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Tém tit ndi dung

This is the second part of an investigation aimed at documenting the tidal hydrodynamics of the St. Lawrence
fluvial estuary (SLFE). In Part I, the calibration and validation of a high-resolution, two-dimensional (2D), time-
dependent hydrodynamic model of the SLFE was presented. Herein, the process-based (structural) validation pro-
cedure used to quantitatively assess the ability of the model to reproduce spatial and temporal patterns observed
in the field data is presented. Tidal and flow features were found to be reproduced satisfactorily in terms of their
lateral and longitudinal variability at both the intratidal and fortnightly scales. These properties can be used to
describe the real system dynamics, including flooding—drying processes, tidal propagation and modulation, and
transient momentum balance, providing insights into the general physical processes of the SLFE and of large tidal
rivers globally.

Day 1a phan thit hai ctia mot nghién cttu nham ghi lai ché do thily dong luc viing triéu ctia ctta song St. Lawrence
(SLFE). O Phan I da trinh bay viéc hiéu chinh va kiém dinh mot mo hinh thiy dong luc 2 chidu, dién bién thoi
gian, c6 do phan giai cao cho SLFE. Trong bai nay sé trinh bay thi tuc kiém dinh dya trén qua trinh (ciu tric)
duge diing dé danh gia dinh luong kha ning ctia moé hinh tai lap duge nhiing dang miu khong gian va thai gian
nhu da quan tric dudc tai thuc dia. Céac diic diém thiy triéu va dong chiy duge thiy da tai lap théa dang vé mit
bién déi huéng ngang va doc dong chiy theo c¢d thai gian trong mot con tridu 1an 14 ngay. Nhing thudc tinh dé
¢6 thé duge dung dé mo ta dong lyc clia he théng that, bao gdm céc qua trinh wét-kho, sy lan truyén va bién dieu
séng triéu ciing nhu can bing dong lugng tic thoi, da gitp 1am sang t6 nhitng qua trinh vat 1y chung ctia SLFE va

clia cac song viung tridu 16n trén toan thé gisi.

ASCE Subject Headings: Hydrodynamics, Time dependence, Two-dimensional models, Hydrologic models, Field

tests, Validation, Calibration, Estuaries

Tit khéa chit dé ASCE: Thuy dong lic hoc, Phu thudc thai gian, M6 hinh 2 chiéu, M6 hinh thuy vin, Kiém tra

thuc dia, Kiém dinh, Hiéu chinh, Ctta song

1 Introduction | Gidi thiéu

In the study of tidal rivers, the use of high-resolution hy-
drodynamic models is essential to understanding the com-
plex interaction between tides, river flow, and geometry.
Such tools enable reliable and sustainable ecosystem moni-
toring and are a prerequisite for predicting the likely conse-
quences of management practices, anthropogenic changes,
and natural events on a system [e.g., Aratjo et al. (2008);
Babu et al. (2005); Horsburgh and Wilson (2007); Morin
and Champoux (2006); Picado et al. (2010)]. Furthermore,
hydrodynamic models can be coupled or used as input to
morphodynamic models (Nabi et al. 2012; Rinaldi et al.

Khi nghién citu cac doan song ving tridu, viéc ding mo
hinh thuy dong Iyc véi do phan giai cao la thiét yéu dé
hiéu duge sy tuong tac phic tap giita thuy triéu, dong
chay song, va dia hinh. Nhing cong cu nay cho phép giam
sat hé sinh thai mot cach bén vitng va tin cay; ching 1a
yéu cau tien quyét dé du béo hé qua tit nhing bien phap
quan 1y, thay déi do con ngudi va nhitng bién ¢b tu nhién
do6i véi he thong [Aradjo va nnk. (2008); Babu va nnk.
(2005); Horsburgh va Wilson (2007); Morin va Champoux
(2006); Picado va nnk. (2010)]. Hon nita, mo6 hinh thuy



2008), hydrologic models (de Paiva et al. 2013), advec-
tion—diffusion models (Barcena et al. 2012; Simons et al.
2006), wave—current interaction models (Liu et al. 2007),
and aquatic habitat models (Morin et al. 2003), among
others.

In Part I (Matte et al. 2017), a high-resolution, two-
dimensional (2D), time-dependent hydrodynamic model
of the St. Lawrence fluvial estuary (SLFE) was presented,
which includes a drying—wetting component that allows
water in intertidal areas to be cyclically stored and evac-
uated. The numerical terrain model (NTM) is based on
high-density topographic data stemming from light detec-
tion and ranging (LIDAR) surveys and multibeam bathy-
metric soundings. Friction fields are defined according to
bottom substrate composition and macrophytes, whose co-
efficients were adjusted during calibration. A finite-element
mesh with an average spatial resolution of 50 m was de-
signed, far denser than that of previous/existing mod-
els, with refinements for regions of complex topography.
The model was proven to be replicatively valid in that it
matches the field data used during the calibration phase
with high accuracy. Demonstration of model replicative
validity was performed based on a comparison of modeled
and observed water levels, mean water levels (MWL),
tidal ranges, and harmonic properties at 29 tide gauges
and discharges at 13 transects during two simulation peri-
ods in June and August 2009 for which detailed data were
available.

In this second part, a process-based validation is pre-
sented that exploits tide gauge observations and cross-
sectional water-level and velocity data collected in the
SLFE (Matte et al. 2014a). The focus of this process-based
validation is oriented toward the reproduction of temporal
and spatial patterns observed in the field data, along with
quantities extracted from the reconstructed fields. These
properties can be used to describe the real system dynam-
ics, in terms of its lateral and longitudinal variability, at
both the intratidal and fortnightly scales, providing new
insights into the tidal hydrodynamics and circulation com-
plexities of the SLFE.

dong luc c6 thé duge ghép hodc ding lam dau vao cho
mo hinh dong lyc hinh thai (Nabi va nnk. 2012; Rinaldi
va nnk. 2008), mo hinh thuy van (de Paiva va nnk. 2013),
mo hinh chuyén tai - khuéch tan (Barcena va nnk. 2012;
Simons va nnk. 2006), mo6 hinh tuong tac séng - dong chay
(Liu va nnk. 2007), va mo6 hinh quan xa thuy sinh (Morin
va nnk. 2003), v.v.

Phan I (Matte va nnk. 2017) da trinh bay mot mo hinh
thuy dong lyc hoc 2 chiéu, dién bién thsi gian, c6 do phan
gidi cao cho ctta song St. Lawrence (SLFE); trong d6 bao
gom thanh phan kho-uét dé cho phép nudc trong ving lien
trieu dugc luu trit va thoat theo chu ky. Mo hinh sé dia
hinh (NTM) dugc dya trén sb lieu dia hinh do phan giai
cao bit nguodn tit do dac LIDAR va hoi am da chiim tia
do dia hinh day. Truong ma sat duge xac dinh theo thanh
phan 16p nén diy va thiyc vat thuy sinh, véi hé sé ma sét
dugc diéu chinh trong khau hic¢u chinh. Mot luéi phan ti
hitu han véi do phan giai khong gian trung binh 50 m dugc
thiét 1ap, day hon ludi clia nhitng mo6 hinh trude/hien co,
va dugc lam min & vung c¢é dia hinh phtc tap. M6 hinh
cho théy su hop 1y ¢6 thé tai lap dude vi cho két qua phit
hgp véi sb lieu thie dia duge ding trong khau hiéu chinh
v6i do chinh xéc cao. Dé biéu dién tinh hgp 1y tai lap duge
clia mo hinh, da tién hanh so sanh giita cac tri s6 tinh toan
va thuyc do clia céc yéu té muc nude, myc nude trung binh
(MNTB), do 16n triéu, va diic trung diéu hoa tai vi tri 29
tram do triéu, ciing nhu luu lugng tai 13 mat cit trong
hai thdi doan mo phéng la thang 6 va 8/2009, khi s6 lieu
chi tiét da sin co.

Phan thit hai nay trinh bay khau kiém dinh bing qua
trinh, trong dé khai thac s6 lieu quan tric tai tram do triéu
va s6 lisu muyc nude, luu toc thu thap tren SLFE (Matte
va nnk. 2014a). Muc tiéu cla cong doan kiém dinh qua
trinh nay 14 nhim huéng t6i sy tai lap cac miu dong thai
khong gian va thdi gian thiy dudc tit s lieu hien trudng,
cling v6i cac dai lugng trich xudt tir cac truong tai dung
dugce. Nhitng thuoc tinh nay c6 thé ding dé mo ta dong
thai cia hé thdng thie, vé mat bién dong huéng ngang va
huéng doc song, 6 ca hai ¢d thai gian 14 noi trong ki triéu
1an 14 ngay, qua d6 cung cap thong tin méi an sau trong
ché do thuy dong lyc ving trieu va ché doé hoan luu phic
tap ciia hé théng SLFE.

2 Data and Methods | D@ liéu va phuong phap

2.1 Data | D liéu

Detailed hydrodynamic data were collected in the SLFE
during a field campaign conducted in the summer of 2009,
as summarized in Part I. Data from an extended tide
gauge network composed of 29 stations were obtained,
along with water-level and velocity data simultaneously
acquired along 13 transects [cf. Matte et al. (2017), Fig. 1],
each repeatedly surveyed by boat during approximately
one tidal cycle. At each measurement transect, the irregu-
lar mixed space—time data series were interpolated in space
and in time, following a procedure developed by Matte
et al. (2014b), to allow reconstruction of continuous and
synoptic fields and facilitate comparison with model re-
sults. Details of the data processing and interpolation er-

Dit lieu thity dong lyc chi tiét duge thu thap 6 SLFE trong
subt dot khao sat thuc dia tién hanh vao miia he 2009, nhu
da tém tat ¢ Phan I. Dt lieu nhan dugce tit mot mang ludi
tram do triéu rong khip bao gom 29 tram, cting vdi s6 liéu
mifc nuée va luwu téc thu duge dong thai trén 13 mit cat
[xem Matte va nnk. (2017), Hinh 1], titng s6 ligu mat cat
duge khao sat 1ip lai bing thuyén chay trong khodng 1
chu ki triéu. Tai mdi mit cat do dac, chudi dit licu khong
déu dan va hén hgp khong gian-thdi gian duge noi suy ca
theo khong gian va theo thoi gian, dya vao mot thu tuc
lap bsi Matte va nnk. (2014b), von cho phép tai dung lai
céc trudng sy-nop va lién tuc cling nhu thuan lgi dé so
sanh vé6i két qua mo hinh. Chi tiét vé xit Iy dit lieu va sai



rors have been provided by Matte et al. (2014b, c).

s6 noi suy duge dé cap béi Matte va nnk. (2014b, c).

2.2 Model Validation | Kiém dinh mo hinh

In Part I, a replicative validation was performed, focus-
ing on a comparison of observed and modeled water lev-
els at the tide gauges and discharges at the transects. In
this paper, a process-based validation is presented as a
demonstration of the model’s capability to reproduce the
real system dynamics. The same 15-day simulation periods
starting on June 14, 2009, 00:00:00 EDT, and August 19,
2009, 00:00:00 EDT, where transect data were acquired
were used for this purpose. Measured and simulated data
were used for direct comparisons, whereas quantities rep-
resentative of the tidal dynamics were extracted from the
observed and modeled fields and compared both qualita-
tively and quantitatively. The validation process involved
the following steps:

1. Lateral water level and velocity fields reconstructed
over a tidal cycle were compared with model results
at a selected transect to validate their general spa-
tiotemporal patterns.

2. A series of variables extracted from the water level
and velocity fields was used to quantify lateral and
intratidal differences at the surveyed transect [namely,
timing and height of low water (LW) and high water
(HW), tidal range (TR), maximum velocity, timing
of slack water, and inclination of velocity vectors].

3. Observed and modeled water-level time series were
compared at the tide gauges for the two simulation
periods and used to investigate tidal damping and
distortion.

4. Tidal range and tidal datum levels [i.e., higher high
water (HHW), MWL, and lower low water (LLW)]
were extracted for conditions of neap, mean, and
spring tides both at tide stations and along the thal-
weg. They were used to validate the longitudinal dis-
placement of the tidal amplitude maximum and the
fortnightly modulation of tidal datum levels, includ-
ing the neap—spring reversal of LLWs.

