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ABSTRACT

Any skillful prediction is of great benefit to North China, a region that is densely populated and greatly impacted by
droughts. This paper reports potential predictability of North China summer drought 1 month ahead based on
hindcasts for 1961-2005 from the “ENSEMBLES” project. Correlation scores of the standardized precipitation—
evapotranspiration index and standardized precipitation index reach 0.49 and 0.39, respectively. The lower-level
northwestern Pacific cyclonic circulation anomaly (NWPCCA) and East Asian upper-tropospheric temperature
(UTT) cooling are the crucial circulations with regard to summer drought. Two sources of predictability are identified:
1) Pacific-Japan and Silk Road teleconnections forced by well-established eastern Pacific Ocean El Nifio sea surface
temperature anomalies (SSTA) in summer, when the two key circulations are both well predicted because of a good
prediction of enhanced equatorial central Pacific (CP) rainfall and Indian rainfall deficit, and 2) the subtropical
atmosphere—ocean coupling associated with CP El Nifio developing, when the skill mainly arises from the reasonable
prediction of NWPCCA. In observations, the NWPCCA persists from the preceding spring to summer through a
wind-evaporation—SST feedback related to the Pacific meridional mode (PMM). In predictions, the persistence of the
NWPCCA is mainly forced by the enhanced convection over the subtropical central North Pacific due to the per-
sistence of the PMM-related meridional SSTA gradient over the CP. This predicted SSTA suppresses the equatorial
Pacific rainfall, contributing to low prediction skill for the East Asian UTT cooling. This study demonstrates the
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importance of extratropical signals from the preceding season in North China summer drought prediction.

1. Introduction

As the most populous region in China and a major
agricultural and industrial sector, North China has been
hit by frequent severe droughts in the past that exerted
severe economic and environmental impacts and wors-
ened the local water crisis (Ma and Fu 2006; Zhou et al.
2009). Drought disasters over North China feature the
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widest coverage, highest intensity, and longest duration
when compared with the other regions of China (Zhang and
Zhou 2015; Yang et al. 2013). A reliable drought forecast of
North China can provide a useful drought early warning
and help local government to manage the drought risk and
alleviate drought impacts. It is desirable to investigate the
seasonal predictability of drought over North China and to
understand the underlying mechanisms.

Dynamical forecasts based on coupled atmosphere—
ocean—-land general circulation models are a promising
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tool and have been increasingly used for drought pre-
diction globally (Dutra et al. 2014; Mo and Lyon 2015).
Given that meteorological drought is the main cause of
agricultural failures and hydrological water shortages,
predictions of precipitation and temperature are thus
crucial for drought forecast and early warning. Hence, the
prediction of meteorological drought represented by
drought indices related to precipitation and temperature is
examined in this study. Extensive analysis has shown that
prediction skill of summer precipitation over China is
relatively low (Wang et al. 2009; Kim et al. 2012; Kang
et al. 2002; Luo et al. 2013), although the current seasonal
forecast systems can predict the large-scale circulation
anomalies, such as the leading interannual modes (Yang
et al. 2008; Kim et al. 2012; Gao et al. 2015), and the var-
iations of the key climate components, that is, the north-
western Pacific Ocean subtropical high (Li et al. 2012) and
East Asian westerly jet (Li and Lin 2015). Higher pre-
diction skill is seen in the years with strong ENSO forcing,
because ENSO-related teleconnections generally can be
better predicted by climate models (Kim et al. 2012).
Recently a skillful prediction of summer precipitation over
the Yangtze River valley is reported by using Met Office
Global Seasonal Forecast System 5 (GloSea5), which ari-
ses from skillful prediction of rainfall in the deep tropics
and around the “Maritime Continent” (Li et al. 2016).
However, a study on seasonal drought predictability in
China documented that the North American Multimodel
Ensemble (MME) shows limited forecast skill for drought
events over China and that drought predictability may rely
on the impact of ENSO (Ma et al. 2015).

This study focuses on drought prediction over North
China (box in Fig. 1), where the most frequent and
longest duration of drought occurred in China (Zhang
and Zhou 2015). The prediction of North China drought
is greatly challenging because of its large climate vari-
ability modulated by both tropical and midlatitude cli-
mate systems. Several ingredients are proposed as
predictors of North China drought. In the summer pre-
ceding El Nifio peak phase, North China precipitation is
suppressed as the combination of the Silk Road tele-
connection and Pacific-Japan pattern (Wu et al. 2003;
Zhang and Zhou 2012; Ding and Wang 2005; Ding et al.
2011), and the associated mechanisms have been illus-
trated. A prolonged spring—summer drought over North
China tends to occur when La Nifia transitions to El
Nifio with a negative North Pacific Oscillation phase in
preceding winter. In this case, a low-level anomalous
cyclonic circulation over the North Pacific Ocean can
persist from the preceding winter until summer
through a ‘‘seasonal footprinting mechanism” (Zhang
et al. 2018). In addition, an extreme drought event, like
the 2014 North and Northeast China summer drought,
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could be a joint result of many factors, such as the Pacific
sea surface temperature anomalies (SSTA), Arctic sea
ice anomalies, and warming over the European conti-
nent and Caspian Sea (Wang and He 2015). Wang et al.
(2017) also demonstrated the importance of the com-
bination of El Nifio and Eurasian spring snow cover
reduction. So far, the previous studies mainly focused on
the prediction of a specific event. The predictability
of North China summer drought is still unclear. The aim
of this study is to explore the seasonal predictability of
North China summer drought by comparing observa-
tion with hindcasts of the “ENSEMBLES”’ multimodel
forecast and then to investigate the sources of
predictability.

