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ABSTRACT As the longest river in Asia and the third-longest river in the world, the Yangtze River drains a large
land area of the Eurasian continent. Seasonal prediction of the Yangtze River runoff is of crucial importance yet is a
challenging issue. In this study, observed monthly runoff data are used to develop a new Yangtze River runoff index
(YRI) for the 1950-2016 period. The YRI is not only able to quantify the runoff state of the Yangtze River but is also
able to evaluate the intensity of the East Asian summer monsoon (EASM). The YRI is highly correlated with summer
precipitation in the Yangtze River basin. It can also capture the principal components of the EASM circulation
system.

To predict the Yangtze River summer runoff, we employed a partial least squares (PLS) regression method to
seek sea surface temperature (SST) modes in the previous winter associated with the YRI time series. The findings
indicate that the first SST mode exhibits a strong link with the decaying phase of El Nifio (or La Nifia), while the
second SST mode is related to a persistant mega-La Niiia (or mega-El Niiio). These suggest that an El Niiio—
Southern Oscillation (ENSO) or mega-ENSO may be an essential source of predictability for the Yangtze River
summer runoff. After a 47-year training period (1950-1996), a physical-empirical PLS model is built then a 3-
month-lead forecast is used to validate the model from 1997 to 2016. The PLS model exhibits promising predictive
skill that is better than some state-of-the-art reanalysis data systems.

RESUME  [Traduit par la rédaction] En tant que premier fleuve d’Asie et troisieme fleuve du monde quant a sa
longueur, le Yang Tsé draine une grande partie du continent eurasien. La prévision saisonniére du ruissellement
du Yang Tsé est essentielle, mais pose un défi de taille. Nous utilisons ici les observations mensuelles de ruisselle-
ment afin de définir un nouvel indice de ruissellement du Yang Tsé pour la période de 1950 a 2016. Cet indice
quantifie non seulement I’état du ruissellement du Yang Tsé, mais il évalue Uintensité de la mousson estivale de
I'Asie de Uest. 1l est fortement corrélé avec les précipitations estivales dans le bassin du Yang Tsé. Il représente
également les principales caractéristiques de la circulation de la mousson estivale de ’Asie de I’est.

Pour prévoir le ruissellement estival du Yang Tsé, nous avons effectué une analyse de régression partielle par les
moindres carrés nous permettant de déterminer les modes de la température de surface de la mer (SST) de I’hiver
précédent associés aux séries temporelles de 'indice. Les résultats indiquent que le premier mode de la SST
posseéde un lien fort avec la phase de dissipation d’El Nifio (ou de La Nifia), tandis que le deuxiéeme mode de la
SST est lié a un épisode majeur et persistant de La Nifia (ou d’El Nifio). Ces résultats laissent penser que le phé-
nomene El Niiio-oscillation australe (ENSO) ou qu’un ENSO majeur serait un prédicteur essentiel pour le ruissel-
lement estival du fleuve Yang Tsé. Apres une période d’entrainement de 47 ans (1950 a 1996), nous construisons le
modele de régression physique-empirique, puis nous utilisons une prévision de 3 mois pour valider le modéle de
1997 a 2016. Le modeéle de régression partielle fait preuve d’une capacité de prévision prometteuse, qui est Supér-
ieure a celle de certains systéemes de données de réanalyse de pointe.
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1 Introduction

The Yangtze River, being the longest river in China and the
third-longest river in the world, has suffered frequent
drought and flood events during the past decade. Basin-wide
long-lasting catastrophic floods, with high water levels and a
large flood volume, appeared in this basin during the
summers of 1954 and 1998 (Yang & Wei, 1999). In 2006, a
once-in-a-century drought event occurred in the Yangtze
River valley, with a significant decrease in the total runoff
volume in summer (Xu, He, Liu, & Chen, 2008). Such flood
and drought disasters have caused huge economic loss and
damage to property. Hence, quantifying the discharge vari-
ations in the Yangtze River basin and making long-lead-time
predictions of the runoff during the flood season are critical.

