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Abstract

May 2016 was the third wettest May on record si@64 over central eastern China based on station
observations, with total monthly rainfall 4@f6re than the climatological mean for 1961892013.
Accompanying disasters such as waterlogging, landslides and debris Bow struck part of the lower

reaches of the Yangtze River. Causal inBuence of anthropogenic forcings on this event is investigate

using the newly updated Met Ofbce Hadley Centre system for attribution of extreme weather and
climate events. Results indicate that thereigniéxant increase in& 2016 rainfall in model
simulations relative to the climatological period, but this increase is largely attributable to natural
variability. EI Nimo years have been found to be correlateld @dtreme rainfall in the Yangtze River
region in previous studiesNthe strong Ehiof 201592016 may account for the extreme
precipitation eventin 2016. Howeyven smaller spatial scales wel ltmat anthropogenic forcing has

likely played a role in increasing the risk of extreme rainfall to the north of the Yangtze and decreasin

it to the south.

1. Introduction ChinaNexperienced es¢me rainfall in May 2016
during which there was one day when the daily precipi-
In the context of global warming, more intense ardtion broke the 56-year May daily maximum records at
more frequent extreme precipitation events have loBg stations (CMA&01§. This heavy and sustained pre-
been projected (Hartmaret al2013 Hirschand Arch- cipitation event led to waterlogging, landslides, debris
Peld2015. Faced with increasing climate change risk&w and some other disasters over part of central east-
society around the world needs a better understaretn China, resulting in severe damage to crops and
ing of such risks to prevent climate-related hazardisrupting agricultural production (CMA01§. Due
especially for regions with high exposure and vulnés-the damage-causing capacity and general increasing
ability. China, occupying a region as large as Europend of persistent heavy rainfall (Zoliadal 201Q
has experienced more intense and frequent preciphen and Zha?013 IPCC AR52013, changes in the
tation extremes in recent several decades (Zhai @is# of such precipitation extremes are of great concern
Sun1999 Yan and Yang00Q Zhaiet al2005 Qian to policy-makers and the general public.
et al2007. The lower reaches of the Yangtze River Min et al(201) showed that anthropogenic forc-
ValleyNone of the most important industrial andings have contributed to the observed intensibcation
agricultural zones, and densely populated regionsoinheavy precipitation events over large parts of the

© 2018 The Author(s). Published by IOP Publishing Ltd
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Northern Hemisphers land area. Zhargf al(2013 comparing the changes between two periods, we assess
found consistency between the multimodel simulateédpact of changes in forcing, presumably dominated
response to the effects of anthropogenic forcing amylchanges in anthropogenic forcing, on probability of
observed changes in extreme precipitation on averaggeme event from EP to PD.

over Northern Hemisphere land. There also exists evi-

dence indicating that changes in heavy rainfall in some

regions of southeast China is attributable to anthrg’]—' Methodology

pogenic forcings (e.g. Burkeal201§. Though there b q hi initation in M
are numerous studies focusing on this issue, geogra Lo serve. monj[ y mean precipitation |n' ay,
he average is a simple average of the station data.

cal coverage of events remains patchy (&tat?016. X
g P v 9 For data from model ensembles, the average is cal-

In addition, there is a growing demand to do attri- lated f h hted model arid b hich
bution analysis of extreme events timely to infor(f ated from the area-weighted model grid box whic

adaptation planning for Rood defences and to su !l W't_rll_'r? the m;: shlgolnt?;]mng some Sf[ﬂtlon og)sle rv%—
port climate risk management in China. In this stud ons. The mesh grid IS the same as the model grd.

we intend to address how the probability of anomalou e use therisk ratid (RR), a probabilistic extreme

wet conditions, similar to those in May 2016 in thgvent attribution approach (Alle@003 National

lower reaches of the Yangtze River Valley, has cha %ibde:“ef‘ of tSc!en(iEs, E;Lglneerlng', andt I%e?mme
due to human-induced climate change. 9, to characterize the anthropogenic contribution

to the occurrence of the extreme event, by consid-
ering occurrence probabilities P(ALL) and P(NAT).
These quantities represent the probability that the