The remainder of the paper is organized as follows:
section 2 describes the data and method. In section 3, the
predictability of summer drought events in China with a
1-month lead is presented. The sources for the pre-
dictability are examined in section 4, and a summary and
discussion are provided in section 5.

2. Data and method description
a. Seasonal hindcasts and validation data

The seasonal hindcasts used in this study are from the
multimodel system in the ENSEMBLES seasonal-annual
forecast in stream 2 (Weisheimer et al. 2009). Five global
coupled atmosphere—ocean climate models participated
in the multimodel forecast system, including the models
from the Met Office, Météo France, the European Centre
for Medium-Range Weather Forecasts, the Leibniz In-
stitute of Marine Sciences at Kiel University, and the
Euro-Mediterranean Centre for Climate Change in Bo-
logna, Italy. For each year, the reforecasts for seven
months with nine members of each model started on
1 February, 1 May, and 1 August. Details about model
information and seasonal forecasts can be found in
Weisheimer et al. (2009). The hindcasts covering the pe-
riod 1960-2005, and 1961-2005 are selected here to keep
consistent with the coverage of observational datasets.
The prediction of North China summer [June-August
(JJA)] drought starting on 1 May is examined in this study.

The validation datasets used in this study include
1) “CNO05.1,” which is a gridded precipitation and surface
temperature dataset that is based on ~2400 observational
stations over China and has a horizontal resolution of
0.5° X 0.5° (Wu and Gao 2013); 2) National Centers for
Environmental Prediction—National Center for Atmo-
spheric Research reanalysis data (Kalnay et al. 1996); 3)
Hadley Centre Sea Ice and Sea Surface Temperature
dataset, version 1 (HadISST1; Rayner et al. 2003); and 4)
the precipitation reconstruction data compiled by the
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FIG. 1. The observed climatological summer (June-August) mean of (a) precipitation (mmday '), (c) PET
(mm day '), and (e) difference between precipitation and PET (mm day ). (b),(d),(f) Asin (a), (c), and (e), but for
the bias of the MME of 45 members. The black-outlined box shows the target region of North China. The numbers
over (a), (c), and (e) show the pattern correlation coefficients (label pcc) between MME and observations.

Climate Prediction Center at the National Centers for
Environmental Prediction (PREC; Chen et al. 2002).

b. Drought indices

Two drought indices, standardized precipitation
evapotranspiration index (SPEI; Vicente-Serrano et al.
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2010) and standardized precipitation index (SPI; McKee
et al. 1993), for the 3-month period from June to August
are used to measure drought intensity. The standardi-
zation step is based on a nonparametric approach pro-
posed by Hao et al. (2014) in which the probability
distributions are empirically estimated. Because monthly
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climatic balance between precipitation and potential
evapotranspiration (PET) is considered in SPEI, the
biases of precipitation and temperature in a seasonal
forecast may introduce systematic bias in the forecast
water balance and affect the prediction of SPEI. Thus, a
simple bias correction on monthly precipitation and sur-
face temperature is carried out following Turco et al.
(2017) to ensure the climatological water balance is pre-
served. The PET is estimated with the Thornthwaite
method (Thornthwaite 1948).

To remove the systematic bias in the mean value, the
bias-corrected precipitation PR” and surface tempera-
ture T* for a given year by a member are derived by
using the following equations (Turco et al. 2017):

=T, - ((Tf> —(T,)) and
PR*=PR, X ((PR )/(PR})),

where f and o denote the model forecast and observa-
tion, respectively and angle brackets denote the clima-
tology (mean) of precipitation or surface temperature in
each member based on the whole hindcast period
without the bias-correction year.

c. Verification method

As suggested by the Long Range Forecast Verifica-
tion System of the World Meteorological Organization
(http://www.bom.gov.au/wmo/Irfvs/), temporal correla-
tion coefficient and relative operating characteristics
(ROC) area skill score (ROCSS) at grid points based on
the ROC diagram are used here to verify the de-
terministic and probabilistic forecast skill, respectively.
When ROCSS is larger than 0.5, it means the hit rate
(i.e., the relative number of times a forecast event ac-
tually occurred) is larger than the false-alarm rate (i.e.,
the relative number of times an event had been forecast
but did not actually happen), indicating an effective
prediction of a drought event.

