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Abstract. Wind stress, wind waves, and turbulence are es-
sential variables and play a critical role in regulating a series
of physical and biogeochemical processes in large shallow
lakes. However, the parameterization of these variables and
simulation of their interactions in large shallow lakes have
not been strictly evaluated owing to a lack of field observa-
tions of lake hydrodynamic processes. To address this prob-
lem, two process-based field observations were conducted to
record the development of summer and winter wind-driven
currents in Lake Taihu, a large shallow lake in China. Us-
ing these observations and numerical experiments, a Wave
and Current Coupled Model (WCCM) is developed by re-
building the wind drag coefficient expression, introducing
wave-induced radiation stress, and adopting a simple turbu-
lence scheme to simulate wind-driven currents in Lake Taihu.
The results show that the WCCM can accurately simulate
the upwelling process driven by wind-driven currents dur-
ing the field observations. A comparison with a reference
model indicates a 42.9 % increase of the WCCM-simulated
current speed, which is mainly attributed to the new wind
drag coefficient expression. The WCCM-simulated current
direction and field are also improved owing to the introduc-
tion of wave-induced radiation stress. The use of the simple
turbulent scheme in the WCCM improves the efficiency of
the upwelling process simulation. The WCCM thus provides
a sound basis for simulating shallow lake ecosystems.

1 Introduction

Three-dimensional hydrodynamic models are efficient tools
to deeply understand basin-scale currents and form the ba-
sis for developing water quality models. They are gener-
ally established based on the Navier—Stokes equations and
split—explicit method (Blumberg and Mellor, 1987), such as
the Regional Oceanic Modeling System (ROMS; Shchep-
etkin and Williams, 2005), Environmental Fluid Dynamics
Computer Code (EFDC; Hamrick, 1992), and Finite-Volume
Coastal Ocean Model (FVCOM; Chen et al., 2011). How-
ever, these models were initially developed for marine envi-
ronments and cannot be directly applied to simulate currents
in inland lakes with a limited water depth and fetch (Likd
et al., 2020) until some essential variables are reconsidered
according to the characteristics of lake hydrodynamics, such
as wind stress (wind drag coefficient), wind waves (wave-
induced radiation stress), and turbulence (vertical eddy vis-
cosity).

Wind is the main stress for driving currents in large wa-
ter bodies (Hutter et al., 2011; MaclIntyre et al., 2020; Rey
et al., 2021; Schoen et al., 2014). Wind stress on the wa-
ter surface has received considerable research attention in
the field of hydrodynamics (Jeffreys, 1925; Munk, 1955;
Wu, 1980; Shchepetkin and McWilliams, 2005; Chen et
al., 2020). In addition to the wind speed, the impact of wind
stress on hydrodynamics is also related to the wind drag co-
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efficient, which is a constant or linear function of the wind
speed (Large and Pond, 1981; Hamrick, 1992; Huang et
al., 2010). However, recent field observations in large lakes
have demonstrated discontinuous changes in the wind drag
coefficient (Liiké et al., 2020; Xiao et al., 2013), which sug-
gests that the wind drag coefficient reported from experimen-
tal studies in open oceans may pose large uncertainties when
applied to inland lakes.

Wind waves can also influence the development of wind-
driven currents (Ji et al., 2017); however, numerical mod-
els applied to large lakes seldom consider the wind wave ef-
fect. The development of wind waves can affect the genera-
tion of wind-driven currents by altering the wind momentum
transmission efficiency at the air—water interface (Chen et
al., 2020; Wei et al., 2016; Wiiest and Lurke, 2003) and stress
equilibrium below the surface waves (Ardhuin et al., 2008;
Longuet-Higgins and Stewart, 1964; Sun et al., 2006; Xu
and Bowen, 1994). Some models have been recently re-
vised to consider the wind wave effect represented by wave-
induced radiation stress in ocean environments, including
ROMS (Kumar et al., 2011; Warner et al., 2008) and FV-
COM (Wu et al., 2011). However, few numerical studies
have considered the wind wave effect in large lakes, even
though the importance of wind waves for large lake ecosys-
tems has been widely proven in the past 2 decades, espe-
cially for large shallow lakes (Hofmann et al., 2008; Jin and
Ji, 2005; Vingon-Leite and Casenave, 2019; Wu et al., 2019).

