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Tém tit ndi dung

In this study, a high-resolution, two-dimensional (2D), time-dependent hydrodynamic model of the St. Lawrence
fluvial estuary was developed with the objective of documenting the tidal hydrodynamics of this complex yet poorly
understood region. The hydrodynamic model solves the shallow-water equations over a finite-element-discretized
domain, with an average spatial resolution of 50 m, and includes a drying-wetting component for the treatment of
shallow intertidal areas. The numerical terrain model is composed of high-density topographic data and detailed
friction fields associated with bottom substrate and macrophytes. Calibration and validation were carried out using
recently acquired data for water level and velocity. Results show very good accuracy in water levels, with prediction
skills higher than 0.99 at all stations (where a skill of 1 means perfect agreement between model and observations
in terms of their relative average error) and root-mean-square errors (RMSEs) less than 5% of local tidal ranges
downstream; at upstream stations where tidal ranges are significantly reduced, RMSEs were lower than 6 cm.
Discharges were reproduced with similarly good accuracy, with errors lower than 6% of the maximum observed
discharges at 11 of the 13 surveyed transects; the two remaining sections are subject to larger interpolation and
bathymetric uncertainties. In this paper, critical aspects of model development are discussed, including the 2D
approximation, temporal and spatial resolution, bathymetric uncertainty, error in the boundary conditions, and
calibration under nonstationary conditions. This work is the first part of a two-part investigation serving as a
methodological framework for model setup, calibration, and validation in large tidal rivers.

Trong nghién citu nay, mot mo6 hinh thuy dong luc dién bién thoi gian, 2 chidu (2D), v6i do phan giai cao cho
viing cita song St. Lawrence da dugce thiét 1ap nhidm muc dich mo ta ché do thuy dong lyc tridu clia viung phiic tap
nhung chua duge hidu ré6 nay. M6 hinh thuy dong hue giai ciac phuong trinh nude nong trén mién duge roi rac hoa
phan t& hitu han véi do phan giai khong gian trung binh 50 m, va bao gdm mot thanh phan kho-udt dé xit 1y cac
viing bai triéu nong. Mo hinh s6 do cao dugc tao thanh tit sé lieu dia hinh mat do cao cling trudng ma sat chi tiét
gén v6i dat nén va cay. Hieu chinh va kiém dinh dugce thire hién bing cach diing s6 lieu thu duge gan day vé muc
nudc va van toc. Két qua cho thiy do chinh xac rit cao vé muyc nudc, véi diém dy doén cao hon 0.99 tai tit ca
cac tram (diém bing 1 cho thiy sy phit hgp hoan hao gitta két qua mo hinh va sb licu do dac xét vé sai sb trung
binh tuong déi gitta chiing) va sai sb cdn quan phuong (RMSE) nhé hon 5% clia do 16n triéu ha luu & dia phuong;
& nhiing tram phia thuong luu noi do 16n triéu da gidm di dang ké, cac sai s6 can quan phuong déu nhé hon 6 cm.
Cac tri s6 luu lugng déu dudce tai lap v6i do chinh xac tdt tuong ti, véi sai sd thap hon 6% clia cac luu lugng dinh
quan tric & 11 trong s& 13 mit cat dude khao sat; hai doan con lai ¢6 do bat dinh 16n hon vé noi suy va dia hinh.
Trong bai bao nay, cac khia canh then chdt clia viéc phét trién mo hinh dugc thio luan, bao gom viec xdp xi 2
chidu, do6 phan giai thdi gian va khong gian, bat dinh vé dia hinh, sai s6 deiefu kién bién, va higu chinh trong diéu
kien khong tinh tai. Bai nay 13 phan diu trong nghién cttu gom hai phan nhim cung cip mot khung phuong phap
dé thiét lap, hieu chinh va kiém dinh mé hinh cho céc viing ctta song 16n anh huéng tricu.

ASCE Subject Headings: Validation, Hydrodynamics, Two-dimensional models, Numerical models, Calibration,
Estuaries, Errors (statistics), Hydrologic models

Tit khéa chit dé ASCE: Kiém dinh, Thuy dong lic hoc, Mo hinh 2 chidu, M6 hinh s6 tri, Hiéu chinh, Cita song,
Sai s6 (théng ke), Mo hinh thuy van



1 Introduction | Gigi thiéu

The St. Lawrence River is the third largest river in North
America, with a drainage basin of ~ 1.6 x 10% km? and
an average freshwater discharge of 12,200 m3 /s at Québec.
It connects the Great Lakes with the Atlantic Ocean and
is the primary drainage of the Great Lakes basin, one of
the most industrialized regions of the world. This river en-
ables diverse economic activity for both Canada and the
United States, involving commercial navigation, numerous
industries, recreational activities, and tourism. It is simul-
taneously the drinking-water source and effluent receptor
of major cities, and it encompasses great aquatic habitat
diversity.

The St. Lawrence fluvial estuary (SLFE) spans 180
river kilometers (rkm) from the exit of Lake Saint-Pierre
to the eastern tip of Orleans Island, located at the upper
limit of the saline intrusion (Fig. 1). The circulation of the
SLFE is characterized by vertically well-mixed freshwater
(Simons et al. 2010), and it is driven by strong tidal and
river flows. Ocean tides are amplified as they enter the
St. Lawrence until they reach their highest level (~7 m
in range) in the upper estuary at Saint-Joseph-de-la-Rive,
hereafter referred to as rkm 0. Approximately 66 rkm up-
stream, tidal ranges still exceed 6 m during the largest
spring tides at Saint-Francois (i.e., the downstream limit
of the SLFE). Increases in water levels of more than 1 m/h
can be observed at these locations during the rising tide,
leading to rapid changes in flow conditions and in the
wetted areas. This generates strong current reversals with
peak tidal discharges up to five times larger than the daily
average in both upstream and downstream directions. The
tidal signal is increasingly distorted and damped as it
propagates upstream as a result of frictional effects (Godin
1999; Matte et al. 2014a); the ebb tides are lengthened,
and the flood tides are steepened and shortened. The limit
where the flow becomes unidirectional (i.e., only one slack
water) moves between Grondines (rkm 179.5) and Bécan-
cour (rkm 217) as a function of tidal range and river flow.
At Trois-Rivieres (rkm 231), the fortnightly modulation
of mean water levels (MWLs) induced by the neap-spring
cycle exceeds in amplitude the semidiurnal tide (LeBlond
1979), whose range is 0.2 m for a mean tide. Most of
the short-period tide (i.e., diurnal, semidiurnal, etc.) is
damped in Lake Saint-Pierre (rkm 264), but long-period
oscillations are still noticeable as far as Montréal (rkm
360). These flow properties exhibit both lateral and lon-
gitudinal variations that were confirmed by field measure-
ments (Matte et al. 2014b).

River forcing in the SLFE comes from the freshwater
outflows of Lake Ontario, Ottawa River, and other trib-
utaries along its course. Although the average discharge
is 12,200 m?/s at Québec, observed minimum and maxi-
mum daily net discharges in the St. Lawrence amounted
to 7,000 and 32,700 m?/s over the 1960-2010 period, tak-
ing into account the contribution of all tributaries and
drainage areas upstream of Québec (Bouchard and Morin
2000). The effects of such variations on MWL and tidal
range are severe, particularly in the upper portion of the
SLFE (Matte et al. 2014a).

Dong St. Lawrence 13 song 16n thit ba ¢ Bic My, véi dien
tich luu viec ~ 1.6 x 10 km? va luu lugng dong chiy
12,200 m3 /s tai Québec. N6 ndi Ngit Ho v6i Dai Tay Duong
va & duong tiu nuée chinh ctia luu vige Ngit Ho, mot trong
nhitng khu vite cong nghiép hoa nhat thé gisi. Dong song
nay cho phép cac hoat dong kinh té da dang dién ra & ca
Canada va Hoa Ky, bao gom giao thong thuy thuong mai,
nhidu nganh cong nghiép, cac hoat dong giai tri va du lich.
Ngoai ra, n6é con 13 ngudn cap nude udng va ndi nhan nude
thai tir cac thanh phd 16n, va né ciing chita dung da dang
sinh hoc quan thé thuy sinh.

Ciia song St. Lawrence (SLFE) trai dai 180 rkm (khodng
cach doc song theo km) tit diém ra ctia Ho Saint-Pierre dén
cuc dong ctia Dao Orleans, tai giGi han trén ctia xam nhap
man (Hinh 1). Hoan luu ctia SLFE duge dic trung béi
dong nudc ngot duge hod tron ki theo phuong thing ding
(Simons v& nnk. 2010), va dugc thic day béi cac dong triéu
va dong song chdy manh. Thuy tridu dude khuéch dai khi
tién vao song St. Lawrence dén khi né dat mic cyc dai (do
16n triéu ~7 m) noi phan trén cita song, tai Saint-Joseph-
de-la-Rive, ma tit day ta sé quy dinh la rkm 0. Khodng
66 rkm ving thugng luu clia song, do 16n thuy tricu van
vugt 6 m trong ki tridu cuong 16n nhat tai Saint-Francois
(tdc gidi han ha luu ctia SLFE). Hién tugng myc nudc
dang lén v6i cudng suat hon 1 m/h c6 thé quan sat thay
tai nhing dia diém nay trong subt ki triéu dang, dan tdi su
thay déi nhanh chéng diéu kien dong chay va & nhiing viing
dat ngap nudc. Diéu dé tao nén nhitng dong chay nguge
vdi luu lugng triéu t6i da gip dén 5 1an lwu lugng trung
binh theo c4 huéng nguge va xuo6i dong. Séng tridu ngay
cang bi bién dang va tit dan khi né truyén lén thugng lau,
do 4nh hudng clia hiéu ing ma sat (Godin 1999; Matte va
nnk. 2014a); céc ki tricu rat duge kéo dai, va céc ki tricu
dang thi rat ngan véi sudn déc hon. Gidi han ma tai do6
dong chdy tré nén 1 chiéu (tic la chi c6 mot thoi diém
nude ding) thi bién dong gitta Grondines (rkm 179.5) va
Bécancour (rkm 217) va 1a ham sb phu thuoc vao do 16n
tricu va dong chay song. Tai Trois-Rivieres (rkm 231), su
diéu tiét tan s6 chu ki 14 ngay ciia myc nudc trung binh
(MWL) gay bdi chu ki tricu kém - tricu cuong thi vugt
troi vé bien do so véi tridu ban nhat (LeBlond 1979), von
chi c¢6 do 16n trung binh 13 0.2 m. Hau hét cac triéu chu
ki ngdn (nhat triéu, ban nhat triéu, v.v.) déu bi tat dan
tai HO Saint-Pierre (rkm 264), nhung cac dao dong chu ky
dai vAn con than thiy dén tan Montréal (rkm 360). Cac
diic titng dong chay nay thé hién ci bién ddi theo phuong
ngang va theo phuong doc va duge khang dinh béi két qua
do dac thyc dia (Matte va nnk. 2014b).

Yéu t6 tac dong dong chiy séng trong mé hinh duge
lay 1a luu lugng nuée ngot tit HO Ontario, Song Ottawa,
va cac nhap luu khac vao dong song nay. Mic du luu lugng
trung binh chi 1& 12.200 m3/s tai Québec, cac luu lugng
(rong) ngay nhd nhat va 16n nhat ctia Song St. Lawrence
len dén 7.000 va 32.700 m3 /s trong giai doan 1960-2010),
c6 xét dén doéng gop clia tat ca nhing nhap luu va nhing
luu vire phia thugng ngudn Québec (Bouchard va Morin
2000). Anh hudng ctia nhitng bién déi nhu vay t6i muc
nudc trung binh va do 1én triéu 1a rat manh mé, dac biet



Combined with the strong tidal and fluvial forcing are
the effects of variable bathymetry, characterized by deep
channels (> 60 m); a section width that varies from less
than 1 km to more than 15 km; extensive intertidal areas,
river bends, shoals, and islands; and high spatial hetero-
geneity in substrate composition, distribution of macro-
phytes, and ice and wind conditions. Together, these char-
acteristics provide a unique environment for the study of
tidal hydrodynamics.

Previous numerical studies conducted in the SLFE only
provided limited knowledge on the circulation complexities
of the river. El-Sabh and Murty (1990) reviewed the early
modeling efforts made for the St. Lawrence, from the gulf
entrance up to Montréal in some instances. Numerous ana-
lytical or tidal models have been developed [e.g., Chassé et
al. (1993); Godin (1999); Marche and Partenscky (1974);
Matte et al. (2014a); Partenscky and Warmoes (1970);
Vincent (1965)], providing valuable insights into the prop-
agation and distortion of tides. Development and applica-
tion of one-dimensional (1D) numerical models of the St.
Lawrence have also been conducted [e.g., Bourgault and
Koutitonsky (1999); Cheylus and Ouellet (1971); Godin
(1971); Kamphuis (1968); Morse (1990); Prandle (1970,
1971); Prandle and Crookshank (1972, 1974); Robert et
al. (1992)]. These models were able to reproduce the main
tidal and fluvial characteristics encountered in the sys-
tem, although only qualitatively in the upstream portion
of the SLFE for most of them, partly because of impre-
cise discharge conditions at the boundaries. Among the
models, the ONE-D model (Dailey and Harleman 1972;
Morse 1990) is currently run in operational mode, fed by
the 30-day outflow forecast from Lake Ontario and the Ot-
tawa River and by the 48-h wind forecast of Environment
Canada (Meteorological Service of Canada) at the down-
stream boundary (Lefaivre et al. 2009, 2016). This oper-
ational model meets the need for water-level prediction
in the SLFE, but it cannot account for lateral exchanges
[e.g., Matte et al. (2014b)], which are fundamentally two-
dimensional (2D).

A number of 2D (depth- or laterally averaged) nu-
merical models have been developed for the St. Lawrence
[e.g., De Borne de Grandpré et al. (1981); Leclerc et al.
(1990); Lévesque (1977); Lévesque et al. (1979); Ouel-
let and Cerceau (1975); Prandle and Crookshank (1972);
Prandle and Crookshank (1974); Tee and Lim (1987)].
Three-dimensional (3D) models have also been presented
[e.g., Gagnon (1994); Saucier and Chassé (2000); Saucier
et al. (2003); Simons et al. (2010)], notably leading to the
production of an atlas of tidal currents in the St. Lawrence
Estuary (Saucier et al. 1997, 1999). Most of these mod-
els do not include the SLFE upstream of Orleans Island.
When they do, they usually suffer from a lack of valida-
tion, and their spatial resolution is generally too coarse
(>200 m) to account for local variations (both lateral and
longitudinal) in topography, friction, and hydrodynamic
properties. In parallel, model development for specific ap-
plications has been conducted by private or government
agencies [e.g., Doyon (2011)], but these models are usually
restricted to smaller areas of interest and thereby do not
provide a complete description of the system hydrodynam-

& phan phia trén cia cita song (Matte va nnk. 2014a).

Két hop véi dong chiy song va dong tridu manh con
c6 4nh hudng clia dia hinh bién ddi, duge diic trung bai
nhitng lach sau (> 60 m); bé rong song bién ddi tir dudsi
1 km dén trén 15 km; viing bai triéu rong, nhiéu khiic cong
clia song, cac bai ngdm va ddo; ciing nhu sy khong dong
déu trong khéng gian vé thanh phan dat nén, sy phan
bé thyc vat, va didu kién gi6, bing tuyét. Tyu trung lai,
nhitng diic tinh nay tao nén mot moi trudng doc nhat cho
nghién citu thuy dong lyc viing tridu.

Nhitng nghién citu mo6 hinh s6 cho SLFE truéc day chi
cung cap kién thitc c6 han vé sy phiic tap ctia hoan luu
nudce song. El-Sabh va Murty (1990) da diém lai nhitng nd
lyc mo6 hinh hoéa cho Séng St. Lawrence, tit ctta vinh lén
dén Montréal trong mot vai trusng hop. Nhidu mo hinh
giai tich hodc mo hinh séng triéu da duge phat trién [nhu
Chassé va nnk. (1993); Godin (1999); Marche va Parten-
scky (1974); Matte va nnk. (2014a); Partenscky va War-
moes (1970); Vincent (1965)], da cung cap nhiéu thong tin
gia tri vé sy lan truyén va bién dang clia séng tricu. Viéc
phét trién va ap dung nhitng mo hinh s6 tri mot chiéu (1D)
cho Song St. Lawrence ciing da dugc tién hanh [nhu Bour-
gault va Koutitonsky (1999); Cheylus va Ouellet (1971);
Godin (1971); Kamphuis (1968); Morse (1990); Prandle
(1970, 1971); Prandle va Crookshank (1972, 1974); Robert
va nnk. (1992)]. Cac mo6 hinh nay déu c6 kha nang tai lap
duge nhitng dic trung ciia dong tridu va dong chdy song
trong hé théng, mic dit da sd chi 14 mot cach dinh tinh
déi v6i doan thugng luu ciia hé théng SLFE, phan nio 1
do cac diéu kién luu lugng khong chinh xéc tai cac vi tri
bién. Trong s6 cdc md hinh, ONE-D (Dailey va Harleman
1972; Morse 1990) dang dugc chay & ché do van hanh,
dugc cung cap bdi chudi s6 litu dut bao 30 ngay dong chay
ra tit ho Ontario va song Ottawa ciing nhu duy béao gi6
48 git tit t6 chitc Environment Canada (Cuc Khi tugng
Canada) 6 bién ha luu (Lefaivre va nnk. 2009, 2016). Mo
hinh van hanh ndy dap tng dudc nhu cau dy bio muc
nuée cho SLFE, nhung né khong thé tinh dén sy trao doi
nuéc hudng ngang [nhu Matte va nnk. (2014b)], von vé co
ban la qua trinh 2 chiéu (2D).

