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ARTICLE INFO ABSTRACT

Keywords:

Salt intrusion is a serious environmental problem and is affected by many external forcings, and Modaomen
Estuary in China’s Pearl River Delta is no exception. Based on the cross-wavelet and wavelet coherence analysis,
this study investigated the responses of salt intrusion to different forcings, including tidal range, river discharge,
alongshore and cross-shore winds, in different timescales. In the intraseasonal timescale, the response times for
the salt intrusion to the tidal range, river discharge, alongshore and cross-shore winds are 1.8-6.2, 1.2-9.2,
3.6-10.5, and 3.0-10.4 days, respectively. When averaging the magnitude of response in each winter over
2004-2016, it is found that the most important forcing in influencing the interannual variability of salt intrusion
is the tidal range, followed by cross-shore wind, alongshore wind, and river discharge. The winds have great
impacts on the salt intrusion, in which a strong downwelling-favorable alongshore wind enhances the salt
intrusion and in general, a down-estuary cross-shore wind imposes a similar effect, although its effect varies
considerably. This study is of implications for the regional water resource management in the Modaomen

Salt intrusion
Cross-shore wind
Alongshore wind
Cross wavelet
Wavelet coherence

Estuary.

1. Introduction

Salt intrusion is a serious environmental problem for many estuaries
and is expected to become more serious owing to elevated sea level,
reduced river discharge, and deepened estuarine bathymetry by both
climate change and human interventions. Salt intrusion is affected by
many external forcings, including river discharge, tides, winds, and
waves (MacCready and Geyer, 2010), among which the effects of river
discharge and tides are mostly studied. The wind effect on salt intrusion
has received more attention in recent decades (e.g., Fong and Geyer,
2001; Banas et al., 2004; North et al., 2004; Scully et al., 2005; Li and Li,
2011 and 2012). The effect of wind can be separated into two compo-
nents: one is by the local wind and another one is by the remote wind.
The distinction of local and remote winds is usually arbitrary, here we
refer to the local wind as that working inside the estuary, while the
remote wind is that working outside the estuary. The local wind directly
acts on the water surface of the estuary and changes the mixing and

circulation in the estuary, which consequently alters the salt intrusion.
The remote wind modulates the water elevation and salinity at the es-
tuary mouth and impacts the salt intrusion in an indirect way.

As the external forcings are generally unsteady, the salt intrusion is
mostly in a transient state adapting to the changing forcings. The
response can be expressed by a function with a certain magnitude and a
time lag (Kranenburg, 1986; MacCready, 1999 and 2007; Lerczak et al.,
2009). The time lag is dependent on the contrast between the intrinsic
timescale of the estuary and the timescale of the changing external
forcing. When the intrinsic timescale is much shorter than the external
one, the salt intrusion keeps pace with the change in external forcing and
is in a state of equilibrium. In another extreme, when the intrinsic
timescale is quite longer than the external one, the adjustment of the salt
intrusion can not keep pace with the change of the external forcing, and
the salt intrusion can hardly reach an equilibrium. Amid these two
extrema, the salt intrusion lags behind the change in the external forcing
with a certain time lag. The intrinsic timescale is determined by the
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background state of the estuary and the mean condition of the external
forcings (Lerczak et al., 2009). Asymmetry in the adjustment timescale is
noted between the strengthening and weakening stages of the external
forcing in an estuary, and is attributed to the nonlinearity of salt
intrusion in adapting to the external forcing (Chen, 2015).

Due to the unsteadiness of external forcings and salt intrusion, the
wavelet analysis has proved to be a robust way to identify the response
magnitude and time lag between different variables (Torrence and
Compo, 1998; Grinsted et al., 2004). It has been widely used in
nonstationary data analysis in oceanography and estuarine research (Liu
et al., 2014; Yuan et al., 2017; Forbes and Xie, 2018).

Modaomen Estuary (Fig. 1) is one of the major estuaries in the Pearl
River Delta (PRD), which is located in southern China and adjacent to
the South China Sea, whose hydrodynamics exhibits distinct seasonal
variations. The wet summer season (from May to September) coincides
with a prevalent mild Southwesterly wind and the dry winter season
(December to February) is coincident with a strong Northeasterly wind.
It is micro-tidal, and partially mixed or highly stratified during the
winter dry season, the period of concern in this study. It carries most of
the freshwater from the Pearl River into the South China Sea and has
several water treatment plants along its course, which are fundamental
for freshwater supply in the surrounding areas, including Macau, Zhu-
hai, and Zhongshan cities. The water withdrawal at the plants suffers
from contamination by elevated salinity and their functions are inter-
rupted for several days or weeks during the dry winter season. A thor-
ough understanding of the salt intrusion dynamics is thus essential to the
operation of these plants.