2. Data . ) )

risk change of an event in tHeeal world with

aéllolI forcings, P(ALL), to that in thé&atural world

The observed daily precipitation data are obtain . .
from Climate Data Center of China National Meteov-vIth only natural forcings, P(NAT). From these esti-

rological Information Center (NMIC), which span th mated probabilities, the RR can be calculated, where

period of 1961D2016. After conducting rigorous qua R=P(ALL)/P(NAT). Bootstrapping with replace-

ity control as described in Chen and Zt2812, 1277 ment from 1009 sampleg is usgd to estimate the error
n the probability and risk ratio for the occurrence

stations are retained around China. Two model enseﬂ} .
an event for at least 90% conbdence interval. The

bl ted by th ly updated Met Ofbce H ) 9
©s generated by the hew'y updated vie ce a(g@% conbdence interval extends from32a% per-
Centre system (HadGEM3-GA6, Waltetsal 2017 . o . . .

genules of the probabilities or risk ratios achieved from

for Attribution of extreme weather and Climate Even - . .
(updated from Christidist al 2013 see Ciavarellatﬁe 1000 probability density functions (PDFs) of the

et al2017% at a N216 resolution (0.5& 0.83 hori- .1009 bootstrapped sgmples. Itheres.ampledlstnt.)uu'on
is slightly asymmetric, the wider side of the distri-

zontal resolution) are used in our attribution analysis. . ° . .
) . . y .Sutlon is used to debne the width of the conbdence
We use two ensembles. One is forced with a combina-

tion of anthropogenic and natural forcings (ALL) an|(51ten/al.
the other is forced by natural forcing only (NAT). The
ALL experiment employs observed sea surface temBet: Region selection
atures (SSTs) and sea-ice data (HadISST; Retyaker We examine the region (1Il#D121E and 26ND
2003 as boundary conditions. The boundary cond4 N), containing 108 stations, which have continu-
tions for the NAT experiment are provided from theusly recorded since 1961, as depicted in Bgoye
HadISST observational dataset minus an estimatehaf lower reaches of the Yangtze River Valley, where
the anthropogenic contribution derived from the Coupersistent heavy precipitation in May 2016 was con-
pled Model Intercomparison Project Phase 5 (CMIP&gntrated. As indicated in Pgur@) and tablel, the
coupled model simulations. More detailed informatioarea-averaged monthly mean precipitationin May 2016
about the system and forcings used can be foundower this region is 7.9 mmd%ﬂy 40% more than the
Christidiset al (2013. During the period 1961D2013¢limatology (5.6 mm d&}) over the period of 1961D
each ensemble comprises 15 members, subsequ@dtl, and is the third highest during the period of
expanded to 105 and 525 members for 201452015 B8l D2016.
2016 respectively. Since 2014D2015 is used for test casRainfall tends to be a very localized phenomenon,
and ensemble size is not consistent with that for 196fidenced by a dipole pattern of anomalous rainfall
2013, the reference period is chosen as 1961D2013vith opposite anomalies presented in Weirag(2017)

We also adopt the ALL experiments of 37 modbetween the areas north and south of about 180
els (supplementary table S1, availakd&aaks.iop.org/ in the lower reaches of Yangtze River Valley over the
ERL/13/014015/mmedidrom CMIP5 (Tayloret al Meiyu period at interannual time scales. In addition,
2013 to further assess whether the attribution resultsist research has revealed differences of attributable
with HadGEM3-GAG are robust. Since the ALL expanthropogenic inBuence in spatially adjacent regions
iments end at 2005, we take 1986D2005 as our pre@egt Min et al 2011 Burkeet al 2016 Burke and
day (PD) and 190191920 as an early period (EP).3gtt 2017. Therefore, we divided the Rood-affected

2
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Figure 1.(a) Standardized anomaly of monthly mean precipitation, average of available station data within the study region for May
over central eastern China. Red dashed line indicates th@keshold, equivalent to the magnitude of 2016 anoni@IRigtribution
of stations (black dots) in the study region.

Table 1. Areal mean May precipitation and precipitation inter-aairvariability for the climatological period (196192013) and 2016.

Observations ALL Model
Statistit Year 196192013 2016 196192013 2016
Mean total rainfall (mm da'i'r‘) 3 5.6 7.9 6.8 8.0
Standard deviation for Bime series (mm d&}) 15 / 2.0 /

area into two sub-regions, the Northern (8®34N) The thresholds are 1.6&nd 1.86 for the Northern
and Southern parts (28ID30N), to examine anthro- part and Southern part respectively (see t§ble
pogenic infRuences in these two regions separately.