Nhidu mo6 hinh sb tri 2 chidu (trung binh theo do
sau hodc theo phuong ngang) da duge phat trién cho
Song St. Lawrence [nhu De Borne de Grandpré va nnk.
(1981); Leclerc va nnk. (1990); Lévesque (1977); Lévesque
v nnk. (1979); Ouellet va Cerceau (1975); Prandle va
Crookshank (1972); Prandle va Crookshank (1974); Tee
va Lim (1987)]. Cdc mo hinh 3 chiéu (3D) cing dugc
trinh bay [nhu Gagnon (1994); Saucier va Chassé (2000);
Saucier va nnk. (2003); Simons va nnk. (2010)], ndi bat
nhat 1 lap dugc mot ban dd dong triéu & Cita séng St.
Lawrence (Saucier va nnk. 1997, 1999). Da s6 cAc mo6 hinh
nay déu khong bao gom phan thugng luu SLFE tit Do
Orleans. Con khi da bao gom thi lai thudng thiéu kiém
dinh, v& do phan gidi mo hinh d6 lai qua tho (>200 m) dé
6 thé xét dén dugc nhing thay déi mang tinh dia phuong
(cad doc song 1an ngang song) vé dia hinh, do nham, va
cac dic trung thuy dong luc hoc. Bén canh d6, viéc phat
trién mo hinh cho cac ng dung rieng da dugc tién hanh
bdi nhitng don vi tu nhan hogc td chitc chinh phii [Doyon
(2011)], nhung cdc mo6 hinh nay thudng chi gi6i han cho



ics. The SLFE thus remains incompletely documented.

This paper is Part I of a two-part investigation pre-
senting the development of a high-resolution, 2D, time-
dependent hydrodynamic model of the SLFE, with the
objective of providing detailed spatial and temporal de-
scriptions of the hydrodynamics in response to tidal and
fluvial forcings. The model components, underlying data,
and setup properties are described in detail in Part I.
The finite-element program H2D2, used to run the sim-
ulations, is presented, along with its drying-wetting com-
ponent, which allows water in intertidal areas to be cycli-
cally stored and evacuated. The hydrodynamic model was
thoroughly calibrated and validated using an extensive
data set composed of water-level data from 29 tide gauges
and cross-sectional water-level and velocity data collected
along 13 transects, repeatedly surveyed during semidiur-
nal tidal cycles (Matte et al. 2014a). Tide gauge and tran-
sect data are used in Part I to quantitatively evaluate the
agreement between modeled and observed water levels and
discharges during the calibration phase, whereas transect
data are further exploited in Matte et al. (2017) (hereafter
referred to as Part II) to validate the spatial and temporal
processes observed in the system.

The 2D (vertically integrated) shallow-water equations
remain a valid approximation of the tidal hydrodynam-
ics throughout the SLFE because of its small depth-to-
width ratio, vertically well-mixed freshwater, and gener-
ally small vertical velocities, as confirmed by field mea-
surements (Matte et al. 2014a). However, the model not
only encompasses the SLFE but extends further down-
stream into the estuarine transition zone (Simons et al.
2010), down to Ile aux Coudres (Fig. 1), where salinity
and vertical stratification start to appear. The inclusion of
this segment is meant to allow the placement of a water-
level boundary both aligned with a permanent tide gauge
and far enough from Orleans Island, where important flow
exchanges occur as the river splits into two branches. Al-
though the 2D barotropic model cannot capture the ef-
fects of density currents and stratification in this transi-
tion zone, model predictability in the SLFE per se (i.e.,
upstream of the salinity intrusion limit) remains very ac-
curate. For a given computational cost, making the tran-
sition to a 3D model would otherwise result in a loss of
horizontal resolution, thus compromising the ability of the
model to represent complex topographic features.

This work is the first step toward the development of a
comprehensive model of the SLFE ecosystem, thus filling
the gap between the 2D upstream model (Montréal-Trois-
Rivieres reach) (Morin and Champoux 2006) and the 3D
ocean model of the estuary and gulf (Smith et al. 2013),
which are both operational.

cac khu vyc quan tam nhé va do dé khoéng cung cip mot
btic tranh téng thé vé ché do thuy dong luc ctia hé théng.
Do vay, heé SLFE van chua du tai lieu nghién citu.

Bai bao nay 14 Phan I cia nghién cttu gdm 2 phan trinh
bay viéc phat trién mot mo hinh thuy dong litc dién bién
thoi gian, 2 chiéu, c6 do phan gidi cao cho SLFE, v6i muc
tiéu cung cap nhing mo ta chi tiét trong khong gian va
theo thai gian cho ché do thuy dong lyc do tac dong thuy
triéu va dong chay song. Céc thanh phan mo hinh, s6 lieu
nén, va diic tinh thiét 1lap dugc mo t4 chi tiét trong Phan
I. Chuong trinh phan ti hitu han H2D2, diing cho mo
phoéng, sé duge trinh bay cuing v6i mé dun udt-khoé trong
d6 cho phép nudce trén cac vung béi tridu duge giit lai va
thoat di theo chu ky. M6 hinh thuy dong luc dugc hiéu
chinh v& kiém dinh thong subt bing bo s6 lieu day di bao
gdm muc nudc tir 29 tram do triéu ciing cac s6 lidu muec
nude va luu toc do tai 13 mit cét, duge tién hanh khéo
sat lap di lap lai su6t cac chu k¥ ban nha triéu (Matte va
nnk. 2014a). S6 lidu mute nude tridu va mit cit duge diing
trong Phan I dé danh gia mot cach dinh tinh sy phit hop
gitta cac luu lugng myc nudc moé phéng va quan tric trong
sudt khau higu chinh, con s6 lieu mat cat dude tiép tuc
tan dung trong bai bdo Matte va nnk. (2017) (tit day sé
goi 1a Phan II) dé kiém dinh cac qué trinh dién ra trong
khong gian va theo thdi gian quan sat dudc tit hé thoéng.

Céc phuong trinh nuée nong 2 chiéu (trung binh phuong
diing) van con xap xi hgp 1y cho ché do thuy dong lyc triéu
clia toan hé SLFE béi do sau dong chay so véi bé rong 1a
nhé, dong nude ngot hoa tron ki theo phuong thing ding,
va van téc phuong ding néi chung 13 nhé; tat ca déu duge
khing dinh qua do dac thuc dia (Matte va nnk. 2014a).
Tuy nhién, moét hinh khong chi bao tron hé SLFE ma con
kéo dai vé phia ha lwu vio viing chuyén tiép cita song (Si-
mons va nnk. 2010), xuéng dén Ile aux Coudres (Fig. 1),
noi ma do man ciing nhu sy phan tang theo phuong ding
bat dau xuat hién. Viéc bao gom ca doan nay 13 nhim cho
phép diat mot bien muyc nuée di qua tram do tridu c6 dinh
va du xa khéi Do Orleans, noi ma nhitng dong chay trao
d6i xudt hien khi séng ré thanh hai nhanh. Mic dit mo
hinh &4p huéng 2 chiéu khong thé bat duge cac hiéu ing
ctia dong mat do va phan tang trong viing chuyén tiép nay,
ban than kha ning dy doan ctia mo hinh cho SLFE (tic 1a
phia thugng ngudn clia giéi han xam nhap min) van con
rat chinh x4c. V6i mot chi phi tinh toin cho trudc, viec
chuyén sang diing mo hinh 3 chiéu sé phai hi sinh do phan
gidi phuong ngang, do vay ma sé lam yéu di kha ning clia
mo hinh biéu dién céc dic diém dia hinh phiic tap.

Nghién cttu nay 1a bude dau huéng dén viec phat trién
mot mo hinh toan dién cho hé sinh thai SLFE, qua dé
két nbi khodng cach gitta moé hinh 2 chidu thugng ngudn
(nh&dnh Montréal-Trois-Rivieres) (Morin va Champoux 2006)
va mo hinh bién 3 chiéu cho viing cita song va vinh (Smith
va nnk. 2013), von déu 1a cac mo hinh tac nghiép.

2 Field Campaigns | Cac dgt khao sat thuc dia

2.1 Hydrodynamic Measurement Campaign | Dgt do dac thuy dong luc

A field campaign, the most extensive to date, was con-
ducted in the SLFE during the summer of 2009 for the

Mot dot do dac thuyc dia, dén nay 13 dot c6 quy mo lén
nhat, da dude thyc hieén cho hé théng SLFE sudt miia he



measurement of water levels and velocities (Matte et al.
2014b). The objective was twofold: (1) document the hy-
drodynamics and improve current knowledge of the sys-
tem, and (2) obtain recent and detailed data for the cali-
bration and validation of the hydrodynamic model.

A set of 15 pressure sensors was installed from June to
October 2009 for water-level measurements, adding to the
14 tide gauges operated by Canada’s Department of Fish-
eries and Oceans (DFO) already available (Fig. 1). Boat
surveys were also conducted over semidiurnal tidal peri-
ods along 13 cross sections of 1 to 4 km in width of the
SLFE, representative of the longitudinal variability in ge-
omorphological and tidal-fluvial properties. At each tran-
sect, the boat repeatedly moved back and forth across the
channel following the same transect line, perpendicular to
the mean flow direction. Water levels and velocities were
measured during each crossing with the use of a mounted
real-time kinematic global positioning system (RTK GPS)
and an acoustic Doppler current profiler (ADCP), respec-
tively. The measurements were carried out between June
15, 2009, and August 25, 2009, so that most transects
were surveyed at different phases on the neap-spring tidal
cycle. Daily-averaged net discharges at Québec varied be-
tween 11,100 and 14,600 m? /s during that period. Details
of the data acquisition and analyses have been provided
by Matte et al. (2014b, c).

Data from both the extended tide gauge network and
boat measurements were used to calibrate and validate the
model presented herein, whereas they are used in Part II to
further assess model performance based on its capability
to reproduce tidal-fluvial processes in the SLFE.

nam 2009 dé do myc nude va van tdc dong chay (Matte
va nnk. 2014b), nham hai muc tiéu: (1) ghi lai ché do thuy
dong lre va nang cao hiéu biét hién tai vé he thong, va (2)
thu dugc s6 lieu cap nhat chi tiét gitp cho hiéu chinh va
kiém dinh mo hinh thuy dong luc.

Mot bo 15 dau do ap suat duge cai dat tit thang 6
dén thang 10/2009 dé do mic nu6e, bd sung cho 14 tram
thuy tricu sdn c6 ctia Cuc Ngu nghiép Hai duong Canada
(DFO) (Hinh 1). Khéo sit bang thuyén ciing duge thuc
hién sudt cic chu k¥ ban nhat triéu doc theo 13 mit cét
ngang rong tit 1 dén 4 km clia hé théng SLFE, dai dién
cho sy bién déi doc song vé dic tinh dia mao ciing nhu
thuy tricu-dong chdy soéng. Tai mdi mit cit, thuyén di
chuyén tién / It qua lai ngang song, vuong goc véi huéng
dong chay chinh. Myc nuéc va van tdc dude do dac tai mdi
lan chay cit ngang song bang hé thong dinh vi toan cong
dong hoc thoi gian thyc (RTK GPS) va may do dong chéy
Doppler am (ADCP) gan véi thuyén. Viee do dac duge
tién hanh tu 15/6/2009 dén 25/8/2009, nhd vay moi mit
cat dugc khao sat 6 nhitng pha khac nhau ctia mot chu ki
triéu géom ca tricu kém lan triéu cudng. Luu lugng rong
trung binh ngay tai Québec dao dong tit 11.100 dén 14.600
m?/s trong thai ki dé. Chi tiét vé cong tac thu thap va
phan tich s6 lieu duge cung cap bdi Matte va nnk. (2014b,
c).

S6 liéu tit mang luéi tram do triéu md rong ciing nhu
do bang thuyén dugce diing dé hiéu chinh va kiém dinh mo
hinh trong bai nay, v dudc diing trong Phan II dé danh
gia sau hon vé hiéu ning cia mo6 hinh dya trén kha nang
clia n6 trong viéc tai 1ap céc qua trinh thuy triéu va dong
song ctia hé théng SLFE.

2.2 LIDAR Campaign | Chién dich sit dung LIDAR

A light detection and ranging (LIDAR) campaign was con-
ducted during the summer of 2012 to collect topographic
data in shallow areas. The topography of all intertidal
zones within a 200-km reach of the St. Lawrence, extend-
ing from Islet-sur-Mer (rkm 30) to Trois-Rivieres (rkm
231), was measured around low tide. The survey was car-
ried out from June 16, 2012, to July 7, 2012. This time
period was chosen after the spring freshet and at a time
where aquatic plants are not at their peak in terms of
density and coverage. A total of 8 days of measurements
was necessary to cover the entire domain. The LIDAR
system used during the campaign (Optech ALTM Gemini
No. 07sen209; Teledyne Optech, Vaughan, ON, Canada)
allowed a scanning frequency of 37 Hz, with an angle of
20°. Flight height was 1,350 m aboveground, yielding a
scanning width of 877 m. Line spacing was 614 m, allow-
ing a 30% overlap.

The low tide propagates landward at a speed of approx-
imately 15-30 km/h, depending on channel depth, whereas
the speed of the plane is approximately 10 times faster
(i.e., 256 km/h). The propagation times and heights of
low water also vary longitudinally, both over the neap-
spring cycle and as a function of river discharge (Godin
1984; LeBlond 1979). Reliable information on the times of
arrival of low water was thus essential to the planning of
the LIDAR campaign for the measurement to be synchro-
nized with the low tide. Tidal predictions from the ONE-D

Mot chién dich LIDAR (cong nghé phét hién va do tam
xa bang anh sang) dugc tién hanh tit he ndm 2012 nham
thu thap sb liéu dia hinh & cac viing nuéc nong. Dia hinh
clia tit cd nhing bai ngap tridu trong pham vi nhanh
song 200-km ctia dong St. Lawrence, trai dai tur Islet-sur-
Mer (rkm 30) t6i Trois-Rivieres (rkm 231), duge do dac
trong k¥ triéu thap. Khao sat dugc tién hanh tir 16/6/2012
dén 7/7/2012. Thoi ki nay duge lya chon sau dgt lii tan
bing mila xuan va tai thoi diém khi thyc vat thuy sinh
khong phai lac dinh diém sinh trudng va che phii. Dgt
do kéo dai téng cong 8 ngay dii dé bao quat toan bo khu
vige. He théng LIDAR duge dung trong chién dich (Optech
ALTM Gemini No. 07sen209; Teledyne Optech, Vaughan,
ON, Canada) cho phép quét tan sé 37 Hz, véi goc 20°.
Tam cao bay 1a 1.350 m trén mat dat, cho ta bé rong dai
quét 1a 877 m. Khoang céach gitta cac duong quét 1a 614 m,
ddng nghia véi mic do gbi lén nhau 30%.

Chan triéu lan truyén vé phia dat lién vdi téc do khodng
15-30 km/h, tuy theo do sau long dan, trong khi téc do
bay nhanh hon chitng 10 lan (256 km/h). Cac téc do lan
truyeén v muc nutde chan tridu ciing bién déi doc cita song,
c& theo chu ki triéu cudng-tridu kém ciing nhu 13 ham s6
phu thudc vao luu lugng nuée song (Godin 1984; LeBlond
1979). Do d6 rat can thong tin dang tin cay vé cac thoi
diém nuéc thap xay ra dé lap ké hoach chién dich khao
sat LIDAR sao cho két qua do ddng bo véi chan tridu. S6
lidu dit bao tridu tit mé hinh ONE-D cho cita St. Lawrence
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model of the St. Lawrence (Lefaivre et al. 2009) were used
to determine the times of arrival of low water at different
stations in the SLFE, under the discharge and tidal condi-
tions prevailing during the period of the survey. The flight
lines and time of the survey were determined according to
these predictions. Therefore, the extent of dry areas cov-
ered was highly dependent on the prediction accuracy of
the model and the concordance between the planned and
executed flight lines.

