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Motivations
» The Yangtze River Basin (YRB) 

• the longest river in China, with a total length of 6300km 
• originates in the Qinghai-Tibet Plateau, terminates at the 

East China Sea 
• mainly controlled by a subtropical and temperate monsoon



Motivations
» The Yangtze River Basin (YRB) 

• 3 reaches and sub-basins 
• 8 hydrological systems 
• 11 sub-basins



Motivations
» The extreme weather events in YRB

2006 Chongqing 2010 Wenchuan

2011 Poyang Lake 2016 Wuhan



Motivations

» How does the total water storage change in YRB 

» How about the relations between TWSC and ENSO 

» How does the ENSO influence TWSC in YRB



Data and Methods 
» Data used Table 1. Data used in the paper 

 

Data type Data sources Version 
Resolution 

Span 
Spatial Temporal 

ET GLEAM V3.0b 0.5°×0.5° daily 2003.1~2017.6 

TWSC GRACE CSR RL05 - monthly 2002.7~2017.6 

 GRCTellus CSR 1°×1° monthly 2002.7~2017.6 

Land surface 
model 

GLDAS_Noah V2.1 1°×1° monthly 2002.7~2017.6 

River 
discharge 

Chenglingji - - daily 2002.7~2017.6 

Datong - - daily 2002.7~2017.6 

 



Data and Methods 
» Terrestrial water storage change (TWSC) from GRACE 

• degree 1 and C20 replaced  
• fan filter with 250km 
• decorrelation  filter from Swenson 
• scale factors by Landerer
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2.3. Method 164 

2.3.1. The method for assessing TWSC from GRACE data 165 
High- resolution TWSC (~100km according to Landerer et al.[3], which is about one-degree ) was 166 

obtained using GRACE TVG data after some necessary post-processing procedures. GRACE TVG 167 
data need to undergo spatial filtering before they can be interpreted in terms of surface mass change. 168 
There are two challenges during the solving process of GRACE TVG fields. One is that there is severe 169 
north-south stripe error [35], and another is that there are serious errors in higher degree and higher 170 
order. To address these two types of errors, we use the non-isotropic fan filter proposed by Zhang et 171 
al. [36] to smooth the TVG field, with a filtering radius of 250 km, as well as the decorrelation filtering 172 
method proposed by Swenson and Wahr [37]. The post-processing filters (fan filter and decorrelation 173 
filter) applied to the GRACE data can lead to signal attenuation and introduce bias in the TWSC as 174 
they become smoothed and translated [19, 41]. Therefore, scaling factors provided by Landerer et 175 
al.[3] are multiplied with the GRACE data to restore the amplitude attenuation and extrapolate the 176 
TWSC estimates from their effective spatial resolution to finer spatial scales (~100 km). 177 

In addition, the degree 2 order 0 (C20) Stokes coefficient (SC) is replaced by the high-precision 178 
one obtained from satellite laser ranging (SLR) solutions [38]. We also apply degree-1 terms 179 
calculated by Swenson et al. [39] and use the ICE-6G model for GIA correction [40]. After the above 180 
treatment, GRACE-based TWSC were then obtained in the form of equivalent water height according 181 
the following equation:  182 
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where 𝜃 is the colatitude, 𝜆 is the longitude, r is the radius of the earth (6378136.46 m), 𝜌𝑎 is the 183 
average density of the earth (~5517 kg•m-3), 𝜌𝑤 is the density of water (1000 kg•m-3), 𝑊𝑙𝑚 is the 184 
spatial filtering factor, 𝑘𝑙 is the loading Love number, �̅�𝑙𝑚 is a fully normalized associated Legendre 185 
polynomial, and 𝛥�̅�𝑙𝑚  and 𝛥�̅�𝑙𝑚  are the residuals of GRACE TVG field SCs. The accuracy of 186 
GRACE-based TWSC calculations was ensured by the GRCTellus Land grid data (see appendix A). 187 

Table 2. The missing monthly data in the GRACE-based TWSC time series  188 

Year 
2002 

(Jul. –
Dec.) 