The salt intrusion in the Modaomen Estuary has been extensively
studied, which is mostly concentrated on the effects of river discharge
and tidal mixing (Gong and Shen, 2011; Liu et al., 2014). The wind effect
is less studied and remains to be explored. In this study, we analyze the
response of salt intrusion in the estuary to the changing river discharge,
tidal range, and winds through wavelet analysis. As mentioned above,
the response to a specific external forcing depends on the background
state of the estuary and the mean conditions of several external forcings,
and thus the effects of different forcings can be interactive. The aims of
this study are thus to 1) identify the dominant time scales of the corre-
lation between the salt intrusion and different external forcings,
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including river discharge, tides, and winds. Here the winds comprise
alongshore (remote) and cross-shore (local) ones. 2) examine the
response functions of the salt intrusion to different forcings, including
the magnitude and time lag; 3) discuss the dependence of the correlation
between the salt intrusion and a single forcing variable on variations of
other external forcings.

As the wind forcing in modulating the salt intrusion in Modaomen
Estuary has not been well investigated before, this study can be
considered as a first step to identify the winds’ effect, and the pre-
liminary results of this wavelet analysis can be a useful effort for further
dynamical study in the future.

2. Data and methodology

In this study, we collected time series data of daily maximum surface
salinity at several stations along the estuary, daily river discharge at the
upstream (Gaoyao Station, GY, see Fig. 1) of the West River, which is the
main branch of the Pearl River, daily maximum tidal range at the Shibi
Station, Hongkong (HK, see Fig. 1) and wind data in the PRD. The daily
maximum salinity at the seven stations in the lower and middle estuary
from 2004 to 2016 was obtained from the Zhongshan Water Resource
Management Bureau (http://water.zs.gov.cn/xxml/fzjzxx/xqbg/), and
the seven stations are Dachongkou (DCK), Denglongshan (DLS), Lian-
shiwan (LSW), Majiao (MJ), Nanzhen (NZ), Xihe (XH), and Quanlu (QL)
stations from downstream to upstream, respectively. The period in each
winter is from 1st, December to next 28th, February, with a gap in
2010-2011, when the period was from 1st, December to next 29th,
January. The wind data is the hourly data from NCEP (National Centers
for Environmental Prediction) with a spatial resolution of 0.205° x
0.204°. The wind was spatially averaged within a chosen region that
covers the Modaomen Estuary and part of the outside continental shelf
(see Lin et al., 2019). The justification for choosing such an area was
explained in detail in Lin et al. (2019) and is not repeated here.

To do the subsequent analysis, all data were converted into daily
data. The salinity data at the seven stations were subject to EOF
(Empirical Orthogonal Function) analysis, and the first mode was shown
to represent more than 70% of the variance. The temporal variation of
the first mode (PC1) is representative of the change of the surface
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Fig. 1. Map of the Modaomen Estuary area and location of the stations. The arrows schematically show the alongshore and cross-shore wind directions. The wind
inclination angle, which is the angle between the wind direction and the coastline orientation (25° from the north). Station numbers are given sequentially from

downstream to upstream.
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salinity, and thus the salt intrusion in the estuary. The wind was
decomposed into two components: alongshore and cross-shore. The
alongshore is defined as the direction of shoreline extension in the PRD,
which is 22.5° rotating eastward from the north. The cross-shore di-
rection is that orthogonal to the alongshore direction. For the alongshore
wind, positive means the Southwesterly wind, and for the cross-shore
wind, positive means the Southeasterly wind.

Wavelet is a method to convert the data from time-space into fre-
quency space and determines both the dominant modes of variability
and their variation with time. Different from the Fourier analysis, it can
resolve the variation of spectral energies with time as it accentuates the
importance of the nearby data for a specifically chosen time. The main
advantage of wavelet analysis is that it does not require a presumed
distribution of data and can examine the phase characteristics and
correlations between two non-stationary time series data in terms of
time-frequency analysis (Lonnie and Huang, 1996). The wavelet anal-
ysis is able to find localized periodicities (or bands) that can be linked to
specific processes. In this study, the continuous wavelet transform
(CWT) method was used to identify the multi-scale characteristics of
salinity, tidal range, river discharge, and wind data, and the cross
wavelet and wavelet coherence analysis was employed to examine the
nonlinear correlations among these variables.

The Morlet wavelet was used in this study to calculate the continuous
wavelet transform because it oscillates with a mean value of zero and is
particularly suitable for nonstationary signals. It shows desired sym-
metry and consists of a plane wave modulated by a Gaussian distribution
(Farge, 1992):

2

(1) = exp (%) exp (i) m

where j is the imaginary unit, and €y is the central frequency.
For a given wavelet signal x(t), the wavelet transform can be defined
as

WT.(a, b) = \/La / Ay (%) dr @

where a is a scale factor that can make a basic wavelet y/(Q) flexible;b is a
time-shifting factor and reflects movement in time; and WTy(a, b) is the
wavelet transform coefficient which reflects the variations in time series
on a certain time scale.

For the Morlet wavelet, the corresponding relationship between the
scale factor of the time series and the period T can be described as:

T M . 3)
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The cross wavelet transforms (XWT), combining the wavelet trans-
form and cross-spectrum analysis, is a signal analysis technique of multi-
scale wavelet transform. XWT can be used in multiple time-frequency
analyses of two-time series (Grinsted et al., 2004). It can also deter-
mine the correlations by describing the phase relationship in the
time-frequency space for two-time series and can accurately diagnose
the time lag and phase structures between them.