Many previous studies have been conducted to investigate
the characteristics and variation of the summer runoff in the
Yangtze River basin (Dai & Zhu, 2010; Guo, Guo, Hou,
Xiong, & Hong, 2015; Ju et al., 2011), but few studies have
attempted to predict the interannual variations of the runoff
directly. Because the interannual variation of the runoff is a
highly complicated hydrological process influenced by many
factors, most previous studies tended to first use dynamical
models to predict the summer precipitation over the Yangtze
River basin. The runoff was then calculated according to the
empirical relationship between precipitation and runoff.
Under these circumstances, the prediction skill of runoff is
basically determined by that of precipitation. It is well
known that dynamical models have noticeable biases in simu-
lating summer precipitation (e.g., Wu & Li, 2008, 2009), par-
ticularly in the East Asian summer monsoon (EASM) regions
(e.g., the Yangtze River basin). Even the most advanced dyna-
mical models are barely able to accurately represent the
complex physical processes of monsoon rainfall (e.g., Lee,
Lee, Wang, Ha, & Jhun, 2013; Wang et al., 2008; Wu &
Yu, 2015; Wu, Li, Jiang, & He, 2011). Up to now, there has
been no dynamical model for the practical prediction of
Yangtze River runoff (Lai, Jiang, Liang, & Huang, 2013).

Physical-empirical (PE) statistical models are considered an
alternate method for dynamical prediction systems (Wu,
Wang, Li, & Jin, 2009) and are established based on physical
considerations rather than searching for statistical predictors
(Wang et al., 2015). For instance, Wu et al. (2009) and Wu
et al. (2011) established two PE models for the EASM and
East Asian winter monsoon (EAWM), respectively. Lee
et al. (2013) suggested that the leading EAWM modes are
closely related to the El Nifio-Southern Oscillation (ENSO)
and are far more predictable by statistical models than other
modes. However, during the construction of the aforemen-
tioned linear PE model, the collinearity among the dominant
factors would make the regression coefficients unreliable or
lead to an inaccurate prediction. In light of these, PE models
are usually constructed using a partial least squares (PLS)
regression (e.g., Wu & Yu, 2015 among others). The PLS
regression model can eliminate multicollinearity well with
an ordinary least squares strategy.

In this study, we attempt to use the PLS regression model to
predict the interannual variations of the Yangtze River runoff
during flood season and try to answer the following questions.
Is there any possibility of constructing an appropriate and
reasonable index to quantify the interannual runoff variations?
If so, what is the physical basis for this index? Is there an
apparent connection between the runoff variations and sea
surface temperature (SST) in the preceding season? How
close are the hindcast results to reality and so can be used
for real-time runoff predictions?

To answer these questions, a new runoff index is developed
using real-time observational runoff data from the Yangtze
River basin and its physical basis is clarified (Section 3). In
Section 4, the previous winter (December, January, and Febru-
ary (DJF)) SST patterns are identified as the predictive factors
with the PLS method. A PE PLS model is constructed for the
prediction of interannual variations of the runoff in the
Yangtze River flood season using DJF SST conditions. The
relationship between the Yangtze River runoff index (YRI)
and the EASM is discussed in Section 5. Finally, conclusions
and a discussion are provided in Section 6.