Because of the very energetic tidal environment, mea-
surements taken slightly before or after low tide represent
a significant loss in the dry areas surveyed. A vertical tol-
erance of 20 cm around the low tide was considered in
the delimitation of zones of measurement. At stations of
moderate to strong tidal range (i.e., between Grondines
and Saint-Frangois), this tolerance was respected for time
intervals from 20 min before low tide to 10 min after low
tide (the rising tide being more abrupt than the falling
tide). This gave the operator some latitude in the deter-
mination of flight lines and times. The flight lines were
delineated in such a way as to cover the entire area from
the chart datum elevation in the river to the bank limit
inland, based on the approximate limit of a 1,000-yr re-
currence flood. The limits were further extended by 500
m inside the major tributaries. During measurements, the
flight lines were executed in a predetermined order, from
the channel to the bank, to ensure that the most critical
areas (intertidal zone, shoals, etc.) were surveyed as close
as possible to the low tide.

3 Model Setup | Thiét 1ap mo hinh
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Hinh 1: | Fig. 1. Map of the SLFE (Québec)
showing locations of the DFQO’s tide gauges
(dark-blue circles), pressure sensors (red stars),
and measurement transects (light-blue lines)
[Note: rkm are indicated for each station (see
Table 3 for a list of station names); major
tributaries are the St-Maurice (SM), Batiscan
_ ¢ (BA), Sainte-Anne (SA), Jacques-Cartier (JC),

y and Chaudiere (CH) rivers; the global simula-
. tion domain is partitioned into two overlapping
. domains, the upstream (dotted line) and down-
stream (dashed line) models| ¢ Ban do hé théng
SLFE (Québec) thé hien vi tri cac tram do
tricu DFO (cham tron xanh sdm), dau do ap
suat (ngdi sao dd), v mit cit do dac (dudng
xanh nhat) [Luu §: mdi tram do déu thé hién
khoang cach rkm (danh sach tram do dugc liét
ké & Bang 3); cdc nhap luu 16n bao gdm séng
St-Maurice (SM), Batiscan (BA), Sainte-Anne
(SA), Jacques-Cartier (JC), va Chaudiere (CH);
mién md phéng 16n duge chia thanh hai mién con
gdi lén nhau: m6 hinh mién thugng luu (dudng
chdm) va ha luu (dudng dit nét)].

(Lefaivre et al. 2009) dugc ding dé xac dih thai diém chan
triéu cho nhiéu tram do trén hé thong SLFE, trong diéu
kien dong chay song va thuy triéu chi phéi sudt dgt khao
sat. Dudng bay va thoi diém khéo sat duge xéc dinh dua
theo cac du doan nay. Do vay, pham vi viing dat kho duge
do dac thi phu thudc nhiéu vio do chinh xac ctia mé hinh
cling nhu sy phit hgp gitta cac dudng bay du kién va thuec
te.

Do moi trudng cita song ving tridu ddi dao nang lugng,
nén do dac tié hanh ngay trudc hodc ngay sau muc nuéc
chan triéu sé thé hien thiéu hut dang ké dien tich dat ndi
dugce khao sat. Dung sai theo phuong ding duge 14y bing
20 c¢m so véi myc nude chan triéu khi khoanh viing khéo
sat. Tai nhitng tram do do 1én triéu tit mic trung binh
dén 16n (nghia la gitta Grondines va Saint-Frangois), dung
sai nay dudc tinh cho cac thsi khoang tiur 20 phuat trude
chan triéu dén 10 phtt sau chan triéu (triéu dang cé cuong
suét 16n hon triéu rit). Bing cAch nay gitp cho ngudi diéu
khién thém su lia chon tuyén bay va thoi gian bay. Céac
tuyén bay dudc vach ra sao cho bao phit dugc toan bo
khu vic tit cao trinh méc chuan trén song dén gisi han ba
song phan dat lién, dya trén vi tri xap xi clia vét it ¢6 chu
ky lap lai 1000 nam. Cac gi6i han ay dugc mé rong them
50 m & bén trong nhitng phuy luu quan trong. Trong sudt
qué trinnh do, cac tuyén bay dudc thiyc hién theo thi tu
dinh truéc, tit long song dén bd song, dé dam bao ring hau
hét nhing khu vigc then chét (ving bai tridu, con ngam,
v.v.) dugc khio st mot cach sat nhat v6i muc nude chan
triéu.

3.1 Simulation Domain and Boundaries | Mién mé phéng va cac bién

The simulation domain of the SLFE model extends be-
yond the actual limits of the freshwater estuary, typically

Mién mo6 phéng ctia md hinh SLFE md rong virgt ngoai
pham vi thyc té ciia cita séng nudc ngot, thusng dude xac



defined from the exit of Lake Saint-Pierre to the eastern
tip of Orleans Island (Fig. 1). The downstream boundary
is, in fact, located in the estuarine transition zone of the
St. Lawrence Estuary (Simons et al. 2010). It is positioned
along a 15-km-wide cotidal line of constant phase, a few
kilometers downstream from the nearest tide gauge, lo-
cated on the north shore at Saint-Joseph-dela-Rive (rkm
0). This station is the closest permanent tide gauge to the
east of Orleans Island, past Saint-Francois (rkm 66). It
was chosen as the downstream boundary, far enough from
Orleans Island to allow exchanges between the north and
south arms to occur freely. Because of the section width
and the absence of a tide station on the south shore of
the boundary, water-level distribution across the section
was determined by assimilation, using differences between
observed and modeled water levels at nearby stations to
orient changes in the imposed water levels (discussed fur-
ther under Assimilation).

The upstream boundary is positioned in alignment with
the Port Saint-Francois tide station (rkm 241), at the exit
of Lake Saint-Pierre (i.e., the upstream limit of the SLFE).
Measured water levels, rather than estimated tidal dis-
charges, were specified at the boundary to ensure accurate
results because a tide of 20-30 cm in range still subsists
at the exit of Lake Saint-Pierre. To actually impose the
freshwater discharge would require extending the model
beyond the head of the tide, to the closest station where
continuous discharge measurements are taken (Lasalle sta-
tion, more than 100 rkm upstream). Although work is cur-
rently under way to connect the present model with the
upstream 2D operational model (Morin and Champoux
2006), the current focus is on the SLFE reach.

Major tributaries were included in the model to al-
low water to be cyclically stored and evacuated as a func-
tion of the tide: the Saint-Maurice (SM), Batiscan (BA),
Sainte-Anne (SA), Jacques-Cartier (JC), and Chaudiere
(CH) rivers (Fig. 1). The boundaries were positioned at
upstream locations removed from tidal influence for the
imposition of daily-averaged discharges uninfluenced by
the tide. The latter were reconstructed by adding the dis-
charge measured at an upstream station to the estimated
lateral inflow, consisting of surface water runoff and ground-
water inflow. Because virtually no data are available for
groundwater inflow, only surface water runoff was consid-
ered and was approximated based on gauged areas. For
ungauged areas, the inflow was estimated from the runoff
coefficient of an adjoining gauged area. Relations for each
tributary to the St. Lawrence were developed by Morse
(1990) and adapted by Bouchard and Morin (2000).

The global simulation domain was partitioned into two
smaller overlapping domains, each sharing the same grid
configuration and data as the global model (Fig. 1). This
separation was necessary to dissociate the calibration pro-
cess from the assimilation process. Hence, calibration in
the upstream model was performed on a reduced domain
extending from Port Saint-Francois (rkm 241) to Québec
(rkm 106.5), where water-level conditions are defined at
the boundaries from tide gauge data. The downstream
model was calibrated on a reduced domain extending from

dinh tit ctta ra clia Ho6 Saint-Pierre dén miii phia Dong
ctia Dao Orleans (Hinh 1). Bién ha luu thyc té ¢ ving
chuyén tiép cita song St. Lawrence (Simons va nnk. 2010).
N6 duge dinh vi doc theo mot duong déng tricu chay dai
15 km ndi lién cac diém ciing pha thuy triéu, cach xa vai
km vé phia ha luu clia tram triéu gan nhat ndm tai bs
Béc Saint-Joseph-dela-Rive (rkm 0). Tram nay la tram do
thuong xuyén gan nhat véi bd Dong ciia Dao Orleans, chay
qua Saint-Frangois (rkm 66). N6 duge chon lam bieén ha
luu, dit xa Dao Orleans dé cho phép qua trinh trao déi
gitta hai nhanh phia Bic va phia Nam dudc xay ra ti do.
Vi bé réng doan bién nay han ché va khong c6 tram do
triéu ¢ bd Nam ctia bién, nén phan bé myc nuée doc doan
nay dugdc chon bing cach dong hod dit liéu, st dung do
chénh léch gitta cdc muyc nuée thyc do va mo phong tai
cac tram gan do dé dinh huéng thay déi cho myc nuée (sé
dugc ban dén trong Muc Dong hoa dit ligu).

Bién thugng luu duge dit trung véi vi tri tram do tridu
Port Saint-Frangois (rkm 241), tai clta ra ctia Ho Saint-
Pierre (ttc 1a gidi han thugng luu ctia he SLFE). Cac muc
nudce thyc do, chit khong phai luu lugng triéu tinh toan,
dugc chi dinh tai bién nay dé dam bao két qua chinh xac
vi vAn ton tai mot do 16n tridu 20-30 cm xuéat hién & ciia ra
Ho Saint-Pierre. Dé thuc sy dit dugce bien luu lugng dong
nudc ngot thi sé can phai kéo dai pham vi mé hih vuot
khéi gigi han 4nh hudng tridu, lén t6i tram gan nhét c6
do Iuu lugng lién tuc (tram Lasalle, cAch hon 100 rkm vé
thugng luu). D dang c6 nghién cttu két ndi hién tai véi mo
hinh van hanh 2 chiéu thugng luu (Morin vA Champoux
2006), muc tiéu hién thoi van 1a nhanh SLFE.

Cac nhap luwu chinh duge bao gdm trong mo hinh dé
cho phép nuéc duge giit va thdo mot cach tuan hoan
phu thudc vao con triéu: cac séng Saint-Maurice (SM),
Batiscan (BA), Sainte-Anne (SA), Jacques-Cartier (JC),
va Chaudiere (CH) (Hinh 1). Cac bién duge dat & vi tri
thuong luu tranh khéi anh hudng thuy triéu dé cho viec
ap dat luu lugng trung binh ngay khong bi anh hudng béi
con triéu. Viéc ap gia tri ndy dugc thiyc hién bang cich
cong thém luwu lugng thuc do tram thugng luu vao luu
lugng nhap luu u6e tinh; lugng nhap luwu nay gom dong
chiy mit vd dong chdy ngadm. Vi gan nhu khong c6 s6 lieu
dong chay ngam nén chi ¢6 dong chiy mit duge xét dén va
duge xap xi dua trén cac khu vire duge do dac. Véi nhitng
khu vize khong duge do dac, nhap luu duge tinh tit hé s6
dong chay mit ctia cac khu viye dude do lan can. Méi lien
hé gitta tiing nhanh song véi dong St. Lawrence dudc thiét
lap bdi Morse (1990) va diéu chinh bdi Bouchard va Morin
(2000).

Mién mo phoéng 16n dude chia thanh hai mién nhd hon
c6 mot phan gdi len nhau, m&i mién nhé chia sé kich thuée
lusi va dit lieu nhu mién 1én (Hinh 1). Viéc phan tach nay
1 can thiét dé g& bo mbi lien hé giita qua trinh hiéu chinh
va dong hod. Vi vay, viéc hiéu chinh mé hinh thugng luu
duge thie hién déi véi mot mién thu hep trai dai tir Port
Saint-Frangois (rkm 241) dén Québec (rkm 106.5), noi cac
diéu kién muc nude duge xac dinh tai bién tir s6 lidu tram
do tridu. M6 hinh ha luu dude hiéu chinh trén mot mién
thu hep tir Neuville (rkm 138) dén Saint-Joseph-dela-Rive
(rkm 0), tai d6 tién hanh déng hod diéu kién bién ha luu

Neuville (tkm 138) to Saint-Joseph-dela-Rive (rkm 0), where dé x4dc dinh phan b6 muc nuée t6i wu. Mot khi hai mo



assimilation of the downstream boundary conditions was
carried out to determine the optimal water-level distribu-
tion. Once the two submodels were calibrated and assimi-
lated, simulations were performed using the global domain
for validation.

hinh dugc hiéu chinh va dong ho4, viéc mo phéng dudge
tién hanh trén mién 16n dé kiém dinh.

3.2 Numerical Terrain Model | M hinh s6 dia hinh

Development of the numerical terrain model (NTM) was
made using MODELEUR software, a geographic informa-
tion system (GIS) adapted to fluvial hydrodynamics (Sec-
retan and Leclerc 1998; Secretan et al. 2001). The NTM is
horizontally positioned in a Universal Transverse Mercator
(UTM) projection in the NADS83 geodetic reference sys-
tem. The vertical datum is CGVD28. The different com-
ponents composing the NTM are described in the following
sections.

3.2.1 Topography | Pia hinh

The main explanatory factor of the hydrodynamics is the
topography, which includes channel bathymetry, floodplains,
and engineering structures. Vertical accuracy of a few cen-
timeters can be achieved in shallow-water coastal environ-
ments with today’s high-resolution multibeam echosound-
ings, coupled with high-accuracy kinematic GPS position-
ing (Ernstsen et al. 2006). In the St. Lawrence, new bathy-
metric soundings are routinely made in the navigational
channel, but several regions outside the channel were only
surveyed decades ago, and shallow regions are generally
not covered. Not only measurement precision may vary
in time as the technology improves, but morphological
changes may have occurred since the surveys were con-
ducted. Significant offsets may also appear as a result of in-
accuracies in the local chart datum, typically derived from
tide measurements at fixed stations not necessarily repre-
sentative of the spatial variations in tidal amplitude, par-
ticularly as the estuary width increases. Therefore, quan-
tifying these errors is difficult; they can be as high as 1 m,
especially if century-old data are included (Burningham
and French 2011). Data density and associated errors are
therefore a function of the year of acquisition and loca-
tion. Approximately 42 million bathymetric data points
were obtained from the Canadian Hydrographic Service
(CHS). They were reduced from chart datum to CGVD28
using a kriging grid based on known conversions at the
tide gauges.

To complete the topography in shallow areas, data
from the LIDAR campaign were used. Water lines were
identified from the data and used to separate points on
the water from those on the ground. Data were validated
with supplementary LIDAR, and bathymetric data sets in
overlapping regions. The accuracy of LIDAR data is of the
order of 15 cm on average but can vary as a function of
land cover [e.g., Schmid et al. (2011)]. In all, 420 million
LIDAR data points were integrated to the NTM.

As for the tributaries, the geometry of the river shores
was extracted using geospatial data from Natural Resources
Canada’s GeoBase website (http://www.geobase.ca/). Be-
cause of the lack of data, their bathymetry was represented
by a regularly shaped trapezoidal channel of constant slope

Viéc phét trién mo hinh dia hinh s6 (NTM) dugc thue
hién bang phan mém MODELEUR, mot hé théng thong
tin dia ly (GIS) diéu chinh cho dong lyc hoc song ngoi
(Secretan va Leclerc 1998; Secretan va nnk. 2001). NTM
duge dit ndm ngang trén phép chiéu Mercator toan cau
(UTM) trong hé quy chiéu tric dia NAD83. Myc chuan
cao do 1a CGVD28. Cac thanh phan khac nhau tao nén
NTM dudc mé ta trong nhitng muyc tiép sau.

Yéu t6 giai thich chinh ctia ché do thuy dong luc 1a dia
hinh, vén bao gdom dia hinh long d&n, dong bang li, va
nhitng cong trinh chinh tri. Ngay nay, ta c6 thé dat dugc
do chinh x4c dén vai cm & cdc viing nude nong ven b bing
nhitng m4y hdi am do sau da chiim tia v6i do phan giai
cao, két hop cting dinh vi GPS dong hoc dat do chinh xac
cao (Ernstsen va nnk. 2006). O song St. Lawrence, viec
do hdi am dia hinh dudc tién hanh dinh ky trong tuyén
ludng giao thong, nhung vai ving bén ngoai tuyén ludng
chi dugc khéo sat tan vai thap nién truée, va nhing chd
nong thuong khong dudge khao sat téi. Khong chi do chuan
x4c do dac sé khac di theo thoi gian do tién bo cong nghe,
ma bién déi dia mao c6 thé x4y ra tit khi do. Su chénh
lech dang ké con c6 thé xdy ra do nhiing sai s& bdi mébe
cao do dia phuong, dién hinh 13 s6 lieu myc nuéc triéu tai
cac tram do cb dinh khong nhat thiét dai dién cho nhing
bién déi vé bien do triéu trong khong gian, dic biet la
trong trudng hop bé rong ciia song tang len. Do vay, viéc
lugng hod nhiing sai sé nay rat kho; ching c6 thé len téi
1 m, dic biét 1a khi bao gdm cac s6 liéu cii hang thé ky
(Burningham va French 2011). Mat do dit ligu va sai s6
tuong tng do vay sé 1a ham s6 theo nim thu thap va vi tri.
C6 khoang 42 trieu diém s6 lieu duge thu thap tit Cuc Do
dac Thuy van Canada (CHS). Ching dugc chuyén tit mbc
cao do hai do vé CGVD28 bang cach dung luéi kriging dua
tren cac hé sb chuyén doéi da biét tai cac tram do triéu.

