite (A) extreme precipitation
(mm/day) and (B) extreme temperature (°C) for the date of compound
precipitation and temperature extremes in Southeast China during June and
July of 1979-2020.

detection and identification of outliers, on the other hand, it also
incorporates the method of using statistics to determine extreme
values in related papers. It belongs to a comprehensive method
of extreme value discovery and recognition, and uses advanced
machine learning technology and traditional statistical methods.
Compared with using a single method, it has a stronger learning
ability and recognition.

3. ANALYSIS RESULTS AND
INTERPRETATION

We start with analyzing the climatology of temperature and
precipitation across the study area: the Pearl River Delta and the
middle and lower reaches of the Yangtze River (Figure 1). The
middle and lower reaches of the Yangtze River exhibit higher
climatological precipitation (e.g., 10 mm/day) than the other
regions in South China during June and July (Figurel, left

40°N : - : 0.04
0.02

30°N 0
-0.02
-0.04
-0.06
-0.08

0Nog

" 110°E 120E 130°E 140°E 150°E
FIGURE 3 | Composite winds at 850 hPa (vector, m/s) and vertical velocity
(omega) at 500 hPa (shading, Pa/s) for the date of compound precipitation
and temperature extremes in Southeast China during June and July of

1979-2020. Red rectangular denotes the study area.

panel). Meanwhile, a high climatological surface temperature
is observed in the Pearl River Delta, suggesting a high risk
of heat wave events (Figure 1, right panel). It is noted that
the climatological surface temperature in Hunan and Jiangxi
provinces is also high during June and July (Figure 1, right
panel). In order to detect extreme temperature and precipitation,
we apply the new extreme value detection method to detect
extreme precipitation and extreme temperature in June and July
in the Pearl River Delta and the middle and lower reaches of
the Yangtze River. The spatial pattern of extreme precipitation
and extreme temperature (Figure 2) is different from that for
climatological precipitation and temperature (Figure 1). Because
the extreme precipitation date and extreme temperature date
occurred simultaneously for 169 days, accounting for 30.8% of
the extreme temperature date, based on the extreme precipitation
and extreme temperature at each grid point under the coincident
date, we found that Figure 2A has more blank areas (missing
values) than Figure 2B. Specifically, the regions with extreme
temperature are shifted poleward compared with climatological
temperature (Figures 1, 2). The high-low-high tripolar pattern
of climatological precipitation (Figure 1) cannot be identified for
extreme precipitation (Figure 2). Extreme precipitation exhibits
high values in eastern Guangdong Providence and a large portion
of the middle and lower reaches of the Yangtze River.

Figure 3 displays composite winds at 850 and 500 hPa vertical
velocity during the days with compound precipitation and
temperature extremes in Southeast China. The updraft (negative
omega) is consistent with regions in the middle and lower reaches
of the Yangtze River with extreme precipitation (Figure 2).
Meanwhile, the downdraft associated with high temperature is
located in the western part of the Pearl River Delta (Figure 3).
The composite 500-hPa circulation pattern during days of the
compound extreme features teleconnections that propagate from
the east of the Philippines to South China (Figure 3). This 500-
hPa circulation pattern, together with the pattern of 500-hPa
omega, serves to interpret the compound extreme (Figures 2, 3).
The easterly winds along the north flank of the cyclonic system
(Figure 3) can transport water vapor from the Pacific Ocean
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to the continent and may also contribute to the precipitation
over Yangtze River (Yu et al., 2020). The circulation patterns are
similar to the circulations related to tropical cyclones (known as
typhoons in the western North Pacific) because previous studies
have suggested some potential connections between tropical
cyclones and heat waves (Parker et al., 2013; Lin, 2019; Matthews
et al,, 2019; Zhong et al., 2019). During the days with compound
extremes, tropical cyclones are located close to or inside the
study region (Figure 4), in agree with previous studies showing
that tropical cyclones may be associated with heat waves (Parker
et al,, 2013; Lin, 2019; Matthews et al., 2019; Zhong et al., 2019).
During 1979-2019, we identify 157 days of compound extremes,
85 of which are accompanied by typhoons located west of 130°E.

40°N —
X
30°N
20°N : —
P X;( HKox X X X
IR SR
WX X X
| P |
10NooE I10°E 120°E 130°E 140°E 150°E
FIGURE 4 | Six-hourly tropical cyclone positions (blue crosses) west of 130°E
for the date of compound precipitation and temperature extremes in Southeast
China during June and July of 1979-2019. Note that tropical cyclone positions
in 2020 are not shown because the tropical cyclone best-track data in 2020
are not yet available. Red rectangular denotes the study area.

Therefore, 54% of compound extremes coincide with typhoon
activities, indicating an association between the compound
extreme and typhoons. While tropical cyclones are influenced by
large-scale circulation in terms of steering flow (tracks), genesis
and intensity, these storms can also modulate the climatology of
the background large-scale circulation (Arakane and Hsu, 2020).
Although typhoons may modulate the circulations conducive to
the compound extreme, typhoon tracks are overall controlled
by the subtropical high. Therefore, the major driver of the
compound extreme is the subtropical high with typhoons playing
a certain role.