2 Data, model, and methodology

a Data

The main datasets employed in this study include (i) monthly
mean precipitation data from the global land precipitation
(PREC/L) data for the 1950-2016 period gridded at 1.0° x
1.0° resolution (Chen, Xie, Janowiak, & Arkin, 2002); (ii)
monthly mean atmospheric fields, taken from the National
Centers for Environmental Prediction-National Center for
Atmospheric Research (NCEP-NCAR) reanalysis, available
at 2.5°x2.5° resolution for the 1950-2016 period (Kalnay
et al., 1996); (iii) monthly mean SST data from the improved
Extended Reconstructed SST, version 3 (ERSST V3), gridded
at 2.0°x2.0° resolution for the 1949-2016 period (Smith,
Reynolds, Peterson, & Lawrimore, 2008); (iv) monthly
mean runoff reanalysis data, taken from the National
Oceanic and Atmospheric Administration—Cooperative Insti-
tute for Research in Environmental Sciences (NOAA-
CIRES) Twentieth Century Reanalysis, version 2¢ (20CR
V2c¢) for the 1950-2014 period (Compo et al., 2011); (v)
monthly mean runoff data at three major hydrological stations
(i.e., Yichang, Hankou, and Datong) for the 1950-2016
period; and (vi) monthly precipitation from 42 representative
meteorological stations distributed in the Yangtze River
basin (Fig. 1). The data were downloaded from the website
of the China Meteorological Administration (http://cmdp.
ncc-cma.net/nccdownload/index.php?ChannellD=1) and
cover the 1951-2016 period. In this study, winter refers to
December, January, and February (December of the previous
year, January and February in the current year), spring refers to
March, April, and May (MAM), summer refers to June, July,
and August (JJA), and autumn refers to September, October,
and November (SON).
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Fig. 1 Map of the Yangtze River basin showing the mainstream and distribution of key gauging stations. Red dots represent the hydrological stations along the
Yangtze River and purple dots represent the meteorological stations in the Yangtze River basin.

b Location of the Yangtze River Basin and the Observation
Stations

The Yangtze River is the longest river in China, which can be
traditionally divided into three reaches (Fig. 1). Yichang
station is located at the intersection point of the upper and
middle reaches, representing the upstream runoff. Hankou
station is situated midstream, with the Hanjiang River
passing through the station. Datong station is the monitoring
station for the lower Yangtze catchment area, taking up
about 95% of the drainage area of the Yangtze basin, repre-
senting the total river discharge. Therefore, runoff at these
three gauging stations can generally represent the main fea-
tures of the entire catchment area (Zhao, Li, Dai, Zhang, &
Yan, 2010), especially the river runoff measured at the
estuary (Datong station is generally regarded as the represen-
tative station for the entire basin), which reflects changes in the
entire Yangtze River basin.

¢ Methodology

For seasonal prediction, a PE PLS regression model was estab-
lished. Assume that we intend to predict a time series Y; (with
subscript i representing the year, i =1 to n). First, we should
select a predictor field with a physical basis, which has m
grids with the same time series of n years. Thus, the predictor
field can be written as an n x m matrix (X;; at each grid, i=1 to
n, j, representing the grids, j = 1 to m). Using regression analy-
sis, the principal components a; and b, (k is the regression
time, k=1 to k) were extracted from X;; and Y,, respectively.
That is to say, a, is a linear combination of X;;, and by is a
linear combination of Y;. During the modelling process, a;
and b, should be able to carry as much information as possible,
and the correlation between «; and b; should reach a
maximum. These two requirements indicate that a; and by

should represent the data X;; and Y; as well as possible, and
the independent component a; can maximize the variance
explained in the dependent variable b;. To obtain the time
series of a; and by, we should repeat this step on the residual
matrices if necessary. Finally, if k principal components of
X; are extracted, the equation between a; and the predictand
Y, can be written as

Zi = a X +aXp + - - + arl Xy,
Y[ = b1Z,’1 + sziz + -+ kaik~

And the final equation between X;; and the predictand Y, is
Y,' = W1Xl'1 + W2Xi2 4+ -+ WjX,'j.

We refer the reader to Wu, Lin, Li, and Tang (2013) and Wu
and Yu (2015) for details of the PLS.

This statistical method can explain both runoff and SST
variance and has the advantage of being able to eliminate
multi-collinearity. The regression model is allowed under
the condition that the number of samples is less than the
number of independent variables. In addition, the PLS
regression contains all the original variables in the final
model, which makes it simple to identify the system’s infor-
mation and noise, and it will be easier to explain the regression
coefficients of the independent variables. Another advantage
of the PLS method is that it is simple to calculate, has high pre-
cision, and is easy to interpret qualitatively.

We also compare the prediction results with 20CR V2c data
to test the performance of our model.

In order to find the relationship between the YRI and water
vapour transport, we use the following equations to compute
qu and gv, the column-integrated horizontal water vapour
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fluxes in the zonal and meridional directions, respectively
(Zhao et al., 2016):

1 Pr

qu = —J. qudP,
ps
1 Pt

qv =— j qvdP,
ps

where g is the acceleration due to gravity, u and v are the
zonal and meridional wind components, respectively, g is
specific humidity, P is pressure, p, is surface pressure, and
p; is the pressure at the top of the atmosphere. To elucidate
the relationship between the YRI and column-integrated
water vapour transport, we then calculate the correlation
coefficients.