3.3. Model assessment
3.2. Threshold RA for both the ALL and NAT model simulations

Normalized departures from climatology are widelyee calculated in the same way as in observations,

used to objectively rank synoptic-scale events (€.9. Hf precipitation means and standard deviations were
and Grumm 2001 Junkeret al 2009 Graham and .,mnted using all ensemble members of the ALL
Grumm2010. We can objectively compare precipitasyperiment n the period 196192013 using all dataiin the
tion variability and extremes across space and time.B¥ins Then for each ensemble member, all simula-
normalizing climatg data relative to a rgference perif? swere normalized using these values. By doing this,
(Duan et al 2015 Jianget al 201§. In this study, in 5,y systematic bias in area-averaged monthly mean
May of each yedr the standardized anomaly, RA( precipitation and in inter-annual variability in model

is derived by subtracting the local meanfrom the - gimjations are removed in the normalized precipita-
area-average monthly mean precipitation of the avails, time series.

able station data within the study regidr(j), and Evaluation of the model simulations was carried
divided by the corresponding standard deviation gfj; 15 see if the model could accurately reproduce the
mtgr-annual variability,, esUmatqu fromthe referenceracteristics of precipitation in this region. Compar-
period (1961D2013). It can be written as; ison of the normalized time series between the model
0% ensemble and the observations indicates that the model
RA()= ———, (1) is generally skillful in reproducing characteristics of
May precipitation for the whole target region (Pgure
RA() is used to rank events based on departures fr@fb)), southern (Pguré(d)) and northern sub-regions
the local climatology in units of standard deviation ( (Pgure 2(f)). The inter-annual variability of the
The observed areal averaged precipitation anomathgerved time series is included in the range of the
for May 2016 exceeds 1.om the 1961D2013 meanmodel ensemble for these three study regions (with
as shown in bguré(a). The PDF of RA for all the exception of 1963 and 1973). On average over the
years between 196152013 indicates that the pradire region, the model overestimates the absolute
bility of precipitation anomaly greater than that foarmount of monthly rainfall by about 21% (see table
May 2016 is about 4% (Pgufia)), correspond- 1) and its interannual variability by about 33%.
ing to a return time of at least 13 years at 90% The PDFs of the standardized precipitation
conbdence level. The anomaly of 1i5 selected anomaly for the observations and model simulations
as the threshold for extreme precipitation for ouduringourclimatological period 196192013 are visually
attribution analysis. Using the same method, wenilar to each other (Pgui&a)). A Kolmogorovb
calculated anomalies and thresholds for the two si8mirnov two-sample test (Wilk&00§, conbrms
regions for both observations and model simulatiortbat there is no signibcant difference between the

3
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Figure 2.(a) Time series andbf probability density functions (PDFs) of standardized anomaly of monthly total precipitation in
May over 196192013 for the whole study reg@pand (d) same asd) and (b) but for the northern sub-regiong(and ) same as
(a) and () for the southern sub-region. Black lines indicate observations; red and blue lines represent ensemble means of ALL and
NAT HadGEM3-GA6 ensembles respectively; ensemble range of ALL and NAT experiments are shown by light red and blue shadings
respectively.

Table 2.The probability of the extreme precipitation with intensity as&sghat in May 2016 for various forcings over three different regions.

Whole region Northern region Southern region
Observed 196192013 0.85%705 0.03& 0.03 0.05% 0.05
ALL 196192013 0.168.02 0.05% 0.01 0.053 0.01
NAT 2016 0.259 0.03 0.09% 0.02 0.132 0.03
ALL 2016 0.261 0.03 0.156& 0.03 0.09% 0.02

distributions constructed with ALL experiments and. Results

observations over period 1961D2®34]ue of 0.67).

Low P-values are needed to reject the null hypotiFor the whole target region, the probability of areal
esis that two data are from the same continuodgeraged precipitation anomaly greater than the thresh-
distribution. For the northern and southern subeld debned above (15 is 11% for the ALL
regions, ALL experiments and observations over periggperiments over the period 196192013 (see Pgure
1961D2013 also have similar PDF distributions wifa)). This probability increases to 26% in 2016. For
P-values of 0.93 and 0.99 respectively. Whilst th@16, the risk of an extreme event with total rainfall
model overestimates the absolute amount of precig high as that in May 2016 is 2.4 times as large as
itation during May and its interannual variability, thgnhe climatology. From Pguf; comparing the PDFs
standardized precipitation anomaly corrects these syfshoth the ALL and NAT experiments for 2016 with
tematic biases. Using this metric, the corrected moédsbse for climatology, it appears that natural forcing
precipitation performs well in reproducing May predominates in increasing the probability of the 2016
cipitation variability and is suitable for attributiorextreme event. As shown in taillethe probability
studies of May precipitation in the lower reaches of exceeding the threshold of 1i& ALL experiment