Dé hoan thanh dia hinh cho viing nuéc nong, dit lieu
do dac LIDAR dugc diing dén. Cac dudng mép nudc duge
nhan dién tit dit lieu va dimng dé phan tach nhém diém
nam dudi nude khéi céc didm trén can. S6 lisu duge kiém
dinh vé6i cac bo s6 lieu dia hinh va LIDAR phu trg cla
cac ving ké can. D6 chinh x4c clia s6 licu LIDAR la vao
khoang 15 cm tinh trung binh nhung cé thé bién déi nhu
mot ham s6 phu thude vio do bao phit dat [ching han,
xem Schmid va nnk. (2011)]. Téng cong c6 420 trigu diém
s6 lieu LIDAR dudc tich hop vio NTM.

D6i v6i cac song nhanh, dang hinh hoc ctia bs séng
dugc trich xuét tit dit lieu dia khong gian & trang web

GeoBase thuoc Bo tai nguyén Canada (http://www.geobase.ca/).

Do thiéu dit lieu, dia hinh ctia ching dugc bidu dién béi
mot long dan hinh thang c6 do déc mai bén khong ddi cliing
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and variable depth and width. Channel depth was deter-
mined by calculating the depth needed to discharge the av-
erage river flow at an approximate mean velocity of 1 m/s,
given the local width of the river.

Engineering structures, such as bridge pillars, piers,
marinas, and ports, were also included in the NTM. A
free-slip condition was used along vertical walls, but most
lateral boundaries are mobile and controlled by the drying-
wetting component. The topography as described by the
SLFE model is presented in Fig. 2.

3.2.2 Friction | Ma sat

Information on bottom substrate and macrophytes was
added to the NTM for friction description. Substratum
composition was defined for homogeneous regions based
on 6,400 substratum observation points obtained from the
CHS. They were converted into Manning coefficients fol-
lowing Morin et al. (2000a). Friction resulting from macro-
phytes was included as an additional layer in regions where
aquatic plants are observed during summer. Friction coef-
ficients were adjusted during calibration, within the range
of values provided by Morin et al. (2000b). Finally, a con-
stant friction coefficient was used inside the tributaries.
The distribution map of Manning coefficients used in the
SLFE during the calibration period is shown in Fig. 3.
They range from 0.0125 to 0.0625, the highest values ac-
counting for very rough floodplain elements (e.g., trees).
Surface friction by wind or ice was set to 0.

Hinh 3: | Fig. 3. (Color) Manning coefficients in the SLFE,
based on substrate composition and macrophyte distribu-
tion, with a zoom-in on Gentilly shoal (Bécancour) e Hé
s6 Manning ctia SLFE, dua trén thanh phan day song va
phan bé thye vat, v6i hinh phéng to bai ngam Gentilly
(Bécancour).

Hinh 2: | Fig. 2. (Color) Topography of the SLFE as
projected on the finite-element mesh, with zoom-ins at
Grondines and at the junction of Orleans Island e Dia
hinh SLFE phéng lén luéi phan t& hitu han, c6 phéng to &
Grondines va nga ba song tai Dao Orleans.

v6i chiéu sau va bé rong bién déi. Chidu sau long dan duge
xéc dinh qua phép tinh do sau nude can dé thoat duge luu
lugng trung binh vé6i luu téc binh quan béng 1 m/s, ting
v6i bé rong clia dong song tai vi tri do.

Cac cong trinh chinh tri nhu tru ciu, cau tau, cang
duy thuyén, v bén cdng hang hoa déu dudc bao gdom
trong NTM. Diéu kién bien trugt ty do duge dung doc
theo b tudng thing ding, nhung hau hét cac bién nang
déu di dong va dudgc kiém sodt bing thanh phan kho-uét.
Dia hinh ctia mo hinh SLFE dugc trinh bay trén Hinh 2.

Thong tin vé 16p nén day ciing thuc vat duge bd sung
vao mo hinh NTM dé biéu thi ma sat. Thanh phan nén
day dugc dinh nghia cho cac mién ddng nhéat dya trén
hon 6.400 diém quan sat 16p nén dya theo CHS. Chiing
duge chuyén ddi vé hé s6 Manning theo Morin vd nnk.
(2000a). Ma sat do thuc vat duge kem theo dudi dang
mot 16p bd sung & nhitng noi quan sat thay thiyc vat thuy
sinh vao mua he. Cac hé sé ma sat duge diéu chinh & qué
trinh hiéu chinh, nim trong khodng cac tri s6 cung cap
bdi Morin va nnk. (2000b). Sau ciing, mot he s6 ma sat
khong doi duge st dung ben trong cic nhanh song. Ban
d6 phan b6 hé s6 Manning ding cho hé théng SLFE subt
thoi doan hiéu chinh nhu trén Hinh 3. He s6 bién déi ti
0.0125 dén 0.0625, cac gia tri cao nhat xét dén cac phan
t rAt nham trén dong bing li (nhu cay cdi). Ma sat beé
mit bdi gi6 hosic bang dudce dat bing 0.

3.2.3 Finite-Element Mesh | Luéi phan tit hitu han

Both topography and friction data were assembled onto
a computing grid, in this case, a 2D finite-element mesh
composed of triangular P1-P1lisoP2 elements of continu-

C4 sb lieu dia hinh 1an ma sat dude gin lén mot lusi tinh
toan, trong truong hdp nay 1a lusi phan t& hitu han 2
chiéu chita cidc phan tit tam gidc P1-PlisoP2 c6 tinh lién



Saint-Jaseph-de-la-Rive

ity CO (Heniche et al. 2000). The mesh for the global
model forms a triangular irregular network composed of
1,347,515 nodes and 662,934 elements. The calibration and
assimilation domains include 585,798 and 849,480 nodes,
and 286,300 and 419,318 elements, respectively. The mesh
was built following the river morphology in such a way
as to reduce errors in regions of strong variability and to
represent the terrain adequately. Hence, average grid res-
olution is 50 m, with refinements down to ~1 m near en-
gineering structures (e.g., bridge pillars, piers) and over
regions of complex topography (e.g., steep bathymetry,
narrow channels), as evidenced by the bathymetric data.
These refinements are localized (i.e., in the near surround-
ings of strong topographic variations) and are meant to
capture the effects of these topographic elements on large-
scale processes, such as tidal propagation and lateral ex-
changes between the shallow intertidal areas and the main
channel. This also allows for calibrating and validating the
model with a similar level of detail as provided by the
available hydrodynamic data (Matte et al. 2014b, 2017).
An even higher spatial resolution would be necessary, how-
ever, with an accordingly increasing computational cost,
to capture finer structures of the flow propagating away
from their originating point; this was not the objective
here. The finite-element mesh is shown in Fig. 4.

Hinh 4: | Fig. 4. (Color) Finite-element mesh of the SLFE,
with zoom-ins in the Saint-Maurice River and at the junc-
tion of Orleans Island e Lu6i phan ti hitu han ctia SLFE,
c¢6 phéng to song Saint-Maurice va nga ba song tai Dao
Orleans.

tuc CO (Heniche va nnk. 2000). Lu6i cho mo hinh téng thé
tao nén mot mang tam giac khong déu dan chita 1.347.515
nit va 662.934 phan ti&. Cac mién hiéu chinh va dong hoa
lan lugt bao gdm 585.798 va 849.480 nit, cung 286.300 va
419.318 phan ti&. Ludi duge dyng nén di theo hinh thai
dong séng sao cho gidm bét sai s6 trong nhitng viing cé
su bién déi manh va dé da bidu dién dia hinh. Vi vay, do
phan giai 6 lu6i trung binh 1& 50 m, dugc lam min xubng
dén ~ 1 m gan nhiing cong trinh (nhu tru cau, cau tau)
va trén nhitng viing dia hinh phiic tap (nhu day song dbc,
long song hep), nhu thay ro trén s6 lieu dia hinh day. Viec
lam min nay c¢6 tinh cuc bd (nghia lan lan can céc chd
c6 dia hinh bién d6i manh) vA nham nam b#t duge anh
hudng ctia nhitng yéu t6 dia hinh nay déi véi cac qua trinh
quy mo lén nhu sy lan truyén thuy triéu va trao déi huéng
ngang gitta cic khu bii triéu v long chinh. Diéu nay ciing
cho phép hiéu chinh vi kiém dinh mé hinh véi mic do
chi tiét tuong ty nhu s6 lieu thuy dong lyc hién cung cap
(Matte va nnk. 2014b, 2017). Tuy nhién van can mot do
phan giai khong gian cao hon nita, kem theo do6 1a chi phi
tinh toan ting lén tuong ting, dé nim bit duge cau tric
min hon ctia dong chdy lan truyén di xa diém xudt phat;
song day khong phai 13 muc tiéu nghién citu. Lu6i phan
t¢ httu han duge thé hien trén Hinh 4.

3.3 Hydrodynamic Model | M6 hinh thuy dong luc

Hydrodynamic simulations were performed using H2D2,
which allows for robust, distributed, and shared-memory
computing for large systems and time-dependent prob-
lems. It solves the 2D depth-integrated Navier-Stokes equa-
tions over a finite-element discretized domain, with spe-
cial treatment of drying-wetting areas. The shallow-water
model, as implemented in H2D2, is based on the assump-
tions of incompressibility, hydrostatic pressure, and stable
riverbed [for a derivation of the shallow-water equations,
see, e.g., Dronkers (1964) and Bois (2000)]. The weak vari-
ational formulation and finite-element discretization have
been detailed by Heniche et al. (2000) and Dhatt et al.
(2005). A brief summary of the model equations is pro-
vided in the Appendix. Further details on the various
modules of H2D2 can be found online (http://www.gre-
ehn.ete.inrs.ca/H2D2). Descriptions of the drying-wetting
model, temporal scheme, and application to the SLFE are
presented in the following sections.

3.3.1 Drying-Wetting Model | M6 hinh kho-uét
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M5 phéng thuy dong lye duge thyc hién bang H2D2, cong
cu manh cho phép tinh toan phan bd véi bo nhé dude chia
sé, cho cac hé théng 16n va bai todn dién bién theo thai
gian. Mo hinh nay giadi hé phuong trinh Navier-Stokes 2
chiéu tich phan dé sau trén mot mién dude roi rac hoi
thanh phan t hitu han, véi cach xit Iy dic biét cho nhiing
diém kho-wét. Mo hinh nude nong, nhu thie hién trong
H2D2, dudc dya trén giad thiét chat 16ng khong nén, ap
suat thuy tinh va long song 6n dinh [cAch xay dung hé
phuong trinh nutée nong cé thé xem & Dronkers (1964) va
Bois (2000)]. Dang thiét lap ‘yéu’ va roi rac hoa phan ti
hitu han duge chi tiét bdi Heniche va nnk. (2000), Dhatt va
nnk. (2005). Mot tom t&t ngdn gon vé cac phuong trinh
ctia mo6 hinh dugc néu trong Phu luc. Cac chi tiét sau
hon vé nhitng mo6 dun khac nhau trong H2D2 c6 thé xem
trie tuyén (http://www.gre-ehn.ete.inrs.ca/H2D2). Phan
md t4 mo hinh kho-uét, luge dd thoi gian ciing nhu tng
dung cho hé SLFE dugc trinh bay & cac muc tiép theo.
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A Eulerian approach is used for the treatment of drying-
wetting areas (Heniche et al. 2000), in which the water
level can plunge under the bed level and generate both
positive (i.e., wet) and negative (i.e., dry) water depths.
The effective depth in the dry area is, however, limited to
a minimum depth H,,;, (Fig. 5), allowing only a thin layer
of water to subsist that mimics a groundwater flow. With
the goal being to freeze the flow in the dry area, for mass
to be conserved, the Manning coefficient n is drastically
increased (n ~ 0.5), whereas in the wet area, it is set in
accordance with local flow properties. Increased viscosity
is also imposed in the dry area to reduce to a minimum
the contribution of velocities to momentum conservation.
Moreover, a Darcy viscosity (via the hydraulic conductiv-
ity 0) is added to further smooth the free surface in dry
areas (Appendix). In general, to ensure a smoother transi-
tion, changes in the parameters between the wet and dry
areas are made over a certain distance, delimited by the
position of H, and Hypreshota (Fig. 5). Within this tran-
sitory depth zone, all the parameters (e.g., Manning’s n)
vary linearly from their wet value to their dry value. Fur-
thermore, this transition follows a hysteresis loop, identi-
fied by the dashed lines in Fig. 5, so that the passage of
a node from the wet to the dry state is made differently
than inversely. This feature is meant to reduce the rigidity
of the system in allowing faster convergences.

3.3.2 Resolution | D§ phan giai

The discretized shallow-water equations are integrated in
time using an implicit Euler time scheme. The resulting
nonlinear algebraic system is solved by Newton-Raphson
iterations (Dhatt et al. 2005). A spin-up of approximately
one tidal cycle (12h25) is needed to dissipate the effects
of initial conditions and to propagate the tidal wave from
one end of the domain to the other [average propagation
time from Saint-Joseph-dela-Rive (rkm 0) to Port Saint-
Francois (rkm 241) is ~8 h]. This rather short spin-up
time is consistent with the type of boundary conditions
used. Because the model is forced by water levels at both
upstream and downstream boundaries, the low-frequency
(fortnightly) tide, whose amplitude exceeds that of the
semidiurnal tide upstream, is directly prescribed at the
boundaries so that the effects of initialization are rapidly
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Hinh 5: | Fig. 5. (Color) Schematization of the drying-
wetting model [Note: H is the water depth (blue), and X
is an arbitrary parameter (e.g., Manning’s n) (red); posi-
tive and negative depths are identified as wet and dry, re-
spectively; the arrows show the hysteresis loop made in the
transitory depth zone delimited by H,uin V& Hipreshold] ®
So d6 mo hinh kho-uét [Luu y: H la do sau nude (xanh)
con X la mot tham s6 tuy ¥ (nhu hé s6 nham Manning n)
(d6); cac do sau duong va am dugc nhan biét tuong iing
v6i w6t va kho; mii tén chi vong ‘tir tré’ thuyc hién ¢ ving
do sau chuyén tiépgisi han bdi Hyin vA Hipreshold)-

Mot céch tiép can Euler dugce diing dé giai quyét céc
diém kho-uét (Heniche va nnk. 2000), tai d6 muc nuée cé
thé ha thap dudi mit day va tao nén ci do sau duong
(nghia la wét) ciing nhu am (tic 1a kho). Tuy vay, do sau
higu qua trong ving kho sé bi gi6i han dén mot do sau t6i
thiéu H,,;,, (Hinh 5), diéu nay co phép chi mot 16p nuée
moéng duge duy tri dé mo phéng mot dong nude ngam.
V6i muc tiéu lam ngung dong chiy & vimg kho, dé bao
toan khéi lugng, thi hé s6 Manning n dugc ting lén rat
16n (n ~ 0.5), cdon & ving udt, né duge gan theo dic tinh
dong chdy tai cho. 0 ving kho, do nhét ciing dudge tang
len dé giam thiéu tac dong ciia van toc dbi véi bao toan
dong lugng. Hon nita, mot do nhét Darcy (thong qua do
dan thuy Iyc §) duge bo sung dé lam tron mat nuée &
cac viing kho (Phu luc). Nhin chung, dé ddm bao c6 duge
su chuyén tiép tron thi da thuc hien thay déi cac tham
sb gitta diém kho va wdc trén mot khoang cach nhéat dinh,
dugc phan cach béi vi tri cia Hypnin VA Hipreshota (Hinh 5).
Bén trong ving do sau chuyén tiép nay, tat ci cac tham
s6 (nhu he s6 Mannins n) bién déi tuyén tinh tit tri s6 w6t
t6i tri s6 kho. Hon nita, su chuyén tiép nay con theo mot
vong dang ‘tut tré’, chi ra béi duong gach dit trén Hinh 5,
sao cho tai mdi nit viéc chuyén tit trang thai uét sang
kho sé khac di so v6i qua trinh ngudc lai. Dic diém nay
13 nhim gidm sy cting nhic ctia hé théng dé cho phép hoi
tu nhanh hon.