The lag in lake current model development is mainly ow-
ing to a lack of process-based field observations of lake
hydrodynamics, which can provide models with measured
time series of hydrodynamic changes from external stress
events, such as wind stress (Huang et al., 2010; Lukd et
al., 2020; Maclntyre et al., 2020; Wu et al., 2018). These
data are limited because of the harsh working environment
and timing uncertainty of strong wind events for observing
the development of wind-driven currents (Zhou et al., 2018,
Wau et al., 2018). Fortunately, recent developments in wire-
less high-frequency sensors and communication technolo-
gies have paved the way for the process-based field observa-
tions of lake hydrodynamics (Hipsey et al., 2019; Soulignac
et al., 2017).

In this study, two process-based field observations were
conducted to collect hydrodynamic time series during two
strong wind events in Lake Taihu, a large shallow lake in
eastern China. Based on these time series, we developed a
hydrodynamic model (Wave and Current Coupled Model,
WCCM) that reconsiders the description of wind stress, wind
waves, and turbulence to simulate wind-driven currents in
Lake Taihu. We address the following two questions. (1) Can
the hydrodynamic model performance for simulating wind-
driven currents in large shallow lakes be substantially im-
proved by adopting new schemes of wind stress, wind waves,
and turbulence? (2) What are the contributions of these vari-
ables to the simulation improvement of wind-driven currents
and underlying mechanisms?

Geosci. Model Dev., 15, 745-769, 2022
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Figure 1. Location of the Taihu Laboratory for Lake Ecosystem
Research (TLLER), the five water level stations (WL1-WL5), and
the lake hydrodynamics and weather station (LHWS) for recording
the lake currents and meteorological data.

2 Materials and methods
2.1 Study area

Lake Taihu (30°55'40”7-31°32'58” N,  119°52/32"—
120°36'10" E) is a large, shallow, and dish-shaped lake
located in the Yangtze River delta plain in China (Fig. 1).
Lake Taihu covers a water area of 2339 km? with an average
water depth of 1.9 m and an average lake bed slope of 19.7”
(Qin et al., 2007). The wind field over the lake is mainly
affected by the East Asian monsoon (Wu et al., 2018).
The multi-year average wind speed is 3.4+0.19ms™ .
East—southeast winds prevail from April to August, while
north—northwest winds dominate in the other months. The
basin-scale hydrodynamics is mainly determined by winds
rather than inflow—outflow (Li et al., 2011; Wu et al., 2018;
Zhao et al., 2012). Aside from a temporary and small vertical
water temperature gradient, Lake Taihu is evenly mixed
along its water depth owing to frequent wind disturbance
(Wu et al., 2018). Several numerical models have been used
to simulate the wind-driven currents and their influence on
the ecological processes in Lake Taihu (Feng et al., 2018;
Han et al., 2019; Li et al., 2015; Zhao et al., 2012), but the
hydrodynamic part of these models has not been evaluated
using process-based field observations.
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2.2 Process-based field observations

Two process-based field observations were made in Lake
Taihu in summer 2015 (from 00:00LT on 1 August to
00:00LT on 12 August 2015) and winter 2018 (from
00:00LT on 19 December to 00:00LT on 31 Decem-
ber 2018). Five water level stations (WLI-WLS; Fig. 1)
around Lake Taihu built by the Ministry of Water Resources
of the People’s Republic of China recorded the water level at
60 min intervals. Hourly solar radiation and cloud cover data
were also collected from the station of Taihu Laboratory for
Lake Ecosystem Research (TLLER).

A lake hydrodynamics and weather station (LHWS) has
been established in the area (Fig. 1). At the LHWS, a surface
plate equipped with an upward-looking acoustic Doppler
profiler (ADP; SonTek Inc., USA; accuracy £1 % of mea-
sured velocity) was fixed on the lake bed. The upward-
looking 3000 kHz ADP burst sampled current profiles every
30 min at 1 Hz. Each current profile is divided into 30 total
0.15 m thick current layers. The blanking region height and
mounting height of the ADP is 0.7, which implies that no
measurements were made within a height of 0.7 m above the
lake bed. After the field observations, the effectiveness of the
measured current velocity of each current layer is evaluated
using the signal-to-noise ratio and water depth recorded by
the ADP. The measured effective current velocity of the sur-
face, middle, or bottom current layer is then used to validate
the performance of the hydrodynamic models at the same or
approximate height.