Given two-time series X and Y with wavelet transforms WX(s) and
WY(s), the cross-wavelet spectrum can be defined as follows (Torrence
and Compo, 1998):

WX (5) =W (s)W)" (s) “

where WY (s) is the complex conjugate of WY (s). s is the time series, and
n is the length of s. The cross-wavelet common power can be defined as
|WXY(s)|: the greater this value, the higher the mutual correlation.

The component of WXY(s) is used to describe the phase between the
two-time series, and the circular mean of the phase over regions with
>5% statistical significance is used to quantify the phase relationship.
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The circular mean of a set of angles «; (i=1,2, ...,n) is defined as follows:

a=arg(%,y),x= Z; cos(a;),y= Z; sin(a;) (5)

Cross wavelet phase angles are represented by arrows in the wavelet
figures. The arrow pointing right denotes in phase, pointing left means
anti-phase, pointing down indicates a lag of 90°, and pointing up shows
a lead of 90°.

Though the cross-wavelet has the strength to detect the relationship
between two-time series, it can only reveal regions with high common
power, while the coherence wavelet transform can measure the total
coherence between two-time series. The wavelet coherence (WTC) is the
square of the cross-spectrum normalized by the individual power spectra
and can be thought of as a localized correlation coefficient in the time-
frequency space. It varies from O to 1, with high values obtained when
wavelets are highly coherent. An important advantage of wavelet
coherence is that it indicates coherence even when the common power is
low. The wavelet coherence of two-time series is defined as

[CRAION
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where <> indicates a smoothing operator in time and frequency.

Generally, the cross-wavelet is used to find regions of high common
power and the relative phase of the time series in the time-frequency
space, while the wavelet coherence can be utilized to obtain a local-
ized correlation coefficient in time-frequency space between two-time
series.

3. Results
3.1. Correlations between the salt intrusion and different external forcings

The time series of PC1 of the daily maximum surface salinity, the
daily river discharge, daily maximum tidal range, and daily mean wind
stress are shown in Fig. 2. The PC1 exhibits obvious fluctuations in the
interannual timescale. The river discharge shows interannual variations
as well, keeping fluctuating below 4000 m>/s before 2015 and jumping
to 8000 m>/s in 2015-2016. The tidal range experiences fluctuations in
fortnightly timescale, whereas the monthly mean tidal range keeps
almost unchanged. The monthly mean wind stress exhibits larger vari-
ability from 2005 to 2011, whereas the variability becomes smaller from
2011 to 2016.

The correlation between the PC1 and a single external forcing shows
that an increasing river discharge retards the salt intrusion. Generally,
the PC1 is negatively correlated with the river discharge and shows a
time lag. Some exceptions occur when the PC1 is positively related to the
river discharge, such as in 2006-2007 when a higher river discharge
coincided with a larger PC1. A similar relationship holds for the PC1 and
the tidal range, with a time lag of about 4 days, same with the results of
Lin et al. (2019). Under similar conditions of river discharge and tidal
range, the salt intrusion is affected by wind stress. Two notable examples
are the variations of the PC1 between January 2007 and February 2007,
and between December 2007 and January 2008. The PC1 became
smaller in February 2007 (the third blue starred point in 2006-2007, see
Fig. 2a) than in January 2007 (the second blue starred point in
2006-2007, see Fig. 2a), when the river discharge and tidal range were
similar in these two months (the second and third blue starred points in
2006-2007, see Fig. 2b and c), whereas the wind stress was lower in the
former period compared to the latter one (the second and third blue
starred points in 2006-2007, see Fig. 2d). The PC1 became larger in
January 2008 (the second blue starred point in 2007-2008, see Fig. 2a)
than in December 2007 (the first blue starred point in 2007-2008, see
Fig. 2a), owing to the increased wind stress (the first and second blue
starred points in 2007-2008, see Fig. 2a), even the river discharge was
higher in the former period and the tidal range was similar in these two
months (the first and second blue starred points in 2007-2008, see
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Fig. 2. (a) Time series of the PC1 for the daily surface maximum salinity from 2004 to 2016. (b) Time series of river discharge at Gaoyao Station(GY) during the dry
seasons. (c) Time series of daily maximum tidal range. (d) Time series of wind stress from 2004 to 2016. (The blue starred line represents the monthly aver-

aged values.).

Fig. 2b and c). Other examples include those between January 2009 and
February 2009 and between December 2011 and January 2012. It in-
dicates that, on the timescale of interannual variation, the river
discharge and salt intrusion do not always show a negative correlation,
and the winds can impose a greater influence on the salt intrusion,
dominating over the effect of river discharge sometimes.

3.2. Response of the salt intrusion to changes in tidal range

The cross-wavelet transform and wavelet coherence analysis of the
PC1 and the tidal range, river discharge, cross-shore wind, and along-
shore wind are now used to gain more insights into their interactions.