3 Definition of the Yangtze River runoff index

The runoff formation process is a complex physical process
through all aspects from precipitation on the surface of the
basin to water flow convergence to the basin outlet section,
which can be summarized as the process of runoff generation
and confluence. Given that the occurrence of floods and
droughts is dependent on the total runoff volume, we calcu-
lated the runoff data series at the three key stations
(Yichang, Hankou, and Datong) along the Yangtze River
from 1950 to 2016 to identify the concentration period of
the runoff. The 67-year average monthly runoff distribution
at Yichang, Hankou, and Datong station are shown separately

67-year mean monthly runoff

50000

|- e Yichang

| === Hankou

:_ Datong |
40000
30000 — I
20000
10000 —

0

Jan. Feb. Mar. Apr. May Jun. Jul. Aug.Sep. Oct. Nov. Dec.

Fig. 2 The 67-year mean monthly runoff (m® s™') at hydrological stations
from 1950 to 2016. The red, green, and blue bars represent the
Yichang, Hankou, and Datong stations, respectively.

for 12 months as bar charts in Fig. 2. Results show that runoff
in the Yangtze River is mainly concentrated in the June to Sep-
tember period (JJAS) at all three stations. Table 1 lists the cor-
relation coefficients among runoff variability over the three
hydrological stations. The correlation coefficients are com-
puted using monthly mean data during the boreal summer
from June to September for the 67-year period from 1950 to
2016. There is a strong correlation among the runoffs at all
three hydrological stations, which shows consistency in the
variability of runoff at the upper, middle, and lower reaches
of the Yangtze River.

Given the consideration of the runoff concentration period
in the Yangtze River basin, we defined a new runoff index,
YRI, using the normalized JJAS mean runoff data for
Datong station (at the estuary of the Yangtze River) for the
1950-2016 period (Fig. 3). Monthly precipitation from 42
representative meteorological stations distributed in the
Yangtze River basin (Fig. 1) were chosen to establish the
regional mean precipitation series. The locations of the 42
meteorological stations are shown in Fig. 1. The mean
summer rainfall at the 42 stations is shown in Fig. 3. The cor-
relation coefficient between the YRI and rainfall averaged
over the Yangtze River is 0.90 for 1951-2016.

4 Seasonal prediction based on the PLS model

a Climate Element Field and Physical Precursor

To uncover the physical basis for this index, we first review
the climatological mean circulation features during the flood-
ing season. Figure 4 depicts the correlation between the YRI
and the seasonal mean rainfall in East Asia during summer.
In the Yangtze River basin, there is an obvious positive corre-
lation between the YRI and JJA rainfall. The YRI also shows a
good relationship with precipitation in the Yellow River basin,
suggesting that this index is a useful indicator for summer pre-
cipitation in southeastern China.

Meanwhile, Fig. 5 shows the correlation patterns of geopo-
tential height and winds in summer with respect to the YRI for
the 1950-2016 period at 200 hPa (Fig. 5a), 500 hPa (Fig. 5b),
and 850 hPa (Fig. 5c). At 200 hPa, a large-scale anticyclonic
circulation extends from the Indian Peninsula to southern
China (Fig. 5a), which corresponds to the South Asian high
(SAH) system. The subtropical westerly jet exists on the
north flank of the SAH, which is a crucial system to the for-
mation and maintenance of the Meiyu rainband (Sampe &
Xie, 2010). The correlation pattern for 500 hPa shows

TABLE 1. Correlation coefficients among runoff variability over three
hydrological stations (i.e., Yichang, Hankou, and Datong).