In addition to the ADP, a portable weather station
(WXT520; Vaisala Inc., Finland) was installed 5 m above the
lake surface at the LHWS to record the air pressure, wind
speed and direction, air temperature, and relative humidity
at 10 min intervals. The measured wind speed 5 m above the
water surface was adjusted to 10 m (Wu et al., 2018) using
the method suggested by the Coastal Engineering Research
Center (1984). The water temperature was recorded 1 m be-
low the lake surface at the LHWS using a YSI Sonde 6600
multiparameter water quality sonde (YSI Inc., USA) with an
accuracy of £0.1°C. The wind waves were recorded using
an 8 Hz wave recorder (MIDAS; Valeport Ltd., U.K.) during
the 2018 field observation.

3 Wave and current coupled model

Many efforts have been made on coupled current—-wave
model development, especially on the coupling of the Simu-
lating WAves Nearshore model (SWAN; Booij and Holthui-
jsen, 1999) with existing three-dimensional current models
(Chen et al., 2018; Liu et al., 2011; Warner et al., 2008; Wu
et al., 2011). However, due to the difficulty in modifying ex-
isting model codes (Chen et al., 2018), most coupling models
have been developed using third-party software (e.g., Model
Coupling Toolkit) rather than by directly merging the origi-
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nal codes. However, this is not yet an efficient way of modi-
fying the descriptions of some key variables in these models.
Herein, a Wave and Current Coupled Model (WCCM) is de-
veloped by merging the codes of a three-dimensional lake
current model (LCM) and SWAN.

3.1 Three-dimensional lake current model

Although most current models largely use same governing
equations and solution methods, differences in the program-
ming languages, operating environment, mesh, and descrip-
tion of key processes or parameters impede a full understand-
ing of these models that would allow further code modifi-
cation. It is thus preferable to develop a new model for de-
termining a suitable description of wind stress, wind waves,
and turbulence. The LCM model with a concise and efficient
programming is therefore developed to simulate water tem-
perature, water level, and lake currents based on the classic
method (Blumberg and Mellor, 1987).

3.1.1 Governing equations

The governing equations of the LCM in the Cartesian coor-
dinate system (Fig. 2) consist of the continuity equation, mo-
mentum equations, temperature equation, and density equa-
tion (Koue et al., 2018). The sigma (o) coordinate system
is introduced in the vertical direction to eliminate the influ-
ence of lake bed topography on the lake current simulations
(Fig. 2).

Based on the derivation rule of a composite function, these
equations in the Cartesian coordinate system (x’, ', z, t") are
transformed into the o coordinate system (x, y, o, t) using
Egs. (Al.1) through (A1.5).

d(H o(H da(H d
(Hw)  3(Hv) | aHw) oz _ 0
dax ay do at
d(Hu) 0(Huu) 0d(Huv) Jd(Huw)
=fH
o T Tax T ey T ae CJHY
Ho d d
N O LR R WL
po 0x ax ax
tH a A du +l ad A au n @)
_ - — - eu,
ay Hay Hao \" Voo v
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a( v)+8( uv)+8( vv)+8( vw)z_

H
ot ox dy 9o fHu
Ho 9 v
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Figure 2. Lake bed elevation (h), water level (¢), and water depth (H) in the Cartesian coordinate system (a). The three components of lake
current velocity in the ith (x direction), jth (y direction), and kth (o direction) grid of the mesh in the sigma (o) coordinate system (b).

o = 1000
(1

where u, v, and w are the components of the current velocity
in the x, y, and o directions (m s7hms™L s, respectively;
h, ¢, and H are the lake bed elevation, water level, and wa-
ter depth (m), respectively; f is the Coriolis force (s~!) de-
fined by f = 2wsing, where w is the rotational angular ve-
locity of the Earth and ¢ is the geographic latitude; F, and
Fy are the wave-induced radiation stress in the x and y di-
rections, respectively; p and pp are the water and reference
density (kgm™3), respectively; g is the gravitational acceler-
ation; Ay and Ay are the horizontal and vertical eddy viscos-
ity (m?s™1), respectively; T is the water temperature (°C);
Ky and Ky are horizontal and vertical turbulent diffusivity
(m2 s_l), respectively; Sy and C,, are the heat source term
and heat capacity, (J m® s~!, 4179.98 Jkg~! °C~!), respec-
tively; and ey, ey, and er are the secondary terms introduced
by the coordinate system transformation (Eqgs. A2.1 through
A2.3).

The key parameters and solutions of the continuity equa-
tion and momentum equations are demonstrated below,
whereas the development and validation of the temperature
and density simulations of the LCM will be reported in a
separate paper.

T +288.9414
508929.2 (T +68.12963)

(T — 3.9863)2> , (3)

3.1.2 Turbulence scheme

To improve the calculation efficiency, the value of the vertical
eddy viscosity (Ay) is estimated using the Prandtl length /

Geosci. Model Dev., 15, 745-769, 2022

and Richardson number (Ri).