The cross-wavelet result between the PC1 and tidal range is shown in
Fig. 3a. It indicates that the PC1 and tidal range have high common
power in the narrow band of 12-17 days, indicating there exists a strong
correlation between the tidal range and the PC1 in this timescale. The
interannual variability of the cross-wavelet in this time band is generally
minor. Some exceptions occurred when the river discharge fluctuated
greatly, such as in 2009-2010 and 2015-2016, the common power
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between the PC1 and tidal range became low. This shows that the
response of salt intrusion to the tidal range is dependent on the river
discharge, as the tidal effect is suppressed when the river discharge in-
creases. The phase shift between the PC1 and tidal range from 2004 to
2016 is 52.9°-131.2°, indicating that the PC1 lags the tidal range by
approximately 1.8-6.2 days, consistent with previous results (Gong and
Shen, 2011; Lin et al., 2019). This time lag was obtained by multiplying
the corresponding period by the phase lag between the two variables.

The wavelet coherence results (Fig. 3b) show a similar pattern that in
the timescale of 12-17 days, the PC1 and tidal range have high common
power.

From the cross-wavelet results, we averaged the common power and
phase shift in each winter, and the results are listed in Table 1. The time
lag shows interannual variability, and the common power is positively
correlated to the tidal range, with a correlation coefficient of 0.50.

To further identify the response of salt intrusion to increasing or
decreasing tidal ranges, we choose the timescale of 12-17 days from
January 30th to February 13th in 2012 under the conditions of stable
river discharge and smaller common power between the PC1 and winds,

;p0  Fig. 3. a) Cross-wavelet and b) wavelet-coherence
spectra of the PC1 and tidal range from 2004 to
.. 2016. (The thick black contours enclose regions
“|©*  within which the wavelet power is significant at the
_;, 1 95% confidence level assuming a red-noise null
¢ hypothesis. Regions, where the edge effects become
¥. .. important, are shaded with white. Black arrows
:[»  denote the phase lag between the PC1 and tidal
.  range: — («) means in-phase (out-of-phase); | (1)
s means the PC1 lags (leads) the tidal range changes
by 90°).
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Table 1

Averaged phase shift, time lag and common power between the PC1 and tidal

range, and the averaged tidal range from 2004 to 2016.

Year phase difference (°) Lag time (days) Power Tide range (m)
04-05 529 1.8-2.5 6.28 1.59
05-06 88.3 2.9-4.2 9.85 1.74
06-07 78.2 2.6-3.7 7.70 1.69
07-08 86.5 2.9-4.1 9.38 1.63
08-09 67.7 2.3-3.2 9.10 1.69
09-10 84.4 2.8-4.0 4.93 1.69
10-11 131.2 4.4-6.2 3.83 1.59
11-12 74.1 2.5-3.5 5.66 1.61
12-13 81.2 2.7-3.8 7.99 1.62
13-14 100.4 3.3-4.7 7.34 1.64
14-15 96.5 3.2-4.6 5.28 1.63
15-16 131.5 4.4-6.2 4.15 1.65

as shown in Fig. 4. The phase shift between the PC1 and tidal range (4a)
shows an increase-then-decrease transition with the tidal range (4c). The
greater phase shift in the increasing stage of the tidal range indicates
that when the tidal mixing was enhanced, the salt intrusion became
more out-of-phase with the tidal range. The reversed situation occurred
during the decreasing stage of the tidal range. These mean that the salt
intrusion was quickly shortened with the increasing tidal mixing (more
out-of-phase) but slowly lengthened with the decreasing tidal mixing
(less out-of-phase), consistent with the results of Chen (2015). In the
meantime, the common power between the PC1 and tidal range (4b) was
negatively correlated with the river discharge (4d), showing that the
tidal effect was suppressed by the elevated river discharge.

3.3. Response of the salt intrusion to changes in river discharge

The results of cross-wavelet and wavelet coherence between the PC1
and river discharge are shown in Fig. 5. During the years with severe salt
intrusion  (2005-2006, 2006-2007, 2007-2008, 2009-2010,

2011-2012), the common powers between the PC1 and river discharge

79 ‘
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are high in the time band of 12-17 days. The common power is also high
in the time band shorter than 12 days or longer than 17 days in several
years, indicating that the variability of river discharge in the timescales
shorter than 12 days or longer than 17 days also played some role in the
variation of the PC1. The common power becomes nearly zero when the
fluctuations of the river discharge are very small in some years
(2012-2013, 2015-2016). In general, the common power between the
PC1 and river discharge is lower than that between the PC1 and tidal
range in the time band of 12-17 days. We attribute it to the fact that the
fluctuations of the river discharge are generally smaller and more
episodic, such as caused by the opening and closing of the reservoir gates
upstream of the Pearl River.

The phase relationship between the PC1 and river discharge shows
that there exists strong variability in the response time in seasonal and
interannual timescales for the time band of 12-17 days. From Figs. 2b
and 5a, when the river discharge less fluctuated, the phase shift was
smaller, with a shorter time lag, such as in 2007-2008, 2009-2010, and
2014-2015. It is noted that in 2014-2015, the PC1 kept in phase with
the river discharge, suggesting that an enhanced river discharge resulted
in an increased salt intrusion, contrary to our general understanding.
This abnormality could be induced by change in winds and is explored
below.

The wavelet coherence results (Fig. 5b) are not consistent with those
of the cross-wavelet ones and show high correlations between the PC1
and the river discharge in the timescales shorter than 12 days or longer
than 17 days, as well as the timescale of 12-17 days. It suggests again
that the tidal range is more dominant in the timescale of 12-17 days.

The averaged common power, phase difference, and time lag in the
timescale of 12-17 days between the PC1 and river discharge in each
winter are summarized in Table 2. Overall, the river discharge has no
significant correlation with the time lag of the response. This is incon-
sistent with previous studies in the literature (i.e., Chen, 2015), which
concluded that an increased river discharge results in a shortened
response time and verse visa. We speculate that many other factors could
contribute to this deviation, such as freshwater withdrawal along the
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Fig. 4. (a) Time series of the phase shift between the PC1 and tidal range from the cross-wavelet in 2012. (b) Time series of the common power between the PC1 and
tidal range from the cross-wavelet in 2012.(c) Time series of daily maximum tidal range in 2012. (d) Time series of river discharge in 2012.
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Fig. 5. a) Cross-wavelet and b) wavelet-coherence spectra of the PC1 and

Table 2
Averaged phase difference, time lag and power between the PC1 and river
discharge, and the averaged river discharge from 2004 to 2016.

Year Phase difference (°) Time lag (days) Power Discharge (m®/s)
04-05 180.1 6.0-8.5 2.65 1940.7
05-06 131.5 4.4-6.2 5.04 1661.0
06-07 191.3 6.4-9.0 2.63 2202.6
07-08 137.0 4.6-6.5 2.88 1926.3
08-09 185.1 6.2-8.7 2.37 2707.3
09-10 130.1 4.3-6.1 1.94 2790.8
10-11 101.8 3.4-4.8 1.04 2407.1
11-12 100.1 3.3-4.7 2.29 1617.0
12-13 190.7 6.4-9.0 1.02 2612.5
13-14 188.7 6.3-8.9 2.62 2237.0
14-15 35.7 1.2-1.7 1.30 2676.6
15-16 195.8 6.5-9.2 1.82 7320.3

river course, and changes in division ratio between different branches in
the Pearl River Network, which resulted in significant changes in river
inflow to the Modaomen Estuary, even the river discharge at the up-
stream (Gaoyao Sta.) did not change much. Moreover, we note that the
magnitude of the response is smaller than that between the PC1 and tidal
range (Table 2 vs 1).

3.4. Response of the salt intrusion to changes in alongshore wind

The results of cross-wavelet and wavelet coherence between the PC1
and alongshore wind are shown in Fig. 6. The cross-wavelet (Fig. 6a)
shows that the PC1 and alongshore wind have high common power in
the time band of 12-17 days in several years, though the common power
fluctuated through different years. When the river discharge fluctuated
dramatically, the common power between the PC1 and alongshore wind
was low, so it was with the situation when the wind stress was low. The
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ZERIN
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river discharge from 2004 to 2016. The formats are similar to Fig. 3.

phase shift between the PC1 and alongshore wind is in the range of
90°-180°, showing a reversed relationship between them. This means
that a strong downwelling-favorable wind (Northeasterly wind, negative
in the alongshore direction) generates an enhanced salt intrusion. This is
expected as a downwelling-favorable wind drives a strong landward
transport of higher salinity water from the continental shelf to the es-
tuary. The wavelet coherence analysis (Fig. 6b) shows similar results,
and the coherence between the PC1 and alongshore wind is high in
2005-2006, 2007-2008, 2010-2011, and 2013-2014. Similar to the
river discharge, the PC1 and alongshore wind have high common power
and correlation in timescales shorter than 12 days or longer than 17
days, indicating that the alongshore wind has an effect on the salt
intrusion in other timescales than the fortnightly one as the tidal effect.

The overall results are summarized in Table 3, showing that the
general time lag is about 180°, indicating the dominant effect of
downwelling-favorable winds. The magnitude of response has some

Table 3
Averaged phase difference, time lag and common power between the PC1 and
alongshore wind, and the averaged alongshore wind stress from 2004 to 2016.

Year Phase difference (°) Time lag (days) Power Stress (N/m?)
04-05 209.5 7.4-10.5 2.24 —0.061
05-06 142.5 5.2-7.4 4.47 —0.080
06-07 164.5 5.8-8.2 1.91 —-0.073
07-08 108.6 3.8-5.3 3.95 —-0.074
08-09 142.3 4.8-6.8 2.99 —-0.071
09-10 173.1 6.1-8.7 2.02 —0.054
10-11 119.6 4.3-6.1 2.21 —0.053
11-12 193.8 6.6-9.4 2.51 —-0.075
12-13 202.1 6.8-9.6 2.73 —0.066
13-14 101.1 3.6-5.1 3.74 —0.057
14-15 194.5 6.8-9.6 1.52 —0.066
15-16 183.2 6.2-8.8 1.99 —0.066

2004-2005. 20052005 2008.2007
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Fig. 6. a) Cross-wavelet and b) wavelet-coherence spectra of the PC1 and alongshore wind from 2004 to 2016. The formats are similar to Fig. 3.
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correlation (with a coefficient of —0.43) with the strength of the
alongshore wind.

3.5. Response of the salt intrusion to changes in cross-shore wind

The results of cross-wavelet and wavelet coherence analysis are
shown in Fig. 7. Similar to that between the PC1 and alongshore wind,
the common power (Fig. 7a) in the time band of 12-17 days between the
PC1 and the cross-shore wind is high in some years, showing that the
cross-shore wind has some close relationship with the salt intrusion. The
seasonal variability of the response of salt intrusion to the cross-shore
wind is also high.

The phase relationship (Fig. 7a) between the PC1 and cross-shore
wind varies greatly, ranging from 0°(in-phase) to 90° and 180°(out of
phase), with the out of phase being dominant. The in-phase relationship
denotes that an up-estuary/down-estuary wind increases/decreases the
salt intrusion, whereas the out-of-phase indicates the opposite situation.
The out-of-phase relationship is consistent with Chen and Sanford
(2009). The in-phase relationship occurred during both high and low
river discharges. It should be noted that the salinity data in this study is
at the water surface. When the river discharge is high, a down-estuary
wind enhances the surface seaward flow and suppresses the salt intru-
sion, generating an in-phase relationship between the salt intrusion and
cross-shore wind. When the river discharge is low, the estuary is more
mixed, and an up-estuary wind can generate a landward (downwind)
flow and increase the salt intrusion, again showing an in-phase
relationship.

The wavelet coherence (Fig. 7b) shows that the PC1 and the cross-
shore wind are correlated at the time band of 12-17 days, and the cor-
relation coefficient varies in different years. The PC1 and cross-shore
wind have high common power and correlation in timescales shorter
than 12 days or longer than 17 days as well.

The averaged phase difference, time lag, and common power be-
tween the PC1 and cross-shore wind in each winter are listed in Table 4.
It shows that the phase shift is approximately 180° in most of the time.
The common power has a high correlation with the magnitude of the
cross-shore wind stress, with a coefficient of —0.61, showing that in
general, a stronger down-estuary wind generates a more severe salt
intrusion.

4. Discussion

As mentioned above, the response of salt intrusion to a single
external forcing is dependent on other forcing variables, here we
examine the role of other forcings in affecting the response of salt
intrusion to a chosen single forcing. The time series of common power
and phase shift between the PC1 and the concerned forcing variable
were extracted from the cross-wavelet analysis. The common power is
representative of the correlation between the PC1 and the concerned

s oz 1201
Dato Dato Date ate
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Table 4
Averaged phase difference, time lag and power between the PC1 and cross-shore
wind, and the averaged cross-shore wind stress from 2004 to 2016.

Year Phase difference (°) Time lag (days) Power Stress (N/m?)
04-05 220.0 7.3-10.4 3.32 —0.012
05-06 161.1 5.3-7.6 4.62 —0.025
06-07 198.3 6.6-9.3 2.31 —0.024
07-08 89.5 3.0-4.2 5.80 —0.025
08-09 204.4 6.8-9.6 3.59 —-0.010
09-10 177.0 5.9-8.3 2.54 —0.005
10-11 116.5 3.9-5.5 2.52 0.003
11-12 156.6 5.2-7.4 1.54 0.004
12-13 196.9 6.5-9.3 2.41 0.013
13-14 164.8 5.4-7.8 3.27 0.012
14-15 211.2 7.0-9.9 3.34 0.006
15-16 194.1 6.5-9.1 2.16 0.014

forcing variable.

4.1. Dependence of the response of salt intrusion to tidal range on other
variables

The time series of the common power (a and b) and phase shift (c and
d) between the PC1 and tidal range are shown in Fig. 8. The corre-
sponding time series of river discharge and wind stresses are also
included in the figure for comparison.

Fig. 8a indicates that the common power between the PC1 and tidal
range has an obvious negative correlation with the river discharge, and
has a time lag to the variation of river discharge. In 2007-2008,
2009-2010, 2012-2013, and 2014-2015, when the river discharge was
high, the common power became small, showing that a higher river
discharge decreases the correlation between the salt intrusion and tidal
range.

Fig. 8b shows the time series of the common power and the wind
stress. The wind stress here is the combined one of the alongshore and
cross-shore wind stresses, because a single component of wind stress has
little impact on the common power and phase shift between the PC1 and
tidal range in our results. It displays that the common power is not
significantly correlated with the wind stress, suggesting that the wind
stress has a relatively low impact on the correlation between the salt
intrusion and tidal range. However, in some years when the river
discharge was relatively stable, such as 2004-2005, 2005-2006,
2007-2008, 2008-2009, and 2013-2014, the common power was
significantly negatively correlated with the wind stress. Low wind stress
corresponds to a high correlation between the salt intrusion and tidal
range.

The time series of the phase shift between the PC1 and tidal range
and that of the river discharge (Fig. 8c) shows that the phase shift has a
negative correlation with the river discharge, indicating that higher
river discharge induces a shorter response time. Fig. 8d shows the time

0228 1200 0115 0228 1201 OIS 0228 1201 015
Date Date
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Fig. 7. a) Cross-wavelet and b) wavelet-coherence spectra of the PC1 and cross-shore wind from 2004 to 2016. The formats are similar to Fig. 3.
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series of the phase shift between the PC1 and tidal range, and the wind
stress. The relationship between the phase shift and wind stress was not
clear. In the years of stable river discharge, such as 2008-2009,
2011-2012, and 2012-2013, a greater wind stress decreased the
response time of the salt intrusion to tidal range, indicated by decreases

in phase shift.

Overall, in the intraseasonal timescale, the river discharge poses a
distinct impact on the common power and phase shift between the PC1
and tidal range, whereas the wind stress can impact them to some extent
in several years.
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4.2. Dependence of the response of salt intrusion to river discharge on
other variables

The time series of the common power (a and b) and phase shift (c and
d) between the PC1 and river discharge are shown in Fig. 9.

Fig. 9a shows the time series of the common power between the PC1
and river discharge and the time series of the river discharge itself. It
indicates that the common power has an obvious correlation with the
magnitude of river discharge, and an increase in river discharge does
increase the correlation. In Fig. 9b, the time series of common power
between the PC1 and river discharge and the time series of wind stress is
displayed. It indicates that the correlation between them is weak. The
time series of phase shifts between the PC1 and river discharge, and the
river discharge (Fig. 9c) shows that the phase shift has a weak correla-
tion with the river discharge. The correlation between the phase shift
and the wind stress (Fig. 9d) exhibits that when the fluctuation of river
discharge is small, an increase in wind stress can shorten the response
time of the PC1 to river discharge, such as in 2004-2005, 2007-2008
and 2012-2013. In other years (2005-2006, 2006-2007, 2008-2009,
and 2013-2014), and an increase in wind stress can increase the phase
shift between the PC1 and river discharge, showing that the effect of
wind stress is variable under different conditions.

Overall, in the intraseasonal timescale, the river discharge poses a
significant impact on the common power between the PC1 and river
discharge, whereas the wind stress and other forcings can impact the
phase shift between the PC1 and river discharge.

To further identify the wind effects, we choose a time window for
scrutinizing. Time series of the PC1, river discharge, tidal range, cross-
shore wind stress, and alongshore wind stress in 2014-2015 are
shown in Fig. 10. The gray region represents the significant in-phase
correlation between PC1 and river discharge in the wavelet-coherence
spectra (Fig. 5). From January 17th to January 31st, the river
discharge decreased from a peak value of 4420 m®/s to 3150 m®/s, and
the PC1 shows a decrease-then-increase transition. The tides ranged
from neap to spring and then to neap, and the change in the PC1 had a

Ocean and Coastal Management 219 (2022) 106060

time lag to the change in tidal range. It is worth noting that the PC1
reached a peak value on January 31st with a greater alongshore wind
stress and a moderate tide. A similar situation occurred on February
19th, a greater alongshore wind stress resulted in a larger PC1 under the
same magnitude of river discharge, even the tide was a spring one. After
February 19th, the changes in PC1 were almost in phase with the river
discharge, in which the tides changed from spring to neap, and the up-
estuary wind and downwelling-favorable alongshore wind showed a
decrease-then-increase transition. Therefore, the in-phase correlation
between PC1 and river discharge is caused by the changes in tidal range
and winds.

4.3. Dependence of the response of salt intrusion to wind stress on other
variables

As the phase shift between the PC1 and alongshore wind stress is
highly irregular, we only discuss the dependence of the common power
between the PC1 and alongshore wind stress on other forcings. Fig. 11a
shows the time series of the common power and the river discharge. It
shows that when river discharge was low, the common power was
generally high. Fig. 11b shows that the time series of the common power
and the alongshore wind stress, and indicates that the common power
had no obvious relationship with the magnitude of the alongshore wind
stress. As the common power and the phase shift between the PC1 and
alongshore wind stress were both variable, the effect of the alongshore
wind was more dependent on other forcings or the preexisting state of
the estuary. Fig. 11c and d shows that a similar situation occurred for the
cross-shore wind, and indicates that when the fluctuation of river
discharge was small, the correlation between the cross-shore wind and
salt intrusion was relatively high in most years.