Céac phuong trinh nuéc nong da rdi rac hoa duge lay tich
phan theo thdi gian bing cach dung luge do Euler an.
Hé phuong trinh dai s6 phi tuyén thu dugc sé gidi bang
phép lip Newton-Raphson (Dhatt va nnk. 2005). Can c6
mot giai doan chay da dai bang khodng mot chu ky triéu
(12h25) dé lam tiéu tan cac hiéu tng gay béi diéu kien
dau va dé song triéu truyén tit dau nay sang dau kia mién
tinh todn [thoi gian truyén trung binh tir Saint-Joseph-
dela-Rive (rkm 0) dén Port Saint-Frangois (rkm 241) la
~8 h]. Thoi gian chay da tuong d6i ngan nay thong nhat
véi loai didu kién bién dudce st dung. Vi mé hinh dugc kich
hoat béi cac myc nu6e & hai bién thugng luu va ha luu nén
thanh phan triéu tan s6 thap (triéu 2 tuan) ma bien do
clia n6 cao hon triéu ban nhat & thuong nguodn, sé dude chi
dinh truc tiép tai bien dé cho céc hieu tng khdi tao nhanh



dissipated. Extending the model beyond the head of the
tide and specifying discharge at the upstream boundary
would, however, require a much longer spin-up time (~1-2
weeks) for the fortnightly tide to reach equilibrium.

Implicit temporal schemes do not constrain the time-
step size. Simulations are thus run at a 5-min nominal
time step, with a time-step halving algorithm in case of
nonconvergence. This time-step size is fine enough to ac-
curately represent the tidal dynamics of the SLFE but
also acts as a temporal filter for small-scale processes by
smoothing any motion whose frequency is higher than that
prescribed by the time step. Numerical experiments us-
ing explicit, semi-implicit, and implicit time integration
schemes, with time steps varying between 1 and 300 s,
were made (not presented) to assess the impact of the
chosen spatial and temporal resolutions. Sensitivity anal-
yses were also conducted to adjust turbulent and numeri-
cal viscosities through the mixing length and Peclet num-
ber, respectively (Appendix), within their limit of stabil-
ity and/or applicability. Values between 0.01 and 1 for
the mixing length coefficient and between 1 and 5 for the
Peclet number were tested. Overall, velocity fields were
minimally sensitive to these changes when compared with
the reference simulation (5-min time step, mixing length
coefficient of 1, Peclet number equal to 1). This is consis-
tent with the fact that refinements in the mesh are very
localized and do not allow small-scale structures to de-
velop and propagate, even at low viscosity. Only larger-
scale structures are observed, which remain unaffected by
a reduction of the time step.

Using a relatively large time step is also consistent
with the hydrostatic assumption of the 2D shallow-water
model, by low-pass filtering of small-scale, and hence non-
hydrostatic, flow features. Smaller intratidal transverse
flow structures caused by channel curvature (e.g., at Port-
neuf; rkm 163.5), rapidly varying bottom slopes (e.g., at
Deschambault; rkm 168), and channel bifurcation (e.g.,
at the junction of Orleans Island; see Fig. 1) can lead
to stronger nonhydrostatic effects. However, the effect of
nonhydrostatic pressure on the large-scale hydrodynamics
(i.e., tidal variations of water levels and depth-averaged
velocities) is negligible, as demonstrated by Wang et al.
(2009).

3.4 Calibration | Hiéu chinh

Calibration was conducted for two 15-day simulation peri-
ods starting on 14 June 2009 00:00:00 EDT and 19 August
2009 00:00:00 EDT, respectively, corresponding to the pe-
riods of transect surveys. The run time for the two simula-
tions was approximately 40 and 31 wall-clock days, respec-
tively, on two AMD (Sunnyvale, California) Opteron 2384
(four cores, 2.7 GHz) processors with 16 GB of memory.
Calibration consisted of model adjustments to reduce
errors associated with (1) topography, (2) substrate, and
(3) friction. In rivers, topography is the primary factor
controlling the hydrodynamics. Bathymetric uncertainties
are often neglected in the calibration and validation of
hydrodynamic models, but their effect on the computed
velocity field can be significant (Cea and French 2012), es-
pecially over intertidal flats (Wang et al. 2009). Large un-
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choéng bi tiéu tan. Du vay, viéc kéo dai mo hinh vugt qua
dau con triéu va chi dinh luu lugng tai bién thugng luu sé
yeu cau thoi gian chay dai lau hon nhiéu (~1-2 tuan) cho
con tricu 2 tuan dé dat dén trang thai can bing.

Céc so do thai gian an khong bé bude do dai bude thaoi
gian. Do vay, cac mo phéng dugc chay 6 bude thoi gian
danh nghia la 5 phit, v6i mot thuat toan phan doéi bude
thoi gian trong truong hgp khong hoi tu. Bude thoi gian
nay di min dé dién ta chinh xéc dong lyc tridu ctia he
SLFE nhung cling déng vai tro bo loc thoi gian cho cac
qué tri quy mo nhé qua viéc lam tron bat ki chuyén dong
nao cé tan sb6 cao hon tan s6 duge an dinh bdi bude thoi
gian. Nhitng thi nghiém s6 c6 ding cic s dd tich phan
hién, ban an v an, véi budc thsi gian bién déi tit 1 dén
300 giay, da dugc thyc hien (khong trinh bay & day) dé
danh gia dnh huéng ctia nhitng do6 phan giai khong gian va
thoi gian da chon. Ciing da tién hanh phan tich do nhay
dé diéu chinh cic do nhét réi vi do nhét sé thong qua lan
lugt chiéu dai hoa tron va s6 Peclet (xem Phu luc), trong
pham vi 6n dinh va kha nang 4p dung ciia chiing. Da kiém
tra cac hé s6 chidu dai trong pham vi tit 0,01 dén 1 va s6
Peclet tit 1 dén 5. Nhin chung, cdc trudng van tbc rat it
nhay déi v6i nhitng thay déi nay so véi mo phéng tham
chiéu (bu6c thoi gian 5 phit, he s6 chiéu dai hoa tron
bing 1, s6 Peclet bing 1). Didu nay théng nhat véi thuc
té rang viéc lam min & bén trong luéi rat c6 tinh cuc bo
va khong cho phép nhing ciu tric quy mo nhé phat trién
va lan truyén di, ngay cd & do nhét thap. Chi c6 nhiing
cau tric 16n hon dude quan sat thay, vén duy tri khong bi
anh hudng bdi viéc rat ngin budce thoi gian.

Viéc diing mot budce thai gian tuong déi 16n ciing théng
nhét véi gid thiét thuy tinh ctia moé hinh nuée nong 2 chiéu,
bang cach loc thong thap cac dic diém dong chdy quy mo
nhé (dong nghia v6i phi thuy tinh). Cac cau tric dong
chay huéng ngang nhé hon, noéi trong séng tricu, gay béi
do cong long dan (nhu 6 Portneuf; rkm 163,5), cac chd day
song bién d6i dot ngot (nhu ¢ Deschambault; rkm 168),
va long dan phan nhanh (nhu & nga ba Dao Orleans; xem
Hinh 1) ¢6 thé dan dén cAc hiéu tng phi thuy tinh manh
hon. Tuy nhién, hiéu Gng cta ap suat phi thuy tinh lén
dic diém thuy dong lyc ¢d 16n (nhu bién ddi myc nuée va
van téc dong triéu) 1a nhd khong déng ké, nhu Wang va
nnk. (2009) da chi ra.

Viec hiéu chinh dudc tién hanh cho hai thdi doan dai 15
ngay, lan lugt bat dau vao ngay 14/6/2009 00:00:00 gic
mién Dong (Bic My) va 19/8,/2009 00:00:00, tuong ting véi
cac giai doan khao sat mit cit ngang. Thoi gian chay méy
clia hai md phéng nay lan lugt 14 khodng 40 va 31 ngay,
trén hai hé may AMD (Sunnyvale, California) Opteron
2384 (4 151, 2.7 GHz) v6i bo nhé RAM 16 GB.

Hiéu chinh bao gom viéc diéu chinh mo hinh dé giam
thiéu sai s6 tuong ting véi (1) dia hinh, (2) dia chat nén,
va (3) ma sat. Trong song, dia hinh 1 yéu t6 chinh kiém
soat ché do thuy dong lic. Nhitng bat dinh vé dia hinh
thuong bi bé qua khi hiéu chinh va kiém dinh mo hinh
thuy dong lyc, song anh hudng ciia ching dén trudng van
toc tinh toan c6 thé rat dang ké (Cea va French 2012), diic
biét 1 trén nhitng viing béi triéu (Wang va nnk. 2009). Do



certainty may arise from surveying errors, georeferencing,
digitization, datum conversions, morphological changes,
data density and coverage, model discretization, and res-
olution, among other factors. Failure to adequately cap-
ture topographic features and gradients will most likely
result in erroneous velocity patterns. Furthermore, the
tidal phase is also sensitive to bathymetric errors because
wave celerity is a function of water depth [Eq. (7)]. En-
suring that modeled tidal signals are in phase with obser-
vations is an indirect way to validate the bathymetry. In
the present case, the tidal phase was constrained by hav-
ing two water-level boundary conditions at the upstream
and downstream limit of the model. Thus, topographic
errors were mainly detected and corrected by looking for
the presence of incoherent velocity patterns or large er-
rors in water levels and by making an educated guess on
where the error was likely to be maximal, based on the er-
ror sources mentioned previously and on intercomparisons
between data sets of different sources.

In a second step, substrate composition was locally
controlled to ensure that mean surface slopes and tidal
ranges were adequately reproduced by the model. Finally,
further adjustments in Manning friction coefficients were
made, especially in shallow regions where macrophytes are
present, until errors in water levels were minimized. In-
creases in bottom friction act on the tides by reducing
their amplitude and increasing the MWL upstream of the
modification. Because the model is controlled in water lev-
els at both upstream and downstream boundaries, tidal
amplitudes are also slightly increased downstream of the
modification when friction is increased. Experimentation
showed that a performance criterion based on these two
metrics (MWL and tidal range) can be more informative
in tidal rivers than a calibration solely based on tidal am-
plitudes and phases of major astronomical and shallow-
water constituents. In fact, river tides are nonstationary,
meaning that the tidal constituent amplitudes and phases
vary as a function of time, mostly with river discharge.
Harmonic analysis of nonstationary records can only ex-
tract the average frequency content of the tide and pro-
vides no information about its temporal variability. As a
result, a large part of the original signal variance gets lost
in the residual even though significant (unresolved tidal or
nontidal) energy remains. With short records, even non-
stationary harmonic analysis methods [e.g., Matte et al.
(2013)] or wavelet analysis techniques [e.g., Buschman et
al. (2009); Jay and Kukulka (2003); Sassi et al. (2011)]
present limited descriptive capabilities.

Model calibration was therefore performed based on
raw water levels and filtered MWLs and tidal ranges, al-
lowing for easier isolation of the separate effects of friction
on the low-frequency fluctuations of mean surface slope
and tidal range. Such an approach is also believed to be
more versatile than harmonic-based validation alone be-
cause it can be applied to a variety of nonstationary con-
texts other than tidal.

MWTLs were calculated using a 3-day moving average,
similar to the tidal eliminator introduced by Godin (1972).
Tidal ranges were extracted from the high-pass-filtered
data by calculating the difference between higher high
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bét dinh 16n c6 thé ndy sinh tir sai s6 khao sat, quy chiéu,
s6 hod, chuyén giita céc hé cao do, bién ddéi dia mao, mat
do va tam bao phii cac diém dit lieu, v.v. Viéc khong thé
bit dii cac dac biém dia hinh va cac gradient trong khong
gian sé rat c6 kha ning tao nén cic dang van toc sai. Hon
nita, pha triéu ciing nhay véi cac sai s6 dia hinh vi téc do
truyen séng 1a mot ham ctia do sau nuée [PT (7)]. Viec
dam bao ring cac tin hiéu tricu mé phéng 13 dong pha véi
s6 lieu do dac chinh 1a mot cach gian tiép dé kiém dinh
dia hinh. O trudng hop nay, pha tridu bi khéng ché béi
hai diéu kién bién myc nudc hai phia dau thugng luu va
ha luu ctia md hinh. Vi vay, céc sai s6 dia hinh dugc phat
hién v& sita chita chii yéu bing cach phat hién cic dang
mau van tdc khong trat tu hodc sai s6 16n trong muic nuée,
va bang cach uéc doan cé can ci vé vi tri ma sai sé6 do
dudng nhu dat cuc dai, dya trén nhitng ngudn sai s6 néu
trén va qua so sanh giita cac bo s6 liéu tit nhidu ngudn.

Budc thit hai 1a kiém soat thanh phan 16p nén day tai
chd dé dam bao ring cac do ddc mit nudc trung binh
cling nhu d6 16n tricu dudc tai lap du chinh xac béi mo
hinh. Cudi cling, can di¢u chinh thém cac hé sé ma sat
Manning, dic biét 6 nhitng chd nudc nong noi thyc vat
ton tai, dén khi sai s6 muyc nudc duge giam thiéu. Viec
tang ma sat ddy tac dong dén thuy tridu bing cach gidm
bién do clia tricu va tang miyc muée trung binh thuong
luu ndi chinh sita. Vi mé hinh bi kiém soat vé muc nuée
& ca bién thugng luu 1an ha lwu, bién do thuy tridu hoi
tang lén & ha luu nai chinh sita khi ta ting ma sat. Thuc
nghiém cho thiy mot tieéu chi vé hiéu ning dya trén hai
chi s6 vira néu (muyc nudc trung binh va do 16n triéu) &
doan song ving tridu cé thé sé cho thong tin ré hon 1a chi
dura vio bién do triéu v cac pha nhing thanh phan triéu
thién van va tridéu nudc nong. Thuec ra, cac song vimg tricu
déu 13 hé khong tinh tai, theo nghia bién do va pha cac
thanh phan triéu déu thay d6i theo thoi gian, da phan 1a
véi luu Iugng song. Viée phan tich didu hoa cho cac chudi
s6 lieu khong tinh tai chi c6 thé trich xuit dugc thanh
phan tan s6 trung binh ciia thuy tridu va cung cip thong
tin vé bién ddi thoi gian ctia né. He qua la mot phan 16n
bién dong trong chudi s6 lieu gbc bi mat di trong phan
du dit cho mot phan dang ké nang lugng (thanh phan phi
triéu) van con lai. V6i nhitng chudi thoi gian ngan, ngay ca
cac phuong phap phan tich diéu hoa khong tinh tai [nhu
Matte et al. (2013)] hay k§ thuat phan tich wavelet [nhu
Buschman va nnk. (2009); Jay va Kukulka (2003); Sassi
va nnk. (2011)] chi ¢6 kh& nang miéu t& mot cach rat han
ché.

Do vay hiéu chinh mo hinh dugce thyc hién dya trén
s6 lisu gbc vé myc nude va cac muyc nude trung binh ciing
nhu do 16n tridu dude loc qua; diéu nay cho phép dé dang
tach biet cac Anh hudng ctia ma sat doéi véi nhitng nhiéu
dong tan thap ciia do déc mit nude va do 16n tricu. Mot
cach tiép can nhu vay dudc cho ring linh hoat hon 14 chi
kiém dinh theo séng diéu hoa vi né c6 thé duge ap dung
cho nhiéu truong hgp khong tinh tai chit khong rieng gi
dong triéu.

Cac muc nuée trung binh duge tinh bing trung binh
trugt 3 ngdy, tuong ty nhu cich loai trit thuy tridu gisi
thieu béi Godin (1972). Cac do 16n triéu dugce trich xuat
tir dit lieu loc cao tan bang cach tinh chénh léch giita muc



water and lower low water using a 27-h moving window,
similar to the tidal range filter used by Kukulka and Jay
(2003).

To assess model performance, two criteria were used,
namely, root-mean-square error (RMSE) and skill (Will-
mott et al. 1985), based on quantitative comparisons be-
tween simulated and observed values; they are respectively
given by

nuéc cao nhat vd myc nuéc thap nhét trong ngay bang
cach duing mot khung thai gian trugt 27 gig, tuong tu nhw
phép loc do 16n tricu dung béi Kukulka va Jay (2003).

Dé danh gia hiéu nang ctia mo hinh, c6 2 tiéu chi duge
stt dung: sai 6 can quan phuong (RMSE) va ki nang (Will-
mott et al. 1985), déu dya trén so sdnh dinh lugng giita
cac tri sO tinh toan va thuyc do; hai tiéu chi ndy duge cho
béi

1
RMSE = \/nz

and

Z (Xsim

n

Skill =1 —

(Xsim _Xobs)2 (1)

- Xobs)2

(2)

Z (|Xsim

n
where X = variable being compared; and X = time aver-
age of n values. RMSE is a measure of the average error
between the model and observations in the units of the
quantities assessed. Skill is a unitless measure of the rel-
ative average error between the model and observations,
where a skill of 1 means perfect agreement, and a skill of
0 means that the model is equivalent to the mean of the
observations.