2 du\> v \>

Ay =[5x10"°+— [ — v

(1+ 0.1Ri)", (6)
[ and Ri are given by

o
= H 1— , 7
Kk (o +Z0)< 1+rs) (7
2 2\ ~!

. g ap u ov
Ri=—=—"—||-~ — : 8

: p oo ((80) +<80) ) ®

where « is the von Kdrman constant, zg is the roughness
height of the lake bed, and rs is the roughness height of the
lake surface.

3.1.3 Boundary conditions

Wind stress at the lake surface is calculated using the follow-
ing equation:

(

where p, is the air density, uy and vy, are the wind speed
components in the x and y directions 10 m above the lake
surface (ms~!), respectively, and Cj is the wind drag coeffi-
cient.

The expression of Cy for light winds differs from that for
high winds, and a piecewise function is recommended to fit
the changes of Cs with wind speed (Large and Pond, 1981).
A constant (C,) is often used to represent Cy below the
critical wind speed (W), while a proportional function is
adopted for the increase of Cy; with wind speed over W;.

du ov

pAy (du v
o’ do

i €))

) = paCs Lt%v + U\%/ (Uw, Vw),
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However, referring to Geernaert et al. (1987), Cs approaches
a constant of ~ 0.003 for wind speeds higher than 20ms~".
We therefore propose that a logistic function is more reason-
able to derive the expression of Cy under high-wind condi-
tions. The wind components in the x and y directions are
used to calculate Cy in the x and y directions, respectively.
The x-direction component is calculated using the following
equation:
fuwD)+a  |uwl = Wer

Cy = 10

' { Ce luw| < Wer (19)
The y direction component is calculated using the following
equation:

flvwD+a  |vg| = W

Cs = . 11

: { Ce lvw| < Wer an
In the above equations, f (Jjuy|) and f (Jvy|) are the logistic
functions.

Friction at the lake bed is calculated using the following
equation:

Ay (du 0
POV (22,22 ) = pCovu? + 02 @, v). (12)
H \do do

where Cg is the bottom friction coefficient given by

2
K

In (—GBH+ZO>

20

Cp= 13)

3.1.4 Wave-induced radiation stress

Wave—current interaction is a complicated process (Mel-
lor, 2008) and remains poorly understood. Longuet-Higgins
and Stewart (1964) first proposed the concept of wave-
induced radiation stress, and Sun et al. (2006) derived the
following expressions of the stress for three-dimensional cur-
rent numerical models:

. dnoH
smh(%)

. 4xH
sinh (”T)

a JrgHSchosgo
Fy=——

sinf
ox 2L

- . (14)

Fo = Fysin (6 - %) (15)
Fy = Fycos (0n— 5 ). (16)

where Hs is the significant wave height (m), Ty is the wave
period (s), L is the wavelength (m), 0y, is the mean wave di-
rection, and 0 is the angle between the mean wave direction
and geographical east direction.
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Lakebed
elevation

Figure 3. Structure of the Wave—Current Coupled Model (WCCM)
obtained by two-way coupling SWAN and LCM models, with the
variable definitions and the data transmission between the meshes.

3.1.5 Solution of equations

The splitting mode technique (Blumberg and Mellor, 1987)
and alternation direction implicit difference scheme (But-
ler, 1980) are used to discretize Egs. (1)—(3) on the staggered
grid (Figs. 2, 3). A detailed description of the solution of
equations is provided in Appendix A3.

3.2 Simulating WAves Nearshore model

In view of the importance of wind waves in the hydrody-
namic and ecological processes of shallow lakes, the SWAN
model has been frequently used to simulate wind waves
in Lake Taihu (Wang et al., 2016; Wu et al., 2019; Xu et
al., 2013). The governing equation for the SWAN is the fol-
lowing wave action balance equation:

ON 0dcyN dcyN 0dcyyN 0cgN S
e (17)

o T ox dy o1 0 o

where N is the action density spectrum; ¢, x, and y are the
time and horizontal coordinate directions, respectively; oy is
the relative frequency; 6 is the wave direction; cy, ¢y, Co,
and cy denote the wave propagation velocity in x, y, o1, and
0 space, respectively; and § is the source in terms of energy
density, which represents the effects of generation, dissipa-
tion, and nonlinear wave—wave interactions. Hs, Ty, L, and
Om are deduced from the value of N(x, y, ¢, o1, 6) (Booij et
al., 2004).