Yichang Hankou Datong
Yichang 1.00 0.85%* 0.69%*
Hankou 0.85%* 1.00 0.92%*
Datong 0.69%* 0.927%%* 1.00

Notes: Calculations are based on monthly means from June to September for
the 67-year period from 1950 to 2016. Double asterisks (**) represent
coefficients that are significant above the 99% confidence level.
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Fig. 3 Time series of normalized Yangtze River runoff index (YRI) and the
regional mean rainfall.

significant positive anomalies over East Asia (Fig. 5b), which
is linked to the subtropical high (SH). At 850 hPa, an anom-
alous cyclone is seen near the region of Bohai and the Yellow
Sea, and an anomalous anticyclone exists around Southeast
Asia (Fig. 5c). The convergence of anomalous northerly
and southerly winds results in more moisture in the
Yangtze River basin and favours more rainfall, thus generat-
ing more runoff.

Our study also indicates that there is a statistically signifi-
cant relationship between the runoff in the Yangtze River
basin and the strength of the column-integrated moisture
fluxes (qu and gv) during summer. Along with the 850 hPa
wind field in Fig. 5, analysis of correlations between the
YRI and column-integrated moisture fluxes (Fig. 6) shows
signs of moisture convergence (negative divergence) in the
Yangtze River valley. When the flux convergence in the
column-integrated moisture transport in the Yangtze River

Correlation between YRI and Precipitation
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40°N
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90°E 105°E 120°E 135°E 150°E
I I E—

-0.45 -0.3 -0.15 0 0.15 0.3 0.45 0.6

Fig. 4 Correlation between YRI and June, July, and August (JJA) mean pre-
cipitation. Black dotted areas represent correlation coefficients signifi-
cant above the 99% confidence level.

basin is enhanced, moisture transport originating from the
low latitude ocean shows two opposing patterns and moisture
transport originating from the high latitude ocean shows
moisture divergence. This pattern can provide sustained abun-
dant moisture to facilitate the development of extreme runoff
in this basin. The enhanced moisture flux convergence is,
therefore, a key factor in understanding extreme runoff in
the Yangtze River basin.

By comparing the correlation pattern of the YRI with the
SST from the preceding winter with the one from the
autumn (based on a three-month mean) (Fig. 7), distinctly
different correlation patterns can be seen in the equatorial
central to eastern Pacific. A negative correlation develops
(positive correlation decays) from the previous winter to the
following autumn. While in summer, a significant negative
correlation extends westward into the central Pacific. The
SST pattern corresponds to a transition from an El Nifio
pattern during the previous winter to a La Nifia pattern in
the subsequent summer.

The above discussion indicates that the YRI may provide an
effective indicator for characterizing the runoff variation in the
Yangtze River basin, and the SST pattern preceding the flood-
ing season may provide a physically meaningful predictor for
this index.

b Winter SST Patterns Preceding the Flooding Season

To determine the causative physical connection between the
predictor SST and the YRI, we use PLS regression to identify
the SST patterns in the preceding winter. We regard the
runoff index series as the dependent variable, and the inde-
pendent variable is linked to an entire predictor field, which
is the SST of the preceding winter over the oceans (0°—
358°E, 60°S—-60°N) because the correlation between the
YRI and SST in DJF (Fig. 7a) is higher than in MAM
(Fig. 7b). In building this regression model, the two values
of the SST modes represent the importance of the SST con-
ditions in capturing the variation of the YRI index and the
total SST variance. The first two PLS modes emerge as stat-
istically significant, which together explain 42.24% of the
variance of the SST and 38.26% of the YRI. Figure 8
shows the first two SST modes of the preceding winter
(Fig. 8a and 8c) and the corresponding time series (Fig. 8b
and 8d) from 1950 to 1996. The first mode closely resembles
the SST pattern associated with ENSO. Significant positive
correlations of 2.0-4.0 can be seen over the equatorial
central-eastern Pacific, while negative correlations are
observed over the northern and southern Pacific. This
suggests that warming in the equatorial Pacific may
strengthen the runoff. The second mode appears to be a
pattern related to a mega-La Nifia, and its residual time
series (Fig. 8d) exhibits a very weak downward trend. The
definition of a mega-El Nifio—Southern Oscillation (mega-
ENSO) index includes both the tropical Pacific and its subtro-
pical extensions. With a broader spatiotemporal scale that
differs from the conventional ENSO, the mega-ENSO
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Fig. 5 Correlation maps at (a) 200 hPa, (b) 500 hPa, and (c) 850 hPa. Shading indicates the correlation coefficients between the YRI and JJA heights. Only those
significant above the 95% and 90% confidence levels based on a Student’s -test are plotted. Vectors show the relationships between the YRI and the winds
(m s™"). Only winds significant at the 95% confidence level are plotted. Contours represent the summer climatological mean of the heights (gpm).
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Fig. 6 Correlations between the YRI and column-integrated moisture fluxes.