3.5 Assimilation | Déng hoa

Imposed water levels along the downstream boundary were
derived from observations at Saint-Joseph-dela-Rive (rkm
0) rather than tidal harmonic constituents to allow non-
tidal (residual) variations to be propagated in the sys-
tem. Because a permanent station exists only on the north
side of the boundary, water levels across the 15-km-wide
section were optimized to determine the distribution that
would best reproduce observations at upstream tide gauges,
located on both sides of the river. During assimilation,
time shifts were iteratively applied on the imposed water
levels until simulated and observed signals were in phase
at the stations. Lateral gradients (both positive and neg-
ative) in MWL and tidal range were also tested along the
boundary to assess model sensitivity to the imposed con-
ditions. The simulated variations were generally not suffi-
cient to explain the differences between observed and sim-
ulated water levels at the stations, so the decision was
made to specify the same (time-shifted) water-level time
series on every node of the downstream boundary, with
no lateral gradient. Assimilation of the boundary condi-
tion was thus limited to (1) determining the optimal time
shift needed for the tide to propagate in phase with ob-
servations at the stations and (2) defining the corrections
in MWL (i.e., vertical shift) and tidal range (i.e., ampli-
tude factor) that would best reproduce the tidal signal at
Saint-Joseph-dela-Rive. More precisely, the imposed water
levels h were lagged temporally and updated as follows:
hi(t) = a+bxh;_1(t—7), where i = iteration number; t =
time; 7 = computed time lag; and ¢ and b = constants it-
eratively determined from model outputs at Saint-Joseph-
dela-Rive.

A slightly different assimilation strategy was used by
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- Xobs| + ‘Xobs

- Xobs| )2

trong d6 X = bién s6 dugc so sanh con X = trung binh
theo thoi gian ciia n gia tri. RMSE 13 mot do do sai s6
trung binh gitta m6 hinh v& s6 liéu thyc do, theo don vi
cua dai lugng duge danh gia. Ki nang 1a mot do do khong
don vi clia sai sb trung binh tuong déi giita mo hinh va
s6 lieu thyc do, trong d6 ki ning bing 1 nghia 13 phit hgp
tuyét ddi, va ki ning bang 0 nghia 13 mo hinh chi tuong
duong véi trung binh céc tri s quan tric.

Mutc nuée ap dat doc theo bién ha luu dude 1ay ti tri s6 do
dac tai Saint-Joseph-dela-Rive (rkm 0) thay vi cac thanh
phan triéu diéu hoa, didu nay cho phép cac dao dong phi
tricu (du) duge lan truyén vao hé thong. Vi chi c6 mot
tram do lau dai ndm & phia bdc ctia bién, nén cac muc
nude doc theo doan song rong 15 km duge t6i wu héa dé
xac dinh dang phan b sé tai lap dudgc tot nhat cac tri s6
do dac G cac tram triéu thugng Iuu, & ca 2 bd song. Trong
khi dong hoa, cac miic dich chuyén thsi gian duge ap dung
lap di lap lai cho muc nuée an dinh dén khi két qua mo
phéng va tin higu do dac duge dong pha tai cac tram do.
Nhitng gradient huéng ngang (ca duong lan am) vé muc
nudc trung binh va do I16n tridu ciing duge kiém tra doc
theo dudng bieén nay dé danh gi4 do nhay mo hinh déi véi
cac didu kién da ap dit. Cac bién dong duge mo phéng néi
chung déu khong du giai thich sy khac biét gitta cac muc
nuée do dac va tinh todn & cac tram, béi vay quyét dinh
duge dua ra 1a chi dinh cung chudi thoi gian muyc nude
(da dugce dich thai gian) cho ting nat trén bién ha luu ma
khong c6 gradient huéng ngang. Do d6, viec dong héa didu
kien bien quy veé viec (1) xac dinh muc dich thoi gian t6i
uu can dé séng triéu lan truyén cting pha véi cac tin hidu
do duge tai cdc tram va (2) xac dinh cac higu chinh vé
mitc nuée trung binh (nghia 1a dich chuyén phuong ditng)
va do 16n tridu (nghia la hé s6 bien do) dé tai lap dugc
t6t nhét tin hieu tridu tai Saint-Joseph-dela-Rive. Cu thé
hon 1a cac myc nuée h duge lam tré va cap nhat nhu sau:
hi(t) = a+bx*h;_1(t — 7), trong d6 i = s6 lan lip; t =
thoi gian; 7 = thoi gian tré tinh todn con a va b = céc
hing s6 dudc xac dinh bang cach lap tit két qua mo6 hinh
tai Saint-Joseph-dela-Rive.

Mot chién luge dong héa hoi khac da duge Lefaivre va



Lefaivre et al. (2016) to optimize the downstream bound- nnk. (2016) stt dung dé t6i wu héa didu kign bien ha luu
ary conditions of a 1D model, partitioned into three branches ctia mot mé hinh 1 chiéu, duge phan khic thanh 3 nhanh
in the St. Lawrence estuarine transition zone. Differences trong vimng chuyén tiép cita song St. Lawrence. Sy khéc
between the two strategies mostly arise from the fact that biét gitta hai chién lugc nay chii yéu xuat phat tit viec mo
the 2D model comprises the complete bathymetry, which hinh 2 chiéu bao géom toan bo dia hinh vén cyc ki phic

is particularly complex in the area, whereas the 1D model

tap trong khu vitc nay, con mo hinh 1 chidéu thi phai bil

needs to compensate for these bathymetric variations, partly dip cho nhimg thay déi dia hinh khéng dudc tinh dén,

through its boundary conditions.

3.6 Validation | Kiém dinh

Several authors have described the process of model eval-
uation, calibration, and validation [e.g., Dias and Lopes
(2006); Espino et al. (2007); Hsu et al. (1999); Jung et al.
(2012); Liu et al. (2009); Umgiesser et al. (2004); Warner
et al. (2005); Willmott (1982); Willmott et al. (1985)].
Classic calibration and validation may be considered as
two independent exercises. In practice, however, iterations
are generally made between the two processes so that val-
idation most often becomes an integral part of the cal-
ibration process. Validation is defined generically as the
process of determining the degree to which a model is
an accurate representation of the real world. In general,
there can be four types of validation (Arhonditsis and
Brett 2004; Power 1993): (1) replicative validation, where
the agreement between predicted values and observational
data from the real system is quantified during the cali-
bration phase, based on the notions of goodness of fit or
distributional similarity; (2) predictive validation, where
model performance is evaluated against independent data
sets, or once the data are acquired from the real system
after a forecast has been issued; (3) structural validation,
where the ability of the model to reproduce the real sys-
tem behavior is assessed, with regard to its operational
characteristics, spatial and temporal patterns, and rela-
tive magnitudes of derived quantities [the expression sci-
entific validation is sometimes used to refer to this type of
validation (Biondi et al. 2012); herein and in Part II, the
term process-based validation is adopted]; and (4) model
transferability, which is a measure of the performance of a
specific model structure in different systems.

In this first part, a replicative validation is performed,
focusing on a quantification of model accuracy in water
levels and discharges (detailed in the following discussion).
In Part II, a process-based validation is conducted, aiming
at the reproduction of the dynamic patterns observed in
the field data.

Two simulation periods were tested here (June and Au-
gust 2009), for which detailed measurements are available.
Calibration was mainly based on a comparison of modeled
and observed water levels at the tide gauges, using tidal
ranges and MWLs as metrics for these changes (as previ-
ously detailed under Calibration). Most of the calibration
was performed based on the simulation in June. The result
accuracy was then verified for the simulation in August,
and minor adjustments were made.

During the calibration phase, the domain was also di-
vided into two subdomains to separate the calibration
from the assimilation process; the calibration and assimi-
lation separately performed on the subdomains were then
validated on the global model for the two simulation peri-
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mot phan 1a thong qua cac didu kién bién clia né.

Vai tac gid da mo td cong doan danh gia, hiéu chinh va
kiém dinh mo hinh [nhu Dias va Lopes (2006); Espino va
nnk. (2007); Hsu v nnk. (1999); Jung va nnk. (2012); Liu
va nnk. (2009); Umgiesser va nnk. (2004); Warner va nnk.
(2005); Willmott (1982); Willmott va nnk. (1985)]. Hieu
chinh v& kiém dinh m6 hinh theo céch kinh dién c6 thé
dugc coi 1a hai cong doan riéng biét. Tuy nhién, trén thuyc
té luon c6 st lip qua lai gitta hai qua trinh nay khién cho
budc kiém dinh tré thanh mot phan gén lién véi khau hisu
chinh. Kiém dinh dugc dinh nghia chung nhu 13 qué trinh
xac dinh mtc do ma mo hinh dién ta chinh xac thuc té.
Néi chung, c6 thé c6 4 loai kiém dinh (Arhonditsis va Brett
2004; Power 1993): (1) kiém dinh lap lai, trong d6 sy phit
hgp gitta cac gia tri diy doan vé6i do dac tir hé théng thue
duge luong hoa trong sudt giai doan hiéu chinh, diya trén
cac tieu chi phit hgp hogc tuong dong vé phan bd; (2) kiem
dinh dv bdo, trong d6 hiéu nang ctia mo hinh duge danh
gia theo cac bo s6 lieu doc lap, hoic mot khi dit lisu duge
thu tir he thong thitc sau khi ra két qua dut bao; (3) kiém
dinh cdu tric, trong d6 kha nang ctia mo6 hinh tai lap lai
ing xu ciia hé théng thyc té dude danh gia theo cac tinh
niang van hanh ctia nd, cdc dang mau khong gian va thoi
gian, ciing nhu do 16n tuong ddi clia cac dai lugng dan
xuat [doi khi nguoi ta ding cum tit kiém dinh khoa hoc
dé chi loai kiém dinh nay (Biondi va nnk. 2012); & day va
ciing trong Phan II sé st dung thuat ngit kiém dinh diya
theo qué trinh]; va (4) tinh khd chuyén ciia mo hinh, von
13 do do hiéu ning ctia mot mo hinh cuy thé trong nhing
hé théng khic nhau.

Trong phan thit nhat nay, ching t6i thyc hién dang
kiém dinh lap lai, tap trung vao lugng hod do chinh xéc
clia mo6 hinh vé& myc nude va luu lugng (sé cu thé hoa
trong phan thao luan tiép theo). Trong Phan II, ching toi
thuc hien kiém dinh theo qué trinh, tap trung vao sy tai
lap clia cac dang miu dong dude da quan sat thiy trong
s6 liu hién truong.

C6 hai giai doan m6 phéng dugc kiém tra & day (thang
VI va VIII/2009), trong d6 c6 do dac chi tiét. Viec higu
chinh cht yéu dua vao so sanh gifta cac myic nuéc mo hinh
hoa v& quan tric tai cidc tram thuy triéu, st dung do lén
triéu va myc nude trung binh 1lam do do cho nhitng thay
ddi nay (da cu thé hod ¢ muc Hiéu chinh trén). Da s6
hiéu chinh dugc thyc hién dya vao moé phéng thang VI.
Do chinh x4c ctia két qua sau d6 da dudce kiém tra cho mo
phoéng thang VIII, va mot s6 diéu chinh duge thyc hién.

Trong qué trinh hiéu chinh, mién ciing dudgc chia thanh
hai mién nhé dé tach biet viec hieu chinh khéi qua trinh
dong hoa; sau do6 viec hiéu chinh va dong hoa dudc tién
hanh rieng biét trén cic mién nhd nay va duge kiém dinh
trén mién 1én cho hai giai doan mo6 phéng, dia vao so sanh



ods, based on a comparison of observed and modeled water
levels, MWLs, and tidal ranges at the tide gauges.

To validate the frequency content of the tide, harmonic
properties (i.e., tidal amplitudes and phases of major tidal
and shallow-water constituents) were computed from ob-
served and modeled tidal signals by performing classical
harmonic analyses (Pawlowicz et al. 2002) at all stations
of the global model. For each tidal constituent, RMSE and
skill were calculated by summing results at all 29 stations,
using Eqgs. (1) and (2).

Finally, the simulated discharges were controlled at
each of the 13 measurement transects (Fig. 1) to ensure
that the right amount of flow was in the system and that
the overall dynamics were accurately reproduced.

gitta vé muc nudc, MNTB, v& do 16n tridu quan tric va
mo hinh ho4 tai cac tram do triéu.

Dé kiém dinh tan s6 clia thuy tridu, cac thuoc tinh
diéu hoa (nghia 1 cac bién do vA pha ciia cac thanh phan
thuy triéu va séng nuéc nong chinh) duge tinh tir cac tin
higu triéu thic do vA mo phéng bang cach phan tich diéu
hoa ¢6 dién (Pawlowicz va nnk. 2002) tai tat ca cac tram
clia mo6 hinh toan cau. V6i ting thanh phan, sai s6 cin
quan phuong va ning lyc md hinh duge tinh toin bing
cach tdng hgp két qua cho tat ca 29 tram bing cac PT (1)
va (2).

Cubi ciing, cac luu luong tinh toan dudc kiém sost tai
titng vi tri trong s6 13 mat cit (Hinh 1) dé dAm bao ring
lugng dong chiy ding trong mé hinh va ché do thuy dong
lirc tong thé duge tai lap mot cach chinh xéac.

4 Discussion and conclusion | Thio luan va két luan

4.1 Statistics on Water Levels | Dic trung théng ké vé muc nudc

Results from the calibrated model are presented separately
for the upstream and downstream segments (Tables 1 and
2, respectively) and for the global model (Table 3) for
the two simulation periods of June 14-29, 2009, and Au-
gust 19-September 3, 2009. Because friction acts on both
MWLs and tidal ranges, statistics on these two quanti-
ties were also calculated. They were used during calibra-
tion to orient the local modifications toward an increase
or a decrease in friction. In the upstream model (141-km-
long reach), RMSEs between observed and simulated wa-
ter levels were lower than 10 cm at all 16 stations (Table
1). Modeled water levels were found to be in almost per-
fect agreement with observations at the stations, with pre-
diction skills varying between 0.993 and 1.000. The high-
est RMSE (0.094 m) was obtained at Grondines and was
mostly dominated by errors in MWL. These are likely re-
lated to topographic errors in the intertidal flats between
Deschambault (rkm 168) and Grondines (rkm 179.5), com-
bined with an overestimated friction.

Results for the downstream model are presented in Ta-
ble 2. Errors in water levels were larger than those in the
upstream segment, with the maximum RMSE reaching
nearly 20 cm at Beauport. In an attempt to reduce these
errors by assimilation, lateral variations in MWLs and
tidal ranges were imposed along the downstream bound-
ary, with little success; variations in modeled water levels
were not sufficient to explain the observed differences at
the stations. The error is likely attributable to an underes-
timated friction in the intertidal zones of Orleans Island,
particularly in the north arm, as a result of the presence of
aquatic plants during summer. This error has a repercus-
sion on upstream water levels, and efforts should be made
in the future to reduce it below 10 c¢m, or even 5 cm,
to meet similar quality standards as the upstream opera-
tional model of the St. Lawrence (Morin and Champoux
2006). Nonetheless, prediction skills were found to be very
high (> 0.997) at all stations, indicating an overall good
performance of the model.

Table 3 presents statistics on water levels obtained
with the global model. The errors made in the down-
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Céc két qua tit mo6 hinh da hiéu chinh dudc trinh bay riéng
cho cac doan thugng luu va ha lvu (1an lugt & Bang 1 va
2) va cho mo hinh tong thé (Bang 3) cho hai thai ki mo
phéng 14-29/VI/2009, va 19/VIIL-3/IX/2009. Vi ma sat
tac dong lén cd muc nude trung binh 1an do 16n triéu, nén
cling tinh luén dac trung théng ké cho ci hai dai lugng
nay. Ching duge st dung trong qua trinh hi¢u chinh dé
huéng nhing diéu chinh cuc bo vé viéc ting hodc gidm
ma sat. O mo hinh thugng luu (nhanh dai 141 km), cac
sai s6 can quan phuong gitta cic myc nudc quan tric va
hiéu chinh déu nhé hon 10 ecm & tat ci 16 tram do (Bang
1). Cac myc nuée mo6 phéng tim duge déu ¢ mie gan nhu
hoan toan phit hop véi cac do dac & céc tram, véi chi s6
nang luc du bao bién déi tir 0,993 dén 1,000. Sai sb cin
quan phuong 16n nhat (0,094 m) thu duge tai Grondines
va chii yéu chi phéi béi sai s6 vé MNTB. Nhitng sai s6 trén
nhiéu kha niing gin véi sai s6 vé dia hinh § viing bai triéu
gitta Deschambault (rkm 168) va Grondines (rkm 179.5),
két hop véi ma sat bi wde tinh thién 16n.