The action balance equation is solved in the Cartesian co-
ordinate system using a first-order upwind scheme of the
finite-difference method (Booij et al., 1999, 2004).

3.3 Two-way coupling of the LCM with SWAN

The SWAN and LCM were coupled to establish the WCCM
model (Fig. 3). The current speeds u# and v and water level
¢ computed by the LCM model are inputs for the SWAN

Geosci. Model Dev., 15, 745-769, 2022
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model. The Hs, Tp, L, and 6, values computed using the
SWAN model are used as inputs in the LCM model to com-
pute the wave-induced radiation stresses Fy and Fy (Egs. 15,
16).

3.4 Configuration of the WCCM in Lake Taihu

The WCCM is used to simulate wind waves and lake currents
in Lake Taihu during the process-based field observation pe-
riods. Referring to existing model studies in Lake Taihu (Hu
et al., 2006; Mao et al., 2008; Liu et al., 2018), the horizontal
computation domain of Lake Taihu (Fig. 1) for the LCM is
divided into 72 x 72 = 5184 cells with a 1km resolution to
improve the computing efficiency. The water column is di-
vided into five layers in the vertical direction, the time step is
30s, and the « value is 0.5.

Lake Taihu is considered a closed lake for the simulation
because the influence of inflows and outflows on the cur-
rent field is very small compared with the influence of wind
stress (Li et al., 2011; Wu et al., 2018; Zhao et al., 2012).
The simulations therefore disregard the inflows and outflows.
The model inputs at the air—water boundary include air tem-
perature, surface air pressure, cloud cover, relative humidity,
and wind speed and direction collected from the LHWS and
TLLER (Fig. 1). The initial condition for the water level was
determined via interpolating the water level values measured
at stations WL1-WLS5 at the beginning of the model integra-
tion. The initial water temperature was set to the measured
values recorded by the ADP and YSI Sonde at the beginning
of the model integration, and the current speed was initial-
izedto Oms~!.

A total of 10 parameters must be determined for the LCM
simulation (Table 1). Among them, ¢, g, k, and p, are con-
stants, while the Ay and Cpg values can be calculated from
the «, zo, and rg values. Ay and zp values are the same as
those used for the EFDC, and rg is set to 0.01 (Table 1).

The parameters in Egs. (10) and (11) are determined as
follows. A critical wind speed of 7.5ms™! is used to dis-
tinguish between light and high winds as it is equal to the
wind speed for defining an aerodynamically rough water
surface (Wu, 1980). The expression of the logistic function
in Eq. (10) or (11) is preliminarily determined under high-
wind conditions referring to the curve of Edson et al. (2013)
(Fig. 4) and an upper C; limit of ~0.003 (wind speed
>20ms—!; Geernaert et al., 1987), The process-based obser-
vation data from 2015 are then used to determine the logistic
expression and parameters of a and C. by the trial and error
method. This is done for the x direction using the following
equation.

[ e +0.00041 gl > 7.5 s
: Uyl < 7.
* 0.00074 luy| < 7.5
This is done for the y direction using the following equation.
C. = % +0.00041 |vy|>7.5 19
' | 0.00074 vy < 7.5

Geosci. Model Dev., 15, 745-769, 2022

000249 [ g Large and Pond, 1981

—e— Edson et al., 2013
——C,

—v—w, C,

0.0020

0.0016

0.0012

Wind drag coefficient

0.0008

0.0004 : 1 T T ]
15.0 20.0

10.0
Wind speed (m s™)
Figure 4. Changes in wind drag coefficient with wind speed calcu-

lated by the equations proposed by Large and Pond (1981), Edson
et al. (2013), Cy and wsCy/.

The SWAN model mesh is the same as the LCM horizontal
mesh. Considering their randomness, the characteristic wind
wave values are typically represented by the statistical values
of the high-frequency pressure records over a 10 min period.
The time increment of the SWAN model was therefore set
to 600s. The frequency band was set to 0.04—4 Hz and the
wave direction ranged from 0 to 360° with an increment of
6°. The second-generation mode was used to calculate the
source term (e.g., wind input, depth-induced wave breaking,
bottom friction, triads). The parameter cdrag of the SWAN
model was set to 0.00133, and the Collins bottom friction
coefficient was set to 0.025. The calibration and validation
of these parameters have been reported in previous studies
(Xu et al., 2013; Wang et al., 2016). Our study also verifies
that the SWAN in the WCCM can accurately simulate the
change in significant wave height at LHWS during the 2018
field observations (Fig. B.1).