3. Predictability of North China summer drought

The performance in forecasting the climate mean
summer precipitation and PET is first examined (Fig. 1).
The observed climatological summer precipitation in China
shows a gradually decrease from southeast to northwest
with the maximum rainfall exceeding 7mm day ' centered
in South China and the south Tibetan Plateau and de-
creasing to 2mmday ' over Northwest China (Fig. 1a).
Different from the precipitation, a zonal decrease from east
to west is observed in climatological PET, with maximum
(~6mmday ") centered in the lower reaches of Yangtze
River and minimum (~2mmday ') centered in the
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Tibetan Plateau (Fig. 1c). The magnitude of PET over
North China is higher than that of precipitation. Thus,
the climatic water balance between precipitation and
PET in summer shows a gain of water about south of
32°N and a loss of water north of 32°N (Fig. 1le). MME
generally well predicted the spatial distributions of
climatology summer precipitation and PET, with pat-
tern correlation coefficients of 0.73 and 0.91 over the
whole of China, respectively, suggestive of a better
prediction of PET. For North China, a main deficiency
in forecasting precipitation is an overestimation over
the western part of North China (110°~115°E) and an
underestimation over eastern North China (115°-
120°E). Thus, an artificial gain or loss of water is fore-
cast over the western or eastern part of North China,
respectively (Fig. 1f). To avoid this systematic bias in
climatology, a bias correction is carried out on the
forecast precipitation and temperature in each mem-
ber. The spatial distributions for the climatology of
bias-corrected precipitation and PET are the same as
observed (figures not shown).

The spatial distributions of the 1-month-lead sea-
sonal forecast skills for summer mean SPEI, SPI, pre-
cipitation, and PET in terms of correlation coefficient at
each grid point for 1961-2005 are shown in Fig. 2. A
statistically significant correlation of forecast SPEI with
observations is shown over North China, reaching 0.5 at
maximum over the northwestern corner of North China
(35°—42°N, 105°-113°E). A compared with SPEI, a pos-
itive correlation coefficient between forecast SPI and
observation is seen over North China, and it is statisti-
cally significant at the 10% level over central North
China (32°—42°N, 110°-115°E) (Fig. 2b), demonstrating
that skillful prediction of both rainfall and temperature
contributes to the high correlation of SPEI over North
China (Figs. 2c,d).

The time series of the observed and forecast drought
indices area averaged over North China are shown in
Fig. 3. ENSEMBLES forecasts well the temporal
changes of SPEI, SPI, precipitation and PET over North
China despite a large model spread, with the correlation
coefficients against observation reaching 0.49, 0.39, 0.44,
and 0.63, respectively, all statistically exceeding the 5%
significance level. The drought years over North China,
particularly the prolonged drought events from 1999 to
2002, are well predicted by the MME (Figs. 3a,b). A
decadal variation and long-term trend of PET over
North China is observed for 1961-2005, with negative
PET anomalies before 1998 and positive PET anomalies
afterward. Note that ENSEMBLES fails to predict the
precipitation deficit in 1999; thus the predicted negative
SPEIin 1999 is caused by a good prediction of extremely
high PET. We further examined the results by removing
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FIG. 2. The temporal correlation coefficients for 1961-2005 between the observed and 1-month-lead prediction of
MME for (a) SPEIL, (b) SPI, (c) precipitation, and (d) PET at each grid. The dotted areas are statistically significant at
the 10% level using t-test. The black-outlined box shows the target region of North China.

the long-term linear trend and interdecadal varia-
tions with periods longer than 9 yr using a high-pass
Lanczos filter. The statistically significant correla-
tion coefficients can still be found, except with a re-
duction in PET from 0.63 to 0.47. The correlation
coefficients for the interannual variability of area-
averaged SPEI, SPI, and precipitation are 0.43, 0.38,
and 0.44, respectively—comparable to the original
ones. This demonstrates that the prediction skill for
North China drought, particularly defined by SPEI,
SPI, and precipitation, is not highly influenced by the
interdecadal variability or warming trend. There-
fore, we will use the original data in the following
discussion.

To further verify the predictability of North China
drought, the spatial distributions of ROCSS for the
probabilistic forecast of drought event defined by
SPEI = —1 and SPI = —1 (threshold for moderate
drought events) are shown in Figs. 4a and 4b. The
ROCSS for drought event defined by SPEI is larger than
0.5 over most region of North China, whereas when
defined by SPI the ROCSS exceeding 0.5 is only seen
over its western part (Figs. 4a,b). Given that drought is
associated with precipitation deficit and higher PET, we
further examined the ROCSS of a below-normal event
of precipitation and an above-normal event of PET
(Figs. 4c,d). Here, a below-normal or above-normal
event is defined as respectively being in the driest or
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FIG. 3. Standardized time series of regional averages over North China (33°-41.5°N, 105°-120°E; box in Fig. 2) for
(a) SPEI, (b) SPI, (c) precipitation, and (d) PET. Black and red lines denote observations and MME, respectively,
and gray asterisks denote each member. The correlation coefficient between observations and MME for 1961-2005

is shown in the top-right corner of (a)-(d).

warmest one-third among 1961-2005. The ROCSS for a
below-normal precipitation event and above-normal
PET are both still higher than 0.5 over North China,
indicating an effective prediction of North China sum-
mer drought events.

4. Sources of predictability for North China
summer drought

The above analysis demonstrates a skillful prediction
of summer drought over North China led by 1 month.
Because precipitation deficit is the main cause of nega-
tive SPEI and SPI in drought years across the whole
period, this section will investigate the sources of pre-
dictability for North China summer drought by exam-
ining the large-scale circulations associated with less
precipitation.

