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Abstract. This paper assesses the impacts of the Three
Gorges Dam, the South—North Water Transfer Project and
other water abstractions on the probability of long-duration
salt intrusions into the Yangtze River estuary. Studies of in-
trusions of saltwater into estuaries are typically constrained
by both the short duration of discharge records and the
paucity of observations of discharge and salinity. Thus, stud-
ies of intrusions of saltwater into estuaries typically seek to
identify the conditions under which these intrusions occur,
using detailed observations for periods of 20-60 days. The
paper therefore first demonstrates a method by which to iden-
tify the conditions under which intense intrusions of long-
duration occur and then applies that method to analyse the ef-
fect of the three projects. The paper constructs a model of the
relationship between salinity and discharge and then employs
Monte Carlo simulation methods to reconstruct the prob-
ability of observing intrusions of differing intensities and
durations in relation to discharge. The model predicts that
the duration of intrusions with chlorinity > 250mg L~ (or
> 400 or 500 mg L~1) increases as the number of consecu-
tive days with discharge < 12000 m3s—1 (or < 8000 m3s~1)
increases. The model predicts that in 1950-2014, the number
of consecutive days with chlorinity > 250 mg L~ averaged
21.34yr~1; if the three projects operate according to their
normal rules, that average would rise to 41.20yr~1. For a
randomly selected year of discharge history from the period
1950-2014, under normal operating rules for these projects
the probability of an intrusion rises from 0.25 (for 30-day

intrusions) or 0.05 (for 60-day intrusions) to 0.57 or 0.28,
respectively.

1 Introduction

Shanghai’s industries and the more than 24 million people
who live in the municipality now principally depend on the
Yangtze River for their water supply. Yet, like other large
estuaries (Gong, 2013), the estuary of the Yangtze River is
affected by salt intrusions (Shen et al., 2003). The latest oc-
curred in 2014 (CNTV, 2014), the longest since 1993. So
two storages have been built in the estuary to store water
against the threat of salt intrusions (see Fig. 1 for locations):
the Chenhang Reservoir supplies about 23 % of the munici-
pality’s public water, and the Qingcaosha Reservoir supplies
about 54% (Li et al., 2014). Qingcaosha’s storage capac-
ity is said to be equivalent to 67 days of Shanghai’s current
consumption. The probability of long-duration salt intrusions
in the Yangtze Estuary is thus of considerable social impor-
tance.

However, the discharge and tidal characteristics of the
Yangtze Estuary are now being modified. Water is increas-
ingly being abstracted from the river, for the South-North
Water Transfer Project (SNWTP) as well as for more local
uses (Chen, 2013; Zhang et al., 2012), tending to increase the
length and the intensity of periods of low discharge (Li et al.,
2014). The Yangtze River is increasingly being dammed for
large hydroelectric projects that cumulatively can now store
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Figure 1. Map of Yangtze Estuary.

about 25% of the annual flow; this capacity is planned to
double by 2050 (Li et al., 2000). The largest of these hy-
droelectric dams is the Three Gorges Dam. As hydroelectric
dams, these constructions have limited effects on annual dis-
charge but do affect its seasonal distribution (Finlayson et al.,
2013). All of these modifications will affect the probability
of salt intrusions in the estuary and it is important to calculate
their effects.

Intrusions of salt in estuaries have been widely studied, by
both numerical and theoretical methods. Most studies of the
Yangtze Estuary have been numerical (Kuang et al., 2009;
Li et al., 2012; Liu et al., 2013; Xue et al., 2009). How-
ever, Zhang et al. (2011) applied Savenije’s (1986, 1993)
theoretical model. As Fig. 1 indicates, the Yangtze Estuary
is complex, with four outlets to the sea. Nevertheless, these
studies confirm that saltwater intrusions are primarily gov-
erned by a combination of low discharge and spring tide
conditions but also influenced by wind speed and wind di-
rection. The discharge of the Yangtze River is highly sea-
sonal, with average discharges below 12 000m3s~1 in Jan-
uary and February, compared to over 40 000 m3 s~ in June—
August (Chen, 2013; Finlayson, 2013). In dry years, dis-
charges in December—March are below 12 500 m3 s~1 (Wang
et al., 2008). It is this period, December—March, in which in-
trusions are most likely to occur. When spring tides occur
in December—March, intrusions are common: the lower the
discharge and the higher the tide, the more intense the intru-
sion, especially when accompanied by strong south-easterly
winds.
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The principal problem for these studies has been to ex-
amine the conditions under which oceanic water intrudes far
up the estuary. They seek to predict an event — the obser-
vation of water with chlorinity exceeding 250 mg L~ (ppm,
equivalent to 0.45 on the practical salinity scale), which is
the Chinese standard for drinking water (National Standard
GB 5749-2006). Since the usual treatment technologies in
Shanghai’s water plants do not remove chlorides, it is also
the standard for raw water that is to be processed into tap
water (Surface Water Quality Standards GB 3838-2002).

However, the duration of this event is also significant, es-
pecially for residents of Shanghai. An intrusion of a few
days, no matter how intense, has little social significance,
compared to an intrusion of a few months. Chen et al. (2013)
do address duration, but they, like others (Chen et al., 2001;
Gu and Yue, 2004; Wang et al., 2008; Yang, 2001; Zhao et al.,
2009), identify a single threshold discharge below which in-
trusion is likely and above which intrusion is unlikely. In fact,
salt intrusions may occur at a variety of discharges (Fig. 2),
with a probability that varies inversely with discharge.