5. Longitudinal and fortnightly variations in ebb and
flood velocities and in the position of the upstream
limit of current reversal were assessed based on mod-
eled tidal velocities, extracted for conditions of neap,
mean, and spring tides along the thalweg.

6. The flow distribution between the two arms of Or-
leans Island was validated with tidal discharge mea-
surements at two transects. The velocity patterns at
the island junction were analyzed based on model
results over a tidal cycle.

7. Transient momentum balance was characterized based
on a snapshot taken during spring tide, encompass-
ing the various features observed during a tidal cycle
(i.e., slack currents, peak ebb and flood currents).

Phan I da thyc hien kiém dinh tai lap, tap trung vio so
sanh cac muc nuéc quan trac vh mé hinh héa tai cic tram
do triéu va luu lugng tai cac mit cit. Trong bai bio nay,
khau kiém dinh theo qué trinh dugc trinh bay dé bidu dién
kha ning ctia mo hinh trong viéc tai lap ché do dong luc
ctia hé théng thiyc. Phuc vu cho muc dich nay vin 13 thoi
doan mo phoéng 15 ngay bat dau ti 14/VI/2009 00:00 mui
gig Dong My, khi s lisu mat cat duge thu thap. Cac sb
licu do dac va mo phéng duge ding dé so sanh, trong khi
cac dai lugng dac trung cho ché do thiy dong liuc ving
trieu dugc két xudt ti cac trudng yéu td quan tric va mo
phéng dé so sanh ca vé dinh tinh 1an dinh lugng. Qua trinh
kiém dinh gdm céc budc sau:

1. Truong Itu téc va mutec nuée huéng ngang song téi
dung qua mot chu ki triéu duge so sanh véi két qua
mod hinh tai mit cit lua chon dé kiém dinh nhing
dang miu téng quat clia chiing theo khong-thdi gian.

2. Mot loat cac bién dugc két xuat tit cac trudng luu
tbc va trudng muc nude, va dude diing dé luong héa
su khéac biét theo huéng ngang séng noi trong chu
ki triéu tai mat cit do dac [cu thé, thsi diém xuat
hién va tri s6 myc nuée thap (MNT), muc nuée cao
(MNCQ), do 16n tricu (TR), luu tdc cyce dai, thai diém
nude ditng, va do nghiéng clia nhitng vecto Iitu toc.

3. Cac chudi thoi gian muc nuée thyc do va moé hinh
hoéa duge so sanh tai cac tram thiy triéu cho hai thoi
ki mé phéng va duge diing dé khao sat hién tuogng
tat dan v bién dang séng triéu.

4. Do 16n triéu va cac modc do cao tricu [titc myc nude
dinh triéu cao (MNDTC), MNTB, va myc nuéc chan
trieu thap (MNCTT)] dugc két xuat cho cac dieu
kién triéu kém, tricu TB va tridu cudng, cd & céc
tram thiy triéu 1an doc theo dudng lach song. Ching
dugce dung dé kiém dinh sy dich chuyén huéng doc
song clia cyc dai bien do tricu 1an bién diéu cac mée
do cao triéu trong ki 14 ngay, ké ca sit ddo ngudc cac
MNCTT qua ki triéu kém - tridu cudng.

5. Nhig thay déi huéng doc song va thai doan 14 ngay
vé van toc trieu rat + dang, vé vi tri gi6i han thuong
luu ctia noi déi dong triéu duge danh gia dya theo
van tbc tricu mo phong, két xuit cho cac diéu kien
tricu kém, TB, tri¢u cudng doc theo dudng lach sau.

6. Phan b6 dong chay gifta hai nhanh quanh déo Or-
leans dugc kiém dinh vé6i s6 lieu thie do Iuu lugng
tridu tai hai m#t cit. Dang van tdc tai phan lvu dude
phan tich dua trén két qua mo hinh qua mot ki tricu.

7. Can bang dong lugng tic thdi duge dac trung dua
trén bitc tranh tai mot thoi diém thuoc ki tridu
cudng, bao gom nhing dic diém quan tric dudc
trong mot ki triéu (nu6c ditng, dinh cic dong tridu
rat va triéu dang).
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3 Results | Két qua

Hinh 1: | Fig. 1. (Color) Water levels (in meters) at
Grondines on June 19, 2009, as a function of cross-
sectional distance (or bathymetry) and time: (a)
observed; (b) modeled (Note: Black dots represent
the gridded data points along the boat track; time
reference is EDT) e Muyc nuéc (don vi mét) tai
Grondines ngay 19/V1/2009, nhu mot ham sb theo
khoang cdch ngang mit cit (hay dia hinh ddy) va
thoi gian: (a) quan trac; (b) mo phéng (Luu ¥:
Céc cham den biéu dién nhitng diém dit lieu lusi
doc duong di cta tau; thoi gian theo mii gic Dong
M)

Hinh 2: | Fig. 2. (Color) Comparison
between observed and modeled vari-
ables extracted from the water-level
fields at Grondines on June 19, 2009,
as a function of cross-sectional distance
(or bathymetry): times and heights of
LW, times and heights of HW, and
tidal range e So sdnh giita cac bién
s6 quan tric vd mé phéng trich xuat
tur truong myc nudc ¢ Grondines ngay
19/V1/2009, nhu mot ham sé theo
kho&ng cach ngang mat cit (hodic dia
hinh day): thoi gian va mugc nude
thap, thoi gian va muc nude cao, cling
do 16n trieu

3.1 Lateral and Intratidal Variability | Bién dong huéng ngang va noi trong 1 con trieu

The model was validated by comparison with water-level
and velocity measurements at the surveyed transects. Re-
sults are presented in Figs. 1-4 for a selected river cross
section located at Grondines [river kilometer (rkm) 179.5].

Observed and modeled water levels are shown in Fig. 1.
The agreement between the two was found to be good,
both in terms of synchronicity of the signals and repro-
ducibility of the lateral patterns. Of particular interest is
the lateral gradient that formed during the falling tide
between 1.0 and 1.7 km from the south shore, which is
responsible for the emptying of the tidal flats into the
channel. Variables extracted from the water-level fields
are shown in Fig. 2, allowing a quantitative assessment
of model performance at the transect. The timing and
heights of HW and LW and tidal range are plotted as a
function of cross-sectional distance. LW occurred slightly
(~1-5 min) earlier in the model data than in the observed
data, with a later arrival and a higher level on the southern
tidal flat (first kilometer). Modeled LW was also ~10 cm
higher than expected, but it exhibited lateral gradients
similar to those in the observations. The timing of HW in
the model was relatively similar to that in the observations
but showed less lateral variability. The modeled heights
of HW were also higher than the observed heights, with
the differences being smaller than those for LW (<10 cm);
they remained almost unchanged across the section. Over-
all, the LW is more sensitive than HW to lateral gradients

M5 hinh duge kiém dinh bing cach so sanh véi céc tri sb
thuc do muc nude va luu toc tai cac mit cit khao sat.
Két qua dugc trinh bay trén cac Hinh 1-4 cho mot mit
cat ngang song lya chon tai Grondines [khang cach doc
song 179.5 km].

Cac muc nude quan tric vi md phéng dude cho thiy
tréen Hinh 1. Sy phit hgp gita hai bo s6 lieu kha tét, ké
ca vé tinh dong bo giita hai tin hicu 1&n kha ning tai lap
cac dang mau dong chay ngang song. Dic biét quan tam
la gradient huéng ngang song duge hinh thanh trong khi
thity triéu ha & doan song tit 1.0 km dén 1.7 km cach bo
nam, noi bai triéu trit nude vao long song. Céc bién s6
trich xuat tit trudng muyc nue duge cho thay trén Hinh 2
cho phép ta danh gia dinh lugng vé hiéu nang moé hinh
tai mat cit. Thoi diém xudt hien, MNC, MNT va do6 16n
triéu duge vé do thi nhu ham sb theo khodng cach ngang
miit cit. MNT x4y ra trong s6 lieu mo phéng 1a hoi s6m
(~1-5 phiit) truée s6 lieu thye do, véi muyc nude cao truyén
t6i cham hon va do cao ciing 16n hon & phia bai trieu Nam
(kilomet tht nhat). Cac MNT mo phéng ciing cao hon
~10 cm so v6i du kién, nhung n6 thé hién cac gradient
huéng ngang song tuong tit nhu quan trac. Thoi diém xuét
hién MNC trong mo hinh thi kha giéng quan tric nhung
it bién dong huéng ngang hon. Cac MNC mo phéng ciing
cao hon 1a quan tric, véi chénh lech chi (<10 cm), khong
bing truong hgp MNT; chénh léch nay gan nhu khong
déi doc theo ci doan song. Nhin téng thé, so véi MNC



— — Hinh 3: | Fig. 3. (Color) Depth-averaged velocity

» components (in meters per second) at Grondines
on June 19, 2009, as a function of cross-sectional
distance (or bathymetry) and time: (a) observed
u velocities; (b) modeled w velocities; (¢) observed
v velocities; (d) modeled v velocities (Note: Black
dots represent the gridded data points along the
boat track; white contours identify the slack wa-
ters; time reference is EDT) o C4c thanh phan luu
téc trung binh do sau (don vi m/s) tai Grondines
ngay 19/VI/2009, nhu mot ham s6 theo khoang
cach ngang mat cat (hay dia hinh day) va thoi gian:
(a) thanh phan u quan tric; (b) thanh phan v mo
phong; (¢) thanh phan v quan tric; (b) thanh phan
v md phéng (Luu §: Cac cham den biéu dién nhitng
diém di lieu luéi doc duong di clia tau; cac dudng
dong miic tring nhan dién thai diém nudc ding;
thai gian theo mui gio Dong My)

Hinh 4: | Fig. 4. (Color) Comparison between
observed and modeled variables extracted
from the velocity fields at Grondines on June

8 " s Fioca fossarved] 19, 2009, as a function of cross-sectional dis-
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T g oo b6 imedeid) s and v velocities, times of slack water, and in-
e Chnatlen of the tidal /elhpse e So st)anh gitta
g cac bién s60 quan trac va mo phoéng trich
£, xudt tir trudng myc nuée & Grondines ngly

19/VI/2009, nhu mot ham s6 theo khoang
cach ngang mit cit (hodc dia hinh déy): cac
cuc dai tri tuyéet déi vu tdc v va v, thoi diém
nudc ding, ciing do nghiéng clia elip tricu




in bathymetry. As a result, the tidal ranges were larger in
the channel than on the shoal at Grondines. They were
lower in the model compared with observations, but they
followed a similar trend. Slightly decreasing friction near
Grondines would potentially reduce the local predicted
tidal heights and increase tidal range. However, the ob-
served differences mostly remain within measurements er-
rors (Matte et al. 2014b). They can also be partly ex-
plained by differences between the bathymetry measured
along the section and that obtained from the Canadian
Hydrographic Service (CHS) soundings; they are referred
to as observed and modeled bathymetries in bottom panel
of Fig. 2, the latter being the one actually incorporated in
the NTM.

Depth-averaged u and v velocity components are shown
in Fig. 3, corresponding to the along- and cross-channel
velocities, respectively. Current reversals occurred only on
the north shore during the surveyed period (identified as
a white contour in Fig. 3). The highest u velocities were
concentrated in the channel, whereas v velocities presented
two distinct regions characterized by large positive values
(oriented to the north). The southernmost region is the
result of the tidal flats emptying into the channel, in con-
cordance with the observed lateral gradients in water lev-
els (cf. Fig. 1). The second region is in the channel and
likely corresponds to the effects of local channel curva-
ture on the velocity directions. These general flow features
were adequately reproduced by the model, suggesting that
the lateral variations in topography and friction were well
captured. Variables extracted from the velocity fields are
presented in Fig. 4. The modeled maximum u and v ve-
locities were found to have patterns very similar to those
of the observations, although they were slightly higher in
the tidal flat, between 1.0 and 1.7 km. Part of these dis-
crepancies may be explained by interpolation errors in the
observed data, which amount to approximately 0.1 m/s
at Grondines (Matte et al. 2014b). Conversely, the ob-
served times of slack water in both the ebb-to-flood and
flood-to-ebb transitions [i.e. the low-water slack (LWS)
and high-water slack (HWS)] were found to be relatively
well synchronized with the model. Current reversals, how-
ever, occurred within a shorter distance from the north
shore in the model. Finally, the inclination of the tidal el-
lipse formed by the velocity vector over a tidal cycle (a
measure of the relative strength of the lateral and longitu-
dinal velocity components) presented generally small dif-
ferences between the model and observations. The highest
inclinations were found in the southern tidal flat, where
lateral exchanges are maximal.