Két qua cho mo hinh ha luu dude trinh bay 6 Bang 2.
Céc sai s6 vé muyc nuée déu 16n hon sai s6 8 mé hinh doan
thugng luu, véi sai s6 can quan phuong 16n nhét 1én t6i gan
20 cm tai Beauport. Véi nd lyc gidm sai s6 nay bing cich
dong hoé, cac bién dong huéng ngang ctia MNTB va do
16n tridu duge ap dat doc theo dudng bien ha lwu, song it
thanh cong; nhing bién dong & mitc nuéec mo phéng khong
dt giai thich cic chénh léch quan tric thiy tai cic tram.
Sai s6 nay nhiéu kha ning gin vé6i viéc wde tinh thien nho
ma sat & viing bai tridu Dao Orleans, dic biét 14 & nhanh
phia Bic, do sy hién dién ctia thyc vat thuy sinh mua he.
Sai s6 nay gay hau qui xau dén myc nuée thugng luu, va
can nd liyc trong tuong lai dé gidm né xudng dudi 10 cm,
hay tham chi 5 cm, nhim dat cic tiéu chuan chat lugng
tuong ty nhu mo6 hinh van hanh cho thugng luu song St.
Lawrence (Morin vA Champoux 2006). Du vay, cdc diém
du bao tim duge déu rat cao (> 0.997) cho moi tram do;
diéu nay thé hien hiéu ning chung t6t cho toan mo hinh.

Bang 3 trinh bay s6 lieu théng ké vé muyc nude thu
dugce tit moé hinh 16n. Cac sai sé ndy sinh tir doan ha luu
da lan truyén lén thugng liwu, tang khodng chénh léch gitta



Bang 1: | Table 1. Calibration Results for the Upstream Model: RMSE and Skill for Modeled Water Levels (Raw),
MWTLs, and Tidal Range at the Stations (Fig. 1) for Each 15-Day Simulation Period e Két qua hi¢u chinh cho m6 hinh
thugng nguén: RMSE (sai s6 can quan phuong) va Skill (diém nang lyc) cho két qua mue nuée mo phong (Raw=gdc),
MNTB, va do 16n triéu ¢ cac tram (Hinh 1) cho tiing thoi khoang mo phéng dai 15 ngay.

rkm  Station 14 - 29/6, 2009 19/8 - 3/9, 2009
RMSE (m) Skill RMSE (m) Skill

Raw MWL Range Raw MWL Range
115  Québec Bridge 0.053 0.028 0.067 1.000 0.0561 0.022 0.085 1.000
124 Saint-Nicolas 0.027 0.005 0.020 1.000 0.030 0.005 0.015 1.000
138  Neuville 0.043 0.015 0.083 1.000 0.042 0.013 0.061 1.000
146 Sainte-Croix-Est 0.046 0.013 0.0562 1.000 0.057 0.018 0.082 0.999
157  Cap-Santé 0.046 0.019 0.077 1.000 0.047 0.021 0.051 1.000
161  Pointe-Platon 0.042 0.014 0.048 1.000 0.043 0.020 0.022 1.000
163.5 Portneuf 0.061 0.050 0.033 0.999 0.076 0.066  0.027  0.999
168  Deschambault 0.062 0.025 0.124 0.999 0.067 0.030 0.193 0.999

179.5 Leclercville — — 0.021 — — — 0.020 —

179.5 Grondines 0.094 0.090 0.021 0.995 0.087 0.082 0.017 0.996
186  Cap-a-la-Roche 0.028 0.006 0.032 0.999 0.037 0.022 0.027 0.999
199  Batiscan 0.045 0.039 0.0563 0.996 0.041 0.033 0.051 0.997
213 Champlain 0.0564 0.047 0.068 0.990 0.045 0.032 0.063 0.995
217  Bécancour 0.016 0.006 0.014 0.999 0.050 0.047 0.022 0.993
231 Trois-Rivieres 0.028 0.026  0.007 0.989 0.014 0.006 0.008 0.999

241  Port Saint-Frangois 0.008 0.007  0.007 0.999 0.007 0.006 0.006 1.000

Bang 2: | Table 2. Calibration and Assimilation Results for the Downstream Model: RMSE and Skill for Modeled
Water Levels (Raw), MWLs, and Tidal Range at the Stations (Fig. 1) for Each 15-Day Simulation Period. e Két qua
hiéu chinh va dong hoa cho m6 hinh ha du: RMSE (sai s6 can quan phuong) va Skill (diém nang Iyc) cho két qua muc
nuée mo phong (Raw=goc), MNTB, va do 16n trieu & cac tram (Hinh 1) cho ting thoi khodng mo phéng dai 15 ngay.

rkm  Station 14 - 29/6, 2009 19/8 - 3/9, 2009
RMSE (m) Skill RMSE (m) Skill
Raw MWL Range Raw MWL Range
0 Saint-Joseph-de-la-Rive 0.095 0.014  0.066 0.999 0.091 0.02 0.069  0.999
30 Islet-sur-Mer 0.13 0.026 0.292 0998 0.143 0.047 0.304 0.998
38 Rocher Neptune 0.106  0.069 0.198  0.999 — — — —
45  Ile-aux-Grues South 0.114 0.059 0.213 0.999 0.143 0.102 0.196 0.998
46  Ile-aux-Grues North 0.16 0.119 0.297 0997 0.133 0.092 0.274 0.998
54  Banc du Cap Brilé 0.102 0.043 0.192 0.999 0.113 0.042 0.189 0.999
66 Saint-Francois 0.12 0.066 0.257 0.999 0.12 0.052 0.257 0.998
78  Saint-Jean 0.155 0.131  0.233 0.998 0.106 0.048 0.224  0.999
97 Beauport 0.197 0.173  0.047 0.996 0.157 0.122 0.068 0.997
100  Lauzon 0.163 0.128 0.039 0.997 0.124 0.071  0.047 0.998
104  Saint-Charles River 0.157  0.12 0.029 0.997 0.126  0.07 0.039 0.998
106.5 Lévis 0.148  0.106 0.04 0.997 0.119 0.061 0.043 0.998
106.5 Québec 0.151  0.111  0.037 0.997 0.119 0.065 0.036  0.998
115  Québec Bridge 0.151  0.103  0.127 0.997 0.117 0.061  0.168  0.998
124  Saint-Nicolas 0.082 0.056 0.086 0.999 0.067 0.041 0.098 0.999
138  Neuville 0.005 0.002  0.006 1 0.006 0.003  0.005 1
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Bang 3: | Table 3. Validation of the Global Model: RMSE and Skill for Modeled Water Levels, MWLs, and Tidal
Range at All Stations (Fig. 1) for Each 15-Day Simulation Period. e Két qua kiém dinh cho m6 hinh 16n: RMSE (sai
s6 quan phuong) va Skill (diém nang Iyc) cho két qua myc nuéec mod phéng (Raw=goc), MNTB, v do 1én triéu § cac
tram (Hinh 1) cho ting thoi khoang mo phong dai 15 ngay.

rkm  Station 14 - 29/6, 2009 19/8 - 3/9, 2009
RMSE (m) Skill RMSE (m) Skill
Raw MWL Range Raw MWL Range

0 Saint-Joseph-de-la-Rive 0.095 0.013  0.064 0.999 0.091 0.021 0.066 0.999
30 Islet-sur-Mer 0.13 0.031 0.303 0.998 0.143 0.051 0.319 0.998

38 Rocher Neptune 0.103 0.067  0.198  0.999 — — — —
45  Ile-aux-Grues South 0.11  0.057 0.212 0999 0.145 0.107 0.193 0.998
46  Ile-aux-Grues North 0.154 0.115 0.293 0.998 0.135 0.098 0.271  0.998
54  Banc du Cap Brulé 0.1 0.047 0.195 0.999 0.113 0.049 0.192 0.999
66  Saint-Frangois 0.124 0.0v8 0.243 0.999 0.121 0.061 0.249  0.998
78  Saint-Jean 0.166 0.147 0.194 0.997 0.108 0.058 0.202 0.999
97 Beauport 0.221 0.198 0.064 0.995 0.16 0.12 0.058  0.997
100 Lauzon 0.185 0.155 0.074 0.996 0.133 0.076  0.084 0.998
104  Saint-Charles River 0.182 0.147 0.102 0.996 0.136 0.075 0.099 0.998
106.5 Lévis 0.175 0.137 0.102 0.997 0.133 0.069 0.086 0.998
106.5 Québec 0.177 0.141  0.086 0.997 0.132 0.072 0.088 0.998
115  Québec Bridge 0.177  0.14 0.04 0.996 0.131 0.069 0.079 0.998
124 Saint-Nicolas 0.138 0.112  0.087 0.998 0.104 0.062 0.078 0.999
138 Neuville 0.135 0.107 0.135 0.997 0.107 0.057 0.116  0.998
146  Sainte-Croix-Est 0.123 0.096 0.062 0.997 0.111 0.061 0.103 0.998
157  Cap-Santé 0.125 0.102  0.109 0.997 0.107 0.066 0.095 0.998
161 Pointe-Platon 0.118 0.094 0.083 0.997 0.109 0.066 0.085 0.998
163.5  Portneuf 0.089 0.062 0.056 0.999 0.121 0.086 0.076  0.997
168  Deschambault 0.106 0.069 0.139 0.997 0.126 0.074 0.222  0.996

179.5 Leclercville — — 0.029 — — — 0.042 —
179.5  Grondines 0.07 0.054 0.029 0.997 0.111 0.087 0.044 0.993
186  Cap-a-la-Roche 0.07 0.055 0.036 0.996 0.08 0.05 0.061  0.996
199 Batiscan 0.04 0.027 0.037 099 0.06 0.044 0.063 0.994
213 Champlain 0.046 0.035 0.074 0.992 0.058 0.037 0.056 0.992
217  Bécancour 0.027  0.01 0.042 0.997 0.056 0.048 0.036 0.992
231 Trois-Rivieres 0.025 0.022 0.019 0.992 0.015 0.005 0.008 0.999

241  Port Saint-Francois 0.008 0.007 0.007 0.999 0.007 0.006 0.005 1
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Bang 4: | Table 4. Statistics from Observed and Modeled Amplitudes and Phases of Principal Tidal Constituents at
All Stations of the Global Model for Each 15-Day Simulation Period. e Théng ké tit s6 liéu quan tric vi mo phéng vé
bién do va pha clia nhitng thanh phan tridu chinh tai tit ca cic tram trong mién lén cho ting thdi khodng mo6 phéng

dai 15 ngay.

14 - 29/6, 2009

19/8 - 3/9, 2009

Constiuent Amplitude Phase Amplitude Phase
t.phan triéu RMSE (m) Skill RMSE (°) RMSE (m) Skill RMSE (°)
MSft 0.02 0.981 5.5 0.034 0.966 4.1
o1 0.009 0.997 2.9 0.011 0.992 2.6
K1 0.019 0.988 2.7 0.008 0.997 4.4
M2 0.066 0.998 1.5 0.059 0.998 1.9
S2 0.01 0.997 7.4 0.035 0.993 4.3
M3 0.01 0.975 2.4 0.005 0.98 9.2
M4 0.015 0.996 7.2 0.019 0.996 6.7
M6 0.009 0.986 17.8 0.016 0.982 15.5
M8 0.006 0.991 15.8 0.011 0.961 23.4

stream segment propagated upstream, increasing the gaps
between observed and modeled water levels by several cen-
timeters at upstream stations compared with the results
shown in Table 1. Errors in water levels were attributed
mostly to underestimated tidal ranges in the first 78 rkm.
They were dominated by errors in MWL at Beauport (rkm
97) and relatively balanced between errors in MWL and
tidal ranges upstream, depending on the station and simu-
lation period considered. Despite these discrepancies, pre-
diction skills were still found to be higher than 0.992 at
all stations. These very high skills cn be explained by the
large tidal ranges characterizing the region, which often
exceed 5 m. In fact, for stations downstream of Batiscan
(rkm 199), the RMSEs correspond to less than 5% of the
local tidal ranges. At upstream stations, the ratio of the
error to tidal range increases because of the rapidly de-
creasing tidal ranges, but RMSEs were lower than 6 cm.
This confirms that longitudinal variations in friction were
overall well captured by the model.

cac myc nudc quan tric vi moé phong lén vai cm tai cac
tram thugng luu so v6i két qua thé hien & Bang 1. Sai sb
vé myc nuéc chit yéu 1a do viée uc tinh thién nho cac
do lén triéu ¢ 78 rkm dau tien. Ching bi chi phdi béi sai
s6 MNTB tai (rkm 97) va dugdc can bang mot cach tuong
déi gitta sai s6 MNTB va d6 16n tridu thugng ngudn, tuy
thudc vao tram va thdi khodng mo phong duge xét dén.
D1 ¢6 nhitng khac biet nay song diém nang luc du bao
van cao hon 0.992 tai tat ci cic tram. Nhitng diém cao
nhu vay c¢6 thé dugc giai thich béi do 16n tridu rat 16n diic
trung cho ving, vén thuong viugt 5 m. That ra, véi cac
tram do ha luu Batiscan (rkm 199), cac sai s6 can quan
phuong nhé hon 5% do 16n tridu tai chd tuong ing. O cac
tram thugng luu, t1 s6 gifta sai s6 v6i do 16n triéu tang len
vi cdc do 16n triéu suy gidm nhanh chéng, nhung cac sai
s6 cian quan phuong con nhé dudi 6 cm. Diéu nay khéng
dinh ring cac bién déi doc song vé ma sat néi chung da
dugce ndm bit kha t6t bdi moé hinh.

4.2 Harmonic Properties | Dic trung théng ké vé séng diéu hoa

Statistics from the observed and modeled amplitudes and
phases of major tidal and shallow-water constituents were
computed for each 15-day simulation period. Results for
the 9 dominant constituents, among the 17 resolved ones,
are presented in Table 4. Classical harmonic analysis im-
plies that tides are stationary. In reality, daily discharges
at Québec varied by 1,000 m?3/s (12,400 m3/s average)
and 1,200 m?/s (11,300 m?/s average) during the two sim-
ulation periods, respectively. Therefore, only the average
frequency content of the tides could be retrieved from the
analyses. For longer signals, however, nonstationary har-
monic analyses could be performed to extract the time-
varying amplitudes and phases of the tides [e.g., Matte et
al. (2013, 2014a)].

The results shown in Table 4 highlight the capacity
of the model to represent the tidal frequency content of
the observed signals with very high accuracy, with skills
greater than 0.961 for all tidal constituents. MWLs were
well accounted for by the model, based on statistics from
the low-frequency MSf component. The larger RMSE was
obtained for the M2 (dominant) constituent, whose am-
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Ching t6i da tinh dudc cic dic trung théng ke, bao gom
s6 lieu thite do va mo phéng cho bién do va pha ciia nhitng
thanh phan tridu thién vin va séng nuée néng chii yéu, véi
thoi gian mo6 phéng 15 ngay. Két qua 9 phan triéu chinh,
trong s6 17 thanh phan da phan gidi, c6 6 Bang 4. Phan
tich thuy triéu c¢d dién ham y rang thuy triéu I tinh tai.
Trén thyce t&, mic do bién dong luu ligng dong chay ngay &
Québec 14 1000 m3 /s (quanh mitc trung binh 12,400 m?/s)
va 1200 m?/s (TB 11,300 m?/s) véi ting truong hgp mo
phoéng. Do vay, ta chi thu dugce tan s6 trung binh clia cac
thuy triéu tit phép phan tich nay. Véi cac tin hiéu dai hon,
c6 thé phai st dung phan tich diéu hoa phi tinh tai dé két
xuét cac bién do va pha, von thay doi theo thoi gian, clia
thuy triéu [vi du Matte va nnk. (2013, 2014a)].