index may contain more multi-time-scale information than a
conventional ENSO index (Wang et al., 2013).

The first two PLS modes corresponding to the seasonal
evolution of SST patterns from the winter to the following
autumn are shown in Fig. 9. The first PLS mode clearly rep-
resents the decaying phase of ENSO, which is characterized
by positive anomalies in the western Pacific and negative
anomalies in the eastern tropical Pacific in the preceding
winter. Considering the time scales and spatial distribution
of the second mode, the second mode is related to a mega-
La Nifia pattern in the Pacific (Wang et al., 2013). This
pattern remarkably persists for almost an entire year. The stab-
ility may reflect its superior predictive power.

Taking the moderate correlation coefficient between the
YRI and SST conditions into account (Figs 7 to 9), we will
further study the use of the preceding DJF mean SST field
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Fig. 7 Correlation maps between the YRI and SST from the preceding winter to the following autumn (based on three-month means). The black dots indicate
correlation coefficients significant above the 95% confidence level.
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Fig. 9 Correlation between SST and the time series of SST modes in Fig. 7 from the preceding winter to the following autumn.

as the predictor field of the YRI and try to reproduce them
using the PLS regression method.

¢ Prediction Results Based on the PLS Model

To predict the YRI time series, we constructed a PLS model.
The entire dataset was divided into two parts: a training period
used to build the model by using the 47 years of data from
1950 to 1996, which is considered to be sufficient to
produce a reliable predictor field, and a test period from
1997 to 2016, which is used to verify the model’s predictive
ability. The specific process is described in the following.
First, the winter SST during the 1949-1995 period and the
YRI during the 1950-1996 period were used to obtain the
reproduced YRI. By establishing the prediction equation
below, we can obtain the regression coefficients § and the
residual predictand vector Yiequa- Then we applied the
winter SST (1949-1996) and S from the above procedure
for the fitted YRI (1950-1997). The last value of Y cgiqual 18

added to the last fitted value to obtain the predicted YRI in
1997. Next, this predicted value was combined with the orig-
inal YRI (1950-1996) to form a new series (1950-1997) in
order to seek the next values for f# and Y esiquar- In this way,
we can finally obtain the retrospective forecast results.

YRI = ﬁ SST + Yresidual~

We calculated the correlation coefficient between the real YRI
index series and the simulation results to obtain the fitting skill
and the correlation between the observed YRI and the PLS
prediction results to obtain a hindcast skill. Figure 10 shows
the simulation and forecast performance of this model. For
the training period, the average fitting skill reaches 0.69.
Moreover, it generates reasonable skill in the 20-year hindcast
period of 1997 to 2016, and the correlation coefficient reaches
0.51. Given that this model uses the preceding winter (DJF)
mean SST as the predictor field, this model is able to predict
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Fig. 10 The PLS prediction model results. The red line is the observed YRI.
The blue line is the reconstructed YRI during the training period,
1950-1996. The green line from 1997 to 2016 is the PLS prediction
results. The orange line shows the forecast for 1950-1996 and the
purple line show the forecast for 1997-2014 from NOAA-CIRES
20CR V2c.

whether a flood or drought will happen three months ahead of
the arrival of the flooding season. In order to make a compari-
son, we calculated the YRI using the NOAA—-CIRES 20CR
V2c data. These reanalysis data are from a state-of-the-art rea-
nalysis data system and can provide runoff reanalysis data
from 1950 to 2014. The correlation coefficient skill is 0.61
for the training period (1950-1996). But for the test period
from 1997 to 2016, the correlation coefficient is 0.33. This
result is significantly lower than the PLS forecast skill. That
is to say, this PLS model shows even better performance
than the reanalysis data. This result indicates that this PLS
model can be applied to increase prediction accuracy.