According to the time series of SPEI as shown in
Fig. 3a, the summer drought years of North China with
SPEI = —1.0 are selected. They are 1968, 1972, 1986,
1997, 1999, 2001, and 2002. The composite distributions
of SPEI and SPI for the drought years both in the ob-
servations and MME hindcasts are shown in Fig. 5. The
dry condition in observations as defined by both SPEI
and SPI is well forecast by MME but with a westward
shift of the drought center, leading to a reduction in
reliability over 105°-110°E, 35°~40°N. The probability of
drought events is higher than 60% as seen from the
model consistency, demonstrating a high model consis-
tency in forecasting the summer drought events of
North China.

The composite summer mean precipitation and asso-
ciated circulation anomalies for the drought years are

first examined (Fig. 6). In the observations, signifi-
cant rainfall deficit is shown over North China,
reaching —1.2mmday ' over eastern North China
(Fig. 6a). Models well capture the significant dry con-
dition over the whole of North China (Fig. 6b), with a
weaker magnitude (~—0.4mmday ' in maximum)
and a westward-shifted dry center. In the observations,
two key circulations are shown, that is, a significant
northwestern Pacific cyclonic circulation anomaly
(NWPCCA) at lower levels, confined to south of 30°N,
and an upper-troposphere temperature (UTT) cooling
over East Asia (20°-40°N, 80°-140°E). The latter circu-
lation is associated with a cyclonic circulation anomaly
to the south of a westerly jet and an anomalous anticy-
clone to the north at the upper level. Consequently, the
East Asian continent is dominated by a significant
higher sea level pressure (SLP) centered on Mongolia
(Fig. 6¢). The northerly wind anomaly of the east flank
of the anticyclonic circulation anomaly over East Asia
joins the northerly anomaly associated with the
NWPCCA, leading to a weakened East Asian summer
monsoon and reducing the water vapor transport from
the ocean to North China (Fig. 6¢). A reasonable pre-
diction of the two key circulations can be found in
MME, particularly the NWPCCA and its baroclinic
structure (Figs. 6d,f). The East Asian UTT cooling is
partly predicted by MME, with a statistically significant
cyclonic circulation anomaly over central China at
200 hPa. The positive SLP anomalies from Mongolia to
northeastern Asia are predicted but are statistically in-
significant. The northerly wind anomalies along the East
Asian coast are also shown in MME but are much more
southward shifted, leading to less water vapor transport
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FIG. 4. Spatial distribution of ROCSS for the probabilistic forecast of a drought event defined by (a) SPEI = —1.0
and (b) SPI = —1.0. (c),(d) Asin (a) and (b) but for the below-normal precipitation events and above-normal events
of PET, where a below- or above-normal event is respectively defined as being in the driest or warmest one-third

among 1961-2005.

to North China. We notice that both the low-level
northerly anomaly and the upper-level UTT cooling
are westward shifted relative to the observation, con-
tributing to the westward shift of the dry center in the
predictions.

To investigate the role of the two key circulations in
North China drought, we selected the driest and wettest
members from all predictions of each drought event with
the area-averaged SPEI ranked as the bottom 15% and
top 15%, respectively, and termed them the high-skill
group and low-skill group in predicting North China
drought. There are 49 members in each group, and the
corresponding composite results are shown in Fig. 7.
Significant dry and wet conditions over North China are

predicted in the high-skill and low-skill groups, re-
spectively (Figs. 7a,b). The NWPCCA exists in both
groups, except that it is stronger and more northward
extended in the high-skill group. The main difference
between the two groups can be found over midlatitudes,
where there is a UTT cooling over central China in the
high-skill group but a warming over East Asia in the
low-skill group (Figs. 7e,f). They correspond to higher
SLP and lower SLP over China, respectively (Figs. 7c,d).
Thus, significant northerly winds along the East Asian
coast are predicted in the high-skill group, resulting in
less rainfall over North China, although it is not as far
northward as the observations (Fig. 7c). In contrast, in
the low-skill group, the lower SLP over western China
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joins in the NWPCCA, leading to a farther-westward
NWPCCA (Figs. 7d,f). So, no significant northerly
anomalies are predicted along the East Asian coast, and
more water vapor transport from the North Pacific
Ocean to North China is predicted, leading to excessive
rainfall over North China in the low-skill group. The
difference between the two groups indicates that models
have a skillful prediction of the NWPCCA but limited
skill for East Asian UTT.

A scatterplot of North China summer rainfall with
East Asian UTT anomalies and NWPCCA for each
drought event is further shown in Fig. 8. In the obser-
vations (dots in Fig. 8), five of the seven drought events
are associated with negative values of UTT (except 1972
and 1999), and six with NWPCCA (except 1999). To

reduce the uncertainty caused by initial conditions, we
use the ensemble mean of an individual model for any
given drought event to show the prediction result of that
model. There are 6 predictions for a given event when
MME is included. For the selected seven droughts, there
are 42 predictions in total. 79% of the 42 predictions
show precipitation deficit over North China, verifying
the high consistency among models as shown in Fig. 5.
For the drought years, positive correlations of North
China summer precipitation with the East Asian UTT
anomaly (r = 0.43) and NWPCCA (r = 0.43) can be seen
from the predictions (Fig. 8), respectively, both statis-
tically significant at the 5% level, demonstrating a close
contribution of the two key large-scale circulations to
North China summer droughts in prediction. For the 42
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FIG. 8. Scatterplots showing the relationship between summer
precipitation anomalies (mm day ') averaged over North China
and crucial circulations for (a) East Asian UTT anomalies (m) and
(b) NWPCCA (ms '), where the y axis is the precipitation
anomalies and the x axis is circulation anomalies. East Asian UTT
anomaly is defined as Z200-Z500 averaged over 25°-42°N, 100°-
130°E. NWPCCA is defined as the wind shear of zonal wind at
850 hPa between 25°-35°N, 100°-150°E and 5°-15°N, 90°E-180°.
Dots, stars, and triangles denote the observation, MME, and en-
semble mean of each model, respectively. Blue, green, orange,
purple, black, red, and cyan represent the North China drought
year 1968, 1972, 1986, 1997, 1999, 2001 and 2002, respectively.

predictions, the ratio of NWPCCA is 86% when 1999 is
included and 97 % when it is excluded, while the number
of negative East Asian UTT (55%) is only slightly
higher than that of positive value (45%). When in-
cluding all years 1961-2005, significant correlation co-
efficients of North China summer precipitation with
East Asian UTT (r = 0.28) and NWPCCA (r = 0.40) for
1961-2005 are also obtained, indicating the importance
of the two circulation anomalies for North China
drought in the observations. However, only the positive
correlation between North China summer precipitation
and NWPCCA can be predicted by MME, with a cor-
relation coefficient at 0.48 for 1961-2005. It further
demonstrates a better skill for NWPCCA than the East
Asian UTT cooling associated with North China sum-
mer drought.
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Asian UTT anomalies (m), and (c) NWPCCA (ms ).

El Nifio is one of the main drivers of North China
summer drought. The relationship of ENSO with North
China summer precipitation and the two key circulation
anomalies is examined and shown in Fig. 9. A negative
correlation between Nifio-3.4 and North China summer
rainfall is obtained from the 42 predictions (Fig. 9a). In
terms of the relationship between the two large-scale
circulation anomalies, only the NWPCCA is statistically
significant related with Nifio-3.4 (Fig. 9¢c), and there is no
obvious correlation between East Asian UTT and Nifio-
3.4 (Fig. 9b). Thus, the predicted ENSO exerts its impact
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on North China summer precipitation mainly through
modulating the NWPCCA. Seeing from the magnitude
of Nifio-3.4, only those for 1972 and 1997 exceed 0.5°C.
Those two summers were both before the peak phase of
eastern Pacific (EP) El Niflo, so they are regarded as
well-established EP El Nifio in summer here. The
NWPCCA and UTT cooling in those two years can be
both well predicted. However, the remaining events are
not associated with strong EP El Nifio SSTA in summer.
Because 1999 was a strong La Nifia year, the dry North
China in 1999 is beyond the relationship between ENSO
and North China rainfall. Thus, in the observations, the
UTT cooling and NWPCCA are both absent for the
1999 drought events, and they are not well forecast by
ENSEMBLES. So we will exclude the 1999 drought
event in the following discussion. The mechanisms in the
drought events with and without well-established EP El
Nifio SSTA in summer will be investigated separately.
The composite summer circulation anomalies for the
two drought events with strong EP El Nifio events are
shown in Fig. 10. The impact of the El Nifio developing
phase on the East Asian summer monsoon, specifically
on the NWPCCA and East Asian UTT cooling, has been
well illustrated (Wu et al. 2003; Chou et al. 2003; Zhang
et al. 2018; Wen et al. 2018). In the case of the two
drought events discussed here, a well-established
horseshoe pattern of the EP El Nifio SSTA is clearly
shown in the observations, with the equatorial EP 2.0°C
warmer than the normal. Forced by the El Nifio SSTA
and enhanced convection over the equatorial central
Pacific (CP), the Walker circulation is weakened, re-
sulting in less rainfall over the Maritime Continent and
India (Fig. 10a). As a Gill-Matsuno response to the
enhanced CP equatorial convection, the NWPCCA is
triggered (10°-30°N, 100°-160°E) and further propa-
gates northward with an anticyclone anomaly over
South Japan and a cyclone over Northeast China. This
meridional wave train is the so-called Pacific-Japan
(PJ) pattern (Nitta 1987; Huang and Sun 1992), with a
baroclinic structure over the central China (Kosaka
and Nakamura 2010). An upper-level Rossby wave
train is seen along the Asian westerly jet due to less
latent heat forcing over India, and it further contributes
to the cooling over Northeast China (Fig. 10c). This
upper-level wave train is the so-called Silk Road tele-
connection, and it is a regional feature of circumglobal
teleconnection in boreal summer (Enomoto et al. 2003;
Ding and Wang 2005; Ding et al. 2011). An equivalent
barotropic structure exists in all circulation centers
over the midlatitude Eurasian continent but the one
over the Mediterranean—central Asia, which is due to
the influence of diabatic heating associated with Indian
monsoon precipitation. The lower-level cyclonic
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anomaly over Northeast China is also a part of the Silk
Road teleconnection. The combination of Silk Road and
PJ teleconnections leads to the anomalous northerly
along the East Asian coast and anomalous descent over
North China. The observed Silk Road teleconnection,
PJ pattern, and associated precipitation forcing during
well-established EP El Nifio summer are all well pre-
dicted by MME, although with less magnitude at the
mid-high latitudes (Figs. 10b,d.f). Thus, models show a
reasonable prediction of the summer drought over
North China. However, in comparing with those for all
drought events as shown in Fig. 6, it is seen that the UTT
cooling is shifted northeastward and the NWPCCA is
located more southward (Figs. 10c,e).

The composite summer circulation anomalies for the
drought events without well-established EP El Nifio are
shown in Fig. 11. Significant SST warming spanning from
the central equatorial Pacific to subtropical North Pa-
cific (10°N, 150°E-150°W) is seen in the observation,
similar to the CP El Nifio SSTA pattern. All of the four
drought summers were the year before CP El Nifio ex-
cept 2001 (Yu et al. 2012). Enhanced convection over
the central equatorial Pacific and rainfall deficit over
India associated with weakened Walker circulation are
also observed (Fig. 11c), as well as the Silk Road tele-
connection. Compared with the events associated with
well-established EP El Nifo, the upper-level cooling
center over East Asia shifted southward to 30°N, and
another wave train with a nearly equivalent barotropic
structure is evident over the higher latitude of the Eur-
asian continent north of 50°N, which may contribute to
the high-pressure anomalies over the East Asian conti-
nent (Fig. 11e). Another difference is seen from the
magnitude and area of the NWPCCA, which becomes
much stronger and reaches more northward (40°N) as-
sociated with CP El Nifio SSTA (Fig. 11c). Previous
literature documented that two possible mechanisms
could contribute to the NWPCCA associated with CP El
Nifio. One is the same as that in the well-established EP
El Nifio, that is, a Gill-Matsuno response to the en-
hanced CP convection due to warm SSTA over central
equatorial Pacific (He and Zhou 2014). The second
mechanism is the coupled SST—surface wind interaction
in the North Pacific through wind-evaporation—SST
(WES) feedback associated with Pacific meridional
mode (PMM) (Chiang and Vimont 2004; Yeh et al.
2015), which can sustain the NWPCCA from the pre-
ceding spring to summer with an equatorward extension;
details of the mechanism will be discussed later.

In MME, the observed NWPCCA and CP warming are
both well predicted (Figs. 11b,d,f). In contrast to the
uniform SST warming over the CP in observations, MME
exhibits a meridional SSTA gradient with the maximum
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FIG. 10. Composite circulation anomalies of the two North China summer droughts associated with well-
established EP El Nifo for (left) observations and (right) MME for (a),(b) SST (shading; °C) and precipitation
(contours; mm day ') anomalies; (c),(d) SLP (shading; hPa) and 850-hPa wind anomalies (vectors; ms™'); and
(e),(f) 200-500-hPa thickness (shading; m) and 200-hPa wind (vectors; ms~ ') anomalies. Wind-anomaly vectors
that are statistically significant at the 10% level using the Student’s ¢ test are shown, and the shading variables

that are statistically significant at the 10% level are denoted as hatched area.

warm SSTA over the subtropical central North Pacific
(5°-20°N, 150°E-120°W) but relative weaker warming
over the equator, indicating a slower warming of the
equatorial CP or onset of CP El Nifio in prediction. This
meridional SSTA gradient in prediction leads to anom-
alous wind flow crossing from the equator to subtropical
central North Pacific. Consequently, anomalous conver-
gence and divergence is predicted over the subtropical
central North Pacific and equatorial CP, respectively
(Figs. 11b,d), resulting in significantly enhanced convection

over subtropical central North Pacific but less rainfall
over the equatorial CP (Fig. 11b). The NWPCCA in
MME is a Gill-Matsuno response to the more latent
heating over the subtropical central North Pacific. As
the heating intensity is stronger than observation and
located north of the equator, the predicted NWPCCA
extends much more northward and eastward than the
observation. The failure in predicting the enhanced con-
vection over the CP demonstrates a failed prediction of
the weakened Walker circulation, and the suppressed
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FIG. 11. As in Fig. 10, but for the circulation anomalies for the four drought years without well-established El Nifio

in summer.

rainfall over the Maritime Continent and India is much
weaker than the observation. As a result, the Silk Road
teleconnection and associated East Asian cooling are
absent in MME (Figs. 11d,f). We also notice that the
midlatitude North Pacific SST along the 40°-50°N in
MME is above normal, opposite to the observations
(Figs. 11a,b). This warm extratropical SSTA may increase the
Eurasian UTT by affecting the displacement of the jet stream
and setting up a quasi-stationary wave (Chattopadhyay et al.
2015). So, the failure in predicting the midlatitude
North Pacific SSTA may be another possible reason for
the warm UTT over the Eurasian continent in pre-
diction. The above comparison indicates that the rea-
sonable prediction of North China drought without

well-established El Nifio in summer is mainly due to the
reasonable prediction of the NWPCCA. The ENSEMBLES
models have little ability in predicting the related mid-
latitude atmosphere activities.

To understand the source of predictability for
NWPCCA and slower warming of the central equatorial
Pacific, the evolution of SSTA and associated circulation
anomalies in the preceding spring in both observation
and prediction are examined and shown in Fig. 12. Since
the prediction in this study started on 1 May, the SSTA
in April is used as the initial condition here. In general, a
persistence of the NWPCCA from April to May is ob-
served in the selected drought years, and it is associated
with an equatorward and westward development of



1 NOVEMBER 2019

(a) SSTA & Pr
1 !

60N

ZHANG ET AL.

7261

30N

- 30N

(d) Latent Heat & UV850 OBS May
1 1 1 1 1 1
60N 60N = e e
< 3 N & >
= -f- m/s
R E
30N 30N - 7/ el = 5 1. L
AT VY
..../’_,, & %‘}‘
e G
: e T e e
AU S RO
. . - | \.’I.\ A3 F 'y I\ .
120E 150E 180 150W  120W  90W 120E 150E 180 150W  120W  90W
(e) SSTA & Pr (f) Latent Heat & UV850 MME May
1 1 1 1 1 1 1
60N 60N > = 3 =
x - — >
- \ m/s
30N 30N - g \5 > -
0 24 7
N T
2 e
0 0 - " > -
S re'd all’
f 3 e ‘/ N EACEXN
120E 150E 180 150W  120W  90W 120E 150E 180 150W  120W  90W
N I B BN T T 7 7 T [ T [
07 -05 03 01 01 03 05 07 40 80 20 -0 0 10 20 30 40

FIG. 12. Evolution of (left) SST (shading; °C) and precipitation (contours; mm day ') anomalies and (right) 850-hPa

wind (vectors;ms ') and latent heat flux (W m~%; positive means downward) anomalies from April to May associated
with droughts without well-established EP El Nifio for (a),(b) April observations, (c),(d) May observations, and (e),(f)
May MME. Only vectors that are statistically significant at the 10% level are shown in (a) and (b). The dots denote that

the shaded variables are statistically significant at the 10% level using the Student’s # test.

warm SSTA over the North Pacific Ocean. In the initial
month (Fig. 12a), a meridional dipole SSTA pattern,
that is, PMM, is observed over the tropical Pacific Ocean
with warm anomalies over subtropical central North
Pacific and cold ones along the equatorial EP (Fig. 12a).
On one hand, the westerly winds associated with
NWPCCA in April result in a relaxation of the lower-
level trades and less upward evaporation from ocean to
atmosphere (Fig. 12b) and a positive feedback on the
original SST anomalies. The SSTA over the central
North Pacific gets warmer in May (Fig. 12¢) (Vimont
etal. 2001,2003a,b; Chiang and Vimont 2004; Alexander
etal.2010). On the other hand, the surface warming over
the subtropical central North Pacific lowers in situ at-
mosphere pressure and induces anomalous southwest-
erly winds to the southern plank of the anomalous
region and northeasterly wind to its northern plank,

further maintaining the NWPCCA (Vimont et al. 2009;
Wu et al. 2010). The westerly anomalies reach the
equator in May (Fig. 12d), and the WES feedback
warms up the equatorial SST leading to CP warming in
JJA (Fig. 11a). Note that the equatorial CP (5°S-5°N,
180°-150°W) in May is dominated by suppressed rainfall
due to divergence from the equator to the subtropical
central North Pacific (Fig. 12c¢). Thus, the equatorial
central Pacific Ocean gets more shortwave radiation
flux, which also contributes to the CP warming (figures
not shown).

As for the processes in prediction, in response to the
initialized dipole SSTA pattern in April, the anomalous
gradient across the equator forces anomalous winds
flowing from cold water toward warm water (Fig. 12f). In
accord with the Coriolis force, anomalous southwesterly
winds prevail along the southern flank of the warm
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SSTA, leading to less upward evaporation over the
subtropical central North Pacific (Fig. 12f) and warm
SSTA over the subtropical central North Pacific, en-
hancing the local convection and increasing precipita-
tion (Fig. 12e). A cyclonic circulation anomaly, that is,
NWPCCA, is predicted to the northwest of the enhanced
convection, indicating a good prediction of the persis-
tence of the NWPCCA from April to May. The predicted
westerly anomalies have not arrived at the equatorial CP,
which is still dominated by easterly anomalies. Thus, the
convection over the central equatorial Pacific is sup-
pressed, leading to less latent heat warming (Fig. 12f) but
more shortwave radiation. Then the equatorial Pacific
SST warming rate is slower than observations (Fig. 12f),
and the meridional SSTA pattern in spring persists to
summer (Fig. 11b).

5. Summary and discussion

This study investigates the seasonal prediction skill of
North China summer drought in the ENSEMBLES
multimodel seasonal forecast system in stream 2 start-
ing on 1 May. This study shows a skillful prediction of
North China summer drought in ENSEMBLES for 1961—
2005. The correlation coefficient of predicted SPEI/SPI
with observation is 0.49/0.39, statistically significant at the
5% level. The summer precipitation and temperature
averaged over North China are both reasonably forecast,
with correlation coefficients for 1961-2005 reaching 0.44
and 0.63, respectively. ROC analysis indicates that the
forecasts can distinguish a drought event over North
China from a nondrought event. Seven extreme summer
drought events over North China are selected from 1961
to 2005, and all of them are predicted as drought events.
The deficits in summer precipitation are all well predicted
in ENSEMBLES, except 1999 drought event.

The NPWCCA at lower levels and East Asian UTT
cooling are proposed to be the two key large-scale cir-
culations responsible for the North China summer
drought. An examination of the two key circulations for
all drought events shows a reasonable prediction of
NWPCCA, with high model consistency, whereas there
is a large spread in East Asian UTT cooling. Two
sources of predictability are identified in this study. The
first one comes from the PJ pattern and Silk Road
teleconnections forced by well-established EP El Nifio
SSTA in summer. The NWPCCA is the south cell of the
PJ pattern located south of 30°N, and East Asian UTT
cooling is a regional feature of the Silk Road telecon-
nection centered over Northeast China. Models can
predict well the strong EP El Nifio SSTA and associated
two teleconnections, and thus they show a good pre-
diction of North China summer drought.
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The other prediction source is from the warm SSTA
over the CP associated with CP El Nifio developing.
Compared to the drought events with well-established
EP El Nifio, the NWPCCA is much stronger and more
northward shifted, and the East Asian UTT cooling
dominates the whole of China and is associated with
significant impacts from the mid-high-latitude atmo-
spheric anomalies. In MME, the prediction skill on
drought is from a skillful prediction of the persistence of
NWPCCA. The East Asian UTT cooling is insignificant
in prediction. In observation, the NWPCCA is estab-
lished in the preceding spring and lasts to summer
through WES feedback associated with PMM. In pre-
diction, the WES feedback is well predicted, including
the persistence of the NWPCCA and equatorial Pacific
warming from spring to summer. However, the pre-
dicted NWPCCA in summer is mainly forced by the
enhanced convection over the subtropical central North
Pacific due to the meridional SSTA gradient across the
equator. The predicted westerly anomaly from the
subtropical North Pacific arrives at the equator later
than that in the observation, slowing down the warming
rate over the equatorial CP in models.

Although ENSEMBLES successfully predicted those
historical drought events, models still have difficulties in
predicting the East Asian summer UTT cooling associ-
ated with North China summer drought events without
well-established El Nifio forcing. The East Asian UTT
cooling is not only forced by the tropical forcings such as
the Indian monsoon precipitation, but it is also greatly
modulated by the mid-high-latitude atmosphere pro-
cesses. One possible reason for this difficulty lies in the
large chaos of the mid-high-latitude atmospheric pro-
cesses, which are more evident in this type of events
(Fig. 11c). Another possible reason lies in the weaker
magnitude of Indian summer rainfall deficit in pre-
diction compared with the observation, indicating a
weaker tropical forcing for the Silk Road teleconnection
(Figs. 6a,b and Figs. 11a,b). In MME, Walker circulation
anomalies are not as strong as that in the observation
due to a slower warming over the equatorial CP, and the
associated Indian summer monsoon precipitation deficit
is weaker than the observation. Besides the tropical
forcing, extratropical SST over the Northern Hemi-
sphere can also modulate the East Asian UTT by ad-
justing the displacement of the jet stream and setting up
a quasi-stationary wave (Lau et al. 2004; Chattopadhyay
et al. 2015). However, models show limiting ability in
forecasting the SST anomalies over the middle and
high latitudes of the North Pacific in the CP El Nifio
developing summer (Figs. 11a,b). An improvement
on the prediction of SSTA warming rate over the
central equatorial Pacific, the magnitude of the Indian
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monsoon summer precipitation deficit, or the mid-
high-latitude SSTA over the Northern Hemisphere
may be helpful in a successful prediction of East Asian
UTT cooling.

The reasonable hindcasts of North China summer drought
in ENSEMBLES, particularly the prediction of pre-
cipitation deficit in drought years, are very encouraging for
the development of climate services to aid preparation for
future drought events. Most studies emphasized the pre-
dictive signal for the East Asian summer monsoon largely
from EP El Nifio, particularly the teleconnections in ENSO
decaying summer. This study identified the predictive sig-
nal of PMM from subtropical central North Pacific SSTA
one season before, which can be regarded as another im-
portant predictor of North China drought. We recognized
the prediction uncertainty of North China drought due to
model deficiency in predicting the midlatitude circulation
anomalies. Further work is needed on improving the skill
of circulation anomalies over the Asian continent by dy-
namical and statistical methods as Wang et al. (2017) sug-
gested. We also examined the results predicting from
1 February by ENSEMBLES. There is no skill in predict-
ing the North China summer drought when predicting by
4 months ahead, which may be related to the so-called
spring predictability barrier of ENSO (Webster and Yang
1992). Investigations on the seasonal dependence of the
prediction skill are needed in future studies.
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