Considering the time of the wind peaks and the cold start
of the WCCM, the hydrodynamics time series of the lat-
ter half of the 2015 summer observation (from 00:00 LT on
8 August to 00:00 LT on 12 August 2015) were used to cali-
brate the WCCM, and those of the latter half of the 2018 win-
ter observation (from 00:00 LT on 26 December to 00:00 LT
on 31 December 2018) were used to evaluate the WCCM
performance.

The WCCM can be used to simulate the changes of wa-
ter temperature in Lake Taihu (Fig. B.2), which will be dis-
cussed in detail in a separate paper. Here, only the WCCM
simulations of the lake currents are evaluated.

https://doi.org/10.5194/gmd-15-745-2022
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Table 1. Parameter values and variable equations used for lake current simulation in the LCM.

Parameter  Description Value  Unit

10) Latitude 31245 °

g Gravitational acceleration 9.8 ms2
Ay Horizontal eddy viscosity 1 m?s!
Ay Vertical eddy viscosity Egs. (6)—(8) m2s~!
20 Roughness height of lake bed 0.005 m

rs Roughness of lake surface 0.01

K Von Kédrmén constant 0.4

Pa Air density 1.293 kg m—3
Cy Wind drag coefficient Eqgs. (18) and (19)

a Parameter in Egs. (10) and (11) 0.00041

Wer Critical wind speed 75 ms!
Cc Parameter in Eqgs. (10) and (11) 0.00074

Cp Bottom friction coefficient Eq. (13)

751

3.5 Methods
3.5.1 Statistical analysis

To evaluate the WCCM performance, the mean absolute er-
ror (MAE), root-mean-square error (RMSE), and correlation
coefficient () between the measured and simulated values at
both significance levels of p<0.05 and p<0.01 are reported.
The magnitude of the lake current speed is expressed as the
mean = standard deviation.

The mean absolute error of the horizontal current direction
(MAEyvp) is used to compare the simulated and measured
values:

1 N
MAEyyp = N;Wi — 04

IM; — 0;] < 180°, (20)
1 & 360
MAEyyp = — M —0)|1—-—=—
UVD N;( i z)< |Mi_0i|>‘
M; — O;| > 180°. (1)

ArcGIS 10.2 (ESRI Inc., USA) was used to process the spa-
tial data, and Tecplot 360 (Tecplot Inc., USA) was used to
draw the contours of the water level, current field, and stream
traces.

3.5.2 Comparison between the WCCM and EFDC

A comparison between different models is a useful method
to study currents in large water bodies (Huang et al., 2010;
Morey et al., 2020; Soulignac et al., 2017). The EFDC is
one of the most widely used models for shallow lakes world-
wide (Chen et al., 2020) and offers a general-purpose mod-
eling package to simulate three-dimensional flow, transport,
and biogeochemical processes in surface water systems (Ji et
al., 2001; Ji, 2008). The EFDC has been successfully applied
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Figure 5. Variation of wind speed and wind direction at 10 m above

the water surface at the LHWS during the 2015 summer observa-
tion.

in Lake Taihu (Li et al., 2011; 2015; Wang et al., 2013). Here,
the EFDC is used to evaluate the WCCM performance.

The EFDC hydrodynamic model was developed by Ham-
rick (1992), and its governing equations are the same as
Egs. (1)—(3). It uses the splitting mode technique to solve the
continuity equation and momentum equation in the o coor-
dinate system. The Mellor—Yamada turbulence model is used
in the EFDC to calculate the vertical eddy viscosity (Ji et
al., 2001). The wind stress in the EFDC is calculated using
the following equations (Hamrick, 1992; Li et al., 2015; Wu
etal., 1980):

(o Toy) = %c«ws U2, + 02 (i, V). (22)
Cy = 0.001 (0.8 +0.065,/u2 + v3V> , (23)

where Cy and w; are wind drag coefficient and wind shelter
coefficient in the EFDC, respectively (Fig. 4).
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Figure 6. Comparison between the WCCM-simulated and measured water levels at the WL1-WLS5 stations during the 2015 summer obser-

vation.

The mesh used for the EFDC simulation is the same as that
in the LCM and WCCM. After consulting with the authors
of the uncertainty and sensitivity analysis performed on the
hydrodynamic parameters of the EFDC for Lake Taihu (Li
et al., 2015), the optimal horizontal eddy viscosity was set
to 1 m?s~!, the roughness height was set to 0.005 m, and wy
was set to 0.7.