Cac két qua trén Bang 4 nhan manh kha ning ciia mod
hinh trong viéc biéu dién tan sé thuy triéu ctia tin hiéu
quan tric v6i do chinh xac rat cao, ciing diém ki ning vuot
0.961 cho tat ca thanh phan triéu. Mo hinh xét dén cac
MNTB, duya trén dic thong ké tit thanh phan tan s6 thap
MSf. Sai s6 cidn quan phuong 16n hon c6 ¢ thanh phan
M2 (cht dao), v6i do 16n vugt 2 m & hau hét cac tram



Bang 5: | Table 5. Statistics at the Validation Transects (Fig. 1) for the Global Model: RMSE and Skill for Modeled
Discharges.  Thong ké tai cdc miit cit kiém dinh (Hinh 1) cho mo6 hinh mién 1én: sai s6 cin quan phuong va diém ki

nang mo hinh hoa luu lugng.

rkm Transect Date  Length of record (h) RMSE [m®/s (%)] Skill
M3t cit Ngay Do dai s6 ligu (h) Sai s6 quan phuong Diém
78 Saint-Jean 24-8-09 7.6 3221 (5.3) 0.997
79 Chateau-Richer  25-8-09 8.7 639 (6.3) 0.996
97 Beauport 24-6-09 10.7 946 (12.0) 0.985
100 Lauzon 24-6-09 11.4 6332 (11.1) 0.993
106.5 Québec 15-6-09 11.3 2934 (6.1) 0.997
124 Saint-Nicolas 21-8-09 8.8 1217 (2.7) 1
138 Neuville 25-6-09 9.1 1166 (3.1) 0.999
163.5 Portneuf 26-6-09 6.7 1164 (5.2) 0.998
168 Deschambault ~ 20-8-09 10.1 719 (3.6) 0.997
179.5 Grondines 19-6-09 8.9 901 (5.5) 0.988
199 Batiscan 23-6-09 7.6 856 (5.6) 0.994
217 Bécancour 18-6-09 5 650 (4.6) 0.826
231 Trois-Rivieres 18-6-09 0.8 680 (5.4) 0.124

plitude exceeded 2 m at the most downstream stations.
The relative error for M2 was therefore the lowest, present-
ing the highest skills among analyzed constituents. Phases
were also well reproduced by the model, indicating a good
synchronism of the tides with observations. Furthermore,
tidal asymmetry, which can be assessed through the rela-
tive importance of M2 and M4 components, is expected to
be well accounted for by the model. In fact, the skills as-
sociated with these two components were among the high-
est (>0.996). Phase errors degraded with constituents of
higher frequency, namely, M6 and M8. However, the low-
est errors for these components were observed at upstream
locations, where they were the most significant, because
they are generated by energy transfers from M2 through
nonlinear frictional interactions.

4.3 Statistics on Discharges | Théng ké vé

Validation of the tidal discharges was performed at each
measurement transect of Fig. 1. Statistics are presented in
Table 5. The RMSEs generally increased with the strength
of the tidal flow, but they remained below 6% of the maxi-
mum discharge (i.e., peak ebb discharge) on average. Only
at the sections of Beauport (rkm 97) and Lauzon (rkm
100) was the relative RMSE larger than 10%. Because
the discharges downstream, in the north and south arms
of Orleans Island, were quite accurate (relative RMSEs
of 6.3% and 5.3% at Chateau-Richer and Saint-Jean, re-
spectively), these larger RMSEs at the island junction can
most likely be attributed to the larger interpolation errors
of the transect data between each crossing (Matte et al.
2014b) in combination with possible local bathymetric er-
rors responsible for larger discrepancies in modeled water
levels at these stations (cf. Table 3).

Prediction skills, overall, were found to be very high
considering all transects, with the exception of Bécancour
(rkm 217) and Trois-Rivieres (rkm 231), where the length
of the discharge records was less than half the tidal pe-
riod. At Trois-Rivieres, the low skill can also be explained
by the fact that tides are considerably weaker there than
downstream, leading to only a very slight increase in the

ha Iwu. Sai s6 tuong déi cho M2 do vay la thap nhat, thé
hien diém ki ning cao nhat trong sb cac thanh phan duge
phan tich. Mo hinh ciing tai hién t6t pha triéu, thé hien
dudc sy dong bo clia séng tricu véi s6 lidu quan tric. Hon
nita, md hinh con duge trong doi sé xét dén do bat déi
xting triéu, von dude danh gia qua trong s6 tuong dbi gitta
céc thanh phan M2 va M4. Thuc té, In fact, cic diém ki
ning gén v6i hai thanh phan nay déu thuoc dién cao nhét
(>0.996). Cac sai s6 vé pha thi suy gidm véi cdc thanh
phan tan s6 cao hon, cu thé 1a M6 va MS8. Tuy nhién, sai
s6 thap nhat trong cac thanh phan nay lai dude quan sét
thay & cac vi tri thugng ngudn, tai dé ching & mic dang
ké nhat, vi duge phat sinh béi nang lugng truyen tir M2
qua cic tuong tic ma sat phi tuyén.

lvu luong

Viéc kiém dinh luu lugng triéu ducc thuc hien tai méi
miit cit do dac ¢ Hinh 1. Céc dac trung théng ke dugc thé
hién & Bang 5. Sai s6 cin quan phuong nhin chung déu
tang theo cudng do dong triéu, nhung tinh trung binh thi
ching van duéi mic 6% luu lugng cyc dai (nghia la dinh
luu lugng triéu rat). Chi ¢6 6 cac doan Beauport (rkm 97)
va Lauzon (rkm 100) c6 sai ssoo cin quan phuong tuong
déi vugt 10%. Vi c¢6 luu lugng ha luu nén 6 cac nhanh Béc
va Nam ctia Ddo Orleans Island, khé chinh x4c [sic] (?) cac
sai s6 cin quan phuong tuong déi tai Chateau-Richer and
Saint-Jean lan lugt 14 6.3% va 5.3%), nhiing sai s6 quan
phuong 16n hon tai nhanh song gidp ddo nhiéu kha sng do
sai s6 noi suy ctia s lieu mat cat tiing nhanh (Matte va
nnk. 2014b) két hop cling cac sai s6 dia hinh tai chd gay
nén khac biét 16n gitta myc nuéec mo phéng tai cac tram
nay (xem Bang 3).

Nhin chung, diém ki ning du béo tim dugc déu rat
cao 6 moi mat cit, chi trit Bécancour (rkm 217) va Trois-
Rivieres (rkm 231), noi ¢6 s6 lieu do luu lugng ngén hon
nta chu ki tridéu. Tai Trois-Rivieres, diém thap con c6 thé
do thuy triéu tai day yéu hon dang ké so v6i ha luu, dan
t6i mot mic tang rat nhé vé luu lugng quan trac trong
sudt thoi ki do dac. Tuy nhién, mo hinh da tai lap dudge
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observed discharge during the measurement period. The
model, however, reproduced the average flow with an ac-
curacy of approximately 5% near the upstream bound-
ary, meaning that the right amount of water entered into
the system through the upstream (water-level) boundary.
Elsewhere, the very high skills indicate that the variabil-
ity in tidal discharges and the overall dynamics were accu-
rately reproduced, with errors evenly distributed through-
out the system.

5 Conclusion | Két luan

A 2D hydrodynamic model of the SLFE was developed
based on a finite-element grid with an average spatial res-
olution of 50 m, far denser than previous/existing models.
The model was calibrated and validated using water-level
and velocity data collected in the summer of 2009, consti-
tuting the most detailed data set used to date in this sec-
tion of the St. Lawrence. Results showed good agreement
between modeled and observed water levels, with predic-
tion skills higher than 0.99 at all stations and RMSEs
corresponding to less than 5% of the local tidal ranges in
the first 186 rkm; at upstream stations where tidal ranges
are significantly reduced, RMSEs were lower than 6 cm.
Similarly, errors in discharge remained within 6% of the
maximum observed discharges at 11 of the 13 surveyed
transects; larger relative errors at the two remaining sec-
tions can mainly be attributed to interpolation errors in
the transect data and local bathymetric uncertainties. In
Part II, the ability of the model to reproduce tidal and
flow features observed in the field data is demonstrated.
Together, these results confirm that the terrain descrip-
tion, boundary conditions, and parameterizations used in
the model were well defined.

This research provides, for the first time, a detailed 2D
description of the tidal hydrodynamics of this complex re-
gion, thoroughly validated with recent field data. This is
the first step toward the development of a comprehensive
model of the SLFE ecosystem that will be run in oper-
ational mode and include variables for the assessment of
habitat and water quality [e.g., Morin et al. (2003)].

dong chay trung binh véi do chinh xac xap xi 5% gan bién
thugng luu, dong nghia ring moét lugng nude di da chay
vao hé théng qua bién (muyc nudc) 6 thugng luu. Tai nhiing
chd khéc, cac diém ki nang cao cho thiy ring mo hinh da
tai lap chinh x4c sy bién dong luu lugng triéu cling nhu
ché do thuy dong luc téng thé, véi sai s6 dugc phan phéi
déu trén toan heé thong.

Mot m6 hinh thuy dong lyc 2 chidu cho hé théng SLFE
dudc xay dyng dya trén luéi phan ti hitu han c6 do phan
gidi trung binh 50 m, day hon nhiéu so v6i mo hinh da
¢6 trude dé. Mo hinh nay duge hieu chinh va kiém dinh
bang s6 lieu muc nude va luu tée thu thap vao mua he
nam 2009, tao nén bo sb licu chi tiét nhét t6i gis cho khic
song St. Lawrence nay. Két qua cho thay sy phit hop t6t
giita cac muyc nuéc mo phéng va do dac, véi diém ki nang
dy bao cao hon 0.99 tai tat ci cac tram va sai s6 can quan
phuong tuong ting nhd hon 5% ctia do 16n thuy tridu tai
chd cho doan song 186 rkm dau; tai cic tram noi ma doé lén
thuy triéu bi gidm di dang ké, cac sai s6 cin quan phuong
déu nhd dusi 6 cm. Tuong tu, sai 6 vé luu lugng duy tri
trong khoadng 6% ctia luu lugng cuc dai quan tric dudce &
11 trong s6 13 mat cit khao sit; nhitng sai sb tuong ddi
16n hon & hai doan con lai chii yéu la do sai sd noéi suy
trong s6 lidu mit cit va nhitng bat dinh vé dia hinh tai
chd. Phan II sé thé hién ning lirc clia mo hinh trong viéc
tai lap cac diic diém thuy tridu v dong chay da quan tric
trong s6 lieu khéo sat. Két qua clia hai phan ciing khing
dinh ring cic mé ta vé dia hinh, diéu kién bién, cting tham
s6 hod c6 trong moé hinh déu dugc thiét lap rat tot.

Nghién cttu nay 1an diu cung cip cho ta mot mo ta
2 chidu chi tiét vé ché do thuy dong lyc triéu cho ving
phic tap nay, vi da duge kiém dinh ki véi s6 lisu thuc dia
mdéi. Day 1a bude dau tien huéng dén viec phat trién mot
mo6 hinh tron ven cho hé sinh thai SLFE ecosystem von
sé dugc chay & ché do van hanh v bao gém cac bién s6
dé danh gia chat lugng nudc va quan xa sinh vat [vi du
Morin va nnk. (2003)].

6 Appendix: Shallow-Water Equations | Phu luc: Cac phudng trinh nuéc

nong

The shallow-water equations as implemented in H2D2 can
be written as follows (Heniche et al. 2000) for mass con-
servation [Eq. (3)] and momentum conservation [Eqgs. (4a)
and (4b)]:

% an+8Qy

ot Oz oy
0z | 0 (4@ | O (Quly 20h 1
ot 8x<H)+8y(H)+C€)x X
99y 9 (@) O (e 200 1
ot 8x(H)+8y(H)+08x Pl

—(v+9) <8:c2+

Cac phuong trinh nuéc néng ap dung trong H2D2 c6 thé
dugc viét nhu sau (Heniche va nnk. 2000) cho béo toan
khoi lugng [PT (3)] va bao toan dong lugng [cac PT (4a)

va (4b)]:
0?h
o) =

0°h 3)

0
{ax (HTxm) + 871 (HTmy) + 7'; - T£:| - chIy =0 (43)
0 0 R b
%(HTyr)"‘afy(HTyy)""Ty — Ty — feay =0 (4b)
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where x(x,y) = east and north Cartesian coordinates (m);
t = time (s); h = water level (m); and q(gs, gy) = specific
discharge (m?/s), defined as

q=uH

where u(ug,u,) = water velocity (m/s); and H = water
depth (m), defined as

H =:h/—-Zb

where 2z, = bed level with respect to the mean sea level;
and ¢ = celerity of waves (m/s), defined as

c=+/gH

where g = gravitational acceleration (9.81 m/s); p = den-
sity of water (10® kg/m?); and v = Lapidus coefficient,
defined as (Heniche et al. 2000; Lapidus 1967)

trong d6 x(z,y) = toa do Dé-cac huéng Dong va Bac (m);
t = thoi gian (s); h = muc nuée (m); va q(¢z,qy) = Iuu
lugng don vi (m?/s), dinh nghia béi

()
trong d6 u(ug,u,) = luu téc (m/s) con H = do sau nude
(m), dinh nghia bdi

(6)
trong d6 2z, = cao trinh day so v6i muc bién trung binh
con ¢ = toc do truyen séng (m), dinh nghia bdi

(7)

trong d6 g = gia t6c trong truong (9.81 m/s); p = mat
do ctia nuée (10° kg/m3); con v = he s6 Lapidus), dinh
nghia béi (Heniche va nnk. 2000; Lapidus 1967)

on\?  [oh\?
_ 2 i i
r=nay(2) '+ (2)

where 7y = a constant value set to 2.5 x 107°; A = local
element size (this added viscosity damps the solution only
in regions with a high water-level gradient, thus preventing
oscillations of the free surface); A = hydraulic conductiv-
ity (set to 0 in wet areas and to 1 in dry areas); and 7;;
= Reynolds stress (kg/s?/m), with each stress component
being defined as

l |:7-3:x

T;cy:| = (VE + v+ Vn)
P

Tyz  Tyy

where v, = laminar viscosity; 1 = turbulent viscosity;
v, = numerical viscosity; and v; is expressed either as a
constant viscosity or as a function of the flow gradient,
derived from the mixing length theory as (Rodi 1984)

(8)

trong d6 o = hing s6, 14y bing 2.5 x 107°; A = kich c&
phan tit tai chd (do nhét bd sung nay cé tac dung lam tét
dao dong nghiém chi & nhiing ving c6 gra-dien myc nuée
16n, do vay ngan dao dong mit nude); A = do dan thuy
lie (dat bang 0 v6i viing uét va 1 véi viing kho); con 75
= 1ing suat Reynolds (kg/s?/m), v6i titng thanh phan tng
suat duge dinh nghia béi

90U dug | Buy

ox oy ox

Oug du ou
( oy + Bzy> 2 Byy
where v, = do nhét tang; v, = do nhét r6i; v, = do nhé sb
tri; véi v, duge biéu dién hoiic 1a theo mot do nhét hing

s6 hay mot ham phu thuoc gra-dien dong chay dudc suy
tur Iy thuyét chiéu dai hoa tron nhu (Rodi 1984)

(9)

ou, \
z/t:l?w\/2<ai> +2<

where [,,, = mixing length and is defined as (Ouellet et al.
1986; Soulaimani 1983)

lnL =\H

with a calibration coefficient A set to 1 [this representa-
tion of the mixing length differs from Smagorinsky’s (1963)
subgrid model in that the length scale at which turbulent
processes can be represented is limited by a fraction of the
local depth instead of the element size A; in the present
application, the mean depth is overall smaller than the av-
erage element size, although spatial variations of the depth
do not necessarily follow the variations in mesh resolution];
vy, is controlled by the Peclet number P (Zienkiewicz et
al. 2014), as follows:

Vp =

75

5 = surface friction (N/m), defined as

Ouy ? Ouy
L)+
oy oy

Ouy 2

— 10
+5) (10)
trong d6 I,, = chiéu dai hoa tron va duge dinh nghia nhu
(Ouellet et al. 1986; Soulaimani 1983)

(11)

v6i mot hé s6 higu chinh A dit bing 1 [cach biéu dién
chiéu dai hoa tron nay khic v6i mot hinh phan luéi cta
Smagorinsky (1963) ¢ ch6: quy mo do dai tai d6 qua trinh
i dong c6 thé biéu dién thi bi han ché bdi mot phan ciia
do sau tai chd thay vi kich ¢d phan t& A; trong bai nay,
do sau trung binh nhin chung 14 nhé hon kich ¢ phan ti
trung binh, mic du sy bién dong do sau trong khong gian
thi khong nhét thiét phai theo bién dong vé do phan giai
1u6i]; v, bi kiém soat bdi s6 Peclet number P (Zienkiewicz
va nnk. 2014), nhu sau:

q ’ A
1= 12
‘H P (12)
7§ = ma sat bé mat (N/m), dinh nghia bdi
77 = paCp|w|w; (13)
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where p, = air density; C,, = wind drag coefficient (cf.
Heniche et al. 2000); and w(w,,w,) = wind velocity;
7P = bottom friction (N/m?2), defined as
(a +

where o = a damping coefficient acting as a linear fric-
tion parameter (set to 0 in the present application); n
= the Manning coefficient, which defines quadratic resis-
tance to flow by substrate, macrophytes, macrorugosity,
and so forth, with each being quadratically added as fol-
lows (Boudreau et al. 1994):

b _

272 2
n- = n,,
m

f. = Coriolis factor (s71), defined as

fe=2wsingy

where w = Earth’s rotational rate; and ¢ = latitude.

The weak form of the shallow-water equations is de-
rived via the Galerkin weighted residuals method (Dhatt
et al. 2005; Heniche et al. 2000). The higher-order terms
and the continuity equation are integrated by parts, lead-
ing to a natural condition of impermeability on solid bound-
aries where no explicit condition is specified (i.e., ¢, = 0,
where ¢y, is the specific discharge normal to the boundary).
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