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Abstract: Global climate change has resulted in a gradualleses rise. Sedevel rise

can cause saline water to migrate upstream in estuaries and rivers, thereby threatening
freshwater habitat and drinkingater supplies. In the present study, a titieeensional
hydrodynamic model was established to simulate salinity distributions arsparatime

scales in the Wu River estuary of central Taiwan. The model was calibrated and verified
using tidal amplitudes and phases, tisegies water surface elevation and salinity
distributions in 2011. The results show that the model simulation andunegladata

are in good agreement. The validated model was then applied to calculate the salinity
distribution, flushing time and residence time in responsesmealevel riseof 38.27 cm

We found that the flushing time for high flow under the presenditon was lower
compared to the sdavel rise scenario and that the flushing time for low flow under the
present condition was higher compared to thelesesal rise scenario. The residence time

for the present condition and the $eeel rise scenario asbetween 10.51 and 34.23 h and
between 17.11 and 38.92 h, respectivé@lge simulatedesults reveal that the residence
time of the Wu River estuary will increase when theleeal rises. The distance of salinity
intrusion in the Wu River estuary wilhcrease and move further upstream when the sea
level rises, resulting in the limited availability of water of suitable quality for municipal
and industrial uses.
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1. Introduction

Global warming is irrefutably causing sea level to rise. The global mean seeaisedby ~20 cm,
along with a rise in the regional mean sea level, as the global air temperaturseithdrga0.50.6 C
during the 20th centurjd,2]. In Taiwan, the surface temperature raisedapproximately 1.01.4 €
over the last 100 yeaf8]. Over the past 80 years, the annual precipitationrtteasedn northern
Taiwan and declined in centrahd southern Taiwaj#]. The changing climate has also caused some
impacts on river ecosystems in Taiwan; mfseguent habitat disturbances have caused both a shift in
aquatic organism distributions and population dedhije

Sealevel rise can cause Is& water to migrate upstream to points where freshwater previously
existed[6]. Several studies indicated that $exel rise would increase the salinity in estuafiés],
which would result in changes in stratification and estuarine circulf@jor&alinity migration could
cause shifts in saltensitive habitats and could thus affect the distribution of flora and fauna.

Salinity intrusion may decrease the water quality in an estearghat its water becomes unsuitable
for certain uses, such as agricultural, industrial and drinking purposes. Therefore, the determination of
the salinity distribution along an estuary is a major interest for water managers in estuaries and coasta
regions. The evaluation of transport time scales is highly related to the water quality and ecological
health of different aquatic systeifi®)].

Several numerical modeling studies have shown that increases in sea level have impacts or
estuarine salinity. Huland Tortoriello[11] used a onglimensional model to estimate the impacts of
sea level rise and found that a sea level rise of 0.13 m would result in a salinity increase of 0.4 psu
(practical salinity unit)in the upper portion of the Delaware Bay duringwdflow periods.
Grabemanret al [12] simulated a Zxm upstream advance of the brackish water zone for a sea level
rise of 0.55 m in the Weser Estuary, Germany. Hikbmal [7] found an average salinity increase of
approximately 0.5 with a 0.2 m sdevel rise based on model simulations in Chesapeake Bay.
Chuaet al [13] found that the intrusion of salt water into San Francisco Bay and the flushing rate both
increase as the sea level rises. Bhuiyan and [Rittapplied a onelimensional model to ingtigate
the impact of sekevel rise on river salinity in the Gorai River network and found that desearise
of 0.59 m increased salinity by 0.9 at a distance of 80 km upstream of the river mouit &if#4]
concluded that salinitin the Jame®iver would intrude about 10 km farther upstream for alseal
rise of 1.0 m using a threimensional hydrodynamic model.