Although comparisons are herein limited to one cross
section, detailed results for all surveyed transects have
been given by Matte (2014, Appendix 3).

thi MNT nhay hon vé cac gradient huéng ngang ciia dia
hinh day. Hé qua la, cac do lén triéu trong long song thi
16n hon so véi trén cac bai ngdm & Grondines. Tri s6 nay
trong mo hinh déu thiap hon so véi thuc do, song ching
déu c¢6 xu huéng tuong dong. Viec ma sat hoi gidm di &
gan Grondines c6 thé sé lam gidm muyc nuée tridu dir doan
tai chd va lam tang do6 lén triéu. Tuy nhién, nhitng khac
biét quan tric duge chil yéu van trong pham vi nhitng sai
s6 do dac (Matte va nnk. 2014b). Chiing c6 thé phan nao
dugc giai thich bing nhitng khéc bigt gitta dia hinh do doc
doan song va thu duge tit do hoi am thue hién béi Cuc
thily dac Canada (CHS) von dugce goi 1a dia hinh thuc do
va mo phong trong khung duéi cing ctia Hinh 2; dia hinh
mo phoéng la cai duge ghép vao trong NTM.

Céac thanh phan luu téc trung binh do sau u va v duge
cho thiy trén Hinh 3, tuong tng lan lugt vé6i cac luu tée
huéng doc va ngang song. Su ddo dong chay chi xay ra &
bo Béc trong sudt khoang thoi gian khao sat (chi dinh béi
dudng mau trang tréen Hinh 3). Luu téc v 16n nhat tap
trung trong long dan, con Iwu tdc v thé hieén hai viing tach
biét dic trung bdi gia tri duong l6n (huéng vé phia Bic).
Mién phia Nam 13 két qua ctia cac bai tridu trit nude vao
long song, théng nhit véi cac gradient muyc nuée hudng
ngang quan sat thay (xem Hinh 1). Mién thit hai 1a & trong
long song va dudng nhu tuong tng véi hiéu ing ctia doan
song cong ddi véi huéng van téc. Nhitng dic diém chung
ctia dong chdy nay dudc tai lap kha d bsi mo hinh, didu
d6 cho théay ring bién dong huéng ngang vé dai hinh va
ma sat duge ndm bat tét. Cac bién trich xuat tit trudng
luu téc duge thé hien tren Hinh 4. Cuc tri luu téc mo
phéng u va v dude thiy c6 dang rat giéng véi thyc do,
dit chiing hoi cao hon & bai triéu, chd gitta 1.0 va 1.7 km.
Khac biét nay phan nao cé thé giai thich béi sai sé noi suy
trong sb lieu quan trac, von xap xi 0.1 m/s & Grondines
(Matte va nnk. 2014b). Trai lai, cac thoi diém quan tric
nuée ding & ca lic chuyén tiép tit dong chiy ngude qua
xuoi, 1an chuyén dong tit xudi sang nguge [nghia 1a nudce
ding trieu thap (LWS) lan nuée ding trieu cao (HWS)]
déu cho thay kha dong pha véi mo hinh. Tuy vay, sy dao
dong xay ra trong mot khoang cach ngin tit bd Bic d mo
hinh. Sau cling, do nghiéng ctia elip triéu tao bdi vec-to
van tbc trong mot chu ky tridu (do do cuong do tuong ddi
ctia cadc thanh phan luu téc huwéng ngang va huéng doc
song) thé hien khac biet kha nhé gitta mo hinh va quan
trdc. Nhitng do nghiéng 16n nhéat c6 thé thiy & bai trieu
phia Nam, noi nhiing trao déi huéng ngang 1a manh nhat.

Miic du1 cac so sanh & day déu gidi han trong mot miit
cat, song két qua chi tiét cho tat ca cidc mit cat khao st
da dugc Matte (2014, Phu luc 3) trinh bay.

3.2 Longitudinal and Neap—Spring Variability | Bién déng huéng doc va theo triéu

cuong-kém

An appreciation of the longitudinal variations in tidal am-
plitude, signal distortion, and neap—spring variability in
the system can be gained by comparing the observed and
modeled water levels for the two simulation periods of

Dé hinh dung dugc nhitng thay déi huéng doc song vé
bién do triéu, mic bién dang tin hieu, va su bién déi tridu
cuong-kém trong hé théng, ta c6 thé so sanh céc muc
nudc quan trac va tinh toan cho hai thdi doan mo phéng
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June and August 2009 (Fig. 5). From downstream to up-
stream, the tidal wave is progressively damped and dis-
torted, with significantly shorter rising than falling tides.
Generally, the observed water levels were well reproduced
by the model at the stations during both neap and spring
tides. Fortnightly variations in MWL were also well cap-
tured at upstream stations [e.g., Trois-Riviéres (rkm 231)
and Bécancour (rkm 217)]. However, the differences be-
tween observed and modeled water levels at Bécancour
were larger in August than June, with MWL being lower
than expected in August (cf. Matte et al. 2017, Table 3).
This points toward a gradual underestimation of friction
in the Gentilly shoal, located 2 km downstream of Bécan-
cour, following the growth of macrophytes during summer.
The same friction field (cf. Matte et al. 2017, Fig. 3) was
used during both simulation periods, but time-varying fric-
tion based on density and growth phase factors could be
implemented to take this effect into account (Morin et al.
2000).

The observed and modeled signals at the stations were
used to extract information on tidal range, HHW, MWL,
and LLW. They are presented in Fig. 6 and compared
with modeled longitudinal profiles aligned with the thal-
weg for the simulation of August 2009. Tidal ranges were
significantly reduced landward, exceeding 6 m downstream
during spring tides and almost vanishing upstream dur-
ing neap tides. Most of the damping occurred between
Portneuf (rkm 163.5) and Cap-a-la-Roche (rkm 186) as a
result of the presence of rapids associated with a sharp
increase of the bottom slope. Over the neap—spring cycle,
modulations of the tidal ranges were significantly more
pronounced at downstream stations, with differences in
tidal range between spring and neap tides exceeding 3
m at Saint-Joseph-de-la-Rive (rkm 0). More specifically,
during the analyzed period, observed tidal ranges were
the largest in the St. Lawrence at Saint-Joseph-de-la-Rive
(rkm 0) during spring tides, whereas during neap tides,
they reached their maximum at Saint-Frangois, about 66
rkm upstream. In other words, tidal amplification occur-
ring in the estuary persists further landward during neap
tides than spring tides. Overall, these features were well
captured by the model, as shown by the proximity of the

Hinh 5: | Fig. 5. (Color) Observed
(solid lines) and modeled (dotted lines)
water levels from the global model at
six permanent tide gauges for the two
simulation periods: (a) June 14-29,
2009; (b) August 19—-September 3, 2009
e Cac myc nuée do dac (nét lién) va mo
phéng (nét dit) tit mo hinh mién lén
tai 6 tram do triéu ¢é dinh cho hai thai
doan mo6 phoéng: (a) 14-29/VI/2009;
(b) 19/VIIL-3/IX /2009

03-Gap

la thang VI va VIII/2009 (Hinh 5). T ha luu lén thugng
luu, séng triéu dan bi tit va bién dang, v6i thai gian triéu
len ng&n hon dang ké so véi thoi gian tridu ha. Nhin chung,
muc nude thyc do déu duge mé hinh tai lap tét & cac
tram, ké ca ki triéu cuong 1an triu kém. Nhitng thay déi
giai doan 14 ngay ciia MNTB ciing duge nadm bat t6t &
nhiing tram thugng luu [nhu Trois-Rivieres (km 231 ds) va
Bécancour (km 217 ds)]. Tuy nhién, chénh lgch giita cac
muyc nudc thyc do va moé phéng & Bécancour vao thang
VIII thi 16n hon so v6i thang VI, v6i MNTB thang VIII
thap hon duy kién (xem Matte va nnk. 2017, Bang 3). Diéu
nay chi ra viéc uéc tinh dan thién nhé ctia ma siat ¢ bai
ngam Gentilly, ndm cach Bécancour 2 km vé phia ha luu,
do sy sinh s6i ctia thyc vat vao mua he. Clng truong ma
sat d6 (xem Matte va nnk. 2017, Hinh 3) da duge dung
cho c4 hai ki mé phéng, nhung con ¢ thé tinh ma sat bién
déi theo mat do va giai doan sinh trudng ciia cay dé xét
dén anh hudng thyc vat da néu (Morin va nnk. 2000).
Nhitng tin hiéu quan tric vd mo hinh héa tai tram
duge dung dé trich xuét thong tin do 16n triéu, MN cao
ngay, MNTB, va MN thap ngay. Chiing dugc thé hien trén
Hinfh 6 v& so sanh véi cac mit cit doc moé hinh chay theo
lach song trong mo6 phéng VIII/2009. Do 1én triéu bi giam
déang ké khi di sau vao dat lién, vugt hon 6 m & ha luu
trong ki triéu cudng va gan nhu triét tieu & thuong luu
vao ki triéu kém. Phan 16n sy tit dan séng tridu xay ra
gitta Portneuf (km 163.5 ds) va Cap-a-la-Roche (km 186
ds) do hé qué clia sy hién dién nhiing ghénh ddc. Qua mot
chu ki triéu cudng-kém, sy bién dieéu bién do triéu 16 rang
hon dang ké & nhiing tram ha luu, véi su chénh lech do
16n gifta triéu cudng va tridu kém vuct qua 3 m & Saint-
Joseph-de-la-Rive (km 0 ds). Cu thé hon, trong thsi doan
dugc phan tich, cac do 16n tridu quan tric 16n nhét trén
dong St. Lawrence tai Saint-Joseph-de-la-Rive (km 0 ds)
vao ki tridu cudng, con ki triéu kém, ching lan dén diém
ciic dai & Saint-Francois, khodng 66 km ds vé phia thugng
luu. N6i cach khac, sy khuéch dai séng tridu xay ra & ctia
song duy tri sau hon vao phia dat lién trong ki triéu kém
hon 1a ki triéu cuong. No6i chung, nhitng diic diém nay déu
dugce m6 hinh nim bat tét, nhu cho thiy bdi sy tuong dong
gitta cac s6 ligu quan tric va mo hinh héa (thé hien lan
lugt bdi cdc vong tron va diém cham & Hinh 6). Tuy vay,
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Hinh 7: | Fig. 7. (Color) Longitudinal
and neap—spring variability in veloci-
ties—modeled longitudinal profiles un-
der conditions of spring (blue), mean
(red), and neap (yellow) tides for the
simulation period of August 19 through
September 3, 2009: (a) maximum ebb
velocity; (b) maximum flood velocity
(Note: Negative flood velocities are ori-
ented in the landward direction) e Sy
bién déi doc song va gitta ki tridu kém-
cudng cta luu téc mod phéng cho pro-
file huéng doc trong céc diéu kién tridu
cuong (xanh lam), triéu trung binh
(d6) va triéu kém (vang) véi thoi doan
md phéng 19/VIII-3/IX/2009: (a) luu
toc triéu rat t6i da; (b) luu toc trieu
dang t6i da (Luu y: luu toc trieu dang
¢6 tri s6 am thi huéng vé phia dat lién)

Hinh 8: | Fig. 8. (Color) Longi-
tudinal and temporal variability
during neap and spring tides for
the simulation in August, 2009:
(a and b) water levels; (c and d)
tangential velocities (Note: Thick
black contours indicate the time
and location of slack currents;
black dotted lines show the time
and location of LW and HW) e
Sy bién ddi doc song va theo
thoi gian trong ki triéu kém va
triéu cuong dbéi v6i mo phong
VIII/2009: (a v& b) myc nudc; (c
va d) luu tdc hudng tiép tuyén
(Luu y: Cac dudng dam nét mau
den cho thiy thoi gian va vi tri
xay ra nudc diung; cac dudng dut
nét mau den cho thiy thoi gian
va vi trf nu6e thap va nuée cao)

Winler Lawed {m)



observed and modeled data (represented by circles and
dots in Fig. 6, respectively). However, the model tended
to push the amplitude maximum upstream toward Lau-
zon (rkm 100) during neap tides, possibly as a result of
underestimated friction between the Orleans Island and
the downstream boundary. Differences between the sta-
tion data and the longitudinal profiles are an indication
of the lateral variability in tidal ranges throughout the
system. Smaller tidal ranges near the shore than in the
channel were generally observed as the extent of tidal flats
increased, for example, between Deschambault (rkm 168)
and Cap-a-la-Roche (rkm 186), as also shown in Fig. 2.
These smaller tidal ranges correlated with larger MWL on
the shore.

Both HHW and MWL were systematically higher on
spring tides than on neap or mean tides. Longitudinal
variations of HHW were, however, smoother (almost lin-
ear landward of the Quebec Bridge; rkm 115) than MWL
and LLW because they are less affected by longitudinal
changes in bottom slope. In contrast, at the neap—spring
scale, HHWs were quite variable throughout the system,
with a range of variability decreasing landward. Down-
stream, differences in HHW between spring and neap tides
were similar to those in LLW, as they mostly arise from
the amplitude difference between M2 and S2. LLWs were
higher on neap tides than on spring tides, but they pre-
sented almost identical heights over roughly 115 rkm dur-
ing neap tides, from Saint-Joseph-de-la-Rive (rkm 0) to
the Quebec Bridge (rkm 115). This follows the amplifi-
cation of the tidal ranges only occurring between these
stations during neap tides. The neap—spring modulations
of MWL gradually increased from Saint-Joseph-de-la-Rive
(rkm 0) landward, reaching a maximum between Portneuf
(rkm 163.5) and Cap-a-la-Roche (rkm 186). Upstream,
even though the tidal range became weak, the MWL still
varied by more than 0.5 m over the neap—spring cycle as a
result of the nonlinear growth of low-frequency compound
tides (e.g., MSf), thus exceeding the semidiurnal tide in
amplitude. As a result, both HHW and LLW presented
larger variations than what tidal range alone could ex-
plain. Furthermore, because the MWL was much lower on
neap tides, the LLW also occurs on neap tides at upstream
locations. This shift in the relative levels of LLW between
neap and spring tides typically occurs around Descham-
bault (rkm 168), where the amplitude of the fortnightly
tidal component (MSf) is equal to that of S2 (Hoitink and
Jay 2016). However, it could appear sooner or later (in
the rkm sense) depending on tidal and river flow con-
ditions. In fact, in the present example, this transition
seemed to occur earlier (around Neuville; rkm 138), al-
though this may be a result of the rather short simulation
period used to extract the tidal datum levels, comprising
only one neap-spring cycle.

Lateral differences between the near-shore stations and
the channel profiles were the most significant with HHW,
especially during neap tides. Similarly, the discrepancies
between observed and modeled HHW were the largest
among all tidal datum levels. These differences could be
attributable to lateral gradients in topography or friction,
but further investigation is needed to identify the exact
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mo hinh ¢6 xu huéng day cuc dai bién do vé phia thugng
lutu t6i Lauzon (km 100 ds) trong ki tridu kém, c6 thé 1a
do udc tinh thién nho ma sat gitta Dao Orleans va bién ha
lwu. Chénh léch gitta s6 lieu tram vi cic mit cit doc la
mot dau hiéu cho thiy sy bién dong huéng ngang clia do
16n triéu xuyén sudt hé théng. Thudng quan sat thiy do
16n triéu bé hon xuat hién ¢ gan bd so véi gitta dong, khi
pham vi bai triéu mé rong, nhu § giita Deschambault (km
168 ds) va Cap-a-la-Roche (km 186 ds), ciing chi ra trén
Hinh 2. Cac d6 16n triéu nhd hon nay ciling tuong quan véi
MNTB cao hon sat bao.

Ca muc nudc cao ngay (MNCN) va MNTB déu cao
hon, mot cach c¢6 hé théng, vao ki triéu cudng so véi tricu
kém hodc triéu trung binh. Tuy nhién, nhitng bién dong
huéng doc song ctia MNCN lai tron hon (gan nhu tuyén
tinh ké tit Cau Quebec; km 115 ds vé phia dat lién) so v6i
MNTB va myc nude thap ngay (MNTN) vi ching it chiu
anh hudng béi nhitng thay déi do déc day theo huéng doc
song. Trai lai, 6 quy mo triéu kém/cudng, cdc muc nude
cao ngay lai bién dong kha manh xuyén sudt hé thong,
v6i mot pham vi bién dong nhé dan vé phia dat lién. Vé
phia ha ltu, nhitng khac biét vé muc nuée cao ngay gitta
triéu cudng va triéu kém ciing tuong tu nhu cac gia tri
vé MNTN, vi chting bt ngudn tit sy chénh léch bién do
gitta M2 va S2. Cac MNTN vao ki tridu kém thi déu cao
hon vao ki triéu cudng, nhung chiing biéu dién gan nhu
chiéu cao y hét trén sudt khodng 115 km doc song sudt ki
triéu kém, tr Saint-Joseph-de-la-Rive (km 0 ds) t6i Cau
Quebec (km 115 ds). Diéu nay tiép theo viec khuéch dai
do 16n triéu chi xuét hién gitta nhitng tram do nay trong
ki tridu kém. Sy bién diéu ki tridu kém/cuong ctia MNTB
dan tang tr Saint-Joseph-de-la-Rive (km 0 ds) vé phia dat
lién, dat t6i cyc dai gitta Portneuf (km 163.5 ds) va Cap-
a-la-Roche (km 186 ds). o) thugng Iuu, dit cho do 16n tridu
suy yéu, MNTB van bién doéng hon 0.5 m qua chu ki triéu
cudng-kém do sy ting truéng phi tuyén ciia triéu phiec
hop tan s6 thap (nhu MSf), do vay vugt qua triéu ban
nhat xét vé bien do. Két qua 13, cd muc nudc cao ngiy vi
MNTN déu thé hién nhitng bién dong 16n hon nhiing gi
c6 thé giai thich chi véi do 16n triéu. Hon nita, vi MNTB
thap hon nhidu vao cac ki tridu kém, MNTN ciing xuét
hién & ki tridu kém tai nhitng vi tri thugng luu. Sy dich
chuyén vé MNTN tuong déi gitta cac ki tridu kém va tridu
cudng dién hinh x4y ra quanh Deschambault (km 168 ds),
noi ma bién do ctia thanh phan triéu 14 ngay (MSf) béng
bien do S2 (Hoitink va Jay 2016). Tuy nhién, n6 c6 thé
xudt hién s6m hodc muon hon (theo sé km ds), tuy thuoc
vao diéu kién thuy triéu va dong chay song. Thue ra, & vi
du hién tai, su chuyén bién nay dudng nhu xuit hién sém
hon (quanh Neuville; km 138 ds), dit réing diéu nay c6 thé
1a két qua ctia viec dimg thoi doan mo phéng ngin dé két
xuit cac muc cao do thuy triéu, chi bao gom mot chu ki
triéu kém/cuong.

Cheénh lech huéng ngang song gitta cac tram gan bd va
profile long dan la dang ké nhat véi muc nuée cao ngay,
dac biét 1a trong ki tridu kém. Tuong ty, nhitng khac biét
gitta muic nude cao ngdy quan sat va mo phéng 1a 16n nhét
gitta tit ca cac muc chuan cao do. Nhitng chénh léch nay
c6 thé 1a do gra-dien huéng ngang ciia dia hinh hoic ma
sat, nhung can cé nghién citu sau them dé nhan dién chinh



source of variability.

Tidal velocities were also characterized by strong lon-
gitudinal and neap—spring variability (Fig. 7). Maximum
ebb velocities generally occur during the falling tide, slightly
before low tide. They were the strongest around Ile aux
Coudres (cf. Matte et al. 2017, Fig. 1) and under the
Québec Bridge (rkm 115) and Richelieu rapids near De-
schambault (rkm 168), where they exceeded 3 m/s under
spring-tide conditions. Downstream, ebb velocities during
spring tides were approximately twice as strong as during
neap tides. This neap—spring variability was reduced mov-
ing upstream, up to Deschambault, landward of which the
tidal range had practically no effect on peak ebb veloci-
ties, as they were mostly controlled by the river discharge.
In contrast, peak flood velocities exhibited marked varia-
tions between neap- and spring-tide conditions throughout
the system. They were the highest at the Québec Bridge
constriction, the narrowest and deepest section of the St.
Lawrence, but not so strong at Deschambault compared
with its respective ebb velocities. This is attributable to
the rapid widening of the Deschambault cross section on
the rising tide, which is associated with large intertidal
flats, proportionally reducing the flood velocities as they
get flooded.

Another manifestation of the neap—spring variability
appears in the location of the upstream limit of current
reversal. This is illustrated in Fig. 7 by the flood velocities
crossing zero (i.e., reaching slack current) before becoming
positive. In the present case, the upstream limit of current
reversals moved between rkm 154 (neap tide) and rkm 200
(spring tide), but it is expected to vary even further in each
direction under more extreme conditions of tidal range and
river flow. Upstream of this limit, the tidal current was
decelerated during the rising tide and accelerated during
the falling tide. Lateral patterns in flow reversal were also
observed, as illustrated in Fig. 3 by the white contours
identifying the slack waters. Overall, these lateral patterns
were characterized by current reversals being lagged and
occurring earlier near the shore than in the channel [see
also Matte (2014), Appendix 3].

Fig. 8 provides a detailed picture of the longitudinal
and temporal variability of water levels and velocities, sep-
arately for neap and spring tides, from which the longitu-
dinal profiles of Figs. 6 and 7 were extracted. Although
Fig. 8 summarizes some of the information noted previ-
ously, the following additional features are worthy of note:

1. Tides are progressive in nature and become increas-
ingly asymmetric moving upstream. The LWs propa-
gate slower than the HWs, and the rising tide is con-
siderably shortened compared with the falling tide,
as shown by the diminishing distance separating the
black dotted lines in Fig. 8. Landward of Descham-
bault (rkm 168), this asymmetric behavior was ac-
centuated as the tide entered the tidal-fluvial reach
(see Discussion for details on the reach classifica-
tion). It was also exacerbated during spring tides
compared with neap tides.

The duration of flood currents, circumscribed by the
thick black contours in Fig. 8, was approximately
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xéc nguodn gbc bién doi.

Van tbc triéu ciing duge dic trung bdi bién dong manh
theo huéng doc song va giita ki tricu cudng-kém (Hinh 7).
Luu tdc tridu rat t6i da thudng xdy ra & chan tridu riat,
s6m hon didm chan triéu mot chat. Dong triéu manh nhét
& quanh Tle aux Coudres (xem Matte va nnk. 2017, Hinh 1)
va dudi Cau Québec (km 115 ds) va ghénh Richelieu gan
Deschambault (km 168 ds), noi luu toc néu trén vugt qué
3 m/s trong diéu kién triéu cudng. Phia ha luu, luu téc
tricu rat ki tridu cuong gap khoang hai lan vao ki tricu
kém. Sy bién dong theo ki tridu nay thi gidm b6t khi di
chuyén len thuong luwu, dén tan Deschambault, tit d6 vé
phia dat lién thi bién do triéu khong c6 4nh huéng dang ké
déi véi lua tbe triéu rat cye dai, vi bi chi phdi cht yéu béi
luu lugng nuée song. Nguge lai, luu tbc triéu dang thi thé
hién bién dong ro rét gitta cac dieu kien ki triéu cuong/kém
xuyén sudt toan hé théng. Luu tdc nay dat cyc dai 6 doan
that Cau Québec Bridge, doan hep nhét va sau nhit cla
dong St. Lawrence, nhung khong manh tai Deschambault
so v6i cac luu toc tridu rat tuwong ing. Didu nay 1a do sy
dot ngot mé rong clia mat cit Deschambault déi véi dong
triéu dang, von gin vdi sy c6 mit ciia cic bai tridu rong,
lam gidm van tdc dong tridu dang ¢ mic do ti 1é khi cac
bai triéu nay bi ngap.

Mot biéu hién khéac ctia bién dong ki triéu cudsng/kém
xuét hién & vi tri giéi han thugng luu ciia dong dao chicu.
Diéu nay duge thé hien trén Hinh 7 qua nhitng diém giao
cit 0 clia téc do dong triéu (nghia 1a tién dén nude ding)
trude khi tré nén duong (dong triéu rat). Véi trudng hop
hién tai, gi6i han thuong luu ctia su ddo dong bién dong
trong khoang tit km 154 ds (ki triéu kém) va km 200 ds
(triéu cuong), song duy ligu ring né sé con bién dong nhicu
hon nita vé ca hai huéng trong nhing diéu kién cyc doan
hon vé bién do triéu va dong chdy song. T gidi han nay
lén phia thugng litu, dong triéu bi gidm t6éc khi nuée tricu
dang va dudc ting toéc khi nudc trieu ha. Ciing quan sét
thay nhitng hinh thé dio chiéu dong chay huéng ngang,
nhu trén Hinh 3, véi cdc dudng dong miic trang thé hien
nuée ding. Nhin tong thé, nhitng hinh thé huéng ngang
dugc dic trung héa béi ddo chiéu dong chay bi tré va xay
ra s6m & gan bd hon la & long song [xem théem Matte
(2014), Phu luc 3].

Hinh 8 cho ta btic trang chi tiét vé sy dao dong theo
huwéng doc song va theo thai gian clia mitc nude va luu
tdc, rieng cho ki tridu kém va tridu cudng; tit d6 cac mit
cat doc song, Hinh 6 v& 7 dudc trich xuit. Du Hinh 8 da
tém tat mot sé thong tin da dé cap nhu & trén, song cac
diic diém bd sung sau day ciing dang luu y:

1. Thuy triéu vé ban chat thi c6 tinh lan truyén va
tréd nén ngay cang bat doéi xing khi di chuyén len
thugng luwu. Cac MNT sé lan truyén cham hon céc
MNC, va suon triéu lén bi rat ngin dang ké so véi
suon triéu xudng, nhu chi ra béi khoang cach triet
tieu dan gitta cac dudng den dit nét trén Hinh 8.
Vé phia dat lién ctia Deschambault (km 168 ds), su
bat déi xitng nay dugc ting cudng khi tricu tién vao
doan song ché do triéu-lit (xem Muc Thao luan dé
biét thém chi tiét vé cdch phan loai). N6 ciing trd
nén roé rét trong tridu cudng so vdi tridu kém.
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equivalent to the duration of ebb currents down-
stream but became relatively reduced upstream, up
to the point of no current reversal.

3. Variations in the location of the upstream limit of
current reversals were observed between neap and
spring tides but also between successive semidiurnal
tides as a result of the diurnal inequality in tidal
range.

4. The LWS systematically occurred after LW, and the
HWS came after HW, everywhere except near the
upstream limit of current reversal, where the HWS
sometimes occurred slightly before HW. Past Port-
neuf (rkm 163.5), the LWS got progressively closer
to HW than LW during the rising tide.

5. Landward of Saint-Frangois (rkm 66), the HWS oc-
curred nearly simultaneously over ~75-100 rkm, es-
pecially during neap tides.

—Observed

Hinh 9: | Fig. 9. (Color) Observed and mod-
eled flow division around Orleans Island: (a)
north arm; (b) south arm e Mic do phan
dong quan tric va tinh toan quanh Dio Or-
leans: (a) nhanh Béc; (b) nhanh Nam

2. Khodng thoi gian duy tri dong tridu dang, khoanh
bang cac dudng mau den dam trén Hinh 8, gan tuong
duong vé6i thoi gian duy tri dong rat phia ha luu
nhung tré nén tuong déi ngan vé phia thuong luu,
dén tan diém tai d6 khong c6 hien tugng dio dong.

3. Cac bién dong vé vi tri gisi han thuong luu ddo dong
quan sat thiy gitta ki triéu kém va tridu cudng va con
gitta hai con triéu ban nhat lien tiép, day 13 két qua
clia syt mét can déi do 16n triéu trong mot ngiy.

4. NDTT xuét hien sau MNT mot cach c6 hé théng,
con NDTC xay ra sau MNC, tai moi vi tri trir gi6i
han thugng luu ctia hién tugng ddo dong, nci ma
NDTC doi khi xay ra s6m mot chut so véi MNC.
Qu4 Portneuf (km 163.5 ds), NDTT dan tién sat vé
MNC so v6i MNT trong ki triéu len.

5. Vé phia dat lién cia Saint-Frangois (km 66 ds), NDTC
x4y ra gan nhu dong thoi subt cd doan ~75-100 km
ds, dac biét 1a trong ki triéu kém.

3.2.1 Flow Division at a Tidal Junction | Phan chia dong chdy & mot nhanh séng viing triéu

Computed tidal discharges in the north and south arms of
Orleans Island are presented in Fig. 9 to illustrate flow dis-
tribution around the island. Boat measurements in the two
arms were taken 1 day apart from each other (Matte et al.
2014b) so that the river discharge conditions during each
survey would be comparable. Similarly, the tidal range
only slightly decreased between the 2 days (cf. Fig. 5).
At both locations, observed and modeled discharges were
found to compare very well over the tidal cycle, mean-
ing that flow was well distributed between the channels.
The average discharge at Québec was 11,600 m?/s during
the measurement period, but the peak discharge exceeded
60,000 m? /s during ebb tide and reached almost the same
(negative) value during flood tide in the south arm of Or-
leans Island. In the north arm, another 10,000 m3 /s was
discharged during ebb tide at its peak. These differences
in discharge, measured during spring tide, follow the ge-
ometry of the channels, with the higher depths and wider
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Cac luu lugng dong triéu tinh toan cho cdc nhanh Bic va
Nam ctia Dao Orleans dudc bidu dién trén Hinh 9 dé minh
hoa sit phan bd dong chay quanh dao. Nhitng do dac bang
thuyén ¢ 2 nhanh duge thyc hién cach nhau 1 ngay (Matte
va nnk. 2014b) sao cho diéu kién luu lugng song trong mdi
dot khao sat c6 thé so sanh véi nhau duge. Tuong tu, do
16n triéu chi gidm mot chut gitta hai ngay (xem Hinh 5).
Tai ci hai vi tri, ca luu lugng quan tric 1an dy doan déu
cho thiy rat tuong dong trong toan chu ki tricu, nghia 1
dong chay dudc phan chia déu gitta hai nhanh. Luu lugng
trung binh tai Québec 14 11.600 m? /s trong sudt thai doan
do dac, nhung dinh luu lugng vugt qua 60.000 m? /s trong
sudt ki triéu rat va dat duge gan nhu gid tri (am) so véi
trong ki triéu dang 6 nhanh phia Nam ctia Dao Orleans. O
nhanh phia Bic, them 10.000 m3 /s nita chay trong ki tricu
rit tai thoi diém dat dinh. Su khéc biét nay vé luu luong,
do trong ki triéu cudng, tudn theo hinh dang cac nhanh
song, v6i nhing doan sau hon va rong hon gip & nhanh
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sections being encountered in the south arm. However, to
see how flow is partitioned in an average sense, the resid-
ual (tidally averaged) discharges should be computed at
the two branches; such a comparison could not be per-
formed here because of the length of the available dis-
charge records, which did not exceed one tidal cycle.

Fig. 10 presents simulation results at the junction of
Orleans Island at different stages of the tidal cycle. Re-
sults are presented for a spring tide, measured at Lauzon
(rkm 100) on June 24, 2009, under approximately aver-
age discharge conditions (11,100 m?3/s). Arrows indicate
the mean direction of currents and recirculations. At high
tide, currents were reversed in both arms of Orleans Is-
land, with velocities reaching approximately 1.5 m/s in
the deepest regions. One hour after HW, currents were
weakened, and recirculation appeared in shallow regions
where water was redirected downstream. Two hours after
HW, currents were oriented downstream and increased in
importance with the falling tide; tidal flats were also pro-
gressively dried. Currents were at their maximum approx-
imately 1 hour before low tide, with velocities reaching
2.3 m/s. At low tide, currents started decreasing; they
rapidly changed in the following hours as a result of the
more abrupt rising tide. One hour after LW, slack water
had reached Lauzon, but ebb currents were still strong
in the north arm of Orleans Island. Two hours after LW,
currents were completely reversed in the south arm; they
were partly diverted into the north arm and partly di-
rected upstream. Slack water finally arrived in the north
arm 1 hour before the next HW, and currents were com-
pletely reversed thereafter for approximately the next 3

Hinh 10: | Fig. 10. (Color) Modeled depth-averaged velocity
modulus (in meters per second) at the junction of Orleans
Island at different stages of the tidal cycle, identified by
red squares over a tidal signal measured at Lauzon on June
24, 2009 (spring tide), with corresponding HW and LW
values (Note: Arrows indicate the direction of currents and
recirculations) e Do 16n van toc mo phéng trung binh do
sau (m/s) 6 ngd ba Déo Orleans tai cac giai doan khac nhau
trong mot chu ki triéu, chi dinh béi nhitng hinh vudng do6
trén dudng muc nude tricu do tai Lauzon ngay 24/6,/2009
(triéu cuong), vé6i cac gia tri MNC va MNT tuong ting (Luu
¥: Miii tén chi huéng dong triéu va hoan luu)

phia Nam. Tuy nhién, dé xem dong chiy dugc phan chia
thé nao xét vé trung binh, thi can phai tinh luu lugng du
(sau khi da trung binh toan con triéu) cho hai nhanh; céch
so sanh nhu vay khong thuyc hién dude & day, vi chidu dai
ctia chudi s6 lidu luu lugng do dac khong vugt qua duge
mot ki trieu.

Hinh 10 thé hién két qua moé phéng tai nga ba Déo
Orleans & nhiing giai doan khac nhau trong moét chu ki
trieu. Két qua duge thé hien cho mot con triéu cudng, do
tai Lauzon (km 100 ds) vao ngay 24/6/2009, trong dicu
kién luu lugng xap xi trung binh (11.100 m?/s). Céc miii
tén cho thay huéng trung binh ctia cac dong chay va hoan
lvu. Lic nudc triéu cao, cac dong chay bi ddo chiéu trén
cé hai nhanh séng quanh Dao Orleans, véi luu tdc dat xap
xi 1,5 m/s & nhitng chd sau nhat. Mot gig sau thoi diém
MNC, cac dong chdy da yéu di va hoan luu xuit hién &
nhitng chd néng noi nude sé huéng xudng ha luu. Hai gis
sau MNC, cac dong chay huéng vé& ha luu va cang quan
trong hon véi dong tridu rat; nhitng bai tridu cling dan
trd nén kho hon. Dong chay dat cyc dai khoang 1 gis sau
ltic nu6e tridu thap, véi luu tdée dat 2,3 m/s. Tai lic nude
triéu thap, dong chdy bit dau cham dan; ching thay déi
gip trong gid tiép theo dé bdi thiy trieu dang gip gap
hon. Mot gic sau MNT, hién tugng nudc ding da vuon
t6i Lauzon, nhung dong triéu rat vAn con manh & nhanh
Bic ciia Dao Orleans. Hai gio sau MNT, cac dong chay
hoan toan ddi chiéu ¢ nhanh Nam; chiing phan nio dugc
dan qua nhanh Bic va mot phan dan xudng ha luu. Nuée
ding cubi cling cling dén nhanh Bic 1 gio trudc thoi diém
MNC ké tiép, va dong chay thi hoan toan dao chidu sau
d6 trong sudt khoang 3 gis dong ho.
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hours.