the Yangtze River Valley. for 2016 is P(ALL)=0.264.0.03, while that in NAT




10P Publishing

Environ. Res. Lett3(2018) 014015

B Letters
0.25r ol
—Observations
(@) —NAT 2016
> 0.2 —ALL 2016
‘@
c
So.1s
2
S 01
Qo
9
0.05
0
-4 -3 -2 -1 0 1 2 3 4
Precipitation anomaly(o)
0.25/ 1 0.25
—Observations —Observations
(b) —NAT 2016 (c) —NAT 2016
> 0.2 —ALL 2016 > 0.2 —ALL 2016
‘@ k)
c C
Lo.1s 8o.15
2 2
< o041 S 01
Q Qo
< j
& 0.05 & 0.05
0 0
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
Precipitation anomaly(c) Precipitation anomaly(c)

Figure 3.The probability density functions (PDFs) of May monthly precipitation anomaly for the three parts of the studyajegion: (
the whole target regionb)(the northern part of the target regiort) the southern part of the target region. Red lines correspond

to the HadGEM3-A-N216 all forcings run (ALL) for 2016; blue to natural forcings (NAT) for 2016; black to observations over
1961D2013. The vertical lines are the standardized observedapimrtauiomalies of May 2016, which are chosen as the thresholds.
(The precipitation anomalies in May 2016 for three regions are855ahd 1.86 standard deviations above the climatological mean.)

experiment is P(NAT)=0.2590.03. Correspond- may be climate change inBuenced, ENSO variability,
ingly, the estimated risk ratio is RR=1#00.17, even in the 21st century seems to be within the
indicating little change in the probability of such evebbunds of the natural variation range based on model
due to human-induced climate change. The strong $tinulations (Cheret al 2017. The correlations in
Nino that occurred in 2015/2016 may account for thibe model and in reanalysis show consistent patterns
signibpcant enhancement of May precipitation in thvehich are closely related to May precipitation over the
Yangtze River Valley in China. Yangtze river. Along with greenhouse warming, the
The link between the El Bo Southern Oscil- extreme rainfall events associated with ENSO events
lation (ENSO) signal and the spring precipitatioare expected to increase as frequency of extreme El
over the Yangtze river has been demonstrated in 9dino events increases (€aal20142015. A stronger
eral studies (Zhang and Sufiii02 Yinget al2015 correlation in the model simulations may be due to
Zhai et al201§. As it is a main control of the pre-a too stronger impact of the ocean on the atmo-
cipitation inter-annual variability, it is important tosphere, due to the SST forcing, or to other processes
verify that the model can reproduce this link. To daffecting the May precipitation not represented in the
so, the correlation between May precipitation andodel. Nevertheless, it appears that the HadGEM3-
May sea level pressure is computed. The corrgBA6 N216 model is able to reproduce the main natural
tion with the previous winter surface temperature V&riability and is consistent with previous studies on
also computed (when ENSO signal is the strongegtjerannual variability in the Yangtze river basin pre-
Results are displayed in bgutdor ERA Interim cipitation (Zhang and Sunzi002 Yinget al2015 Zhai
reanalysis and for the ensemble mean of 15 membetral 201§. Therefore, the shift in PDFs of both ALL
of the N216-ALL simulations. This analysis was atsaod NAT experiments for May 2016 compared to cli-
conducted with the NCEP-NCAR reanalysis. Resuttatology, as seen in bguiesuggests that El hd
were found to be very close to ERA Interim and ahad a signibcant effect on rainfall for this region in
not displayed. The sea level pressure correlation d2046. Furthermore, the impact of Elndiseems to
ing May (Pgures(a) and (b)) shows a clear positivebe greater than that of anthropogenic climate change
pattern over the western North Pacibc, associated viritthe lower Yangtze valley.
an anticyclonic anomaly and an increased transport Interestingly, an effect from anthropogenic climate
of moisture from the tropics along the East Chinghange on the changing risk of extreme precipita-
coast. Moreover, the ENSO signal is clear in ttien is discovered for the two sub-regions. From the
winter temperature (Pgure¥c) and (d)) for both PDFs in bgur&(b), we Pnd that the probability of the
model simulations and reanalysis. Although ENS®ent occurring in the northern sub-region is larger in
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Figure 4.Correlation between the May precipitation over the Yangtze river and May sea level pressure for ERA)lateim (
N216-ALL ensemble meah)(Correlation between the May precipitation over the Yangtze river and the 2 m temperatures in the
preceding DJF for ERA Interim)@nd the near-surface air temperature for N216 ensemble miediné¢ precipitation time series
used for the correlation with ERA Interim variables is that used in Bdabservations). For the N216 ensemble, each member is
correlated with its precipitation signal before averaging the ensemble correlations.
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Figure 5.The probability density functions (PDFs) of May monthly precipitation anomaly estimated from CMIP5 models for 1901B
1920 and 198652005 respectively in the three parts of the study @dioawhole target regionb) the northern part of the
target region,d) the southern part of the target region. Blue lines correspond to the CMIP5 multi-model mean for 190191920; red
for 1986D2005; corresponding shadings denote the full range ofiB3 @ieldels. The vertical lines are the standardized observed