2003 
2004-
2010 

2011 2012 2013 2014 2015 2016 
2017 

(Jan. –
Jun.) 

Missing 

months 
-  Jun. -  

Jan., 

Jun. 

May, 

Oct. 

Mar., 

Aug., 

Sept. 

Feb., 

Jul. 

Jun., 

Oct., 

Nov. 

May, 

Sept., 

Oct. 

Feb. 

Among the 180 months of the research period, there are 17 missing monthly data points (detailed 189 
in Table 2). To ensure a reliable correlation analysis between TWSC and the ENSO index, the missing 190 
monthly TWSC were obtained by four interpolation approaches, including linear interpolation, cubic 191 
Hermite interpolation, spline interpolation and singular spectrum analysis (SSA) interpolation 192 
method. The performance of these four interpolation methods were assessed based on a 72-month 193 
consecutive TWSC data (January 2005 to December 2010, Table 2) within the research period. We use 194 
these four methods above to interpolate the GRACE TWSC monthly from months 37 to 72 each in a 195 
month sequence. Therefore, 36 monthly TWSC were interpolated by each approach. These 36-month 196 
interpolated time-series data were then compared with its truth data to estimate the root mean square 197 
error (RMSE) and the scatter plots (see Figure 2), and SSA method was selected as an optimal approach 198 
for it has the lowest RMSE (24.40mm).  199 
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Year 

2002 
(August-

December
) 

2003 2004-2010 2011 2012 2015 
2016 

(January-
July) 

Missing 
months 

-  June -  
January, 

June 

February, 
July, 

December 

June, 
October, 

November 
-  

2.3.2. Extracting the TWSC anomaly by SSA and the least square fitting method 206 
Since the ENSO index mainly reflects the inter-annual features, to analyze the correlation 207 

between TWSC and ENSO in the same frequency domain, the trend and seasonal signals should be 208 
removed from TWSC. The least square fitting method is usually used to fit and remove the linear 209 
trend and seasonal variations in the time series of TWSC [17]. However, because the trend of TWSC 210 
is generally nonlinear, the least square fitting method could misfit the time series and lead to errors. 211 
The SSA method has been proven to be effective in extracting nonlinear trend signals [35] and does 212 
not need specification of models of time series and trend, allowing trends to be extracted in the 213 
presence of noise and oscillations [36]. Thus, we use SSA to extract and remove the nonlinear trend 214 
of the TWSC first and then use the least square fitting to fit and remove the annual and semi-annual 215 
cycles to obtain the TWSC anomaly in the YRB, its sub-basins and each cell for the 1°×1° grid. 216 

3. Results 217 

3.1. TWSC from GRACE 218 
To ensure the accuracy of GRACE-based TWSC calculations (hereinafter referred to as “our 219 

calculating data"), we select the GRCTellus Land grid data published by JPL for verification [34]. 220 
According to the data source, there are CSR, JPL and GFZ versions. We select the CSR version and 221 
extract the TWSC time series in the YRB (hereinafter referred to as the "CSR GRCTellus data"). We 222 
then calculate the coefficient of determination (R2), the root mean square error (RMSE) and the mean 223 
bias error (MBE) between the calculated data and CSR GRCTellus data and draw a scatter plot for 224 
comparison. The results are shown in Figure 2. 225 

 226 
Figure 2. Scatter plots between our calculating data and the CSR GRCTellus data 227 

The calculated results show that the R2 between the calculated data and CSR GRCTellus data is 228 
0.93, the RMSE is 1.06 cm, and the MBE is 0.81 cm. The scatter plot in Figure 2 shows that they are 229 
basically the same. The CSR GRCTellus data were smoothed by a Gaussian filter with a radius of 300 230 
km, which was larger than the filter radius applied in our calculating data (250 km). Therefore, our 231 
calculating data have more details than the CSR GRCTellus data. 232 

Moreover, to achieve the best interpolation performance for the missing GRACE data, the time 233 
series of monthly GRACE-based TWSC data (totally 36 months) is considered as the truth-value. Then, 234 