The flow patterns just described are in concordance
with continuous water-level and velocity measurements
taken at the junction of Orleans Island during the same
tidal cycle as the one presented in Fig. 10 [cf. Matte (2014),
Appendix 3].

3.2.2 Momentum Balance | Can bing déng lugng

Instantaneous momentum balances were computed for the
spring tide of June 24, 2009, 08:00:00 EDT. Each term
of the balance appears in the momentum conservation of
the shallow-water equations given by Matte et al. [2017,
Eq. (4)]. Their moduli are reported in Fig. 11, calculated
from the z and y components of the balance. This snapshot
encompasses the various features that can be observed
during a tidal cycle (e.g., slack currents, peak ebb and
flood currents), in contrast to tidally averaged momen-
tum balances (not shown); the latter would be slightly
less contrasted spatially but would highlight the regions
where each term is the most influential in an average sense.
The hydrodynamic conditions prevailing at the time of the
snapshot are shown in Figs. 11(a and b). Upstream, the
flow was unidirectional down to approximately Batiscan
(rkm 199). A slack water before flood (or LWS) occurred
at Deschambault (rkm 168), as shown by near-zero veloci-
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0.0 Hinh 11: | Fig. 11. (Color) Terms
4.5m of the momentum balance (mod-
ulus in meters squared per sec-
ond squared) on June 24, 2009,
1.0 08:00:00 EDT (spring tide): (a)
1.0e-3 depth-averaged velocities with
arrows indicating the direction
of currents; (b) water levels; (c)
0.0 local acceleration; (d) advective
i Dt acceleration; (e) pressure gradi-
' ent; (f) bottom friction; (g) Cori-
olis acceleration; (h) turbulent
Al viscosity, whose scale is 1 order
) of magnitude smaller than the
1.0e-3 other terms [Note: River kilome-
ter marks are provided in (a)]
e Cac sb hang trong can bang
0.0 dong lugng (do 16n mét binh
1.0e-3  phuong trén giay binh phuong)
vao 24/6/2009 8:00 gis EDT
(triéu cuong): (a) luu téc trung
0.0 binh d¢ sau v6i mili tén chi huéng
1.0e-3  dong chéy; (b) muc nudc; (c) gia
tdc cuc bo; (d) gia téc binh luu;
(e) gradien ap suét; (f) ma sat
0.0 day; (g) gia toc Coriolis; (h) do
1.0e-4  nhd6t 16i, v6i thang do 1 cap do
16n duéi céc s6 hang khac [Luu
y: cac khoang cach doc song dugce

0.0 cho 6 (a)].

Dang dong chay vita dugc mé ta déu théng nhit véi
két qua do dac lien tuc muyc nuéc va luu téc tai ngd ba
song ciia D4o Orleans trong cting chu ki triéu véi két qua
da trinh bay trén Hinh 10 [xem Matte (2014), Phu luc 3].

Can bang dong lugng tic thai dude tinh cho ki triéu cudng
ngay 24/6/2009 lac 08:00:00 gis EDT. Ting s6 hang clia
can bang ndy xuét hién trong bdo toan dong lugng cla
phuong trinh nudc nong cho bdi Matte va nnk. [2017,
PT (4)]. Céc s6 du duge bao cao trén Hinh 11, duge tinh
tit cdc thanh phan z v y clia can bing. Bic tranh tai
thoi diém dé ham chia nhidu dic diém ma ta c6 thé quan
sat duge trong mot chu ki triéu (vi du nhu nude ding va
cac cyc dai dong triéu rat va trieu dang), trai nguge véi
cac can bang dong lugng trung binh ki tricu (khong trinh
bay 6 day); cai thit hai nay sé hoi it twong phén hon theo
khong gian, nhung van lam ndéi bat nhitng viing ma timg
s6 hang sé& c6 anh hudng 16n nhat xét trung binh. Cac diéu
kien thuy dong luc chi phdi tai thoi diém xét t6i duge thé
hign 6 Hinh 11(a va b). Vé phia thugng luu, dong chay chi
theo 1 chiéu xuéng dén tam Batiscan (km 199 ds). Mot
thoi diém nudc ding trude triéu dang (hay NDTT) xay



ties and by a minimum in water levels close by [Figs. 11(a
and b)]. This was then followed by a flood tide where cur-
rents were reversed and water-level gradients were positive
(in the seaward direction). A slack before ebb (or HWS)
was observed at the eastern end of Orleans Island, fol-
lowed by increasing ebb currents in the seaward direction
that were accompanied by a sharp decrease in water levels.
Note that neither the LWS nor the HWS was exactly syn-
chronized with the water-level extrema. They were both
located downstream (or occurred later, in a time-reference
frame) of the minimum and maximum in water levels, re-
spectively.

Figs. 11(c-h) show the contribution of local accelera-
tion |0(Hu)/0t|, advective acceleration |V - (Huu)|, pres-
sure gradient |gH V H|, bottom friction |7°/p|, Coriolis ac-
celeration |f.Hu|, and turbulent viscosity |V - (v;HVu)]
to the momentum balance, respectively [cf. Matte et al.
2017, Egs. (4a) and (4b)]. Clearly, the dynamic balance
was dominated by the local acceleration and pressure gra-
dients, which are the major driving force of the flow. At
both full ebb and full flood, local and advective acceler-
ations, bottom friction, and, to a lesser extent, Coriolis
acceleration balanced the pressure gradient. In the two
upstream regions of high velocities, the local and advec-
tive accelerations were comparable to the pressure gra-
dient because of the relatively low-water-level slopes. In
contrast, in the downstream ebb, the flow was primarily
driven by gravity because of the much-steeper gradients
of water levels. Ratios calculated between the terms (not
presented) show that bottom friction dominated over the
effects of pressure gradient almost exclusively in shallow
areas (e.g., intertidal flats, shoals). The Coriolis accelera-
tion, for its part, typically exceeded the advective accel-
eration in regions where velocities were lower than 1 m/s.
As for turbulence, it was 1 order of magnitude smaller
than the other terms. The highest values were located in
the deepest portions of the river, in front of Québec and

Ile aux Coudres, and around engineering structures and
islands. Turbulence was also higher in the channel than in
the intertidal regions. Near slack, only the pressure gra-
dient remained significant, which was balanced by local
acceleration.

Hench and Luettich (2003) analyzed the transient mo-
mentum balances at shallow barotropic tidal inlets and
found that they oscillated between two dynamical states,
depending on whether the phase of the tide was near max-
imum ebb or flood or near slack. Here, similar analyzes
were carried out with complete coverage of the tidal cycle
in space rather than in time. Similar conclusions can be
drawn from the analyzed fields with respect to the differing
dynamic states observed at high velocity versus near slack.
Near maximum ebb or flood, the pressure gradients were
balanced by the acceleration and bottom friction terms. As
the dynamic state approached slack waters, the velocities
were reduced, and the balance shifted between the pressure
gradient and local acceleration only. Lateral variations in
the respective contribution of each force could also be ob-
served and are associated with cross-channel gradients in
bathymetry and friction.
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ra tai Deschambault (km 168 ds), nhu thay & cac luu toc
gan bang 0 va cyc tiéu myc nude gan dé [cac Hinh 11(a va
b)]. Tiép theo 1a mot con trieu dang, § d6 dong chay dao
chidu va céc gradient muc nuée 1a dudng (huéng ra bién).
Mot thai diém nuée ding trude tridu rit (hay NDTC) da
quan tric dudc 6 bd Dong clia Dao Orleans, tiép theo 1a
dong triéu rat manh dan vé huéng bién ciing v6i muc nude
gidm manh. Luu ¥ ring cA MNTT vi MNTC déu khong
dong bo chinh xac véi cac cyc dai myc nude. Ching déu
nidm vé phia ha luu (hay x4y ra mudn hon trong hé quy
chiéu thoi gian) lan lugt so véi cac myc nude cyc tidu va
cuc dai.

Céc hinh 11(c-h) cho thiy déng gép lan lugt ciia gia
toc cuc bo |9(Hu)/0t|, gia toc binh lvu |V - (Huu)|, gra-
dient &4p suat |gHV H|, ma sat day |7°/p|, gia téc Coriolis
|feHul, va do nhét rdi |V - (1 HVu)| t6i can bang dong
lugng [xem Matte va nnk. 2017, cac PT (4a) va (4b)]. Ro
rang & can bang dong bi chi phéi béi gia téc cuc bo va
cac gradient ap suét, von 1a nhing litc day chinh cho dong
chdy. Ca lic dong triéu rit hoan toan va dong tridu dang
hoan toan, cac gia tdc cuc bo va binh luu, ma sat day, va
phan nao 1a ci gia tdéc Coriolis déu bi can bing béi gra-

dient ap suit. O hai ving thugng hutu noi ¢6 lwu téc 16n,
cac gia téc cuc bo va binh luu sanh ngang véi gradient ap
suat vi do ddc mat nuée tuwong déi nhé. Trai lai, véi dong
triéu rat ha luu, dong chay chi yéu la duge thic day béi
trong Iyc vi gradient muyc nuée ddc hon nhidu. Céc ti s6
tinh dugc gita cdc s6 hang (khong trinh bay & day) cho
thay ring ma sat day ap dao hiéu tng do gradient ap suét
trén nhitng viing nuéc dic biet nong (nhu cac bai trieu,
con can). Vé phan minh, gia téc Coriolis thuong 16n vugt
gia toc binh luu ¢ nhitng viing ma luu téc nhd hon 1 m/s.
Vé 16i dong, né con nhé hon mot cip do so v6i nhing s6
hang khac. Nhitng tri s6 16n nhat c6 & cac phan sau nhét
thudc con séng, phia truéc Québec va Tle aux Coudres, va
xung quanh céc cong trinh va hon ddo. Réi dong trong
long song ciing cao hon & trén cac bai tridu. Gan nuée
triéu ding, chi con gradient ap suét la dang ké, v né bi
can bang béi gia téc cuc bo.

Hench va Luettich (2003) da phan tich céc can can
dong lugng tiic thoi tai nhing lach tridu 4p huéng nong
va phat hién ring ching dao dong gitta hai trang thai
dong, tity thudc vao pha clia gan cuc dai, tridu rit, cuc
dai triéu dang hay nuéc nudc. 0 day, nhing phan tich
tuong ty dude tién hanh véi toan bo chu ki tridu trong
khong gian thay vi theo thoi gian. Cé thé rit ra nhitng
két luan tuong tu tit cac trudng dugc phan tich theo cac
trang thai dong khac biét quan sat thay tai luu tdc lén
so v6i gan lic nuée ding. Gan cuc dai dong tridu dang
ho#ic rit, cac gradient ap suat duge can bing bdi nhiing
s6 hang gia tdc va ma sat day. Khi trang thai dong tiéng
dén nhitng ki nuée ding, luu tde duge gidm di va can bang
dich chuyén chi giita gradient ap suét va gia téc cuc bo.
Nhitng bién déi huéng ngang cita song trong syt déong gop
lan lugt ciia ting lyc cling duge quan sat va gin v6i nhitng
gradient huéng ngang ctia dia hinh va ma sat.



4 Discussion | Thao luan

4.1 Flooding—Drying Processes | Cac qua trinh uét-kho

In the SLFE, large tidal ranges are responsible for rapid
variations in flow conditions and in the wetted areas. At
downstream locations, where tidal ranges exceed 6 m, in-
creases in water levels of more than 1 m/h can be observed
during the rising tide. These variations are the main driv-
ing force behind the flooding—drying processes, which play
a key role not only in the transport of water over shal-
low areas but also in the strength of tidal currents in the
main river channel. In fact, the convergence of lateral flow
toward the channel tends to add mass and increase the
magnitude of the along-estuary flow in the channel during
ebb (Valle-Levinson et al. 2000). In contrast, the filling of
intertidal flats during the rising tide reduces the flood ve-
locities as part of the flow is redirected toward the shores.
Ignoring these lateral exchanges could lead to significant
under- and /or overestimation of the amplitude of tidal cur-
rents (Zheng et al. 2003).

Observations in the SLFE and other large tidal rivers
[e.g., Jay et al. (2015)] have shown that LWs are higher
on the tidal flats with respect to the channel (cf. Fig. 2)
and may even be truncated when the floodplain is dried,
depending on river flow and tidal conditions. Conversely,
HWs remain relatively constant across the river section.
As a result, tidal ranges are overall larger in the main
channel than in the floodplain. Moreover, as observed by
Valle-Levinson et al. (2000), lateral convergences are pro-
duced by phase lags of the tidal flow between the channel
and the shoals, with magnitudes that are proportional to
the along-estuary bathymetry gradients and to the tidal
range. This is corroborated by results in the SLFE, where
HW and LW timings were found to occur later over shal-
low topography than in the deeper channel, with the time
lags of LWs being more significant than those of HWs (cf.
Fig. 2). This yields a more pronounced tidal asymmetry
in shallow areas. Laterally, these differences in amplitude
and timing create gradients in velocity directing water to-
ward the channel during ebb and toward the shores during
flood.

Accurate representation of the floodplain topography,
channel bathymetry, and bottom friction is therefore es-
sential from a modeling perspective because they directly
affect the magnitudes of these exchanges. In the SLFE, the
availability of high-resolution LIDAR data and bathymet-
ric soundings and detailed cross-sectional hydrodynamic
data (i.e., simultaneous water levels and velocities) com-
bined with a high-resolution finite-element mesh allowed
for a precise description and validation of the flooding-
drying processes occurring over shallow topography.

Trong ctia song SLFE, bién do triéu 16n 1a nguyén nhan
gay ra nhiing bién dong vé diéu kien dong chdy trong cac
viing ngap uét. O ha luu, noi do 16n tridu vugt 6 m, cuong
suat mue nuée 16n hon 1 m/h ¢6 thé thay duge trén nhanh
triéu dang. Nhitng bién dong nay 1a yéu t6 chinh thic day
qué trinh ngap-kho, ching déng vai tro mau chdt khong
chi déi v6i sy van chuyén nude & chd nong ma con véi
cudng do dong triéu trong long séng chinh. Thyc ra, sy
hai tu ctia dong huwéng ngang vé phia long song c6 xu
huéng lam tang khdi lugng va tang do 16n ciia dong chay
doc cita song trong thoi gian tricu rat (Valle-Levinson va
nnk. 2000). Trai lai, sy dang nudc ngap bai triéu trong
giai doan nudc tridu lén lam gidm van tdc triéu dang vi
mot phan dong chiy lai huéng ngo#t vé phia hai bs. Néu
bé qua nhiing trao déi huéng ngang nay thi ta sé c6 thé
tinh thién 16n/thien nhé dang ké nhitng bien do dong triéu
(Zheng va nnk. 2003).

Nhitng quan trac § SLFE cling nhitng doan song ving
triéu 16n [nhu Jay va nnk. (2015)] da cho thay réng céc
MNT § bdi tricu déu cao hon so véi & long song (xem
Hinh 2) v& tham chi c¢6 thé bi cat cut khi bai triéu rit can
nudc, tuy theo diéu kién dong chiy séng va thuy tricu.
Ngudc lai, cac MNC van tuong déi gitt nguyén ngang doan
song. He qua 13, cac do 16n triéu nhin chung & long chinh
thi 16n hon & dong bang lii. Ngoai ra, nhu Valle-Levinson
va nnk. (2000) da quan sat, sy hoi tu huéng ngang duge
tao bdi sy tré pha ciia dong triéu giita long song va cac
bai ngam, v6i do 16n ti 1& véi cac gradient dia hinh huéng
doc song va v6i do 16n tridu. Didu nay duge ting ho bdi
két qua trong SLFE, v6i cac thoi diém xuat hien MNC va
MNT duge thay 1a xuat hién § viing néng cham hon la
G long song sau, véi cac do tré ciia MNT thi kéo dai hon
1a cac MNC (xem Hinh 2). Diéu nay dan t6i mot bat doi
xtng triéu thiy 16 trén cic ving nudc néng. Theo huéng
ngang, nhitng khac biét nay vé bien do va thoi diém da
tao nén cac gradient luu téc dua nude huéng vé long song
trong giai doan triéu rat va huéng vé b lic triéu dang.

Céch biéu dién chinh xac dia hinh dong bang 1, dai
hinh ldong séng, va ma sat day, do vay sé 1a thiét yéu vé
mé&t m6 hinh hoa vi chting &nh hudng tryc tiép dén do lén
ciia nhing ludng trao doi. O SLFE, mic do sin ¢6 cta dit
licu LIDAR d6 phan giai cao v& do hdi am dia hinh day
cling nhu dit lieu thuy dong lyc trén mit cit ngang (ttc
l1a myc nuée va luu téc cting lac) két hop véi lu6i phan
t httu han d6 phéan gidi cao cho phép mo té chinh xac
va kiém dinh qua trinh w6t-kho xay ra trén viing dia hinh
nong.

4.2 Tidal Propagation and Modulation | Lan truyén va bién diéu séng triéu

Factors influencing the strength of the tidal forcing over

Céc yéu t6 4nh hudng dén cuong do thuy tridu trong thang

the tidal month include the neap-spring effect, the apogee—petigne, gdm cé6 hiéu tng tridu cudng-kém, hiéu tng vién

effect, and the lunar declination, which is responsible for
the diurnal inequality (Jay et al. 1990). Neap-spring vari-
ability in tidal systems is a well-known phenomenon that
arises from the interaction of the dominant lunar and so-
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diém-can diém va do nghiéng Mt trang, von gay ra su
chénh léch noi nhat (Jay va nnk. 1990). Sy bién dong tricu
kém-triéu cudng trong cdc hé théng tridu 1a hien tugng
dugce biét nhidu t6i, né ndy sinh tir sy tuong tac gitta cac



lar semidiurnal tides (M2 and S2, respectively), whereas
apogee- perigee modulations and the diurnal inequality in-
volve interactions between M2 and N2, and K1 and O1,
respectively. In tidal rivers, the effects of these interac-
tions are numerous, three of which are the longitudinal
displacement of the tidal amplitude maximum [e.g., Jay
et al. (1990)]; the fortnightly modulation of tidal ranges,
HW, MWL, and LW [e.g., LeBlond (1979)]; and the lon-
gitudinal displacement of the upstream limit of current
reversal [e.g., Jay (1984)].

As a result of topographic funneling effects, tides in
the St. Lawrence are amplified as they enter the gulf and
estuary. They reach their maximum amplitude between

Tle aux Coudres and Orleans Island (Matte et al. 2017;
Fig. 1), depending on the phase on the neap—spring tidal
cycle and river discharge. The longitudinal position of the
tidal amplitude maximum can be explained in terms of the
tidal energy budget, where the tidal energy flux divergence
is balanced against dissipation (Jay et al. 1990). Whereas
the former is proportional to the square of the velocity,
the latter is cubic in velocity, meaning that dissipation
increases more than the incoming energy flux divergence
as tidal range increases. This tends to damp the tide ear-
lier and push any amplitude maximum seaward on spring
tides. As a result, less energy is transmitted upriver, and
the differences in tidal range between the neap and spring
tides are smaller upstream than at the mouth (cf. Fig. 6).

In the SLFE, tides are increasingly distorted and damped

as they propagate upriver as a result of nonlinear interac-
tions of the incoming tide with river flow, friction, and to-
pography. The respective contribution of these factors to
the system’s internal variability is a function of both time
and space, thus yielding distinct spatiotemporal patterns
in water levels and velocities. Among these patterns are,
for example, the flooding—drying processes occurring over
shallow intertidal flats, marked changes in the tidal behav-
ior associated with breaks in morphology [e.g., Matte et
al. (2014a); Sassi et al. (2012)], and flow division at tidal
junctions, for which topography and friction are known
to be critical components (Buschman et al. 2010). In gen-
eral, the timing of current reversals is strongly dependent
on the geometry of the channel, and in the case of multiple
channels (e.g., around the Orleans Island), their respective
geometries will affect both tidal propagation and flow dis-
tribution. Cyclic exchanges occurring between the south
and north arms of the Orleans Island are one example of
the effects of asynchronous tidal propagation.

From downstream to upstream, tidal energy is progres-
sively transferred from major astronomical constituents to
overtides and subtidal frequencies. Overtides contribute
to tidal asymmetry (i.e., wave steepening) by exerting an
influence on the amplitude and timing of HW and LW.
Low-frequency compound tides, for their part, contribute
to the lowering of MWLs and LWs during neap tides with
respect to spring tides (Aubrey and Speer 1985; Godin
1984, 1999; Jay et al. 2015; LeBlond 1978, 1979; Nidzieko
2010; Speer and Aubrey 1985). These effects are mod-
ulated by the river discharge, which adds to frictional
damping and alters constituent amplitudes by stimulating
energy transfers between frequency bands (Godin 1985,
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triéu ban nhat Mat trang va Mat troi (M2 va S2), con su
bién diéu vién diém-can diém va do chénh léch noi nhat
c6 sy tuong téc lan lugt gitta cac cap thanh phan M2 and
N2, K1 va O1. O céc doan song ving triéu, nhing tuong
tac nay c6 nhiéu anh huéng; va 3 trong s6 do6 la: sy dich
chuyén doc song ciia cyc dai bien do triéu [nhu Jay va
nnk. (1990)]; sy bién di¢u 14 ngay ciia do 16n trieu, MNC,
MNTB va MNT [nhu LeBlond (1979)]; va su dich chuyén
doc song ciia giéi han phia thuong du ctia sy déi huéng
dong [nhu Jay (1984)].

Mot két qua clia hiéu ing phéu dia hinh, thiy tridu &
dong St. Lawrence bi khuéch dai khi di vAdo vinh v& cta
song. Tridu dat bién do cyc dai gitta Ile aux Coudres va
Déo Orleans (Matte va nnk. 2017; Hinh 1), tity theo pha
clia chu ki triéu kém/cuong va luu lugng dong song. Vi tr
doc song ciia cyc dai bién do tridéu c6 thé duge giai thich
theo qui nang lugng triéu, trong dé sy phan ki thong
lugng ning lugng tricu dude can bang véi si tiéu tan nang
lugng (Jay va nnk. 1990). Dai lugng dau ti l¢ thuan véi
binh phuong luu téc, con dai lugng sau véi lap phuong luu
tdc; nghia 14 do tiéu tén ting nhanh hon 14 do phan tan
nang thong, khi do 16n triéu tang lén. Didu nay c6 xu thé
lam tt dan con trieu trudc vd day cac cuc dai bien do
vé phia bién vao lic triéu cusng. He qua la it nang lugng
dugc truyén lén thugng luu va & thugng luu, chénh lech
do 16n triéu gitta cac con tridu kém va triéu cuong sé nhd
hon 6 cita song (xem Hinh 6).

O SLFE, khi lan truyén vé thugng luu, thiy tridu ngay
cang bi bién dang va tit dan, do sy tuong tac phi tuyén
gitta tridu dén vi dong nudc séng, ma sat, va dia hinh. Sy
déng gop tuong ting clia cac yéu t6 nay téi bién doi noi tai
ctia hé théng 13 mot ham sd phu thudc ca khong gian 1an
thoi gian, va do vay cho ta nhitng dang mau khong-thoi
gian riéng biét vé myc nudc va luu tdéc. Trong s6 cac dang
mau nay c6 thé ké dén qua trinh ngap-kho xdy ra trén
cac bai triéu nong, nhitng bién déi ré rét vé tng xit thiy
triéu gén véi nhitng gian doan vé dia mao [nhu Matte va
nnk. (2014a); Sassi va nnk. (2012)], va sy phan luu tai cac
nga ba séng ving triéu, 6 dé dia hinh va ma sat dude biét
la cac yéu t6 then chét (Buschman va nnk. 2010). Nhin
chung, thoi diém déi dong thi phy thudoc manh vao dia
hinh long song, v trong trudng hop nhiéu long song (nhu
quanh Dao Orleans), dia hinh ctia ching sé anh hudng ca
sy truyeén triéu va phan bd dong chiy. Nhitng trao doi co
tinh chu ki xuét hién gifta cdc nhanh Nam v Béc ctia Dao
Orleans 134 mot vi du vé céc hiéu tng truyén tridu bat doéi
xuing.

Tit ha luu lén thugng Iwu, nang lugng tridu dude dan
dan chuyén tit cic thanh phan séng thién vin chinh téi
cac tridu thi cip va cac tan s6 dudi tricu. Cac triéu thi
cap goép phan vao bat déi xing triu (nghia la do doc
song triéu) qua viec tac dong lén bien do va thoi diém
xuat hién cac MNC va MNT. Dén lugt minh, cac triéu
phiic hgp tan s6 tha lai gép phan ha cac MNTB va MNT
xubng ciia ki tridu kém, so vé6i ki trieu cuong (Aubrey va
Speer 1985; Godin 1984, 1999; Jay va nnk. 2015; LeBlond
1978, 1979; Nidzieko 2010; Speer va Aubrey 1985). Nhiing
hiéu tng nay bi bién diéu béi luu lugng séng, von ting
cudng sy tit dan do ma sat v lam thay déi céc bien
do thanh phan bing viéc kich thich sy chuyén nang lugng



1999; Jay and Flinchem 1997). In the St. Lawrence, the
neap—spring reversal of MWLs begins seaward of the limit
of salinity intrusion (which moves between Orleans Island

and Ile aux Coudres), whereas the neap—spring reversal
of LLWs more or less begins at Deschambault (rkm 168),
that is, ~100 rkm upstream of the salinity intrusion limit.
Roughly, this corresponds to the point where the ampli-
tude of MSf equals that of S2 (Hoitink and Jay 2016). It
also coincides with the location where the amplitude of
MSf is maximal in the SLFE and where a change in tidal
asymmetry occurs (Matte et al. 2014a). The amplitude of
the fortnightly tide eventually exceeds that of the semid-
iurnal tide near Trois-Rivieres (rkm 231), approximately
160 rkm beyond the salinity intrusion limit. In sum, the
SLFE can be divided into four regions (Matte et al. 2014a):
(1) a tide-dominated reach downstream of Portneuf (rkm
0-163.5); (2) a transitional reach between the tidal and
tidal-fluvial regimes (rkm 163.5-186), characterized by a
rapid increase in bottom slope at the Richelieu Rapid near
Deschambault (rkm 168); (3) a tidal-fluvial reach from
Cap-a-la-Roche to Laviolette Bridge near Trois-Rivieres
(rkm 186-235), acting as a major restriction to the flow;
and (4) a river-dominated reach upstream (rkm 235-302),
where most of the short-period tide gets extinguished but
where long-period oscillations persist.

Downstream, where tidal flows are bidirectional, the
tidal storage volume can be estimated from the volume
differences between HWS and LWS (Zhang et al. 2015).
The limit where currents cease to reverse (i.e., where the
HWS and LWS coincide) moves between Regions (1) and
(3) in the SLFE as a function of tidal range and river
discharge. Although the tidal wave propagates beyond this
limit, the water is no longer transported upstream by the
tidal current during flood tide (cf. Fig. 7). Instead, the
currents experience a tidal backwater effect, where they
decelerate during the rising tide and accelerate during the
falling tide as water is periodically stored and released.
Similarly, at the neap—spring scale, water is temporarily
stored in the system during spring tide and released as the
neap tide approaches, with a direct consequence on flood
currents but little effect on ebb currents in the tidal-fluvial
reach (cf. Fig. 7). The main reason for this is that during
spring tide, a higher surface-level gradient is needed to
realize the same discharge than during neap tide (Hoitink
and Jay 2016), causing a fortnightly oscillation in water
levels and leaving the outgoing flow almost unaffected. On
the long term, river—tide interaction creates an oscillatory
gradient of the MWL and steepens the surface-level profile
as a result of the enhanced subtidal friction, up to the
point of tidal extinction or even beyond (Buschman et al.
2009, 2010; Sassi and Hoitink 2013).

5 Conclusion | Két luan

To gain insight into the tidal hydrodynamics of the SLFE,
a 2D time-dependent hydrodynamic model was developed.
In Part I (Matte et al. 2017), model calibration and val-
idation were performed based on statistical assessments
of modeled water levels at 29 tide gauges and discharges
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gitta cac dai tan (Godin 1985, 1999; Jay va Flinchem 1997).
0 dong St. Lawrence, sy ddo chiéu MNTB giita ki triéu
kém/cuong bat dau & phia bién so vé6i gidi han xam nhap
man (von dich chuyén gitta Ddo Orleans Island va Tle aux
Coudres), con sy dao chiéu MNT ki triéu kém/cudng bat
dau ¢ khoang vi tri Deschambault (km 168 ds), tic la
~100 km ds vé phia thugng luu giéi han xam nhap man.
Diéu nay tuong tng xap xi v6i diém ma bien do song MSf
bing v6i S2 (Hoitink va Jay 2016). N6 ciing trung vé6i chd
ma bién do MSf dat cuc dai trong SLFE va noi xdy ra mot
thay ddi vé bat doi xing triéu (Matte va nnk. 2014a). Cudi
cling, bién do6 clia tricu 14 ngay vugt qua cla tricu ban
nhat tai gan Trois-Rivieres (km 231 ds), khodng 160 km
ds vugt qua giéi han xam nhap man. Téng‘ cong SLFE ¢6
thé dugc chia lam 4 khu (Matte va nnk. 2014a): (1) mot
nhénh bi triéu chi phdi ¢ ha luu Portneuf (km 0-163.5
ds); (2) mot doan chuyén tiép giita cac ché do triu va
tridu-song (km 163.5-186 ds), dic trung baéi do dbéc day
tdng nhanh tai ghénh Richelieu gan Deschambault (km
168 ds); (3) mot nhanh triéu-song tit Cap-a-la-Roche t6i
Cau Laviolette gan Trois-Rivieres (km 186-235 ds), cay
cau lam co hep dong chdy déng ké; va (4) nhanh song chi
phéi phia thugng luu (km 235-302 ds), tai d6 da phan
séng tricu chu ki ngén bi tat nhung cic dao dong chu ki
dai van duy tri.

Phia ha luu, noi cac dong triéu di theo cd hai hudng,
c6 thé udc tinh thé tich trit trieu tit chénh lech gitta NDTC
va NDTT (Zhang et al. 2015). Gi6i han noi ma dong triéu
khong d6i huéng nita (chinh 1a noi NDTC va NDTT tring
nhau) di dong gitta cdc Khu (1) va (3) thuoc SLFE nhu
mot ham s6 theo do 16n trieu va luu lugng song. Mac dit
séng triéu lan truyén qua pham vi giéi han nay nhung
khéi nuée khong bi van chuyén vé thugng luu béi dong
triéu trong pha triéu dang nita (xem Hinh 7). Thay vi d6,
xay ra higu tng nudc vat, trong d6 dong nude gidm toc
trong pha giai doan triéu dang va ting tdc trong giai doan
triéu ha, vi nuéc duge tudn hoan trit lai vi nha ra. Tuong
ty, tréen quy mo ki tricu kém/cudng, nudc duge trit lai
tam thoi trong hé théng lic triéu cuong va nha ra khi ki
tridu kém dén, v6i hé qua tryc tiép t6i dong tridu dang
nhung it 4nh huéng dén dong tricu rit trén doan triéu-
song (xem Hinh 7). L{ do chinh ctia diéu nay 1a vi trong
ki tridu cudng, can do déc mit nudc lén hon dé tao ra
cung luu lugng nhu 6 ki triéu kém (Hoitink va Jay 2016),
diéu nay tao nén mot dao dong chu ki 14 ngay clia muc
nude va khién dong chdy ra gan nhu khong bi anh huéng
gi. Vé lau dai, tuong téc séng-tridu tao nén gradient dao
dong ctia MNTB va lam déc profin muc nuée nhu mot he
quéd ciia ma sat phan tridu, dén tan vi tri séng triéu tit
hodc xa hon nita (Buschman va nnk. 2009, 2010; Sassi va
Hoitink 2013).

Dé hiéu sau vé thiy dong liyc ving tridu ciia SLFE, mot
mo6 hinh thity dong lirc 2 chidu dién bién thdi gian da duge
phét trién. Phan I (Matte va nnk. 2017) da thyc hién hiéu
chinh va kiém dinh mé hinh dya trén danh gia théng ke
cho cac muc nuéec md phéng tai 29 tram do triéu va cho



at 13 transects. In Part II, spatial and temporal patterns
observed in the transect data were quantitatively assessed
as a demonstration of model structural validity. This step,
often neglected in the development of numerical models,
is a necessary requirement for establishing confidence in
model results, especially from an environmental modeling
perspective. In fact, environmental processes are known to
be strongly linked to physical variables, most specifically
to their spatial and temporal distribution and to their gra-
dients and connectivity (Morin et al. 2003).

The present research provides insights into the gen-
eral physical processes of the SLFE, and of large tidal
rivers globally, in relation to flooding—drying processes,
tidal propagation and modulation, and transient momen-
tum balance. These tidal and flow features manifest them-
selves at various spatial and temporal scales and are sensi-
tive to topography and friction parameterizations. Future
work should focus on the validation of the model under
varying discharge, wind, ice, and macrophyte-distribution
conditions. Efforts are currently under way to extend the
model upstream and to set up an operational model of the
St. Lawrence River and fluvial estuary (Matte et al. 2015).
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Tai ligu

luu lugng qua 13 mit cit. Phan I danh gia dinh lugng cac
dang méu khong gian va thoi gian quan sat thay tir s6 licu
mat cit dé biéu dién sy hop 1y trong ciu tric mo hinh.
Budc nay du thuong bi bé qua trong khau phat trién mo
hinh, lai 14 mot yéu ciu can thiét dé thiét lap su tin cay
vao két qua mo hinh, diic biet tit quan diém mo hinh héa
moi truong. Thyc ra, ta biét cic qua trinh méi trudng cé
lien két chat ché vé6i cac bién sé vat 1y, cu thé hau hét la
nhitng phan bé khong gian va thdi gian cling cac gradient
va lien hé gitta ching (Morin va nnk. 2003).

Nghién ciitu nay cho ta hiéu sau vé cac qué trinh vat
Iy chung ctia hé théng SLFE néi riéng, va clia cac song
anh huéng tridu trén thé giéi néi chung, mbi quan hé véi
cac qua trinh ngap-kho, sy lan truyén va bién diéu séng
tricu, va can bing dong lugng titc thoi. Cac dac diém thiy
triéu va dong chay nay thé hien dudi nhiéu quy mé khong
gian va thoi gian khac nhau, va cling nhay véi cach tham
s6 hoéa dia hinh va ma sat. Nhitng nghién citu sip i can
tap trung vao kiém dinh mé hinh duéi cac diéu kien lwu
lugng, gio, bang va phan bd thyc vat thay ddi. Hien nay
cac nd lyc dang thyc hién nhim mdé rong mo6 hinh vé phia
thugng luu va 1ap nén mot mo hinh van hanh cta dong
Lawrence River va ctta song (Matte va nnk. 2015).

Nghién citu ctia Pascal Matte dugc hd trg qua ngudn bdng
do Hoi dong Nghien cttu Khoa hoc ty nhién va K§j thuat
Canada va Quy nghién cttu Ty nhién va Cong nghé Québec
tai trg. Nhom téc gia cam on Environment Canada (Cuc
Khi tugng Canada) hd trg tai chinh; Bo Moi truong, Bién
ddi Khi hau va Phat trién Bén vimg (MDDELCC) hd trg
tai chinh dé do dac LIDAR; va Cuc Do dac Thuy vin
Canada (CHS) ciing Téng cuc Giao thong Van tai Québec
(MTQ) da cung cap s6 li¢u dia hinh trén can va dudi nude.
Téc gid cling cAm on Daniel Bourgault v6i nhitng gop y co
gia tri vé mot phién ban trude clia bai viét, va David A.
Jay da thdo luan vé sy lan truyén séng tridu trong song.
Sau cling, tac gid cAm on hai ngudi phan bién khuyét danh
da gép ¥ mang tinh xay dung cho ban thao nay.
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