precipitation anomalies of May 2016, which are chosen as the thresholds.

the ALL experiment for 2016 compared to the NAFor the whole region and southern region, there seems
experiment, with a RR of 1.640.52. In contrast, to be no signibPcant anthropogenic impact on risk
risk of extreme precipitation in the southern sulef regional extreme rainfall with the RR around 1.
region shows a decline due to human-induced climdatewever, the RR rises to 140.43 in the northern
change (RR=0.680.22). To check the robustnessegion. The risk change in extreme May precipita-
of this result, 37 CMIP5 models are used to exanmn is generally consistent with those achieved using
ine whether there exists same risk change of extrét#a@lGEM3-GA6, which demonstrates the results we
May precipitation in ALL experiments. Change of riglet is not sensitive to the model selected. Notably, the
in extreme May precipitation are estimated betweextent of anthropogenic inBuence on these two sub-
the period 19862005 and the early period 1901 18sflons differs considerably. This highlights the spatial
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Figure 6.The probability density functions (PDFs) for the standatianomaly of May mean precipitation difference between the
northern sub-region and the southern sub-region. Red lines correspond to HadGEM3-GAG all forcings run (ALL); blue is natural
forcings only run(NAT); dashed lines indicate historical (196192013) PDF and solid lines indicate 2016; black indicates observations.
The black vertical line is the value for 2016.

variability of rainfall and the sensitivity of extreme pr@01592016, with arisk 2.4 times as large as the climatol-
cipitation attribution to the selection of study regiorogy. The attributable contribution from anthropogenic
More importantly, in the condition of nearly negligiblelimate change is negligible. Interestingly, for the south-
human-induced risk change of extreme precipitatiean sub-region, human infuences appear to have
for the whole study region, anthropogenic inBuencesduced the risk of such eventwith precipitation greater
played a role in increasing the probability of extrentigan or equal to that observed in May 2016. Con-
precipitation events as intense as that in May 204 sely, anthropogenically forced climate change has
in the northern sub-region and decreasing that in tlecreased the probability of this kind of intense rain-
southern sub-region. Thus, we have reason to beliéale in the northern sub-region by a factor of 1.64.
that human inBuences have shifted the precipitatidirough it is difbcult to estimate the role of ENSO on
northwards in the study region. Similar detection wése risk of precipitation extremes using CMIP5 sim-
conducted on mean precipitation difference betwealations, results show the change in risk of extreme
the northern sub-region and the southern sub-regioprecipitation due to all forcing changes between
The threshold for risk estimation is also selectedta® periods, presumably dominated by changes in
the standardized precipitation difference between #@rghropogenic forcing, in CMIP5 models is consis-
northern sub-region and the southern sub-region tent with HadGEM3-GA6 model. This evidences that
May 2016. The result shown in bgérenplies that the results we found is not sensitive to the model
human inBuences have increased the probabilityused. Further attribution on precipitation difference
positive anomaly of difference between the two regiobstween the two regions evidences that anthropogenic
with a risk ratio of 1.7& 0.43 at 90% conbdence levehRuences have shifted precipitation from the south-
based on the threshold of May 2016. It evidences that sub-region to the northern, thus causing the
human inBuences contribute to the shift of precipéorresponding increase and decrease of occurring
tation from the southern sub-region to the northerrrjsk of extreme precipitation in the two sub-regions
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