In the summers of 1954 and 1998, the YRI was larger than
or equal to three, which is perhaps two times as large as in a
normal year (Fig. 10). Basin-wide catastrophic floods occurred
in the Yangtze River basin in 1954 and 1998 (Yang & Wei,
1999), and our index reflects the runoff changes perfectly.
But in 2016, when a very large El Nifio occurred in the preced-
ing winter, the PLS produces a higher index than in normal
years, which is inconsistent with the actual situation.
However, in the past decades, some major hydraulic engineer-
ing projects, such as the upstream Three Gorges Reservoir and
the South to North Water Diversion Project, were completed
that are of critical importance in decreasing the influence of
flooding. Some studies have demonstrated that since the
Three Gorges Dam started operation in 2003, the runoff
from the Yangtze River estuary decreased by 10% (Kuang
et al., 2014). This may explain why the PLS prediction can
predict the change of flow under the influence of natural
factors. In the future, we may make some revisions to the
YRI so that the YRI can be used to predict the EASM.

5 The relationship between the YRI and the EASM

There has been much controversy about the way in which to
measure the strength of the EASM (Wang et al., 2008). For
a long time, many scholars have put forward various

definitions of EASM intensity indices based mainly on two
factors. Some authors tended to follow the definition of the
All-India Rainfall Index, which is a general measure of the
strength of the Indian summer monsoon. Most experts use
the Meiyu rainfall averaged over a specific Meiyu area to rep-
resent the EASM (e.g., Chang, Zhang, & Li, 2000a, 2000b)
and Chang et al. focused on average precipitation in a specific
Meiyu area. Meiyu is a unique climate feature in the East
Asian monsoon region, characterized by persistent rainfall
over the middle and lower reaches of the Yangtze River in
summer (Ge, Guo, Zheng, & Hao, 2008). However, the JJA
mean rainfall anomaly always exhibits large spatial asymme-
try over East Asia, partly due to the influence of the mountai-
nous topography; thus, using the Meiyu rainfall to measure
EASM variability seems unreliable (Wang et al., 2008).
Hence, many investigators began to search for a simple way
to define the strength of the EASM, and they tended to use cir-
culation parameters rather than precipitation. However, none
of the indices can reflect all the characteristics of the EASM,
and so far there has been no consistent definition.

Precipitation and runoff are two critical processes in the
hydrological cycle. To the best of our knowledge, many
meteorologists have studied precipitation extensively and
many hydrologists have studied runoff in detail, but few
studies have attempted to address meteorology and hydrology
together. However, the flow of the Yangtze River, which is
almost parallel to the Meiyu rainbelt, makes the occurrence
of floods and droughts in this valley particularly sensitive to
interannual variations in rainfall. Considerable year-to-year
variability of summer Meiyu rainfall exposes the Yangtze
River basin to threats of frequent droughts and floods.
Because the correspondence between the long-term annual
rainfall and runoff over the Yangtze River basin is good
(Xu, Milliman, & Xu, 2010), the newly defined YRI can
also capture the features of the summer monsoon precipitation
and the interannual variations of the principal components of
EASM circulation systems (the rainfall pattern, the SAH,
and the SH systems) (Figs 4 and 5), the complex rainfall struc-
ture and unreliable precipitation predictions encouraged us to
use the runoff index (YRI) to represent EASM intensity.

To test the function of the YRI for measuring the strength of
the EASM, we use three EASM indices to validate the per-
formance of the newly defined index. Wang et al. (2008)
employed a unified EASM index, which is defined by the
difference between Ugsy (22.5°-32.5°N, 110°-140°E) and
Ugso (5°—15°N, 90°-130°E). They also compared many
indices and found that the unified EASM index has excellent
skill in representing the circulation and precipitation features
over East Asia. They also found that the indices proposed
by Li and Zeng (2002) and Zhang, Tao, and Chen (2003)
can also be good indicators of the EASM (Wang et al.,
2008). Li and Zeng’s index was defined as a domain-averaged
(10°—40°N, 110°-140°E) JJA dynamical normalized seasonal-
ity (DNS) at 850 hPa, whereas the index proposed by Zhang
et al. (2003) was defined as the difference in JJA 850 hPa
anomalous wind between 10°-20°N, 100°-150°E and
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TABLE 2. Correlation coefficients between three existing East Asian
summer monsoon indices (using NCEP-NCAR data) and the
newly defined Yangtze River runoff index (YRI).