Numerous studies have reported the influences ofesefrise on estuarine salinity, stratification,
exchange flow, residencente, material transport processes and other relevant processes in
estuarie$8,9,14] However, the reports regarding the impacts ofl@eal rise on salinity intrusion and
transport time scales have not yet e dftepresent udi
study is to examine the salinity intrusidlushingtime and residence time in response toleeal rise
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in the Wu River estuary of central Taiwan using a titieeensional hydrodynamic and salinity
transport model. The model was valgltwith observed amplitudes and phases, water levels and
salinity to ascertain the model s accuracy anc
estuary to calculate the salinity distributions and transport time scales based tvededse
projections. The model results were used to investigate howegelarise affects salinity intrusion,
flushing time and residence time in Taiwanbs V

2. Study Area

The Wu River system is the most important river in central Taiwan (FigareThe mean tidal
range at the mouth of the Wu River is 3.8 m above mean sea level. Tidal propagation is the dominant
mechanism controlling the water surface elevatidme M, (principal lunar semdiurnal) tide is the
primary tidal constituent at the mibuof the Wu Rive15]. The main tributaries are the Fazi River,
Dali River, Han River and Maoluo River. The downstream reaches of the main Wu River are affected
by tides, whereas the tributaries are not subject to tidal effects and are thereforected affesalt
water intrusion. The drainage basin of the Wu River, which is the ftandlst river basin in Taiwan,
covers approximately 2026 KniThe total channel length is 117 km, and the mean channel slope is
1/92.The morphology of the Wu River digyls different features in each segment, molded by natural
forces as well as anthropogenic activities exerted upon the paleded built ages ago. The riverbed
is composed of silt and sand in the estud@he mean annual precipitation in this regio2@87 mm.
The ample flow season is from May to September, accounting for 70% of the river discharge, and the
dry season is from January to February. The daily flow data from 1969 to 2011 at the Dadu Bridge,
collected by the WateResources Bureau of Taiwaare analyzed in this study. The data analysis
indicates that the £ low flow is 41.2 ni/s. The definition of Qs is the flow that is equaled or
exceeded for 75% of the timé&he river, which flows into the Taiwan Strait, is located in a temperate
area chracterized by intense agricultural and industrial activities. The Wu River catchment is also an
important water supply source for central Taiwan. Figure 1b shows the topography of the Wu River
estuary and its adjacent coastal sea. This figure indicadéeshih greatest depth in the study area is
70 m (below mean sea level) near the corner of the coastal sea.

Figure 1.(a) Map of the Wu River system ank) (bathymetry of the Wu River estuary and
adjacent coastal sea.
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3. Materials and Methods
3.1. Sed_evel Rise Projection

The existence of selavel rise is undeniable. Church and WHii€] estimated the global mean
sealevel rise rates from tidal gauges and satellite altimetry as follows:+1072 mm yedr
for 19002009 and 1.9+ 0.4 mm yedr for 1961 2009, both of which are comparable to the
~1.8 mm yedr rate obtained from GRerived crustal velocities and tidal gauges around North
America[17]. Global tide gauge records, satellite data and modeling provide mean historical rates
of ~1.7 1.8 mm yedr* for the 20th century and ~3.3 mm yedor the last few decad§$8].

The purpose of this study is to identify the response of the Wu Rivargstu potential future
sealevel rise based on the analyzed results of observed seaTeeehet al [19] investigated the
pattern and trends gkalevel rise in the region seas around Taiwan through the analyses détamng
tide-gauge andatellitealtimetry data. They found that consistent with the coastatdmege records,
satellite altimetrydata showed similar increasing rates (+5.3 mm/year) around Taiwan. They did not
include wave breaking around the river mouth and coastal seas, resultiagemlevel rise due to
wave setup. In this study, the wave sep issue also did not take into accourtie linear regression
method was used to yield tlsealevel rise trend according to the monthly average water surface
elevationcollected from 19710 2011at the Taichung Harbor station, which is shown in Figure 2. The
eqguation of linear regression can be expressed as

Y =0.43X - 5918 1)

where X is the time (year) an¥ is the sea water level (cm). We found that the ratseafevel rise
was 4.3 mm/year at the Taichung Harbor statituianget al [20] estimated theealevel rise at the
Taichung Harbor station usirtge data otidal gauge and satellite altimetaynd bund that the rate of
sealevel rise was 3.7 mm/year. Their results are similar to our estimation on the satdexel rise.
Thesealevel rise in 2011 was set up zero to projectsbaevel rise in 2010The future projectedea
level rise of 38.2Zm in 2100 was used in the simulation scenario.
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Figure 2. Linear regression for theealevel rise trend at the Taichung Harbor station.
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3.2. ThreeDimensional Hydrodynamic Model

A threedimensional, semimplicit EulerLagrange finiteelement model (SELFE]J21] was
implemented to simulate the hydrodynamics and salinity transport in the Wu River estuary and its
adjacent coastal sea. SELFE solves the Reyssiidss averaged NawviStokes equations, which
consist of the aaservation laws for mass and momentum and the use of the hydrostatic and
Boussinesq approximations, yielding the following fsegface elevation and thremensional water
velocity equations:
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where (x, y) are the horizontaCartesian coordinateg, j are the latitude and longitude, respectiyely
z is the vertical coordinate, positive upwart timeH, is the zcoordinate at the reference level
(mean sea levely(x, y, t) is the freesurface elevatignh(x, y) is the bathymetric depthy, v andw are
the velocities in the, y and z directions, respectivelys is the Coriolis forceg is the acceleration of
gravity;;/ ( # ) is the tidal potentiala is the effective earth elasticity factor (=0.69)x,t) is the water
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density, of which the default referencelwe r , is set to 1,02%g/ n?; P,(x y,t) is the atmospheric
pressure at the free surfageis the pressure is the vertical eddy viscositys is the salinity K is
the vertical eddy diffusivity for salinity ang is thehorizontal diffusion for the transport eqigst.

The vertical boundary conditions for the momentum equation, especially the bottom boundary
condition, play an important role in the SELFE numerical formulation, as it involves the unknown
velocity. In fact, as a crucial step in solving the differdrdystem, SELFE uses the bottom condition
to decouple fresurface Equation3) from momentum Equationgl)(and (5) The vertical boundary
conditions for the momentum equation are presented as below

At the water surface, the balance between the internal Reynolds stress and the applied shea
stress yields:

MU _ — _
n—=1¢ atz=h

z ¥ (8)
where the specific streséy , can be parameterized using the apprdagh

The boundary condition at the bottom plays an importatg in the SELFE formulation, as it
involves unknown velocity. Specifically, at the bottom, theshp condition u=v =®)is usually

replaced by a balance between the internal Reynolds stress and the bottom fsitBespak.,

LU —
H_satz= +H
"“Z b 9

where the bottom stressd_é = CD|ub|Ub .
Thevelocity profile inside the bottom boundary layers obeys the logarithmic law:

e @ D to

which is subject to be smoothly matched to the exterior flow. In Equat®n 4, is thethickness of
the bottom computational celfp is the bottom roughnessvhich is determined through model
calibration and verificatignand Up is the bottom velocity, measured at the top of the bottom
computational cell. The Reynolds stress inside the boundary layer is deriveduation {1) as:

nu n —

iz (z i/ 3) ° (1D

The SELFE model uses the Gendrength Scale (GLS) turbulence closure approach of Umlauf
and Burchard23], which has the advantage of incorporating most of thee@u&tion closure model.
The SELFE model treats advection in the momentum equation using alEgjemge methodology.
A detailed description of the turbulence closure model, the vertical boundary conditions for the
momentum equation and the numerical solution methods can be found in Zhang and Rajtista

3.3. Computation of Flushing Time

The fluding time can be conveniently determined by the freshwater fraction apd@&ady],
which can be determined from salinity distributions. This technique provides an estimation of the time
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scale over which contaminants and/or other material released mstihary are removed from the
system. Using the freshwater fraction method, the flushing time in an estuary can be expressed as

e O oo (12)

T —__ —=vol
"Q Q

whereF is the accumulated freshwater volume in the estuary, wdaohbe calculated by integrating
the freshwater volumel(V), in all the subdivided model grids over a period of time. In estuaries with
unsteady river flow and tidal variatigns andQ are the approximate average freshwater volume and
average freshwater input, respectively, over several tidal chamlesperiod of time, such as a week or
a month[20,21] The termf{, is the freshwater content or the freshwater fraction, which is deddrip

-S
r= S°SO (13

where S, is the salinity in the oceaand S is the salinity at the study location.

3.4. Computation of Residence Time

The time scales associatedth the residence time of water parcels and their associated dissolved
and suspended materials in a specific water body due to different transport mechiagmisadsdction
and dispersion) are fundamental physical characteristics of that waterResgience time is defined
as the time required for a water parcel to leave the region of interest for the firg28n&8everal
methodologies for the computation of residence time have been reported in the li{@gitd4¢ In

the present study, the cootptional method follows the procedures outlined by Take@kA.
Consider that a region of interest contains a finite mass of tracer giveropyat the initial timet =t,.

If we define the remaining mass of tracer at a certane,t:, within the system as(), the
distribution function of the residence time can be defined as

1 dM()
= Mo (14)

whererT is the distribution function of residence time. The total masth@tracer will completely
leave the system at a given moment whexn) . M(t) is equal to zero. The average residence time of

the tracer can be computed by
T = ﬁ tT (t)dt ﬁ:ﬁﬂ% dt (15
The fraction of masst) =M t)/M (0) is known as the remnant function. Note thag), the mass
of the tracer that remains in the region of interest aedain time t, can be computed numerically
based on the tracer concentration by
M(t) = ffe(x hdVv (16)
wherec(x, 1) is the tracer concentration in a differential volurae,;at a given timet, and positionx,

within the system. It is expected that a mass of tracers injected close to the boundaries of a givesregion
a lower residence time than does the residence time of tracers injected at the center of such a region.
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3.5. Model Schematization

An accura¢ representation of the bottom topography in the model grid is critical for successful
estuarine, coastal and ocean modeling. In this study, the bottom topography data in the coastal seas ar
Wu River estuary were obtained from the databank of the Nat®eiahce Council and the Water
Resources Agency in Taiwan, respectively. The modeling domain in the horizontal plane covers an
area of 60 kmx 45 km at the coastal sea boundary. Because SELFE uses a combination of
Euleriani Lagrangian and implicit time gteing, it does not have to satisfy the usual
Courant Friedrichi Levy (CFL) constraint for numerical stabilif21]. However, 120 s was chosen as
the time step Dt ). Trial-anderror tests with other time steps demonstrated that the model results did not
improve significantly with lower values. The model meshes for the Wu River estuary and the coastal
sea consisted of 3541 polygons and 1974 grids, respectively éFsyuBecause the model domain
covers deep bathymetry in the coastal sea and shallow bathymetry near the coastline, ten levels
varying in thickness from 0.2 to 7 m, were adopted for vertical discretization in the SELFE model.

Figure 3. Unstructured griden the modeling domain.
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4. Model Calibration and Verification

To ascertain the model accuracy for applications on the assessnsgdlevel rise on salinity
intrusion and transport time scales, a set of observational data collected in 2011 weoecaibrhte
and verify the model and to validate its capability to predict amplitudes and phases, water surface
elevation and salinity distribution.

4.1. Calibration with Amplitudes and Phases

The local bottonroughness height {gis similar to the Manning coefficient, affecting tweater
level calculations for the coastal sea and estudihe values of local bottom roughness height
were iteratively adjusted by trial and error until the simulated and observed tidal levels were
satisfatory [35]. In this study,he bottom roughness was adjusted to calibrate the amplitudes and
phases at Taichung Harbor. The model calibration of the amplitudes and phases was conducted usin
measured data on the daily freshwater discharge at the Dadwe Brid§11. A fiveconstituent tide
(i.,e, M2, S, N, K3 and Q) was adopted in the model simulation as a forcing function at the coastal
sea boundaries (shown in Table B¢cause the amplitudes of foudiurnal, such as W(first overtide
of M, constituent) and MS(a compound tide of Mand $), comparing to diurnal and semiurnal
tides, were relatively small, a fiv@nstituent tide was used to forttee open boundaries onlyhe
amplitudes and phases of these five tidal constituents wecetaoggenerate timgeries water surface
elevations along the open boundariese freshwater discharge inputs from Dadu Bridge in 2011 are
shown in Figure 4. The maximum freshwater discharge reached #9@uming the typhoon event.

The model simulatiomvas run for one year in 2011. Harmonic analysis was performed on the time
series of the model simulated water surface elevation at Taichung Harbor. The bottom roughness
height was adjusted carefully, and the results are presented in FEguree resultsshow the
comparison of the amplitudes and phases of harmonic constants between computed and observed tide
The differences between the computed and observed tidal constituents for amplitude and phase are i
the range of 0.010.02 m and 0.45%.21; respedively. The differences in amplitude and phase are
quite small.

Table 1.The amplitudes and phases used for the model simulation at the coastal sea boundaries.

Boundary at Point A Boundary at Point B Boundary at Point C  Boundary at Point D
Constituent Amplitude  Phase Amplitude Phase Amplitude Phase Amplitude Phase
(m) g (m) g (m) g (m) g

M, 1.82 266.06 1.88 266.91 1.60 272.39 157 267.23
S 0.51 14.45 0.53 16.34 0.44 26.29 0.43 20.55
\P) 0.25 28.89 0.26 29.77 0.22 36.02 0.21 31.15
K1 0.27 161.62 0.29 160.20 0.29 167.21 0.28 167.16
O, 0.21 279.53 0.22 277.24 0.23 283.55 0.22 284.03

Notes: boundaries at Points A, B, C and D are shown in Figutd_3is principal lunar semiliurnal constituent; Sis
principal solar semdiurnal constituent; Nis larger lunar elliptic serrdiurnal constituent; Kis luni-solar declinational
diurnal constituent; and@s lunar declinational diurnal constituent.
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Figure 4. Freshwater discharge inputs at the DBdidge in 2011.
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4.2. Verification of Water Surface Elevation

After calibrating the amplitudes and phases, the-8emges data of observed water surface elevation
were used to verify the model. FiguBepresents the verified results for water surface elevations at
Taichung Harbor station in May and JuB011. The rean absolute errors of the differences between
the measured hourly water levels and the computed water levels fid2l 1May and
22 31 July were 0.147 m and 0.157 m, respectively. The correspondinmeamisquare errors were
0.183 m and 0.193 m, respeetiy. These results demonstrate that the model can accurately predict the
water surface elevation fovarying river discharge input and tidal forcing at coastal sea boundaries. A
constant bottom roughness height o(z= 0.01 cm) was adopted in the model foalibration
and verification.
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Figure 6. Comparison of model results aoldservedvater surface elevation during the
periods of § 111 21 May 2011 andlf) 221 31 July 2011 at the Taichung Harbor station.
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4.3. Calibration and Verification of Salinity Distribution

Salinity distributions reflect the combined results of all processes, including density circulation and
mixing processe$36]. In the present study, the salinity distributions were measareitu using
conductivitytemperaturalepth equipmenat six locationsn the Wu River estuarguring the flood
tide surveys. The salinities at four vertical layers of each station in the water column were measured
and werethen used for model calibration and verification. The salinities of open boundaries in the
coastal sea were seta@onstant valuei.g., 35 psy. The upstream boundary at the Dadu Bridge was
also specified with daily freshwater discharges, and the tgalivas set to 0 psu. Figur&sand 8
present the comparisons of measured and simulated salinity distributions on 19 Maylalyl2fa 1
for model calibration and verification purposes, respectivEhe freshwater discharges on W&y
and 29July 2011 were 149.3 rifs and 127.47 f¥fs, respectively (shown in Figure 4Jhe results
show that the modelomputed salinity distributions agree well with the field observatidme
rootmeansquare errors for 18lay and 2uly, 2011, were 0.75 psu and 0.53ypsespectively.
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Figure 7. Comparison of salinity distribution along the Wu River estu@ymeasurements
and p) model simulation oi9 May 2011 for model calibration.
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5. Results and Discussion

The validated thredimensional hydrodynamic model was used to calculate the salinity distribution
and transport time scale response to different dischargesseadilevel rise scenarios and without
sealevel rise {.e. the present condition) in the WuiMer estuary.Figure 9 presents flow duration
curves at the Dadu Bridge. The daily flow data from 1969 to 2011, collected by the Central Water
Resources Bureau of Taiwan, were analyZdte freshwater discharges withy@Jthe flow that is
equaledor exceedd 10% of time) to g flow conditions are listed in Table 2. For the cases gfaQd
Qoo flows, the discharges at the Dadu Bridge are 229.0 and 2§<€) respectively. Five tidal
constituents (M| S, Np, K; and Q) were specified to generate a thseies of water surface elevation
as the open boundary conditions at the coastal sea for model simulation. A constant salinity of 35 psu
at the open boundaries was used for model simulation. A feéatevel rise of 38.27 cm in 2100 was
used for the modelraulation scenario.

Figure 9. Flow duration curve at Dadu Bridge.
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The influence of wind on estuarine circulation has been recognized for many[¥éartn a
shallow estuary, the residence time can vary in response to variations smdiced flushig [38].
However, in the present studfe wind forcing was excluded in the model simulation for calculating
transport time scales widealevel rise scenarios and withaealevel rise {.e., the present condition)

Table 2. Freshwater discharge @pstream boundaries for the model simulation.

Freshwater discharge Flow rate at Dadu Bridge (n¥/s)
Quo 229.0
Q20 149.0
Qso 108.7
Qa0 85.6
Qso 67.5
Qso 55.5
Q7o 46.5
Qso 36.5

Qoo 26.0
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5.1.Seal evel Rise Effects on Salinity Distribution

To quantify the spatial and vertical variations in salinity, the vertical salinity profile along the Wu
River estuary shows the detailed changeabésalinity structure witrsealevel rise. Figured0and11
present the distributions of tidaveraged sality along the Wu River estuary under theg@nd Qo
flows to represent the high and low flow conditions, respectively, for the present condition and the
sealevel rise scenario. It is clear that the salinity changes throughout the entire estuary.ifToe lim
salt intrusion is represented by a 1 psu isohaline. The limits of salt intrusion are 3000 m and 6500 m
for the present condition and tlealevel rise scenario under;§Xlow conditions (Figurel0), while
they are 5500 m and 8250 m for the presemiddion and thesealevel rise scenario underggXlow
conditions (Figurell). These two figures indicate thsgalevel rise pushes the limit of salt intrusion
farther upstream in the Wu River estuary. The intensified stratification results in stronger gravitation
circulation, which raises the salt content by transporting more saline water into the d$twegyer,
the sealevel rise did not change the tidal amplitude, but the water surface elevation increased in
the sealevel rise scenario. Moreover, teealevel rise extends to the tidal excursion farther upstream
500 m and 900 m, respectively, under @ag andQqo flow conditiors (not shown irthefigure).

Figure 10. Distribution of the tidakaveragedalinity along the Wu River estuary under the
Q1o flow condition for @) the present condition an#d)(the sea level risescenario. Note
that the unit of salinitys psu(practical salinity unit)
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Figure 11. Distribution of the tidalaveraged salinity along the Wu River estuary under the
Qoo flow condition for @) the presentondition and if) the sea level risescenario Note
that the unit of salinity is psu.
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Hong and Shef®] demonstrated that the mean salinity at the mouth and the water depth within
Chesapeake Bay would increase wihalevel rise. Bhuiyan and Dutt§8] also described that
the sealevel rise impact on salinity intrusion would be higlsignificant. In this study, the limit of
salt intrusion will increase 3000 m and 2750 m under high and low flow conditions, respectively
for a38.27 cmsealevel rise The maximum increased salinity reached 14.2 psu undergtiev@flow.
The increased salinity could cause sestonomic problems; the saline water would be unsuitable for
drinking and industrial purposes. Salinity intrusion dusedalevel rise would constrain the supply of
water resources in the river.

5.2. Flushing Timén Response tBealevel Rise

To calculate the flushing time in the estuary, different freshwater discharges shown in Table 2 were
used to serve as the upstream boundary condition for the present condition andséaidkiel rise
scenario. The model simulated flushing time is plotted against river flow in Figure 12. The increase in
river discharge is accompanied by a more rapid exchange of freshwater with the sea. The volume of
fresh water accumulated in the estuary éases to a lesser extent compared to the volume in the