3.5.3 Numerical experiments

Four numerical experiments were designed to evaluate the
accuracy of the WCCM and identify the relative importance

Geosci. Model Dev., 15, 745-769, 2022

of wind stress, wind waves, and turbulence in improving the
simulation of the wind-driven currents.

— Experiment 1 (EFDC) is a numerical simulation of the
lake currents using the EFDC. The Mellor—Yamada tur-
bulence scheme is used and the drag coefficient is given
by Egs. (22) and (23), but the wave-induced radiation
stress is not considered (no coupling with SWAN).

— Experiment 2 (LCM_1) is numerical simulation of the
lake currents using the LCM with the same drag coeffi-
cient expression as in EFDC (Egs. 22 and 23) but using

https://doi.org/10.5194/gmd-15-745-2022
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Figure 7. Comparison between the measured and WCCM-

simulated current speeds in the lake surface, middle, and bottom
water layers at the LHWS during the 2015 summer observation.

a different turbulence scheme, as given in Eqs. (6)—(8),
and without considering wave-induced radiation stress.

— Experiment 3 (LCM_2) is the same experiment as
LCM_1 with a different expression of the drag coeffi-
cient, as given in Egs. (18) and (19), and without con-
sidering wave-induced radiation stress.

— Experiment 4 (WCCM) is the same experiment as
LCM_2 but considering wave-induced radiation stress
to achieve the two-way coupling model.

4 Results

4.1 Summer observation and model calibration in 2015
The average wind speed over Lake Taihu between 00:00 LT
on 8 August and 00:00 LT on 12 August, 2015 was 9.9 ms™!

(Fig. 5), with a maximum of 15.5 ms~! at 13:00LT on
10 August, corresponding to a wind direction of 107.5°. Lake

https://doi.org/10.5194/gmd-15-745-2022

Taihu experienced a strong east—southeast wind event during
the 2015 summer observation.

The mean water level observed at the five stations was
3.64£+0.01 m, with a maximum of 4.04 m recorded at the
WLI station at 12:00LT on 10 August (Fig. 6), correspond-
ing to 3.38 m recorded at the WL4 station. The average r val-
ues between the simulated and measured water levels of the
EFDC, LCM_1, LCM_2, and WCCM are 0.87, 0.88, 0.86,
and 0.86 (p<0.01; Table 2), respectively, and the average
RMSE values are 0.05, 0.05, 0.05, and 0.04 m, respectively.

The mean measured surface, middle, and bottom cur-
rent speeds at the LHWS (Fig. 7) were 5.0+ 3.0, 5.5+£3.5,
and 5.4+3.6cms ™!, respectively. The average r values be-
tween the simulated and measured current speeds of EFDC,
LCM_1, LCM_2, and WCCM are 0.46, 0.57, 0.61, and 0.66
(p<0.01; Table 3), respectively, while the average MAEyvp
values are 57, 57.1, 56.3, and 52.9°, respectively.

The contours of the water level simulated by the WCCM
at 13:00LT on 10 August, corresponding to the time of the
maximum wind speed, are similar to those of the EFDC sim-
ulation and show a decreasing trend from northwest to south-
east (Fig. 8). The surface current field simulated by these
two models mainly flows from southeast to northwest, which
is further demonstrated by the simultaneous stream traces
(Fig. B3). The middle and bottom current fields of the south-
ern part of the lake are consistent with the surface current
field, but those in the center and northern parts of the lake
mainly flow from southwest to northeast.

A major difference between the WCCM- and EFDC-
simulated current fields is the significantly higher current
speed simulated by the former (Fig. 8). There are vortexes
produced by the WCCM in the upwind area, such as in
Xukou Bay and northwest of Xishan Island (Fig. B.3). In
contrast, the vortexes simulated by the EFDC tend to be lo-
cated in the downwind area, such as Zhushan Bay and Meil-
iang Bay.

4.2 Winter observation and model validation in 2018

The average wind speed over Lake Taihu is 9.2ms™! be-
tween 00:00 LT on 26 December and 00:00 LT on 31 Decem-
ber 2018 (Fig. 9) with a maximum of 13.6 m s at 22:00LT
on 26 December, corresponding to a wind direction of 26.3°.
Lake Taihu experienced a strong north—northeast wind event
during the 2018 winter observation.

The mean water level over the five stations was 3.46 &
0.01 m with a minimum of 3.23 m recorded at the WLS5 sta-
tion at 22:00 on 26 December, corresponding to a secondary
peak of 3.62m recorded at the WL3 station (Fig. 10). The
EFDC, LCM_1, LCM_2, and WCCM-simulated water lev-
els at each water level station significantly correlate with the
measured values (p<0.01; Table 4). The average r values
are 0.87, 0.88, 0.88, and 0.87, respectively, and the average
RMSE values are 0.04, 0.05, 0.03, and 0.03 m, respectively.