The difficulty is that, while long discharge records for
many rivers are generally available, measurements of salin-
ity are not routinely collected by state agencies. Salinity thus
needs to be measured for a specific purpose, such as a re-
search project. Measurements of salinity are therefore expen-
sive and not available in long records. It is thus important
to find a method for using historical data about discharge to
generalise the limited observations of salinity and so obtain
a long record of salinity, which identifies both the duration
of a saline intrusion and the relative frequency of occurrence
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Figure 2. Chlorinity and discharge conditions in the periods of observation.

of such intrusions. It is this method that this paper presents
and then employs to calculate both the probability of long-
duration salt intrusions in the Yangtze River estuary and the
impact of human modifications of the river on that probabil-
ity.

Specifically, the paper therefore addresses the following
problems: how can the probability of long-duration (up to
60 days) salt intrusions in the Yangtze Estuary be identified?
What is that probability? What is the effect on that probabil-
ity of increasing water abstraction from the Yangtze Basin,
the SNWTP and the construction of the Three Gorges Dam?
Itis our calculation of the probability of long-duration salt in-
trusions and our prediction of the impact on that probability
of human modifications to discharge that sets this paper apart
from other studies of salt intrusions in the Yangtze Estuary.

2 Method

This paper is statistical and predictive. We do not model the
estuary dynamics, either theoretically or numerically, but es-
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timate statistical relations between discharge and salinity to
identify the probability of long-duration salt intrusions. The
paper draws on three sources of data.

First, it employs published data about discharge and salin-
ity for various periods to estimate the relationship between
discharge and salinity. The salinity data refer to the Gaogiao
gauging station in the estuary (Fig. 1), the nearest station to
Qingcaosha, and are from Li et al. (2014). The discharges
are measured at Datong, the nearest gauging station which
has a long record of discharge data. The observations re-
fer to the periods 1 January—30 April 1979 (120 observa-
tions), 13 February 1984-30 March 1987 (47 observations),
1 January-17 April 1987 (107 observations), 24 January—
17 February 1999 (25 observations) and 16 February—
4 March 2007 (17 observations). All 316 observations lie in
periods in which the probability of low discharges and there-
fore of salt intrusions is high. Figure 2 illustrates the dis-
charge and salinity conditions in these periods.

These observations are neither logically nor statistically
independent. They are not taken on a random sample of days
between 1 January 1979 and 4 March 2007, so they are not

Hydrol. Earth Syst. Sci., 19, 4411-4425, 2015
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logically independent. A casual observation of Fig. 2, con-
firmed by statistical tests, reveals that there is a pronounced
lag structure to the salinity measures, so they are not statisti-
cally independent either. An appropriate estimate of the rela-
tionship between discharge and salinity must recognise this
non-independence of the observations. Although an artificial
neural network could be constructed to model this relation-
ship, we chose to estimate an equation of the form

G, = function[G,_1, Q;—7], @

in which G;, and G,_1 denote the salinity measure at Gaogiao
onday ¢ and r—1, respectively. Q;_7 denotes the discharge at
Datong on day ¢ —7. At average discharges, it takes 7 days for
water to flow from Datong to Gaogiao (Zhang et al., 2012);
the travel time is likely to be less at high discharges, though
the fact that the average change in discharge from one day to
the next is only 0.0094 % renders this point moot.

Such a model has a straightforward, intuitive meaning.
Observations are numbered 1, 2, ..., n within years, and the
estimates are made through a generalised estimating equation
(Garson, 2013). After testing a variety of functional forms for
Eqg. (1) and assumptions about the distribution of residuals,
the specific estimated equation is

logG, = ap +a1109G,—1 +a2(10gG,_1)* +@30,-7  (2)
+a4log Qi—7+as(Qi—7— Q) + 11,

in which the residuals, r;, are assumed to follow an inverse
Gaussian distribution with autocorrelated variance structure,
and «ao, ..., a5 are parameters to be estimated. There are 312
usable observations, since the first day of each sequence is
lost through the lag specification.

There are four known sources of error in the data that have
been used to construct this equation. First, unknown, but vari-
able, amounts of water are extracted from the river or drain
into the river between Datong and the salinity gauging station
at Gaogiao. Zhang et al. (2012) estimate that net abstractions
are highest in periods of spring tide, in September, October
and November, and in years of drought (see also Dai et al.,
2011). These differences are systematic though with imper-
fectly understood characteristics, which create errors of es-
timation. Secondly, the influence of spring and neap tides is
not included (Tong et al., 2010, illustrate these effects). How-
ever, the partial autocorrelation plots of the residuals from
Eqg. (2) do not reveal any significant autocorrelations beyond
day 1. Third, there has been a rise in the long-term level of
the sea. Cai et al. (2009) estimate that the rate of relative
sea level rise in the Yangtze Delta has been accelerating and
in the past few decades was 6.6 mmyr—1. Over the period
1950-2010, this implies a rise of up to 40 cm, which may in-
fluence the probability of an intrusion at any given discharge.
Fourth are the errors of measurement within and differences
in methods between the data sources, which are not known.

The second data set consists of the record of daily dis-
charges at Datong. These are available for the period 1950-
2007 from the published yearbooks of the Changjiang Water
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Commission, with gaps that were kindly infilled by Klaus
Fraedrich, and from 2004 to 30 September 2014 at the web-
site of the Changjiang Shuiwei Guangli Xitong (Changjiang
Water Level Management System; http://yu-zhu.vicp.net/).
The record is converted from calendar years into “river
years”, which run from 1 August for 305 days; in a nor-
mal year, the sequence ends on 1 June and in a leap year
on 31 May. Intrusions have never been observed in June and
July. Once the parameters of Eq. (2) were estimated, those
parameters and the distribution of residuals were used to cre-
ate 1024 simulations of the corresponding salinities for each
year ¢, using random numbers generated from the inverse
Gaussian distribution of the estimated residuals, r;. Thus,
from the simulations we can then calculate for a year, with
the discharge characteristics of year ¢, the probability of ob-
serving 1,2, ...,n consecutive days with salinity above the
critical values of 250 (the upper limit of drinking water, ac-
cording to the standard), 400 and 500 mg L~ (values chosen
to reflect the possibility of building water plants in Shanghai
that can treat saline water to obtain drinking water). Repeat-
ing this calculation for each year provides the critical infor-
mation which this paper seeks to present. The analysis con-
cludes by illustrating the discharge characteristics of years
in which the simulations reveal that the probability of long-
duration intrusions is high.

Thirdly, the paper relies on published information about
the volumes and operating rules of local abstractions, the
SNWTP and the Three Gorges Dam. In each case, we in-
vestigate the effect of two scenarios: the first, “normal oper-
ating rules” which represent our best estimate of abstractions
out of the basin and discharges from the Three Gorges Dam;
the second, “conservative operating rules” which assume that
abstractions and changes in discharge are less severe than un-
der normal operating rules. In both cases, it is assumed that
current plans for the years 2030-2035 are followed. The de-
tails of these rules and the sources from which they were
calculated are described in Appendix A; their effect on dis-
charge into the estuary, net of return flows, is illustrated in
Fig. 3. The impact of these modifications on the probabil-
ity of long-duration intrusions is then calculated as follows:
first, for the 64 river years from 1950-1951 to 2013-2014,
what is the probability of an intrusion of given duration and
chlorinity? Second, if the Three Gorges Dam, SNWTP and
local abstractions planned for 2030-2035 had operated from
1950-1951 to 2013-2014, what would have been the prob-
ability of an intrusion of given duration and chlorinity? The
difference in probabilities is ascribed to the three modifica-
tions to the river.

The principal limitation of this analysis is the short dura-
tion of the time series of daily flows. There are only 64 river
years of data from 1 January 1950 to 30 September 2014.
Long periods of saline intrusion are relatively rare events,
perhaps occurring no more than five times per century, so
this record is clearly an insufficient basis from which to draw

www.hydrol-earth-syst-sci.net/19/4411/2015/
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Table 1. Parameter estimates and goodness of fit.

Parameter B SE  95% Wald confidence interval ~ Hypothesistest df  Significance
Lower Upper  Wald chi-square

Intercept 4,923 1.761 1471 8.374 7.814 1 0.005
Year = 1979 —0.015 0.0148 —0.044 0.014 0972 1 0.324
Year = 1984 —0.067 0.0069 —0.080 —0.054 95.507 1 <0.001
Year = 1987 —0.085 0.0087 —0.102 —0.068 95230 1 <0.001
Year = 1999 0.010 0.0032 0.004 0.016 10.084 1 0.001
Year = 2007 0*

04 320x 1075 159x107° 8.04x1077  6.32x107° 4042 1 0.044
log Qg —0.483 0.208 —0.890 —0.076 5405 1 0.020
Qg Diff 295x107° 115x107° 6.94x1076  521x10°° 6.562 1 0.010
l0g Glag 0.220 0.0185 0.184 0.256 141.042 1 <0.001
log G|2ag —0.008 0.002 —0.012 —0.004 17.497 1 <0.001
Scale 0.001

SE: Standard error; df: degrees of freedom; * set to zero, as parameter is redundant. Corrected quasi-likelihood goodness of fit: 20.341.
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Figure 3. Change in discharge caused by normal and conserva-
tive operating rules for Three Gorges Dam, the South—North Water

Transfer Project and local abstractions.
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robust conclusions about the relationship between low fre-
quency, long-duration intrusions and river discharge.

3 Results
3.1 Discharge and salinity

The model estimates and goodness of fit criteria are con-
tained in Table 1. The effect of all variables is signifi-
cant at p < 0.05, and the likelihoods are appropriately low.
At the ranges of discharges to which the model was fit
(6000 < discharge <16 000) salinity is negatively associated
with discharge and positively associated with the previous
day’s salinity. The proportion of the variance in log G that is
accounted for by the model is 0.8893. Residuals are not sig-
nificantly different from normal, according to a one-sample
Kolmogorov—Smirnov test; furthermore, the residuals are not
correlated with the predicted values and their variance is ap-
proximately constant (Fig. 4).

The model predicts a close relation between discharge and
mean salinity, especially when discharge falls for long pe-
riods below about 10000 m3s~1. In 43 of the 64 years, the
model predicts that there were periods in which mean salinity
exceeded 250 mg L1, ranging in length from 1 to 97 days;
in 30 years there were periods in which mean salinity is pre-
dicted to have exceeded 400 mg L~1, ranging in length from
1 to 80 days; and in 25 years there were periods in which
mean salinity is predicted to have exceeded 500mgL 1,
ranging in length from 1 to 70 days (Fig. 5). The model
predicts that in 10 years — 1955, 1956, 1958, 1962, 1966,
1967, 1971, 1978, 1979 and 1986, mean salinities of over
500 mg L~! lasted more than 30 days. The model suggests
that the Yangtze has become less liable to long-duration in-
tense intrusions since 1986: no mean salinity of more than
500 mg L1 is predicted to have exceeded 10 days since then.

Hydrol. Earth Syst. Sci., 19, 4411-4425, 2015
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However, the complete model is probabilistic, with a fre-
quency distribution of residuals around these mean predic-
tions, as illustrated in Fig. 4, so it is important to use these
probabilistic predictions in order to understand the probabil-
ity of encountering long-duration intense intrusions under the
discharge characteristics of the various years in the sample.

3.2 Discharge and intrusions
This model, with its known frequency distribution of residu-
als (Fig. 4), is therefore used to simulate salinity intrusions.

These simulations follow Monte Carlo methods, in which the
frequency distribution of residuals is repeatedly sampled, in
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conjunction with the other parameters of Eq. (2), in order
to identify the probability that intrusions of given intensities
and durations will occur. The results are first illustrated in
detail for 1962, the year with the longest-duration intense
intrusion on record. Figure 6 reveals the frequencies with
which salinities of 250, 400 and 500 mgL~! for different
lengths of time were observed in the simulations. Superim-
posed on the frequencies is a Weibull distribution, fitted by
least squares. The most common intrusion of 250 mg L1
lasts for 74 days, but even intrusions of at least 91 days
occur with a probability of 0.05, and intrusions of at least
97 days occur with a probability of 0.01. An intrusion of at
least 73 days is as likely to occur as not. The most common
intrusion of 400mg L~ lasts 67 days, while intrusions of at
least 77 days have a probability of occurring of 0.05, and
those of at least 85 days occur with a probability of 0.01. In-
trusions of 55 days are as likely to occur as not. The most
common length of an intrusion of 500 mg L~ is 67 days, but
intrusions of 69 days occur with a probability of 0.05, and
those of 77 days occur with a probability of 0.01. Intrusions
of 47 days are as likely to occur as not. These are the model
predictions of the duration of salinity intrusions for years in
which the discharge characteristics are those of 1962.
Similar calculations have been made to determine the
probability of occurrence of various durations of intrusions
of 250, 400 and 500 mg L~ for every other year. Table 2
provides the simple correlations between the simulated fre-
quencies of three durations (30, 50 and 60 days) and a variety
of characteristics of discharge for all the years of record. The

www.hydrol-earth-syst-sci.net/19/4411/2015/
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probability that in a year chlorinity > 250 mg L~ for at least
30 days consecutively is correlated with a variety of mea-
sures of low flow, especially the number of days for which
discharge < 12000, 10000 or 8000 m3s~1. However, the
probabilities of longer-duration intrusions of > 250mg L1
and the probabilities of higher salinity intrusions are best
predicted by measures of the number of days for which dis-
charge < 8000 m3s~1. Across all the durations and chlorin-
ity levels, the best predictor of the probabilities of duration—
chlorinity pairs is the maximum number of consecutive days
for which discharge falls below 8000 m3s—1. Worryingly for

www.hydrol-earth-syst-sci.net/19/4411/2015/

planners, no measures of discharge before the event predict
long-duration, high-intensity intrusions.

Figure 7 reveals in more detail how the probability of ob-
serving duration—chlorinity pairs depends on the duration of
discharge below 8000 m3s~1. These graphs are the first re-
sult at which this method is aimed.

The upper graph in Fig. 7 illustrates how the probabil-
ity of 30-, 40- and 50-day intrusions of > 250mgL~! in a
year varies in relation to the number of consecutive days in
that year in which discharge < 8000m3s~1. Only if there
are at least 20 consecutive days in a year with discharge

Hydrol. Earth Syst. Sci., 19, 4411-4425, 2015
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Table 2. Correlations between probabilities of chlorinity above stated levels for stated lengths of time and selected discharge characteristics,

annual scale.
Indicator Chlorinity > 250 for > (days) \ Chlorinity > 400 for > (days) \ Chlorinity > 500 for > (days)
30 50 60 \ 30 50 60 \ 30 50 60
Aug-May avg. Q4 - - - - - - - - -
Dec-Mar  avg. Q4 -4 - - - - - - - -
Nov avg. Qg - - - - - - - - -
Dec avg. Qg - - - - - - - - -
Dec-Feb  avg. Qg -4 - - - - - - - -
Jan—Feb avg. Qg -2 - - - - - - = -
Nodays Qg <16000 + + + + o+ + +  + +
NC days Q4 <16000 + + + —+ + + + + 4
Avg. flow Qg4 <16000 -2 - - - - - - = _
Nodays Qg <14000 + + + + o+ + + 4+ +
NCdays Qg <14000 +% + + + o+ + + o+ +
Avg.flow Qg <14000 -P - - - - - - - _
Nodays Qg <12000 + + + + o+ + +  + +
NC days Q4 <12000 +©¢ 42 + a4 + + 4 +
Avg. flow Qg <12000 - @ - R - - - -
Nodays Qg <10000 +° 4@ + + o+ + +  + +
NCdays Qg <10000 +9 4P +2 + 4 + + o+ +
Avg. flow Qg <10000 ¢ -2 - b - a _
Nodays  Qg<8000 +¢ 4d +¢ 4d 4b 42 4 4a +
NCdays Qg <8000 +¢ 4d 4d 44 4c +b 44 4b 4a

Note: Q4 < 16000, 12000, 10 000 or 8000 refers to the period from the date of the first discharge in the river year less than 16 000 (or 12 000, or 8000, respectively)
m3 s~ to the date of the last discharge in the river year less than 16 000 (or 12 000, or 8000) m3s—1. No days: total number of days with discharge less than 16 000
(or 12000, or 8000) m3 s~1. Avg flow: average discharge in entire period. NC: number of consecutive days with discharge less than 16 000 (or 12 000, or 8000)

m3s1

<8000m?3s~1 does the probability of at least 30 days with
chlorinity >250mg L~ rise above 0.025. As the number
of consecutive days in a year with discharge <8000 m3s—1
rises from 0 to 20, the probability of at least 30 days
with chlorinity > 250mgL~! rises to 0.55-0.9. When the
number of consecutive days in a year with discharge <
8000m3 s~ rises to 30 and then to 40-50, the probability
of at least 30 days with chlorinity > 250mg L~ is 0.9 and
0.99, respectively. Longer-duration intrusions of chlorinity
> 250mg L1 are also closely related to the number of con-
secutive days with discharge < 8000m?3s~1. If in a year the
number of such days is less than eight, then 50- or 60-day in-
trusions of chlorinity > 250 mg L~1 have a probability lower
than 0.2; when the number of such days is between 9 and 30,
then the probability of 50 days of > 250 mg L1 lies between
0.1 and 0.5 and for 60 days it lies between 0.1 and 0.3.

The central graph in Fig. 7 illustrates how intrusions of
chlorinity > 400mg L~ vary in relation to the number of
consecutive days in a year with discharge <8000m3s~1,
while the lower graph illustrates the same information for
intrusions of >500mgL~1. In both cases, the probability
of 30-day intrusions rises linearly as the number of con-
secutive low discharge days increases. In both cases, too,
the probability of a longer intrusion (50 or 60 days) is less
than 0.1 unless the number of consecutive days in a year
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with discharge < 8000m?3s~1 exceeds 30. In the 2 years in
which more than 44 consecutive days exhibited discharge
< 8000m3s~1, the probability of 50-day or 60-day, chlorin-
ity > 400mg L1 intrusions lie between 0.5 and 0.7 or be-
tween 0.25 and 0.5, respectively. The probability of 50-day or
60-day, > 500 mg Lt intrusions is a little lower; even so, the
probability of 50-day intrusions of chlorinity > 500mg L~}
is 0.25 or 0.47 if a year has 44 or 50, respectively, consecu-
tive days with discharge < 8000 m®s~1. This event occurred
twice in the 64-year-long record.
This information is summarised in Table 3.

3.3 Impact of Three Gorges Dam, SNWTP and local

abstractions on intrusions

The net effect of the three modifications is to reduce the dis-
charge of the Yangtze River at the estuary for most of the year
(Fig. 3). The operations of the Three Gorges Dam cause net
decreases in discharge when it is being filled (October and
early November), but nil effects or net increases through-
out the rest of the year, including in the periods of lowest
flow (December—February). However, these effects are off-
set by abstractions for the middle and eastern routes of the
SNWTP and by abstractions in the delta region. In aggregate,
discharge is reduced throughout the year, except when nor-
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Figure 7. Relationship between long-duration, high-intensity intru-
sions and duration of low discharges.

mal operating rules raise discharges from the Three Gorges
Dam above inflows (in April and May).

The consequence is an increase in the risk of long-duration
salt intrusions. We illustrate the calculations by examining
the probabilities of intrusions of chlorinity > 250 mg L~ for
30, 50 and 60 days (Table 4). The probability, calculated over
1024 simulations for the discharges observed in 1950-2014
and the abstractions identified in Fig. 3, of a 30-day intrusion
of >250mg L~ was 0.25 under then current conditions,
would rise to 0.40 under conservative rules by 2030-2035
and to 0.57 under normal rules. Likewise, the probabilities
of 60-day intrusions of > 250 mg L~ rise from 0.05 to 0.14
and 0.28 under the three conditions.

More light is shed on the risk of intrusions in Fig. 8. These
graphs reveal the proportion of years in which the probabil-
ity of an intrusion of chlorinity > 250 mg L~ for 30, 50 and
60 days lies in the specified range. The upper graph indi-
cates that 0.55 of years have a probability of less than 0.1
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Table 3. Probability of intrusion duration and intensity in relation
to length of periods of low discharge.

Duration No. of years
of period with this Average probability
discharge duration of intrusion
<8000m3s~1 discharge > 250mg L~ lasting
30days 50 days 60 days
0 days 42 0.050 0.004 0.001
1-7 days 7 0.289 0.034 0.011
8-17 days 10 0.703 0.261 0.129
19-29 days 3 0.910 0.431 0.168
44-50 days 2 0.998 0.916 0.792
Average probability of intrusion
> 400mg L~ lasting
30days 50 days 60 days
0 days 42 0.003 0.000 0.000
1-7 days 7 0.041 0.001 0.000
8-17 days 10 0.267 0.030 0.007
19-29 days 3 0.585 0.062 0.010
44-50 days 2 0.944 0.590 0.343
Average probability of intrusion
>500mg L~ lasting
30days 50 days 60 days
0 days 42 0.001 0.000 0.000
1-7 days 7 0.024 0.001 0.000
8-17 days 10 0.143 0.012 0.003
19-29 days 3 0.361 0.014 0.000
44-50 days 2 0.853 0.360 0.173

Table 4. Probability of intrusions of > 250mg L1 under current
conditions, normal operating rules and conservative operating rules
for the Three Gorges Dam, South—North Water Transfer Project and
local abstractions.

Average probability of intrusion
> 250mg L1 lasting

30days 50 days 60 days
Current conditions 0.248 0.096 0.055
Conservative rules 0.399 0.200 0.140
Normal rules 0.569 0.361 0.278

that an intrusion of > 250mg L1 will last at least 30 days
under then-current historical discharges. Under conservative
operating rules, that proportion falls to 0.42, while 0.42 of
years have a probability of at least 0.5 of an intrusion of
> 250mg L1 lasting at least 30 days. Under normal oper-
ating rules, 0.56 of years have a probability of at least 0.5 of
an intrusion of > 250 mg L~ lasting at least 30 days. Similar
changes in the probabilities of intrusions are revealed by the
central (intrusions of at least 50 days) and lower (intrusions
of at least 60 days) graphs.
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Figure 8. Impact of normal and conservative operating rules for the
Three Gorges Dam, South-North Water Transfer Project and local
abstractions on probabilities of intrusions of 30, 50 and 60 days.

4 Discussion

Unlike previous studies of intrusions of saltwater into the es-
tuary of the Yangtze River, this paper has sought to iden-
tify the conditions under which intense intrusions of long
duration occur. Constrained by both the shortage of the dis-
charge record and the paucity of observations of discharge
and salinity, the paper has constructed a model of the rela-
tionship between salinity and discharge and then employed
Monte Carlo simulation methods to reconstruct the prob-
ability of observing intrusions of differing intensities and
durations in relation to discharge. The model predicts that
the duration of intrusions with chlorinity > 250mgL~? in-
creases as the number of consecutive days with discharge
<12000m3s~1 increases; consecutive days of lower dis-
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charges (< 8000m?3s~1) predict the duration of intrusions
with chlorinity > 400 or 500mg L.

In 51 of the 64 years analysed, the probability of an intru-
sion of at least 30 days at chlorinity > 250 mg L1 is greater
than 1 in 1000; in 37 years, it is greater than 1 in 100; and in
15 years it is greater than 1 in 10. In 26 years, the probability
of an intrusion of at least 60 days at > 250 mg L1 is greater
than 1 in 1000; in 17 years is greater than 1 in 100; and in
10 years is greater than 1 in 10.

In 26 years, the probability of an intrusion of at least
30 days at chlorinity > 500 mg L~ is greater than 1 in 1000,
in 19 years it is greater than 1 in 100; and in 10 years it is
greater than 1 in 10. The most extreme event analysed in this
paper, an intrusion of > 500mg L~ for more than 60 days
occurs with a probability greater than 1 in 1000 in 6 years
and is greater than 1 in 100 and 1 in 10 in only 1 year.

Existing estimates in the literature of discharges at which
salinity intrusions occur in the Yangtze Estuary are point es-
timates: they seek to identify a discharge below which in-
trusions are likely and above which intrusions are unlikely.
Serious intrusions occurred near the Chenhang Reservoir in
1978-1979, 2001-2002 and 2006—-2007, when the maximum
average monthly discharges in January and February were
7103, 10165 and 11 777 m3s~1, respectively, leading Chen
et al. (2013) to suggest that the critical discharge into the es-
tuary is at least 11777 m3s~1. Gu and Yue (2004) suggested
that a monthly mean Datong discharge of 11000 m®s—! was
critical and, Wang et al. (2008) identified 13000m3s—1.
Data in Li et al. (2014) demonstrate that mean salinity lev-
els near Qingcaosha are a negative exponential function of
discharge at Datong 7 days earlier; at discharges lower than
11500 m®s~1, mean salinity exceeds 250 mg L. These re-
sults are broadly consistent with those reported in this paper,
though the estimate of Wang et al. (2008) is high. However,
they are misleading in the sense that there is no critical dis-
charge: at all discharges < 16000 m3s~1, the lower the dis-
charge and the longer that low flow persists, the higher the
probability of longer and more intense salt intrusions. The
relationship between discharge and salinity is probabilistic
as well as continuous.

The second principal result of the paper is the measure-
ment of the effect of the Three Gorges Dam, the SNWTP
and local water abstractions in the delta on the probability
of long-duration intrusions. The calculations were presented
for intrusions of chlorinity > 250mg L™, since this is the
legal standard for drinking water in China and, given the ab-
sence of desalinisation treatment in Shanghai, the de facto
standard for water intakes into treatment plants. Our results
indicate that, for a randomly selected year of discharge his-
tory from the period 1950-2014, the probability of an intru-
sion rises from 0.25 (30 days) or 0.05 (60 days) to 0.40-0.57
or 0.14-0.28 (depending on the operating rules), respectively.
The proportion of years for which the probability of an intru-
sion exceeds 0.50 rises from 0.22, 0.05 and 0.03 for 30-, 50-
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and 60-day intrusions, respectively, to 0.42-0.56, 0.20-0.36
and 0.13-0.27, depending on the operating rules.

Others have also pointed out that the Three Gorges Dam,
the SNWTP and local abstractions will affect the probability
of salt intrusions into the Yangtze Estuary. In general, the op-
erations of the Three Gorges Dam tend to reduce the proba-
bility of saline intrusions, since under normal operating rules
the reservoir discharges more than inflow during the peri-
ods of lowest natural discharge in December—February (An et
al., 2009). However, the SNWTP and local abstractions both
reduce discharge into the estuary, tending to create a “high
likelihoods™ of saltwater intrusions in December—February
of a dry year and in January and February of a normal year
(Chen et al., 2013); likewise, Zhang et al. (2003, 2012) es-
timate the effects on discharge of local abstractions, though
without calculating their impacts on the probability of an in-
trusion of saltwater. None of these, however, has calculated
the changes in the probability of intrusions caused by these
abstractions nor sought to apply their methods to the entire
historical record of discharge and much less to identify the
likely duration of saline intrusions.

The literature does identify other conditions besides dis-
charge that affect the occurrence of salt intrusions, notably
tide and wind conditions (Kuang et al., 2009; Li et al., 2012;
Liu et al., 2013; Xue et al., 2009; Zhang et al., 2011). As
noted in Appendix A, Zhang et al. (2012) also demonstrate
that water abstractions from the Yangtze River below the
gauging station at Datong are a significant proportion of to-
tal discharge, especially if years of relatively low discharge
are also years of low rainfall in the estuary region. These are
factors that an analysis of discharge data for the entire period
1950-2014 cannot take into account. In addition, there are
concerns that rainfall patterns in the Yangtze Basin may be
changing under the influence of climate change (Jiang et al.,
2008; Tao et al., 2012), which may alter the discharge char-
acteristics of the river; furthermore, sea levels off the Yangtze
Estuary have been rising and this will have effects similar to
a reduction in discharge (Cai et al., 2009). The paper has not
accounted for these factors.

Finally, we should comment on our choice of method. The
risk of using a statistical model is that it works in the calibra-
tion period but fails outside that time; we sought to minimise
this risk by calibrating the model with data from five sepa-
rate years from 1979 to 2007 and spanning discharges in the
entire range 600016 000 m3 s, No lower discharges have
ever been observed and at higher discharges saltwater intru-
sions are unlikely. The principal change that is likely to mod-
ify the observed relationship between salinity and discharge
is an alteration in the morphology of the channel — deepening
it or widening it, for example. Our calculations and predic-
tions are therefore subject to the proviso that such changes in
the morphology of the estuary do not occur. If the morphol-
ogy of the estuary is not changed, then the discharge con-
ditions under which saltwater from the north of Chongming
Island (the north branch) spills over into the south branch
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will remain constant, and the calibrated relationship between
discharge and saltwater intrusions will continue to hold.

5 Conclusion

This paper has demonstrated a new method for calculat-
ing the probability of occurrence of long-duration salt in-
trusions of specified chlorinity. The method shows that the
relationship between discharge and the intensity and dura-
tion of salinity intrusions is probabilistic and continuous.
At discharges < 16000 m3s~1, the lower the discharge and
the longer that low flow persists, the higher the probabil-
ity of longer and more intense salt intrusions. Combining
this result with the known frequency of periods of low dis-
charge during the period 1950-2014, the paper calculates
that saline intrusions (chlorinity >250mgL~1) of at least
30 days occur with p > 0.01 in 37/64 years and with p > 0.1
in 15/64 years. Saline intrusions (chlorinity > 250mg L~1)
of at least 60 days occur with p > 0.01 in 17/64 years and
with p > 0.1 in 10 years. Intrusions that can disrupt the sup-
ply of water to Shanghai’s residents are not rare events.

Furthermore, they will become even less rare as the Three
Gorges Dam, the SNWTP and local water abstractions in
the delta begin to affect discharge into the Yangtze Estu-
ary. The proportion of years for which an intrusion is more
likely than not rises from 0.22, 0.05 and 0.03 for 30-, 50-
and 60-day intrusions, respectively, to 0.42-0.56, 0.20-0.36
and 0.13-0.27, depending on the operating rules of the three
projects. However, these predictions do not account for on-
going changes in precipitation or rises in sea level, both asso-
ciated with climate change. If climate change does not have
the effect of increasing discharge in the winter months, then
operating rules will have to be revised during years of low
discharge or Shanghai will have to find alternative sources of
water to prevent the disruptions to supply that these calcula-
tions predict.
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Appendix A: Data sources and assumptions: dams and
diversions

Al Dams

The largest dam on the Yangtze is the Three Gorges Dam.
Other dams are being built above Three Gorges, but we as-
sume that any effects of their operation on discharge at Da-
tong will be regulated through the Three Gorges Dam. There
are also dams on other tributaries which join the Yangtze be-
low the Three Gorges Dam, but their effect is not separately
considered here, though it is present in the discharge record.

Chen et al. (2001) describe the plans for the operation of
the Three Gorges Dam. The reservoir is planned to store wa-
ter from October each year, tending to decrease flows below
the dam. In a dry year, the water storage process may have
to be extended to November. Then, during the dry season
(December—April), the water level in the reservoir will need
to be dropped to meet the needs of the hydropower plant.
The plan is that minimum water levels will be attained at the
end of September. Guo et al. (2011, their Figs. 3, 8) provide
more details: in June, July and August, the reservoir water
level is maintained at 145 ma.s.l. to provide for flood control
during the wet season. In October, the water level is raised
to 175ma.s.l., the planned maximum level, and it is main-
tained at as high a level as possible (and above 155ma.s.l. to
facilitate navigation) until the end of April, when it is again
reduced to 145ma.s.l. According to Zhang et al. (2012, Ta-
ble 3), the Three Gorges Dam holds ~ 21.5 x 10° m3 more
water at its planned maximum level than at its planned mini-
mum level.

Given estimates that it takes 14 days for water to flow from
the dam site to Datong, Zhang et al. (2012) estimate that the
reservoir’s operation would be as follows: in a dry year (e.g.
2001-2002) fill from 15 September to 31 October and in an
extremely dry year (e.g. 1978-1979) fill from 1 September
to 15 November.

We assume the following. Under normal rules, the reser-
voir is filled in October, which reduces flow at Datong from
15 October to 14 November by 8000 m3s—1. Under conser-
vative rules (corresponding to dry-year operations) the reser-
voir is filled from mid-September through to the end of Oc-
tober, which reduces discharge at Datong from 29 September
to 14 November by 5400 m3 s—1. Following Guo et al. (2011,
their Fig. 8), in normal operation, the reservoir is assumed
to maintain its maximum water level until the end of Jan-
uary, which will have no effect on discharge at Datong un-
til 14 February, and then to progressively discharge at rates
above inflows from February to the end of April, increasing
discharge at Datong from 14 February to 14 May by 900,
1800 and 2700m3s~1 in each 30-day period; in May, the
reservoir level is reduced to 145ma.s.l., which implies an
increase in discharge at Datong from 14 May to 14 June of
2700 m3s~L. For the remainder of the year there is no net
storage or release of water. A more conservative rule is for
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the reservoir to discharge at constant rates above inflow from
December to August, which increases discharge at Datong
from 15 December to 14 August by 916 m3s~1. For the re-
mainder of the year, there is no net storage or release of water.

Zhang et al. (2012) state that the dam first began to affect
discharges in 2006-2007, when experiments began to fill it.
These experiments continued until 2010. Thereafter, the dam
has functioned normally. Therefore, the assumed modifica-
tions to discharge at Datong are not applied to years 2010-
2011 onwards.

A2 South-North Water Transfer Project

The South—North water diversion project (SNWTP) project
involves three routes: a western route, a middle route and a
third route, taking water from the Yangtze to northern China.
The western route is still in the planning stages and the vol-
ume of water to be diverted is still uncertain; it will not be
operation until at least 2020. It is not considered any further
here, though it can be assumed that it will exacerbate the sit-
uation described in this paper. The central and the eastern
routes are now operating, however.

The eastern route is planned to transfer 8.9, 10.6 and
14.8 billionm3 yr—1 in successive stages, according to offi-
cial sources (see http://www.nshd.gov.cn). However, a recent
report (http://news.dichan.sina.com.cn/2014/01/14/1015543.
html) indicates that only about 3.6 billionm3yr—1 is cur-
rently being delivered to northern provinces. Wet seasons
have reduced the demand for Yangtze water, some distri-
bution pipes to individual cities have yet to be constructed,
and provinces are not using much diverted water because
they face difficulties reconciling its relatively high price with
the lower prices of local water. Nevertheless, both Chen et
al. (2013) and Zhang et al. (2012) indicate that by 2030 it
is planned to transfer 800-1000 m3 s~ by this route (25.2—
31.5miyr 1.

We assume as follows. By 2030 the eastern route will be
transferring 900 m3 s~1. This is a reduction in discharge that
occurs below the Datong gauging station.

It is planned that the middle route will divert 12—
14 billion m3 yr—1 in normal years and 6.2 billionm3yr—1 in
dry years (see http://www.nshd.gov.cn). The water is sourced
from the Danjiangkou Reservoir, located on the Han River,
a tributary of the Yangtze. We assume that these conditions
will hold in 2030. These imply reductions in discharge at Da-
tong of 410 m3 s~ under normal rules and 200 m3 s~ under
conservative rules.
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A3 Other diversions

In addition to the SNWDP, water is also diverted from the
lower Yangtze (below Datong) to cities and agricultural ar-
eas. The history, current status and some projections of
these diversions are comprehensively described by Chen et
al. (2001) and Zhang et al. (2003, 2012). Zhang et al. (2003)
provide historical data about the capacity of water extrac-
tions from 1958 to 2000 and also indicate net water extrac-
tions for November, January and March in the 1980s and by
2030. Chen et al. (2001) provide a summary of the findings
of Zhang et al. (2003). Zhang et al. (2012) update the in-
formation provided by Zhang et al. (2003); in addition, they
provide estimates of daily net abstractions for the dry seasons
of 4 years.

These data indicate that the capacity to extract water from
the Yangtze downstream of Datong has increased rapidly
since the 1950s. However, the available data do not indicate
that the net quantity of water abstracted from the Yangtze has
increased over time, controlling for discharge, tides and local
precipitation. Regression estimates of net abstractions (ac-
cording to Zhang et al., 2012, their Fig. 4a) indicate that, net
of tidal conditions, these depend on the sequence of the ob-
servation within the river year (tending to decrease and then
rise), on the discharge (tending to rise with discharge) and on
the year (tending to decrease slightly over time). These data
imply that the estimates of discharge at Datong are biased es-
timates of discharges at the estuary and also that there is no
evidence that this bias has changed over time.
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However, Chen et al. (2013) indicate that new abstractions
are planned. These imply an additional net reduction in dis-
charge of 670m3s~1. (They consider this a low estimate of
the new abstractions.) Zhang et al. (2003; Table 1) estimate
that the net water abstractions from the Yangtze River will
increase by about 830-940 m3 s~ over current levels of ab-
straction, after including the effects of the eastern route of
the SNWDP. The estimates of Zhang et al. (360-470m3s—1
net of the eastern route transfer) are low, but they do note that
an additional 210 m2s~1 of extractions are planned. We as-
sume approximately this pair of estimates, 650 m3s—1, but
supplement this with a conservative rate of abstraction of
550m3s1.

A4 Summary

There are three modifications to the discharge of the Yangtze
River at its estuary, estimated under two conditions — con-
servative rules and normal rules. The discharge at Datong is
modified by the operation of the Three Gorges hydropower
station (except during the years after 2010-2011, when it
was actually in operation) and by the operation of the middle
route of the SNWDP); both have normal year and conserva-
tive rules of operation. Below Datong, additional water is ex-
tracted by the eastern route of the SNWDP and by more local
abstractions (the latter of which also have normal and conser-
vative rules of modification). The resulting implications for
discharge at the estuary are illustrated in Fig. 8 of the paper.
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Data availability

A spreadsheet (.xlsx), containing the observations on dis-
charge and salinity, the discharge data and the assumed ab-
stractions, is available upon request to the corresponding au-
thor.
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