Compared to the CSR GRCTellus results 
• R2, 0.93 
• RMSE, 1.06cm



Data and Methods 
» The missing monthly data interpolation 

• based on 72 months (Jan 2005 to Dec 2010) 
• 36 months are interpolated and compared to the truth (37 - 72)

Table 1. Data used in the paper 

 

Data type Data sources Version 
Resolution 

Span 
Spatial Temporal 

ET GLEAM V3.0b 0.5°×0.5° daily 2003.1~2017.6 

TWSC GRACE CSR RL05 - monthly 2002.7~2017.6 

 GRCTellus CSR 1°×1° monthly 2002.7~2017.6 

Land surface 
model 

GLDAS_Noah V2.1 1°×1° monthly 2002.7~2017.6 

River 
discharge 

Chenglingji - - daily 2002.7~2017.6 

Datong - - daily 2002.7~2017.6 

 
Table 2. The missing monthly data in the GRACE-based TWSC time series  

 

Year 
2002 

(Jul. –
Dec.) 

2003 
2004-
2010 

2011 2012 2013 2014 2015 2016 
2017 

(Jan. –
Jun.) 

Missing 
months 

-  Jun. -  
Jan., 
Jun. 

May, 
Oct. 

Mar., 
Aug., 
Sept. 

Feb., 
Jul. 

Jun., 
Oct., 
Nov. 

May, 
Sept., 
Oct. 

Feb. 
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Figure 2. Scatter plots between the truth-value and interpolated value for different methods. (a) Linear 202 

interpolation, (b) Cubic Hermite interpolation, (c) Spline interpolation and (d) SSA method. 203 
In addition, to be consistent with GRACE TWSC, GLDAS data were treated using the same 204 

procedure, including spherical harmonic expansion up to 60 degrees and spatial smoothing by the 205 
fan filter [36]. There is no need to carry out the de-correlation filtering [37]. 206 

2.3.2. De-trended, de-seasoned monthly TWSC time series 207 
The least square fitting method is usually used to fit and remove the linear trend and seasonal 208 

variations in the time series of TWSC [8].The SSA method has been proven to be effective in extracting 209 
nonlinear trend signals [42] and does not need specification of models of time series and trend, 210 
allowing trends to be extracted in the presence of noise and oscillations [43]. Thus, we use SSA to 211 
extract and remove the nonlinear trend of the TWSC first and then use the least square fitting (LSE) 212 
to fit and remove the annual and semi-annual cycles to obtain the TWSA in the YRB, its sub-basins 213 
and each cell for the 1°×1° grid. Figure 3 presents TWSC in the YRB before and after applying SSA 214 
and LSE, from which we could see the trend had been basically removed by SSA while the annual 215 
and semiannual cycles had been largely removed by LSE.  216 

Water 2017, 9, x FOR PEER REVIEW  6 of 19 

 

 200 

 201 
Figure 2. Scatter plots between the truth-value and interpolated value for different methods. (a) Linear 202 

interpolation, (b) Cubic Hermite interpolation, (c) Spline interpolation and (d) SSA method. 203 
In addition, to be consistent with GRACE TWSC, GLDAS data were treated using the same 204 

procedure, including spherical harmonic expansion up to 60 degrees and spatial smoothing by the 205 
fan filter [36]. There is no need to carry out the de-correlation filtering [37]. 206 

2.3.2. De-trended, de-seasoned monthly TWSC time series 207 
The least square fitting method is usually used to fit and remove the linear trend and seasonal 208 

variations in the time series of TWSC [8].The SSA method has been proven to be effective in extracting 209 
nonlinear trend signals [42] and does not need specification of models of time series and trend, 210 
allowing trends to be extracted in the presence of noise and oscillations [43]. Thus, we use SSA to 211 
extract and remove the nonlinear trend of the TWSC first and then use the least square fitting (LSE) 212 
to fit and remove the annual and semi-annual cycles to obtain the TWSA in the YRB, its sub-basins 213 
and each cell for the 1°×1° grid. Figure 3 presents TWSC in the YRB before and after applying SSA 214 
and LSE, from which we could see the trend had been basically removed by SSA while the annual 215 
and semiannual cycles had been largely removed by LSE.  216 

a) Linear interpolation 
b) Cubic Hermite interpolation

c) Spline interpolation 
d) SSA method



Data and Methods 
» De-trended, de-seasoned monthly TWSC time series 

• use SSA method to remove the non-linear trend 
• use LSE method to remove the seasonal cycles
Water 2017, 9, x FOR PEER REVIEW  7 of 19 
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To investigate the influence of ENSO on the TWSA in the YRB, a Pearson linear correlation 221 

analysis of MEI and TWSA in the YRB is performed. First, a 13-month moving-average filter is 222 
applied to the two time series to further eliminate the high frequency signals of less than one year. 223 
This moving-average filter will eliminate the data from July 2002 to December 2002 and January 2017 224 
to June 2017, thus the time period in this study is shortened into 14 years, from January 2003 to 225 
December 2016. The correlation coefficient between MEI and TWSA in the YRB is calculated as 0.29 226 
(Figure 4). The time lag between the two time series was determined by the cross-correlation analysis. 227 
Figure 4 shows a peak correlation coefficient of 0.53 with a 6-month time lag.  228 

In addition, with a significance level of less than 0.01 according to the T-test, the correlation 229 
between these two time-series data appears significant. Besides, according to the previous study [23], 230 
the correlation between TWSA and MEI becomes significant at around 0.26 for 95% confidence level, 231 
which also indicates that the correlation between MEI and TWSA in the YRB, especially when 232 
includes the time lag, is strong.  233 

Overall, our analyses reveal that ENSO has a significant influence on TWSA in the YRB, with a 234 
time lag of approximately 6 months. We refer to this time lag as the ‘ENSO-TWSA time lag’ in the 235 
following sections. 236 
    237 

 238 
Figure 4. (a)The comparison between TWSA and MEI in the YRB as well as (b) the correlation coefficient and 239 

time lag between them 240 
The Fast Fourier Transformation (FFT) was also used to analyze the spectrum of the ENSO in 241 

TWSA time series.The results in Figure 5(a) indicates that the frequencies of main signals are concentrated 242 
from 0 to 1 cpy (identified by red dotted box), so we narrow the range of frequency and get Figure 6(b), which 243 
shows that there are four significant periodic signals exist in both the MEI time series and the TWSA 244 

a) de-trended TWSC b) de-seasoned TWSC TWSA



Results
» The relations between TWSA and ENSO 

• MEI is selected to indicate the ENSO index 

• 13-month moving-average filter applied 

• different scales 

- Basin scale (the whole YRB) 

- Sub-basin scale (3 sub-basins or 11 sub-basins) 

- 1°×1° grid scale



Results
» The relations between TWSA and ENSO 

• Basin scale 
- R is 0.29 
- peak R is 0.53, with 6-month time lag
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Results
» The relations between TWSA and ENSO 

• Basin scale 
- FFT spectrum analysis
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time series with the same frequencies (identified by red dash lines and marked from ① to ④ in 245 
Figure 7(b)). Further details are shown in Table 3, which shows that not only the frequencies of the 246 
significant inter-annual signals but also their ranks according to their amplitudes in these two time 247 
series are totally the same. This further confirms a great influence of ENSO on TWSA. 248 

 249 
Figure 7. Frequency-domain analysis of MEI and TWSA in the YRB, the unit of frequency is cycle per year 250 

(cpy) 251 
Table 3. Further details according to the Frequency-domain analysis of MEI and TWSA in the YRB 252 

Type of 

time series 

Number of significant 

periodic signals 

Frequencies of all the significant signals in 

descending order of amplitude (cpy) 

MEI 4 ○1 0.15 ○3 0.35 ○2 0.28 ○4 0.52 

TWSA 4 ○1 0.15 ○3 0.35 ○2 0.28 ○4 0.52 

3.2. Sub-basin scale analysis 253 

In addition to the above correlation analyses on the basin scale, the correlation analyses and T-254 
test between MEI and TWSA were also conducted on the sub-basin scales, where the YRB was 255 
divided into three sub-basins (upper, middle and lower basins) as well as eleven sub-basins 256 
according to its hydrological system (Figure 1). For the three sub-basin scale, the results (Table 4) 257 
show that MEI has strong correlations within these sub-basins, with an ENSO-TWSA time lag of 6-8 258 
month. The peak correlation coefficient is over 0.50, and the significance levels are less than 0.01, 259 
confirming that ENSO has a significant influence on the three sub-basins. 260 

Table 4. Correlation coefficients and ENSO-TWSA time lags between MEI and TWSA in three sub-basins 261 
in the YRB 262 

Sub-basins 
Correlation 

coefficient 

Cross-correlation 

peak value 

ENSO-TWSA 

time lag 
Correlation test 

Upper YRB 0.29 0.51 8 months Passed 

Middle YRB 0.33 0.57 6 months Passed 

Lower YRB 0.28 0.58 6 months Passed 

For the eleven sub-basins scale, the correlation coefficients and ENSO-TWSA time lags between 263 
MEI and TWSA are given in Table 5, from which, while considering the time lags, significant 264 
correlations are found between MEI and TWSA in most of the sub-basins and are much stronger in 265 
the middle and lower YRB. The correlation coefficients decrease from east to west and from south to 266 
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Results
» The relations between TWSA and ENSO 

• Sub-basin scale 
- upper, middle and lower basins
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Correlation with ENSO



Results
» The relations between TWSA and ENSO 

• Sub-basin scale 
- 11 hydrological systems

Water 2017, 9, x FOR PEER REVIEW  9 of 19 

 

north within the YRB in general. In particular, TWSA in some sub-basins of the upper YRB have a 267 
relatively weak correlation with MEI, such as in the Jialing River and Hanjiang River sub-basins. This 268 
indicates that ENSO has a very limited influence in these sub-basins. 269 

Similar to the peak cross-correlation, the ENSO-TWSA time lag (Table 5) also shows a delaying 270 
influence of ENSO on TWSA from east to west and from downstream to upstream in the YRB. The 271 
ENSO-TWSA time lags of Taihu Lake and the lower reaches of the Yangtze River, which are located 272 
in the lower YRB, are smaller than those further inland. This signifies that once ENSO occurs, these 273 
two regions will be affected first. Among the sub-basins in the middle YRB, despite the fact that 274 
Poyang Lake and Dongting Lake are adjacent to each other, their ENSO-TWSA time lags are different. 275 
The ENSO-TWSA time lag of Poyang Lake, which is located to the east of Dongting Lake, is two 276 
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weakened. This indicates that most of the sub-basins in the upper YRB are less influenced by ENSO. 279 
Even when they are affected, their time lags are often up to 8 or 9 months. In addition, the cross-280 
correlation peak values in Hanjiang River and Jialing River cannot pass the correlation test, which 281 
indicates that the correlations between MEI and TWSA in these two areas are not significant. In fact, 282 
according to previous studies (e.g., Jiang et al.[18], Zhang et al.[19]), ENSO’s impact on these two sub-283 
basins are small due to their special topographies. 284 

Table 5. Correlation coefficients and ENSO-TWSA time lags between MEI and TWSA in eleven sub-285 
basins in the YRB 286 

Sub-basins 
Correlation 
coefficient 

Cross-correlation 
peak value 

ENSO-TWSA 
time lag 

Correlation test 

(1) Taihu Lake   0.32 0.65 5 months Passed 

(2) The lower 

reaches of the 

Yangtze River 

0.31 0.57 5 months Passed 

(3) Poyang Lake 0.51 0.61 6 months Passed 

(4) The middle 

reaches of the 

Yangtze River 

0.43 0.63 6 months Passed 

(5) Dongting Lake 0.41 0.57 8 months Passed 

(6) Hanjiang River -0.12 0.20 9 months Failed 

(7) The upper 

reaches of the 

Yangtze River 

0.11 0.42 10 months Passed 

(8) Wujiang River 0.39 0.55 8 months Passed 

(9) Jialing River -0.13 0.16 9 months Failed 

(10) Mintuo River -0.02 0.31 10 months Passed 

(11) Jinsha River -0.11 0.32 11 months Passed 

3.3. One-degree cell grid analysis  287 

From downstream to upstream 

๏ peak R decrease 

๏ time lag increase

lower

middle

upper



Results
» The relations between TWSA and ENSO 

• 1°×1° grid analysis

Peak correlation

time lags

The grid cells failed to pass 
the correlation test had been 
eliminated



Discussions
» The lower links between ENSO and upper YRB 

• the Jialing River, the Hanjiang River  
• part of Mintuo River and Jinsha River 
• Indian Ocean Dipole (Dipole Mode Index)