Based on the new extreme value identification method, we
find the date of extreme temperature and the date of extreme
precipitation in the middle and lower reaches of the Pearl
River and the Yangtze River Delta. We use the date of extreme
temperature as the reference point, and analyze the date of
extreme precipitation lags 0-60 in sequence. When the date of
extreme precipitation lags behind the date obtained after 18 days,
49.18% of the date is included in the date of extreme temperature.
This relationship is shown in Figure 5.

To examine whether there is an association between extreme
temperature in the Pearl River Delta and extreme precipitation
in the Yangtze River Delta, we calculate the Pearson correlation
coeflicient between the median value of extreme temperature in
the former region and the median value of extreme precipitation
in the later region (Figure 6). There is a statistically significant
Pearson correlation (0.52) between the median value of extreme
temperature and the median value of extreme precipitation
during the 26 years when we can detect extreme temperature
and precipitation (Figure 6A). The Kendall’s tau (0.35) between
the median value of extreme temperature and the median value
of extreme precipitation is also statistically significant at the
0.05 level. The significant association between the two types of
extremes suggests the compound nature of this event (remote

40
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FIGURE 5 | Probability distribution of different days after extreme precipitation date lagging extreme temperature date.
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extreme detection method, (B) the traditional 95th quantile method, (C) the traditional 99th quantile method.
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compound extremes). That is, heat wave characterized by
extreme temperature in the Pearl River Delta may be concurrent
and connected with extreme precipitation events in the Yangtze
River Delta (Figure 6). At the same time, we compared and
analyzed the use of the 95% quantile method to identify extreme
values, and found that the correlation between the annual median
value of extreme temperature in the Pearl River Delta and
extreme precipitation in the Yangtze River Delta is weak (0.12),
which does not meet statistical significance (Figure 6B). The
results by using the 99th percentile lead to a correlation of 0.33,
which is not statistically significant (Figure 6C).

In addition to potential impacts of typhoons on the compound
extremes, the physical mechanisms underlying the remote
compound extremes may be tied to the subtropical high that
modulates weather and climate in China, responsible for extreme
temperature and precipitation. Figure7 exhibits the 5,880-
gpm contour of 500-hPa geopotential height when extreme
temperature and precipitation events occurred. The subtropical
high during extreme temperature is quite consistent with that
during extreme precipitation (Figure 7). When the subtropical
high shift westward and sits on the Pearl River Delta, there
tends to excite heat waves. Meanwhile, this subtropical high
setting is also conducive to extreme precipitation in the Yangtze
River Delta because strong moisture transport to this region
is prevalent along the western flank of the subtropical high
(Figure 7). Subtropical high also modulates the steering flow,
which determines typhoon tracks (Gao et al., 2020). Therefore,
the subtropical high plays a dominant role with typhoons playing
secondary roles.

4. CONCLUSIONS AND DISCUSSION

Although major advances have been made in understanding the
compound extremes (e.g., drought and heat wave), little is known
about two types of extremes synchronized/connected in different
regions. Here we have identified a new type of compound
extremes termed as “remote compound extremes” with the aid
of a new extreme value detection method that combines isolated
forest and quantile statistics. The main findings of this paper are
summarized as follows.

140°E

160°E 180°
FIGURE 7 | The 5,880-gpm contour (red) of 500-hPa geopotential height for
the 26 years with extreme temperature in the Pearl River Delta and extreme
precipitation in the Yangtze River Delta during June and July, and the
climatological mean 5,880-gpm contour (black) during June and July of
1979-2020.

1. We apply a new extreme detection method that combines
isolated forest and quantile methods to identify the extreme
temperature and precipitation, thereby leading to the new
compound extremes.

2. We have found a statistically significant correlation (i.e.,
0.52) between the heat waves in the Pearl River Delta and
extreme precipitation in the Yangtze River Delta, suggesting
the existence of the remote compound extremes.

3. The remote compound extreme may be tied to the western
Pacific subtropical high that modulate typhoons, surface
temperature in the Pearl River Delta and extreme precipitation
in the middle and lower reaches of the Yangtze River.

This study for the first time quantifies the occurrence of this type
of compound extreme using machine learning technologies and
attempts to understand this compound. Efforts are still required
to dissect the exact mechanisms underlying this compound
extreme. Our future work will focus on three aspects of the
new compound extreme. First, we will evaluate this new type
of compound extremes across different regions. Second, we
will examine the capability of climate models in simulating
and reproducing this compound extreme. Last but not least,
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further study will focus on the predictability of this new type of
extremes among the seasonal forecasting systems [e.g., The North
American Multi-Model Ensemble (Kirtman et al., 2014)].
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