Time series of the PC1, river discharge, tidal range, cross-shore wind
stress, and alongshore wind stress in 2013-2014 are shown in Fig. 12.
The gray region represents the significant in-phase correlation between
PC1 and cross-shore wind stress in the wavelet-coherence spectra
(Fig. 7). Under the stable river discharge, the PC1 changed with the tidal
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Fig. 10. Time series of the PC1(a), river discharge(b),tidal range(c),cross-shore wind stress(d), and alongshore wind stress (e) in 2014-2015. (The gray region
represents the significant correlation between PC1 and river discharge in Fig. 5 of the wavelet-coherence spectra.)
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represents the significant correlation between PC1 and cross-shore wind stress in Fig. 7 of the wavelet-coherence spectra.)

range. However, when the up-estuary wind and downwelling-favorable
alongshore wind reached a maximum on February 11th, the PCl
attained a peak value, indicating that the winds played a key role in the
salt intrusion. The up-estuary wind is generally regarded to decrease salt
intrusion by reducing stratification and enhancing mixing. The
downwelling-favorable alongshore wind has a positive effect on salt

10

intrusion by landward Ekman transport and therefore elevated water
level and salinity at the mouth.

The in-phase relationship between the PC1 and river discharge in
2014-2015 and that between the PCl and up-estuary wind in
2013-2014 are both contrary to our general understanding. The in-
phase relationship between the PC1 and river discharge was generated
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by variations of tidal range and winds, as mentioned above. The in-phase
relationship between the PC1 and up-estuary wind could be due to the
increased surface landward flow by up-estuarywind, as our salinity data
was obtained at the water surface.

Overall, from Tables 1-4, the sequence of importance in affecting the
salt intrusion on the timescale of 12-17 days is the tidal range, cross-
shore wind, alongshore wind, and river discharge. In Fig. 2a and b,
when the fluctuation of river discharge was high, the salt intrusion
decreased significantly. And there existed a high common power be-
tween the salt intrusion and river discharge in the timescale shorter than
12 days or longer than 17days in Fig. 5. Therefore, in timescales shorter
than 12 days or longer than 17 days, the river discharge becomes more
important.

4.4. Implication of this research to the regional water resource
management

Gong and Shen (2011) and Lin et al. (2019) revealed that the salt
intrusion is negatively correlated with tidal range in the Modaomen
Estuary, that is, neap tide increases the salt intrusion, while spring tide
weakens the salt intrusion. As shown in Figs. 10 and 12, the peaks of the
salt intrusion usually occurred several days after the neap tides.
Therefore, the salt intrusion lags the tidal range by approximately
1.8-6.2 days, which means that the severe salt intrusion lags the neap
tide by 1.8-6.2 days, and the weak salt intrusion lags the spring tide by
similar days. It suggests that the freshwater reservoirs need to have
sufficient storage of 1.8-6.2 days after the spring tide to ensure safety of
freshwater supply in the dry seasons.

Moreover, the water resources department generally released
freshwater from the upstream reservoirs to restrain salt intrusion and
safeguard the water supply downstream in the dry seasons. The salt
intrusion lags the river discharge by approximately 1.2-9.2 days, indi-
cating that the time and amount of freshwater released from the up-
stream reservoirs need to carefully take into account these time lags. In
practice, the statistical probability distribution function (PDF) about the
effect of upstream freshwater release on mitigating the salt intrusion can
be obtained based on data analysis and numerical modeling.

Though the effects of winds on salt intrusion are significant, how to
control these effects seems to be rather difficult. Thus, we do not discuss
more the implication of the relationship between winds and salt intru-
sion here.

5. Summary

Based on the cross-wavelet and wavelet coherence analysis, this
study discussed the response of salt intrusion to different forcing vari-
ables, including tidal range, river discharge, alongshore and cross-shore
winds, in the timescale of 12-17 days (fortnightly) and other periodic-
ities. We examined both the magnitude and time lag for the response.
The main conclusions are drawn as follows:

1) The response time lags for the salt intrusion to the tidal range, river
discharge, alongshore and cross-shore winds are 1.8-6.2, 1.2-9.2,
3.6-10.5, and 3.0-10.4 days, respectively.

2) For the time band of 12-17 days, when averaging the response
magnitude in each winter over 2004-2016, the most important
forcing variable in influencing the interannual variability of salt
intrusion is the tidal range, followed by cross-shore wind, alongshore
wind, and river discharge.

These time lags and the relative importance of different external
forcings have implications for the freshwater resource management in
the Modaomen Estuary.

3) The downwelling-favorable alongshore winds generally promote the
salt intrusion by elevating the water level and salinity at the estuary
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and inducing landward flow inside the estuary. The down-estuary
cross-shore winds have the same effect to enhance the salt intru-
sion by increasing the stratification in the estuary. The winds’ effect
is more important in the timescales less than 12 days or longer than
17 days.

The cross-wavelet and wavelet coherence are shown to be powerful
tools for detecting the response of salt intrusion to changes in
different external forcings. These tools are particularly useful when
the processes are quite dynamic and the system stays in a transient
state far from equilibrium. It also has the potential to analyze the
processes in different timescale in a unified framework in the time-
frequency space.

4

—

Through the wavelet analysis, we obtained the above preliminary
results. Several questions are encountered in the analysis. For example,
sometimes an increase in river discharge can cause an increase in salt
intrusion, and an up-estuary wind can increase the salt intrusion and
vice versa. These phenomena are contrary to the existing understanding.
The physics behind such behaviors needs to be further explored in the
future, and diagnostic study by numerical modeling would be adopted
for future exploration.
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