Geosci. Model Dev., 15, 745-769, 2022
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Figure 8. Comparison of the contour of water level and current fields in the surface, middle, and bottom water layers simulated by the
WCCM with those simulated by the EFDC at 13:00 LT on 10 August 2015.
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Table 2. Correlation coefficient () and root-mean-square error (RMSE) between the simulated and measured water level during 2015
summer observation for the numerical experiments. Note that * indicates p<0.05 and that ** indicates p<0.01.

Model Statistics WL1 WL2 WL3 WL4 WL5
EFDC r 0.96**  0.95** 0.66** 0.89** 0.89**
RMSE 0.05 0.05 0.05 0.05 0.06
Lem 1 - 0.96**  0.95** 0.72**  0.89™*  0.90**
— RMSE 0.05 0.05 0.04 0.05 0.06
kk sk sk K3k K3k

LCM 2 r 0.96 0.95 0.62 0.92 0.83
RMSE 0.04 0.04 0.04 0.05 0.06
r 0.96**  0.94**  0.66**  0.90** 0.84**
WeeM RMSE 0.03 0.04 0.04 0.05 0.06

Table 3. Correlation coefficient (r) and mean absolute error between the simulated and measured current velocity (current speed, MAEyv;
current direction, MAEyvp) during the 2015 summer observation for the numerical experiments. Note that * indicates p<0.05 and that **

indicates p<0.01.

Surface ‘ Middle ‘ Bottom
Model MAEyy  MAEyvD r  MAEyy MAEyuvp r  MAEyy MAEypvp
(ms™h) ©) (ms~h) ©) (ms™h) ©)
EFDC 0.44** 0.023 60.8 0.49** 0.020 55.2 0.45** 0.021 55.0
LCM_1 0.58** 0.026 62.6 0.60** 0.025 54.1 0.53** 0.025 54.5
LCM_2 0.63** 0.023 56.7 0.65** 0.026 55.5 0.55%** 0.026 56.7
WCCM  0.64** 0.024 58.2 0.70** 0.023 48.6 0.64** 0.021 52.1
140 The water level contours simulated by the WCCM at
22:00LT on 26 December 2018, corresponding to the time
207 of the maximum wind speed, are similar to those of the
1004 EFDC and show a deceasing trend from southwest to north-
£ east (Fig. 12). The surface current fields simulated by these
E 804 two models mainly flow from north to south, which can
E{ be further demonstrated by the simultaneous stream traces
é 607 (Fig. B4). The middle and bottom current fields mainly flow
= N from northwest to southeast.
North wind The main difference between the WCCM- and EFDC-
20 7Sms simulated current fields is that the current speed simulated
%/M/}%////////// // IWM\\\\\\X\\\\&\\‘\\W \“yl\\\\w“ by the former is significantly higher (Fig. 12). Clockwise vor-
0.0- . : : : : : : : : : . texes form in Gonghu Bay in the surface, middle, and bottom
0:00 0:00 0:00 0:00 0:00 0:00

Dec 26 Dec 27 Dec 28 Dec 29 Dec 30 Dec 31

Figure 9. Variation of wind speed and direction at 10 m above the
water surface at the LHWS during the 2018 winter observation.

The mean measured surface, middle, and bottom current
speeds at the LHWS (Fig. 11) were 3.7 £2.0, 3.5£2.0, and
42422cms™!, respectively. The average r values of the
simulated and measured current speed of the EFDC, LCM_1,
LCM_2, and WCCM are 0.21, 0.22, 0.29, and 0.3 (p<0.05;
Table 5) respectively, while the average MAEyyp values are
77,71.2,77, and 75.7°, respectively.

https://doi.org/10.5194/gmd-15-745-2022

current fields simulated by the EFDC (Fig. B.4), whereas this
clockwise vortex is only located in the middle current field
simulated by the WCCM.

5 Discussion

Influenced by the strong east—southeast wind event during
the 2015 summer observation, a maximum water level differ-
ence of 0.66 m occurred at 12:00 LT on 10 August between
WL1 in the downwind lake area and WL4 station in the up-
wind lake area (Fig. 6). Prior to this maximum, all of the
measured surface, middle, and bottom currents flowed along
the wind direction and their speed significantly increased

Geosci. