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2 Freychet et al.

events. Two observational datasets (APHRODITE and PERSId¥e compared with two
high-resolution global climate models (HIRAM and HadGERB&?2) and an ensemble of
other lower resolution climate models from CMIP5.

We first evaluate the performance of the high resolution nsoddey both exhibit good
skill in reproducing extreme events, especially when caegaith CMIP5 results. Signif-
icant differences exist between the two observationalsgdsa highlighting the difficulty of
having a clear estimate of extreme events.

The link between the variability of the extremes and thedascgle circulation is inves-
tigated, on monthly and interannual timescales, using asitg and correlation analyses.
Both extreme indices DS15 and PR99 are significantly linkgti¢ low level wind intensity
over East Asia, i.e. the monsoon circulation. It is also fbthmat DS15 events are strongly
linked to the surface temperature over the Siberian regiort@the land-sea pressure con-
trast, while PR99 events are linked to the sea surface tetyseranomalies over the West
North Pacific. These results illustrate the importance @ftilonsoon circulation on extremes
over East Asia. The dependencies on of the surface tempemtar the continent and the
sea surface temperature raise the question as to what eéxtgritould affect the occurrence

of extremes over tropical regions in future projections.

Keywords Extreme precipitation Extremes variability East Asia- High Resolution

Models- Asian Monsoon

1 Introduction

East Asia has a dense population, with more than one bilgmple living in China, and is
subject to strong seasonal atmospheric variations. Theemmonsoon can bring dry and

cold air from Northern-Asia, while the summer monsoon israbterized by warm and wet
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air advected from the tropical Indopacific region. This dyizs has been reviewed in many
papers and books (e.g. Ramage, 1971; Ding, 1994; Jhun an@@@® Wang, 2006; Ding,
2007; Wang et al., 2008; Wang and Chen, 2014; Matsumura,&l5; Liu et al., 2015).
Depending on the season, East Asia can also be impacted bgtdsoand floods which
can have considerable socio-economic impacts. A numbeudfes have focused on the
variations of major extreme events in recent warming dexade/or a potential future cli-
mate change (Trenberth et al., 2003; Kharin and Zwiers, 20@&hl et al., 2005; Risnen,
2005; Barnett et al., 2006; Tebaldi et al., 2006; Giorgi et2011; Shiu et al., 2012; Scoc-
cimarro et al., 2013). The Intergovernmental Panel on Gén&Zhange Fourth Assessment
Report (IPCC AR4) provides a summary of the associatedesudicluding projected fu-
ture details of the Asian region in Chapters 10.3.6 (Meehl.e2007) and 11.4 (Christensen
et al., 2007). The confidence in the spatial and temporaatians of a projected precipi-
tation change is sensitive, the results being usually digrgron the models, especially for
extreme events (Freychet et al., 2015), and it is importanhterstand the dynamical con-
nection between the changes in the monsoon circulationxrehee events (e.g. Wang and
Ding, 2006; Inoue and Ueda, 2011; Min et al., 2012; Turner Andamalai, 2012; Duan
et al., 2013; Hsu et al., 2013; Jones and Carvalho, 2013; &ath, 2013; Kamae et al.,
2014).

If extreme events are rare by definition, their variabilgyalso high (especially the short
term variability on timescales of daily to intraseasonafigl they may sometimes occur con-
secutively during a long period or over a large region. Onpartant question is how the
occurrence of extreme events over East Asia is linked tcatfigeIscale dynamics (including
the monsoon system). In other words, is the variability dfemes mostly due to local con-
ditions or the large scale atmospheric circulation? Previwork has shown the important

role of the atmospheric moisture content when studyingget@ns (e.g. Chou and Neelin,



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

4 Freychet et al.

2004; Stephens and Ellis, 2008; Chou et al., 2009; Seagér, 2040; Giorgi et al., 2011,
Chen et al., 2012; Chou et al., 2012; Kusunoki and Arakawh2PMowever, it is still un-

clear to what extent the dynamics and monsoon circulatiarhdcionpact extreme events,
especially their variability. Understanding what corgrthis variability may help to better

estimate future risks.

One problem when studying extremes related to precipitagitheir poor representation
in the current Global Climate Models (GCMs), because of leaotution and inefficient
physical parametrization. Indeed, GCMs usually have losolgion (from 1.8 to 3 or
coarser in the CMIP5 models). High resolution model datastiierare and precious for
climate studies, especially when studying extreme evéns. common approach to solve
this point consists of using regional climate models withHhair resolution and forced by
low resolution GCM output at the domain boundaries. Howetber use of such models is
limited to regional studies, and cannot be used to invegtigage spatial scale correlations

(eg the links between the monsoonal circulation and extsgme

In this study, we use two global high-resolution stateked-art GCMs (introduced in
section 2) to investigate extremes at regional scale (oast Bsia) and also to study the
correlations between this specific region and the globabsperic environment. We first
compare these two models with observations and study hoyvddwe reproduce extreme
events compared to low resolution GCMs from CMIP5 (sectihnTBen, the large scale
atmospheric controls on the seasonal and interannualbiléisicof extreme events in the
observations and models is investigated in section 4. @e&ipresents a summary and

discussion.
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Variability of extreme events in East Asia and their dynamazadtrol 5

2 Data and methodology

We first specify the region of our study and define the type ¢feexes we are studying
(section 2.1). We then present in section 2.2 the obsenaltend model datasets used in

this investigation.

2.1 The East Asia region and extreme indices

2.1.1 Definition of regions

The precipitation climatology over East Asia and China Hearty defined patterns, as illus-
trated by Fig. 1. In this figure, the mean precipitation fréva Tropical Rainfall Measuring
Mission (TRMM, Huffman et al. (2007)) is averaged betwee®88nd 2013. There is a
clear contrast between the Northwestern continental dyne and the Southeastern wet
regions. The Meiyu front rain band, corresponding to thet Ba@n summer monsoon, can
be easily identified, ranging from South-East China to N&#st Japan. Precipitation as-
sociated with the Indian summer monsoon gives rise to adudmaximum in the Bay of
Bengal and North-East India.

Because we are interested in the vulnerability of popuatice focus on land areas. The
area of interest can be divided into two sub-regions, as slfmwfig. 1 with black boxes:
North China and Korea (NCK) and South China (SC). In the text,also consider West
China (WC) which covers the West and central part of Chinguiting Himalayan plateau.
Table 1 defines the boundaries of the three regions citedeaW'C is characterized by
very dry conditions while SC, in contrast, experiences weey conditions. NCK has a dry
tendency, but can also experience wet weather conditiomsgdsummer. This is of course

a rough partitioning of China and East Asia region and it ddaé subdivided into smaller
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regions. As most of the population is concentrated in thegEagnd Southern parts, and the
East Asian monsoon has stronger influence over these redi@nmain part of our study
will focus on these two regions (NCK and SC). However, whealating the models in
section 3, we consider the three regions (including WC).leMhiwould also be interesting
to investigate extremes over Japan, we have chosen to farustualy on the continental

part of East Asia (i.e. China and Korea).

2.1.2 Definition of extreme indices

There are many ways to define extreme weather events (Kleiéial., 2009), and usually
they underline rare occurrence or strong impact and thiee we investigate extremes
related to precipitation i.e. dry or wet events. We definetypes of indices (Table 2) which

have large impacts on society:

— Drought Spell (DS15)A drought spell is defined here as at least 15 consecutive day
(at the same location) with a precipitation rate below ttet fiercentile (very low rain).
Thus it represents a threat for water resources, becausmg@fldsting dry condition.
The unit of this index is a number of days, but it is usuallyregsed as the ratio of days
included in a drought spell during each month or season.

— Daily Extreme Precipitation (PR99)his is the occurrence of daily precipitation ex-
ceeding the value of the $9ercentile. This type of events can trigger flash flood and is
typically associated with local conditions, like statiopenesoscale convective systems,

or tropical cyclone activity.

Both indices are computed for each grid cell over land onhgre where droughts and
flood affect the water resources and society. Thus we obtapatal distribution for both

indices DS15 and PR99. In the following analysis, we wilbatensider regional averaging
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(sections 3 and 4) with the regions defined in section 2. u&énkf the computation implies
the use of daily rainfall, we average and present the refultsionthly means. Also note
that for DS15, the number of occurrences is the number of oleysded in DS15 events.
For instance, if a location has 17 consecutive dry days lith@iconsidered as one drought
event, but the number of occurrence will be considered asSadvhen talking about the
frequency of DS15, it underlines the frequency of days idetlin DS15 events. For PR99
there is no such ambiguity because one event corresponcttdayn

One may argue that the indices defined above are not thatextend can occur several
times a year. Indeed, we chose indices that can be thregteuirwith a level of occurrence
high enough to compute significant statistical analyses ®gtreme events (occurring only
every few years for example) would need longer timeseriesltw for robust statistical
analysis, or would be more appropriate for a case-studytwisinot the orientation of this
paper.

The values of the percentiles used as thresholds for eaeh indased on the observa-
tional dataset APHRODITE (Asian Precipitation-Highlyd®éved Observational Data Inte-
gration Toward Evaluation of water resources, Yatagai.€28i09, 2012)). It means that we
first computed the L and 99" percentiles of precipitation over East Asia region (i.eerov
NCK and SC regions, Fig. 1) using this dataset, and then tredses were used as thresh-

olds to compute the DS15 and PR99 indices respectively,timiodels and observations.

2.2 Data

2.2.1 Observations

Because we need daily high resolution precipitation olzams with a time coverage long

enough to compute extreme indices and significant statjstie use the APHRODITE
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dataset (Yatagai et al., 2009, 2012). This ground-baseéredtional dataset has a spatial
resolution of 0.5 and covers the Asian monsoon area with daily output betw8&a &nd
2007. To be consistent with the model output, we only com868eyears, from 1976 to 2005.
Another observational precipitation dataset to comparth WPHRODITE is also used,
based on satellite measurements: PERSIANN (Precipit&stimation from Remote Sens-
ing Information using Artificial Neural Network, Sorooshiat al. (2000)). This is a daily
0.25 resolution product, and we use the 1983-2014 period. Inab@xding, APHRODITE
and PERSIANN datasets will be noted APHRO and PERS respéctiv

To analyze the atmospheric dynamics associated with egtiedices, the NCEP NCAR
Reanalysis (Kalnay et al., 1996) is used, with & 2dsolution, during the same period as
APHRO (1976-2005) for the following variables: wind at 89@ah(Wind850), atmospheric
surface temperature (TAS) and pressure at sea level (ShBpAserved sea surface temper-

ature (SST) is also extracted (1976-2005) from the HadlS8aset (Rayner et al., 2003).

2.2.2 Models

Along with the observations, we use two high resolution GCitle Hadley Centre Global
Environment Model version 3 - Global Climate version 2 (H&MB-GC2, Williams et al.
(2015)) developed by the Met Office (UK), and the High ResotutAtmospheric Model
with a cubed-sphere grid containing 29292 cells on each of its six faces (HIRAM, Lin
(2004); Putman and Lin (2007)) developed by the GFDL (USARAM model setup fol-
lows that in Chen and Lin (2012). Both models have a similaizonmtal resolution of about
0.5 in the atmosphere (HIRAM uses a cubed-sphere grid of 50krizdva&al resolution,
corresponding to approximately 0.Besolution). The main difference is that HadGEM3-
GC2 includes full coupling with an ORCAQ025 ocean model, &0D\&rsion of the NEMO

(Nucleus for European Modelling of the Ocean) model (Bareial., 2006), while HIRAM
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Variability of extreme events in East Asia and their dynamazadtrol 9

is an Atmospheric Global Climate Model (AGCM) forced by H&8IT. Thus, HIRAM is
forced by the observed variability of the SST, while HadGE®IB2 has a variability of its
own. This will be an interesting point to consider when anedyg the dynamical patterns
associated with the variability of the extreme indices.rHBwoibdel runs include all forcings
such as variations in solar radiation, volcanoes and aksr0so

Finally, we also include an ensemble mean of 30 models fromiRG\(detailed in Ta-
ble 4), which is used as a reference for comparison betweeand high resolution GCMs.
These have typical atmospheric resolutions of 13| datasets are summarized in Table 3

(and Table 4 for CMIP5) along with their notations.

3 Characteristics of extreme events and their representatioin the models

In the following sections we present the characteristicthefextreme indices in the ob-
servations, and evaluate how they are reproduced in HadGHERBAM and the CMIP5

ensemble.

3.1 Seasonal signal

We first consider the mean seasonal signal of each extrers& amttl mean precipitation,
averaged over the SC and NCK regions (Fig. 2). To computeethiggals, annual per-
centiles are used. It means that the same threshold is useddb month to detect extreme
events. Thus, the differences between dry and wet montlighdghted. Note that seasonal
percentiles are considered later, in section 3.2, to aralpatial patterns.

In the NCK region (upper row) the mean precipitation sigsaimilar in APHRO and
PERS, and is well represented by the models. The shape of iR is also well captured

by each model, including CMIP5, but with a too strong intgnduring summer. The DS15
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signal is higher in PERS than in APHRO, especially duringterirHG3 follows the APHRO
signal with good agreement whereas HRC is closer to PERSs, THath models have a
realistic signal for this index, given uncertainties asstd with rainfall observations. On
the other hand, the mean for CMIP5 is too low, and there isgelansemble dispersion
(gray shading), it is thus difficult to estimate the qualifylte mean solution.

In the SC region (lower row), the mean precipitation and P&@dess well captured by
the models: HG3 is too wet compared to APHRO, especiallyngusummer, while HRC
has a dry bias during this season. However, PERS also hasrastrsignal, especially
during summer. Thus the wet bias of HG3 is still within thegarof the observational
uncertainties. The CMIP5 mean tends to be close to APHROhbdrisemble range is large.
The differences for DS15 are larger. The APHRO and PERS wéisens are markedly
different during winter, PERS being much drier. HG3 has aliéas for all months compared
to both observations. In contrast, HRC is close to PERS. TMéP6 ensemble mean is
closer to APHRO but again the spread is large.

It is clear that the models can capture the seasonal sigritbfextreme indices and
mean precipitation. Though the models still have wet or dagds, they are overall within
the range of observational uncertainties between APHRCP&RIS). In contrast, the large
spread seen for the CMIP5 models for the extreme indices REHFRI9 makes the en-

semble solution difficult to interpret.

3.2 Spatial distribution

In this section, the spatial pattern is considered for eadéx. The results are averaged over
two periods: winter (DJF) in Fig. 3, and summer (JJA) in Fid\lindices are expressed as

a ratio of days (for instance, a ratio of 1 would mean that 1@@%e days are considered
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as extreme events). We also add the mean precipitationlglgftacolumn), this variable
being expressed in mm.day Boxes representing NCK and SC defined in section 2.1.1 are
also shown on Fig. 3 and Fig 4. To have a better look at theapadtterns and reduce the
seasonal differences of each extreme, we now use seasaonahties (defined from the
distributions for the 30 years of each period, e.g. wintestonmer). Thus, it means that the

thresholds for summer or winter are different.

During winter (DJF, Fig. 3): The mean precipitation is mostly confined to the SC region,
with a clear pattern visible for APHRO and PERS, while the Nt@Kion experiences drier
conditions. The models are able to represent correctly pa&ad patterns, although HG3
overestimates the amount of rain over SC compared to thenatgms. All models tend
to be too wet in the southern part of the Himalayan region {iNordia). In mountainous
regions, orographic effects may be difficult to representeszily in the models. But the ob-
servations may also be biased in these regions, becausareéspetworks and difficulties in
catching very local rainfall. The signal of PR99 is very danto the mean precipitation, and
models have the same wet biases over the Himalayan regitive bbservations DS15 has a
strong level of occurrence over the NCK region. In PERS tka af frequent occurrence of
DS15 events is larger than in APHRO and encompasses a lagi®fr of the WC region.
This highlights again the uncertainties in capturing thideix, depending on the observa-
tional method. Satellite datasets may have more difficuttiecatch very light precipitation
(thus overestimating dry days) and miss short rainfall &v&hat occurs between two times
of measurement), but APHRO gauge network is sparse overatamid East China, espe-
cially in mountainous regions. Thus its estimation of raeybe biased due to interpolation
between stations. HG3 and HRC can both simulate similaisdpistributions compared

to APHRO. HRC is also drier over SC, but it is consistent witfRS. As for the CMIP5
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ensemble, it can capture the spatial pattern of this indexwith much lower intensities.
The impact of orography (the Himalayas) on the circulatiayrhe less easily captured by

the low resolution models, as illustrated by the strong lidke CMIP5 ensemble.

During summer (JJA, Fig. 4)Asia is subject to wetter conditions compared to DJF, as
shown in the mean precipitation signal. Only the WC regianams drier. There is good
agreement between the spatial patterns seen in the obeasvahd in the models, but in
CMIP5 the signal is too weak. In the observations, PR99 shewkear band over East
Asia, from SC to the eastern part of NCK and Japan. The sigrgttdonger in PERS than
in APHRO. It shows that satellite observations tend to estiinfarger heavy rainfall events,
and lower light rainfall (as described in the previous s@eti Thus, there is a range of uncer-
tainties between ground data and satellite data. The sHape signal is captured by HG3
and HRC, but compared to observations the signal extend&towrth. The high resolu-
tion models capture the signal more accurately than the GMHlBsemble, especially over
the Himalayan region. For DS15 only a weak signal is seen $eoiations over the western
part of China for the PERS dataset. HG3 does reproduce tkiisrpavell, but HRC and
CMIP5 both have a large dry bias over this region. When logkitthe distribution (pdf) of
precipitation (result not shown), HRC can reproduce sintidgnt precipitation compared to
the observations. Thus the differences observed for DShtecoore from the long lasting
condition (15 consecutive days) used for this index. HRC pragluce more easily consec-
utive dry days (with rain below the threshold used to defgtt rain), and raining days may
be grouped at the beginning or end of the period, while in theeovations raining days are
scattered during the whole period. We point out here a limitain the definition of this

index, because of its sensitivity to single rainfall evertswever, in the regions of concern
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(NCK and SC), results are more consistent between the adgars and models, thus it

won't affect our analysis below.

All models can capture the mean precipitation and extrerttenpa during each season, but
CMIP5 has more difficulties to represent correctly the istgnand the spatial distribution
of extreme indices. HRC also exhibits a dry bias over WC dusammer. If we focus on
the two sub-regions of interest (SC and NCK) the two highltggm models have a more
accurate representation of DS15 during DJF and of PR99galudA, compared to CMIP5.
The differences between APHRO and PERS illustrate how tira&ison of extreme events
can drastically change according to the measurement nmetheed (satellites or ground
stations). Thus the bias identified in the models should Ibsidered carefully and results

from HRC and HG3 are overall within the range of the obseoveti uncertainties.

To summarize the results of the previous sections (3.1 &) \8e use a Taylor diagram
(Taylor, 2001) to represent the scores of models (Fig. 5pmpmarison with APHRO. We use
only one observational dataset here, but we have to keepnd that differences exist with
PERS, thus the reference used for Taylor diagram could lerefift with another dataset.
In the figures, normalized standard deviation (NSTD) regméesthe agreement in the mag-
nitude of the spatial variation of the signals, while theretation indicates the agreement
between spatial patterns. NCK and SC are shown in the lefrightipanels respectively.
Colors are used to identify different variables. Given thrersy seasonal variation of each
index, we consider the mean scores during DJF and JJA and elwow the results for
each index when they have the highest level of occurrende {@DS15 and JJA for PR99).
Mean precipitation is shown for both seasons.

Both models can capture more easily the signal in NCK (ledit)pHG3 has especially

good skills in correctly simulating the spatial distritmrti of precipitation and each of the
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indices over this area, with correlation above 0.8. It cao abpture the magnitude of spatial
variation with good quality (all NSTD are very close to 1)cept for mean precipitation
during winter. HRC also has good performance in simulatipgtial patterns but with a
lower correlation for PR99. CMIP5 has similar skills for mearecipitation, but extreme
indices have too low NSTD.

In the SC region (right plot), the models have lower skille@pturing the signals. HG3
has a too large magnitude of spatial variations except fafDSRC has better scores in
terms of magnitude of spatial variations but with lower etations. CMIP5 still has good
results for mean precipitation, but the score for DS15 an8%#&e too low, both in terms
of NSTD and correlations.

As illustrated in Figs. 3 to 5, both high resolution modelkibit better skill in simu-
lating good spatial patterns (correlation) than the maugieitof the signal (NSTD), and are
better in NCK than in SC. The results in the high resolutiordeis HG3 and HRC are
significantly improved compared to the low resolution CMHB®semble. Increasing the res-
olution of the models is not enough to solve all the probleonetimating extreme events,
but the higher resolution models used in this study have gmdwed ability to reproduce
heavy rainfall intensity closer to that in the observatidviereover, they have the advantage
of giving a unique solution that is more easily interpretedeed, when using an ensemble
such as CMIP5, the mean solution should always be associdtiedhe ensemble uncer-
tainties (i.e. the spread of the ensemble), that may be ngelead to complex analysis
when using cross-variable analysis such as we will performeiction 4. This problem is
avoided when using a single model solution, even if thistsmiupresents some bias. The
biases observed in HG3 and HRC may be due directly to the pdeairation and convec-
tion schemes, or due to errors in simulating the dynamicseXygore this point later in

section 4, by investigating how the large scale dynamidsketl to each extreme index sig-
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nal. But we also have to keep in mind that large differencesesdst between APHRO and
PERS observations, especially when looking at extremeasdthus the biases identified in
the models should be considered carefully and results fr&®€ ldind HG3 are in the range

of the observational uncertainties.

3.3 Interannual variability of extreme indices

Here we investigate the variability of each extreme indeXN@K and SC. We compute the
30-year mean and the monthly variability (each month of egdr is averaged individ-
ually) of occurrences of DS15 (PR99) during DJF (JJA). Theatslity is approximated
by 2 standard deviations (1 standard deviation above amaihible mean). We also com-
pute the interannual variability of the seasonal meansh(saason of each year is averaged
individually). Results are summarized in table 5.

The monthly variability of DS15 is overall about twice theanen SC, and of the same
order as the mean in NCK. It illustrates how large the valiighdf extreme events can be.
The models can reproduce this signal, though the mean arabildy are too low in HG3
in SC, and too high in HRC. These biases correspond to thendetliyy biases mentioned
in the previous sections. For PR99, both monthly and intarahvariabilities are lower, all
values being close to 0.02. The models have good skill abdefming mean and variability
signals for each region.

The interannual variability is estimated here to be aboeitstime order as the monthly
variability. However, this is due to our approximation oéttariability as being equal to 2
standard deviations. When looking at the monthly signahtdnd low peaks in PR99 or
DS15 can be observed (in both the observations and modatsgans that specific months

can coincide with a large number of extreme events, but theaks are too rare to impact
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the monthly standard deviation of the total signal. Theramaual variations are also char-
acterized by some peaks, but with lower amplitude. Both rsdaleve overall good skills in
capturing the main characteristics of the signal.

A specific point to consider is the tropical cyclone (TC) wityi during summer. De-
pending on the ability of models to simulate TCs, it coulddidéa a bias in the extreme
indices during JJA, especially for PR99 in SC. However, amstigation of the occurrence
of TCs is beyond the scope of this work, thus we consider TGspast of the uncertainties
associated with the results.

The variability of extremes is significant compared to themsignal. Thus it raises the
guestion of what can impact the occurrence of extreme eentsvhat can lead to specific
months (or years) being prone to extreme weather cond®itinis especially important to
understand the conditions associated with these extrantes turrent climate to anticipate

how this variability could be affected in a changing climate

4 Dynamical control of the variability of extreme events

We saw in the previous section that the variability of exteeinmdices can have a signifi-
cant impact. It is thus important to understand what costituk variability. Because these
indices are related to precipitation, an initial assumptiould be a control by the mois-
ture content in the atmosphere. However the atmosphedalation may also play a role,
by advecting humid air masses from the ocean or dry air froenctimtinent for instance.
We will attempt here to identify the main control patterns@veral dynamical atmospheric
variables, using a composite and correlation approach.

We first compute the correlation between each index (DS15P&@9) and different

monsoon indices that describe the monsoon circulation ¢ugn and Lee (2003), Wang
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et al. (2008) or Wang and Chen (2014)). As we study indicemduwo seasons, there are
two seasonal monsoon signals to investigate: the wintesommand the summer monsoon.
We selected three different indices, all computed from tivedvfield, that cover different

aspects of the monsoon circulation. These indices are lmaséte papers cited above and

defined as follows (brackets indicate regions of averaging)

— East Asia Summer Jet:
EASJ =U,00(30° — 50°N, 110° — 140°E).
This index represents the strength of the 200 hPa Jet (zdndl speed component),
which weakens and moves northward during the onset of theAS& summer mon-
soon.

— West North Pacific Summer Monsoon:
WNPSM =Ugs(5° — 15°N, 100 — 13C°E) — Ugs¢(20° — 30°N, 110 — 140°E).
This index illustrates the zonal wind shear at 850 hPa thatldps in the North West
Pacific region during the summer monsoon.

— East Asia Winter Monsoon:
EAWM = Uyp0(27.5° — 37.5°N, 110 — 170E) — U00(50° — 60°N, 80° — 140°E).
This index is linked to the thermal and pressure contrastden the Siberian region
and the North West Pacific. It is a good indicator of the wimtemsoon signal. Note
that it is defined with 300 hPa zonal winds in Jhun and Lee (RBQBhere, due to data

availability, we use the 200 hPa wind, which is still conesigt

The three monsoon indices are illustrated in Fig. 6 for NC&&halysis (black line),
HG3 (red line) and HRC (blue line). Though each index has lEdimed for a specific
season (see definition above) we plot the signal through ti@esyear to have a clear

view of the variations between winter and summer. The EASJel simulated by HG3,
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especially during summer time. HRC can reproduce the shishe seasonal variation, but
it has a low bias of 5 to 10 nT.8. The wind shear in the North West Pacific (illustrated
by WNPSM) is not as well reproduced by the models. HG3 has a g@msition period
between April and July, and it can simulate the break duringedduly, but the index is too
high during late summer. In contrast, in HRC the transitisricio strong, and it reaches
a maximum in June. After that, the index value decreases actbser to NCEP during
late summer. Finally, the observed seasonal variation M/EAis well simulated in both
models, but HG3 has a small positive bias during winter (5 k.and HRC has a low bias
throughout the year (5 to 10 mY. Both models simulate correctly the transition break
between April and June, but with the same bias mentionedqusly. The biases seen in
the EASJ and EAWM indices for HRC indicate that subtropicastAsia jet in this model
is too weak. This may explain the dry tendency in the modeleéd, as shown by Li and
Zhang (2008), a weak jet is related to weak precipitatiorr dhe East Asia region. The
correlation between extreme indices and monsoon indieestanmarized in Table 6. Bold
font is used to highlight the correlation coefficients largen 0.17 (corresponding to the
90% confidence level when considering each month as indepénd

In addition, we also compute the correlation between thethipanomalies of the ex-
treme indices (averaged over NCK and SC) and the monthly aliesnof the sea surface
temperature (SST) and four atmospheric fields: wind intgr{se. absolute wind speed) at
850 hPa (Wind850), wind intensity at 200 hPa (Wind200), seallpressure (SLP) and at-
mospheric surface temperature (TAS). These correlatimesafirst approximation of how
the large scale dynamics is linked to the monthly variabitit extreme indices (averaged
over each region). For each extreme index, we also seldwaddnths with a level of occur-
rence larger than 1 standard deviation (deviation from thamhand the composites of the

dynamical variables are computed using these specific rmoRif). 7 and 8 display respec-
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tively the composites of DS15 and PR99. In these figures ghiens where the confidence
level is higher than 90% (based on the correlation) are ajgul. The full patterns are also
analysed but not shown.

The composites and correlations are also computed for temimual variability, using

seasonal anomalies instead of monthly anomalies (Tablgy79fnd 10).

4.1 Monthly variability

We first investigate the monthly variability (Table 6, Figsand 8).

DS15 (Fig. 7) is mostly characterized by large positive aalies of TAS over the northern
part of the continent. This anomaly is visible in the obstores and both models. Corre-
sponding to the near surface high temperature anomaly, lesspre anomaly occurs in the
high latitude Northeast Asia. The westerly (wind850) i®likstrengthened from Siberia to
the North-East Asia region corresponding to the pressutdeamperature anomaly pattern.
The downstream northwesterly anomaly furthermore isedl&b an increase of the dry air
transport and drought over NCK (Fig. 7, left column). On tlleeo hand, associated with
the drought over SC, the increase of the lower-tropospmenith-westerlies is also marked
near the border between the high and low pressure anomabg ttirculation and pressure
anomalies occur relatively southward over the coastabregi East Asia and also favour the
southward dry air transport. Besides, the enhanced uppeogpheric westerly is likely also
related to the land-sea pressure contrast. Overall, catepddDS15 are mainly character-
ized by strong positive anomalies of TAS and winds over thginent; and both models can
reproduce the patterns. A speculation is that in a warmimgate the polar regions warm
faster, and the consequently induced a series changes afrttospheric condition which

favour more extreme DS15 during winter of East Asia. We alsd fihat the signal on SST
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is less clear, with only a negative anomaly over the equaltBracific and positive anomaly
over the North-Eastern Pacific, which is a typical Ldtalipattern. It is mostly visible in
APHRO and HRC (that use the same SST forcing), but not in H&8.cbrrelation between
DS15 and the winter monsoon index EAWM (Table 6) are nonifagmt. It indicates that
using this index is not enough to link the monsoon circutatmthe occurrence of extreme

dry events.

The composites for PR99 (Fig. 8) show clear patterns oventkanic region. In APHRO,
large positive anomalies of SST over North-East Pacific awéhl Ocean and East Pacific
(for SC) indicate an increase in moisture sources. ThesigiygoSST anomalies are also
visible in the models but with less confidence. Along with 8&T anomaly, a clear positive
SLP pattern (for NCK) also covers most of the North Pacificoltresponds to a strength-
ening of the Pacific High. As a consequence, wind850 is sthemgd along the coast of
East Asia, corresponding to an enhanced summer monsoartatiot (and an increase of
the moisture transport from the southern ocean to East A8kaplso note a significant neg-
ative wind850 anomaly in HRC over the Bay of Bengal Peninduldhis model, the SLP
patterns over East Asia are larger, which suggests a stroagponse of the atmospheric
circulation. Thus, the increase of southerlies along thestof East Asia is even stronger,
but the westerlies from the Indian Ocean are reduced. Thelations between PR99 and
both summer monsoon indices are weak (Table 6) and someitingesitradiction between
observations and models. Given the complexity of the coftgastterns, using monsoon
indices based on averaging over large region is not enougatth the signal. In this case,
a spatial (composite) analysis is more appropriate.

The variability of PR99 is mostly associated to ocean SSTSirRlanomalies, i.e. mois-

ture sources and transport. Once again, this supports daetlicht in a warming climate,
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conditions triggering extreme precipitation over EastaA=iuld become more frequent (be-
cause of the warmer SST). But the transport (wind850) hasaatsgnificant role, as illus-
trated by the composites, and could enhance or reduce &t effthe SST, depending on

how the atmospheric circulation would react to global waugni

The previous results illustrate the different anomaly gra associated with DS15 and
PR99 variability. The first is driven by continental temgara and pressure, while the sec-
ond is more related to ocean temperature and pressure. Hicases, the low level monsoon
circulation is enhanced. There is good agreement betwessradtions and models, though
some differences in patterns and confidence levels existeler, the monsoon indices do
not have a correlation with extreme indices. This suggéststhese types of indices are not
easily linked to the variability of extreme events, at least in the way we have defined
them.

Another point is that tropical cyclones may play a role in tagiability in PR99. Be-
cause in our analysis we didn’t separate the contributiomfCs, this may impact the
results of our correlations and lead to patterns that assclesir. Nevertheless, a clear signal
is identified in the large scale circulation. This means thafTCs are not the only factor re-
sponsible for extreme precipitation variability in Easig\and that the monsoon circulation

also plays a significant role in modulating these extremes.

4.2 Control of the Interannual Variability

We now focus on the interannual variability controls (Tabjd-ig. 9 and 10). Though this
variability is lower in terms of magnitude, it can still sifinantly enhance or reduce extreme

event occurrences from one year to another.
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The composites for DS15 (Fig. 9) are less clear comparedés based on the monthly
variability (Fig. 7). The confidence levels are overall bel@0% making these results less
significant. It is still possible to identify positive patte of TAS and wind850 over continent
in the models, especially for HRC (bottom panel). The HRC etathiows a strong control
of the continental temperature for DS15 in SC, which may &xypits tendency to be drier
than observed in SC (section 3). Correlations with the wimtensoon indices are also non-
significant (Table 7).

Because we used only 30 years of data, and computed intedavariability based on
seasonal means, a clear signal may be less easy to detew. losger periods would be

more suitable for such an analysis.

PR99 composites (Fig. 10) exhibit strong and confident pattef positive SST over the
Pacific, in the observations and models. It is a clear indinathat the ocean temperature
(and the source of moisture) is the main driver of PR99 imeval variability. In addition,
HRC shows similar patterns of SLP and wind850 (compared tothhy variability), i.e.
the strength of the Pacific High. Once again, the atmospinesigonse is stronger in this
model than in the observations. This illustrates the imgraré of air-sea interaction and
the sensitivity to SST forcing. Correlations with the summ®nsoon indices tend to be
negative (Table 7), especially for WNPSM. But given the cosie analysis, it is clear that
the wind patterns should be considered carefully, and Heattonsoon indices may not be

appropriate to provide a clear view of the real mechanisms.

In terms of interannual variability, it is difficult to haveckear conclusion about DS15 vari-
ability control. On the other hand, PR99 variability is clgdinked to ocean temperatures,
with significant relationships found in both observationd anodels. A warmer SST is, not

surprisingly, expected to favour PR99 events over East.A&gitin contrast to the monthly
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variability, the monsoon circulation does not exhibit asg signal in terms on the inter-
annual variations. This illustrates the different mechkars that can impact extreme events,

depending on the timescales.

5 Summary and Discussion

In this paper we investigate two types of extreme weathentevelated to precipitation:
drought spells (DS15) and daily heavy rainfall (PR99). Waour analysis on continental
East Asia, a region heavily populated and thus threatenesd &ty weather events. We sepa-
rate the East Asia region in two main sub-regions: North &laimd Korea (NCK) and South
China (SC). The objective is to investigate the possiblgdacale atmospheric conditions

that can impact the variability of these extremes.

Two high resolution models are analyzed, one is an AGCM (HWMRAIRC) and one is
fully coupled to an ocean model (HadGEM3-GC2, HG3), and vet fialidate their perfor-
mance (in comparison with two observational datasets: ABEIRE and PERSIANN) in
section 3. An ensemble of models from the CMIP5 is also useddmparison. Both high
resolution models exhibit good skills at representingesxie events over East Asia and are
more accurate than the CMIP5 ensemble (comprised of loveetutton models) in repro-
ducing spatial patterns. They can also capture the seagndahterannual signals of each
extreme index. Dry and wet bias are identified in SC regioHieC and HG3 respectively.
This behaviour is a common problem in many models, as showthégcattering of the
CMIP5 ensemble over SC. Models typically have more diffieslto realistically represent
the observed signal over this region and it makes the asaiysie sensitive. We also point

out that, depending on the observational method (satelliggound station), the estimation
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of precipitation is different. Overall, the both high restidn models have results within the

range of observation uncertainties.

The dynamical impact of the atmospheric circulation on teability of extremes is then
investigated. Both monthly and interannual variabilites considered, using only the sea-
sons with the highest occurrence of each extreme (DJF fob@&d JJA for PR99). In order
to assess the relationship between extremes and atmasjdrge scale circulation, spa-
tial correlations and composite analyses are used withraleghgnamical fields (Wind850,

Wind200, TAS, SLP) and SST.

The monthly variability of extremes, which is also the largeterms of intensity, has a
clear positive correlation with the local wind intensityeaming that a local modulation of
the monsoon circulation directly impacts the occurrenaextiemes. TAS over the northern
part of the continent also has a positive impact on DS15. Todats can reproduce these
signals and thus support the conclusion made from obsenatresults. This shows that
the variability of extremes in East Asia is strongly influeddy local winds, but also by
thermal and pressure land-sea contrast. A significantlatioe with SST is also found in
the observations for PR99, indicating that the ocean statd, (by extension, the moisture
source) can significantly affect the short-term variapitif these extreme events. However,
models results for SST are less clear and may reflect theutiffitn correctly representing
the strength of air-sea interactions in the models (eithigr oupled or forced by prescribed

SST).

When looking at the interannual variability (section 4tBg large scale conditions have
less significant impact on DS15. The only clear and significantrol is found in HRC for

SLP and TAS, but it may be linked to the fact that this modebigéd by prescribed SST,
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so that the atmospheric response is more pronounced. Orhtbel@and, PR99 variability

is linked to a positive SST influence, in both the observatiod models.

We also use monsoon indices (EASJ, WNPSM and EAWM, see defirit section
4) and compute correlations with each extreme index to coenpith the spatial analysis
results. Using this method does not provide convincing kaigns, and sometimes the

results from the models are in contradiction with those ftbenobservations.

With our analysis, we showed that extremes in East Asia aomngly related to the
temperature over the continent and the monsoon circulatiterms of monthly variability,

and to the ocean temperature in terms of interannual véitjabi

A common assumption for future projections of the climat¢hist an increase in atmo-
spheric moisture could favour an increased frequency oémé events. However, here we
show that the changes in large scale circulation could ase h significant impact in con-
trolling these events, especially because the continesrtgberature is expected to increase
faster in a warming world and would lead to an increase indhe-sea contrast. There are
also some indications that the northern part of Siberia ddwalve a strong impact on ex-
tremes in Asia. Because this region is very sensitive to &ayge in global temperature, it
raises the question as to what extent it could affect theroecoe of extremes over tropical
regions in future projections. The changes in dynamics bheid impact on extremes should

be investigated with high resolution models in future work.
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70°E 90°E 110°E 130°E

Fig. 1 1998-2013 climatology of precipitation (shading, in mm.d8yfrom TRMM observations (Huffman
et al., 2007) over East Asia. Black countours highlight jmi¢ation above 4 mm.day* and are plotted every

2 mm.day L. The black rectangles refer to the 2 regions defined in théeThtNorth China-Korea (NCK)

and South China (SC).
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Fig. 2 Seasonal signal of mean precipitation and of each extreme {ffien left to right: Mean Precipita-
tion, DS15 and PR99), averaged over North China-Korea @agp and South China (bottom row) regions
(defined in Fig. 1). Results are displayed for observatidPHRO: black line and PERSIANN: black dashhed
line), HG3 (red line) and HMC (blue line). CMIP5 ensemble mearepresented by black circle symbols,
and the grey shading indicates 1 ensemble standard devationd the mean. All values are expressed as
a ratio of days (thus a value of 0.3 means that 30% of the daysglarmonth are considered as extreme),

except the mean precipitation that are in mm:day
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Fig. 3 Mean precipitation and extreme indices during DJF, for (tpdttom row): observation (APHRO),
observation (PERSIANN), HG3, HRC and CMIP5 ensemble mearckBbaxes indicate NCK and SC as
defined in Fig. 1. Units are in mm.day for mean precipitation, and ratio of days for all other vakéab

Black outlines highlight mean precipitation every 6 mm.dgyDS15 every 0.25 and PR99 every 0.05.
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Fig. 4 Same as Fig. 3 but for JJA.
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Fig. 5 Taylor diagrams of mean precipitation and extreme indices fmtitNChina-Korea (left) and South

China (right). Colors indicate the different variables: memecipitation (gray), DS15 (yellow) and PR99
(green). HG3 (and HRC) model results are represented by tdedhcircles with (and without) contours,
whereas the CMIP results are represented by the empty dfielest shaded but with contours). Two periods
are separated: DJF (symbols with stars inside) and JJA (sgmbitiout stars inside). The reference point

corresponds to APHRODITE observation (Obs) and is indécatel standard deviation and correlation.
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Fig. 6 Monsoon index in NCEP reanalysis (black), HG3 (red) and HBIGg) averaged during historical

period (1976-2005). Indices are, from left to right: EASJ, R®M and EAWM (see definition in the text,

section 4). All values are in ni.8.
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Fig. 7 Composite of each dynamics field for months with strong DS15 menae, in North China-Korea
(left) and South China (right). Composite are displayed ftomto bottom row for: APHRO (and NCEP
reanalysis for dynamical field), HG3 and HRC. Dynamical vdgalare represented with: red and blue vec-
tors (positive and negative anomalies of wind850), black gnag vectors (positive and negative anomalies
of wind200), full and dashed black contours (positive angatige anomalies of SLP), full and dashed green
contours (positive and negative anomalies of TAS), and hading (SST). All results are above 90% con-

fidence level (see text).
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Fig. 8 Same as Fig. 7 but for PR99.
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Fig. 9 Same as Fig. 7 but based on interannual variability.
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Fig. 10 Same as Fig. 9 but for PR99.
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Table 1 Definition of the China regions (Fig. 1).

Notation Full name Location

NCK North China-Korea  105E-130E, 35N-45N

SC South China 105E-125E, 20N-35N

wcC West China 75E-105E, 30N-45N

Table 2 Description of extreme indices (see section 2.1.2).

Notation  Full name Description

PR99 Daily Extreme 99  This is the occurrence (frequency) of daicpitation exceeding

the value of the 99 percentile.

DS15 Drought Spell 15 A drought spell is defined here as at leasbhSecutive days with a precipitation
rate bellow the first percentile (very low rain).

We then sum all the days considered as being part of a dropght s
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Table 3 Summary of the data used.

Notation  Full name Period used Atmospheric forcing and SST.
HG3 HadGEM3-GC2 Historical Historical: 1971-2000  Run withtbiscal forcing.
Williams et al. (2015) Coupled with ORCAO025 (Barnier et al., 2006).

Resolution (atmosphere): 0.5

HRC HiRAM Historical Historical: 1979-2008  Run with historicércing.
Lin (2004); Putman and Lin (2007) Forced by HadISST (Raynet.e2003)

Resolution: 50km grid (05

CMIP5 Phase 5 of the Coupled Model Historical: 1976-2005  Enseminienith historical forcing.
Intercomparison Project See Table 4.

APHRO  APHRODITE Asia Monsoon Historical: 1976-2005  Ground smatbbservation.
Yatagai et al. (2009, 2012) Resolution: Ddver land only

PERS PERSIANN Historical: 1983-2014  Satellite observation.
Sorooshian et al. (2000) Resolution: 0.2%

NCEP NCEP-NCAR Reanalysis Historical: 1976-2005  Atmospheranggysis.

Kalnay et al. (1996) Resolution: 2.5
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Table 4 30 CMIP5 models used for this study. The resolution is givegrid points (latitudex longitude).

[

‘ Country ‘ Resolution

Model Name Institute
ACCESS1-0 Commonwealth Scientific and Industrial Research Organis¢€SIRO), Australia 144 x 192
and Bureau of Meteorology
ACCESS1-3 Commonwealth Scientific and Industrial Research Orgapis¢€SIRO), Australia 144 x 192
and Bureau of Meteorology
BCC-CSM1-1 Beijing Climate Center (BCC), and China Meteorological Adisiration China 64 x 128
BCC-CSM1-1-M Beijing Climate Center (BCC), and China Meteorological Adisiration China 160 x 320
BNU-ESM Beijing Normal University (BNU) - Earth System Model China 64 x128
CanESM2 Canadian Centre for Climate Modelling and Analysis (CCCma) Canada 64 x 128
CCsm4 National Center for Atmospheric Research (NCAR) USA 192 x 288
CESM1-BGC National Science Foundation, Department of Energy, USA 192 x 288
National Center for Atmospheric Research (NCAR)
CMCC-CESM Centro Euro-Mediterraneo per i Cambiamenti Climatici (CMCC) Italy 48 x 96
CMCC-CM Centro Euro-Mediterraneo per i Cambiamenti Climatici (CMCC) Italy 240 x 480
CMCC-CMS Centro Euro-Mediterraneo per i Cambiamenti Climatici (CMCC) Italy 96 x 192
CNRM-CM5 Centre National de Recherche&fiorologiques (CNRM), and Centre Euégmn de France 128 x 256
Recherches et de Formation Avéecen Calcul Scientifique
CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial Research OrgaiozgdCSIRO) Australia 96 x 192
Marine and Atmospheric Research (Melbourne) in collabomatiith the
Queensland Climate Change Centre of Excellence (QCCCishi@re)
EC-EARTH EC-EARTH consortium (11 countries) 160 x 320
FGOALS-g2 Institute of Atmospheric Physics, Chinese Academy of Smer(IAP), China 60 x 128
and Tsinghua University (THU)
GFDL-CM3 Geophysical Fluid Dynamics Laboratory (GFDL) USA 90 x 144
GFDL-ESM2G Geophysical Fluid Dynamics Laboratory (GFDL) USA 90 x 144
GFDL-ESM2M Geophysical Fluid Dynamics Laboratory (GFDL) USA 90 x 144
HadGEM2-CC Met Office Hadley Centre UK 145 x 192
INM-CM4 Institute for Numerical Mathematics Russia 120 x 180
IPSL-CM5A-LR Institut Pierre-Simon Laplace France 96 x 96
IPSL-CM5A-MR Institut Pierre-Simon Laplace France 143 x 144
IPSL-CM5B-LR Institut Pierre-Simon Laplace France 96 x 96
MIROC5 Atmosphere and Ocean Research Institute (The Universitpkfo), Japan 128 x 256
National Institute for Environmental Studies, and
Japan Agency for Marine-Earth Science and Technology
MIROC5-ESM Japan Agency for Marine-Earth Science and Technology, Japan 64 x128
Atmosphere and Ocean Research Institute (The Universitplofo),
and National Institute for Environmental Studies
MIROC5-ESM-CHEM Japan Agency for Marine-Earth Science and Technology, Japan 64 x128
Atmosphere and Ocean Research Institute (The Universitpkfo),
and National Institute for Environmental Studies
MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M) Germany 96 x 192
MPI-ESM-MR Max Planck Institute for Meteorology (MPI-M) Germany 96 x 192
MRI-CGCM3 Meteorological Research Institute Japan 160 x 320
NorESM1-M Norwegian Climate Centre Norway 96 x 144
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Table 5 Mean and the associated monthly (first number within bracletd)interannual (second number

within brackets) variabilities of each index. Variabilitydefined by two standard deviations. All values are

expressed as a ratio of days.

DS15 PR99
NCK | 0.22(0.26/0.10) | 0.01(0.02/0.01)
APHRO
sC 0.08 (0.20/0.09) | 0.03(0.02/0.02)
NCK | 0.15(0.16/0.12) | 0.02(0.02/0.02)
HG3
sC 0.01(0.04/0.03) | 0.05(0.02/0.02)
NCK | 0.32(0.28/0.16) | 0.03(0.02/0.02)
HRC
e 0.21(0.36/0.22) | 0.04(0.02/0.02)

Table 6 Correlation coefficients between monsoon index (sectionnd)jrelies and each extreme index

anomalies, computed from monthly data, for the APHRO obsems{AP) and models (HG3 and HRC).

EASJ-JJA WNPSM-JJA EAWM-DJF
AP HG3 HRC AP HG3 HRC AP HG3 HRC
NCK 0.07 0.01 0.03
DS15-DJF
SC 0.14 0.23 0.12
NCK 0.05 | 0.12 | -0.10 -0.11 | -0.02 | -0.30
PR99-JJA
SC -0.12 | 0.12 -0.20 -0.36 | 0.25 -0.09
Table 7 Same as Table 6 but correlations are computed from seasonal dat
EASJ-JJA WNPSM-JJA EAWM-DJF
AP HG HR AP HG HR AP HG HR
NCK -0.02 | -0.06 | -0.06
DS15-DJF
SC 0.10 0.17 -0.02
NCK 0.08 | 0.12 | 0.10 -0.20 | 0.05 | -0.37
PR99-JJA
SC -0.32 | 0.13 0.29 -0.46 | -0.40 | -0.20
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