Table 5. Information of four extreme weather events occurred in the YRB since 2003 

 
Type of the extreme weather 

event  
Occurrence time Location 

�Drought Summer of 2006 Upper YRB 

�Flood Summer of 2010 Mid-lower YRB mainly 

�Drought Summer of 2011 Mid-lower YRB mainly 

�Flood Summer of 2016 Mid-lower YRB 

 

Table 6 Correlation coefficients and IOD-TWSA time lags between DMI and TWSA in the YRB 

 
YRB and its sub-

basins 
Correlation 
coefficient 

Cross-correlation 
peak value 

IOD-TWSA 
time lag 

Correlation test 

The YRB -0.38 -0.41 2 months Passed 

The upper YRB -0.47 -0.51 2 months Passed 

The middle YRB -0.15 -0.19 2 months Failed 

The lower YRB -0.13 -0.17 2 months Failed 

 

Table 7 Correlation coefficients and IOD-TWSA time lags between DMI and TWSA in certain sub-basins in 

the YRB 

 

Sub-basins 
Correlation 
coefficient 

Cross-correlation 
peak value 

IOD-TWSA 
time lag 

Correlation test 

(6) Hanjiang River -0.23 -0.32 2 months Passed 

(7) The upper 
reaches of the 
Yangtze River 

-0.44 -0.50 2 months Passed 

(8) Wujiang River -0.37 -0.41 2 months Passed 

(9) Jialing River -0.39 -0.43 2 months Passed 

(10) Mintuo River -0.59 -0.67 2 months Passed 

(11) Jinsha River -0.42 -0.47 2 months Passed 

 

Correlation between TWSA and IOD

0.53

0.51

0.57

0.58

ENSO



Discussions
» The lower links between ENSO and upper YRB 

• the Jialing River, the Hanjiang River  
• part of Mintuo River and Jinsha River

Correlation between TWSA and IOD in the upper YRB

Table 5. Information of four extreme weather events occurred in the YRB since 2003 

 
Type of the extreme weather 

event  
Occurrence time Location 

�Drought Summer of 2006 Upper YRB 

�Flood Summer of 2010 Mid-lower YRB mainly 

�Drought Summer of 2011 Mid-lower YRB mainly 

�Flood Summer of 2016 Mid-lower YRB 

 

Table 6 Correlation coefficients and IOD-TWSA time lags between DMI and TWSA in the YRB 

 
YRB and its sub-

basins 
Correlation 
coefficient 

Cross-correlation 
peak value 

IOD-TWSA 
time lag 

Correlation test 

The YRB -0.38 -0.41 2 months Passed 

The upper YRB -0.47 -0.51 2 months Passed 

The middle YRB -0.15 -0.19 2 months Failed 

The lower YRB -0.13 -0.17 2 months Failed 

 

Table 7 Correlation coefficients and IOD-TWSA time lags between DMI and TWSA in certain sub-basins in 

the YRB 

 

Sub-basins 
Correlation 
coefficient 

Cross-correlation 
peak value 

IOD-TWSA 
time lag 

Correlation test 

(6) Hanjiang River -0.23 -0.32 2 months Passed 

(7) The upper 
reaches of the 
Yangtze River 

-0.44 -0.50 2 months Passed 

(8) Wujiang River -0.37 -0.41 2 months Passed 

(9) Jialing River -0.39 -0.43 2 months Passed 

(10) Mintuo River -0.59 -0.67 2 months Passed 

(11) Jinsha River -0.42 -0.47 2 months Passed 

 

0.20

0.42

0.55

0.16

0.31

0.32

ENSO



Discussions
» The links between ENSO and TWSA 

• water balance equation: 
• same processing to P, ET and R with TWSA

Table 3. Correlations and time lags between MEI and hydroclimatic data anomalies 

 
YRB and 
its sub-
basins 

Hydroclimatic 
data anomalies 

Correlation 
coefficient 

Cross-correlation 
peak value 

Time lag 
Correlation 

test 

The YRB 

P 0.42 0.54 5 months Passed 

R 0.04 0.31 6 months Passed 

ET -0.02 -0.11 4 months Failed 

The upper 
YRB 

P 0.18 0.30 7 months Passed 

R -0.10 0.19 8 months Failed 

ET -0.11 -0.12 3 months Failed 

The 
middle 

YRB 

P 0.47 0.58 5 months Passed 

R 0.24 0.43 6 months Passed 

ET 0.06 -0.08 7 months Failed 

The lower 
YRB 

P 0.37 0.40 5 months Passed 

R 0.04 0.31 6 months Passed 

ET -0.01 -0.07 5 months Failed 

 

Table 4. Summary of different time lag relations in the YRB and its sub-basins 

 
YRB and its 
sub-basins 

ENSO- 
TWSA 

ENSO- 
precipitation 

ENSO- 
runoff 

Precipitation- 
TWSA 

Runoff- 
TWSA 

The YRB 6 months 5 months 6 months 1 month 0 months 

The upper 
YRB 

8 months 7 months 8 months 1 month 0 months 

The middle 
YRB 

6 months 5 months 6 months 1 month 0 months 

The lower 
YRB 

6 months 5 months 6 months 1 month 0 months 

 
 
 
 
 
 
 
 

( )d TWSC dt P ET R= − − 	

Correlations with ENSO



Discussions
» The links between ENSO and TWSA 

• water balance equation:  
• same processing to P, ET and R with TWSA

Table 3. Correlations and time lags between MEI and hydroclimatic data anomalies 

 
YRB and 
its sub-
basins 

Hydroclimatic 
data anomalies 

Correlation 
coefficient 

Cross-correlation 
peak value 

Time lag 
Correlation 

test 

The YRB 

P 0.42 0.54 5 months Passed 

R 0.04 0.31 6 months Passed 

ET -0.02 -0.11 4 months Failed 

The upper 
YRB 

P 0.18 0.30 7 months Passed 

R -0.10 0.19 8 months Failed 

ET -0.11 -0.12 3 months Failed 

The 
middle 

YRB 

P 0.47 0.58 5 months Passed 

R 0.24 0.43 6 months Passed 

ET 0.06 -0.08 7 months Failed 

The lower 
YRB 

P 0.37 0.40 5 months Passed 

R 0.04 0.31 6 months Passed 

ET -0.01 -0.07 5 months Failed 

 

Table 4. Summary of different time lag relations in the YRB and its sub-basins 

 
YRB and its 
sub-basins 

ENSO- 
TWSA 

ENSO- 
precipitation 

ENSO- 
runoff 

Precipitation- 
TWSA 

Runoff- 
TWSA 

The YRB 6 months 5 months 6 months 1 month 0 months 

The upper 
YRB 

8 months 7 months 8 months 1 month 0 months 

The middle 
YRB 

6 months 5 months 6 months 1 month 0 months 

The lower 
YRB 

6 months 5 months 6 months 1 month 0 months 

 
 
 
 

Summary of time lags relations

( )d TWSC dt P ET R= − − 	



Discussions
» Possible links between ENSO and extreme weather 

• four typical extreme weather events
Table 5. Information of four extreme weather events occurred in the YRB since 2003 

 
Type of the extreme weather 

event  
Occurrence time Location 

�Drought Summer of 2006 Upper YRB 

�Flood Summer of 2010 Mid-lower YRB mainly 

�Drought Summer of 2011 Mid-lower YRB mainly 

�Flood Summer of 2016 Mid-lower YRB 

 

Table 6 Correlation coefficients and IOD-TWSA time lags between DMI and TWSA in the YRB 

 
YRB and its sub-

basins 
Correlation 
coefficient 

Cross-correlation 
peak value 

IOD-TWSA 
time lag 

Correlation test 

The YRB -0.38 -0.41 2 months Passed 

The upper YRB -0.47 -0.51 2 months Passed 

The middle YRB -0.15 -0.19 2 months Failed 

The lower YRB -0.13 -0.17 2 months Failed 

 

Table 7 Correlation coefficients and IOD-TWSA time lags between DMI and TWSA in certain sub-basins in 

the YRB 

 

Sub-basins 
Correlation 
coefficient 

Cross-correlation 
peak value 

IOD-TWSA 
time lag 

Correlation test 

(6) Hanjiang River -0.23 -0.32 2 months Passed 

(7) The upper 
reaches of the 
Yangtze River 

-0.44 -0.50 2 months Passed 

(8) Wujiang River -0.37 -0.41 2 months Passed 

(9) Jialing River -0.39 -0.43 2 months Passed 

(10) Mintuo River -0.59 -0.67 2 months Passed 

(11) Jinsha River -0.42 -0.47 2 months Passed 

 



Discussions
» Possible links between ENSO and extreme weather 

• four typical extreme weather events 
• time lags and 13-month moving-average filter are applied 

on MEI (MEIt)
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but also the upper YRB. MEIt also has clear peaks during these time periods, which indicates that 401 
ENSO played an important part in these two disasters. Finally, conspicuous positive peaks are seen 402 
during the 2016 flood(event ④) in the mid-lower YRB and the YRB. This flood had little influence on 403 
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Overall, all these results reveal that ENSO played an important role during all four extreme 406 
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negative peak in MEI during 2008(event ⑤) doesn’t result in negative peaks in the upper YRB or the 410 
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 417 
Figure 10. The correlations between MEIt and the TWSA in the upper YRB (a) and the mid-lower YRB (b) from 418 

January 2003 to December 2016 after applying the 13-month moving-average filter and the time lags. 419 
The four extreme weather events are marked with dashed lines. 420 

4.3 Possible reason for the low links between ENSO and certain sub-basins in the upper YRB 421 
According to Table 5 and Figure 8, the correlations between ENSO and some sub-basins in the 422 

YRB are not significant. These sub-basins are mainly concentrated in the upper YRB, including Jialing 423 
River which failed to pass the correlation test, Mintuo River and Jinsha River which had relatively 424 
low cross-correlation peak values, as well as Hanjiang River which located in the northwest corner 425 
of the middle YRB. Using ENSO index such as MEI to study the TWSA of these areas might lead to 426 
uncertainties and even mistakes. Still, these areas might be affected by other global meteorological 427 
events, especially the Indian Ocean Dipole (IOD), which has been proved to have significant influence 428 
on the upper YRB by affecting the ISM but have little influence over the mid-lower YRB [56]. IOD 429 
could be measured by Dipole Mode Index (DMI), which makes it possible for us to estimate the links 430 
between IOD and YRB as well as certain sub-basins using cross-correlation analysis. The results are 431 
shown in Table 9 and Table 10. 432 

Table 9 Correlation coefficients and IOD-TWSA time lags between DMI and TWSA in the YRB 433 
YRB and its sub-

basins 
Correlation 
coefficient 

Cross-correlation 
peak value 

IOD-TWSA 
time lag 

Correlation test 

The YRB -0.38 -0.41 2 months Passed 

a) in the upper YRB b) in the mid-lower YRB

Correlation between TWSA and MEIt



Conclusions
» ENSO has a significant influence on the TWSA in the YRB and 

its sub-basins but has time lags 
» The influence of ENSO on TWSA decreases and the time lags 

increase from east to west and south to north in the YRB 
» The precipitation and runoff changes, through the monsoon 

circulation changes, are found to be affected by ENSO, and 
explaining the influence of ENSO on TWSA 

» The sub-basins in the upper YRB and the northwest corner of 
the middle YRB that are not significantly affected by ENSO 
have clear correlation with IOD



Thank you!