YRI

Iwang 0.49%*

Ili —0.32%*

Izhang —0.37%*

Note: Double asterisks (**) represent coefficients that are significant above the
99% confidence level.

25°-35°N, 100°-150°E. Table 2 presents correlation coeffi-
cients among the YRI and the existing three EASM indices
from 1950 to 2016. Note that the correlation between the
YRI and the EASM indices are generally high and reliable.
This suggests that the newly defined index (YRI) may be an
alternative index for the EASM.

Figure 11 depicts the correlation between EASM indices
and the seasonal mean rainfall over East Asia in summer.
For comparison purposes, we reverse the sign of Li index
and Zhang’s (2002) index. The relationship between the
EASM and rainfall over East Asia shows remarkable regional
features. Comparing with Fig. 4, all these indices can illustrate
a negative—positive-negative tripole precipitation pattern in
East Asia, but the YRI series has a better correlation than
the other indices because its correlation is more significant
in the Yangtze River basin as well as in the Yellow River
basin. In addition, the YRI suggests that drought years in
this basin are linked to a weak EASM, while flooding years
are related to a strong EASM, which is consistent with
Wang et al.’s (2008) index

In this sense, the prediction of this YRI series can not only
be used to predict flood and drought events in the Yangtze
River but also to provide a new monitoring tool for measuring
the intensity of a monsoon. The proposed YRI emphasizes the
importance of the Meiyu-related precipitation in determining
the intensity of the EASM.

6 Discussion and conclusions

The Yangtze River plays a crucial role in the economic and
social development of China, and the accurate prediction of
long-term runoff variation in this basin is important for water-
shed and flood management. However, frequent floods and
droughts in the Yangtze River basin are caused by complex
forcing factors, so it is challenging to predict when runoff dis-
asters will happen. The current study focuses on an objective
prediction of the variability of runoff during the flooding
season.

The YRI proposed in this paper is a meaningful indicator of
flood and drought events in the Yangtze River basin. To ident-
ify the possible predictors of the runoff variations, a PE PLS
regression method was employed to delineate the relationship
between the principal SST modes and the YRI. Results show
that the SST modes resemble patterns that are highly linked
with ENSO or mega-ENSO. It indicates that ENSO or
mega-ENSO might be the dominant factor affecting YRI
variability.

A PE PLS model is built with the SST modes using a 47-
year training period (1950-1996), and forecasts are produced
for the 20-year validation period from 1997 to 2016. The PLS
model exhibits promising predictive skill with the correlation
coefficient between the observation and the prediction reach-
ing 0.51, which is even better than that of the hindcast
achieved by the NOAA-CIRES 20CR V2c reanalysis
systems. The results have shown that the PLS model has
some significant advantages for the long-term prediction of
runoff and may provide a new and effective tool for the predic-
tion of drought and flood events in the Yangtze River basin.
Meanwhile, the YRI series can also capture the interannual
variations of the principal components of the EASM circula-
tion system, thus providing a new monitoring tool for the
EASM.

However, it should be mentioned that the variability of the
Yangtze catchment hydrology is not only closely linked with
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the large-scale atmospheric circulation over East Asia but also
with Tibetan Plateau snow cover because the Yangtze orig-
inates from the eastern Tibetan Plateau and is fed by the gla-
ciers of the Himalayas (Blender, Zhu, Zhang, & Fraedrich,
2011). Thus, in addition to the SST signal, snow cover or
other anomalies may also be predictors of runoff. However,
the current findings focus on the importance of ENSO or
mega-ENSO in predicting the YRI, and we may conduct a
further study in the future to analyze the importance of snow
cover.
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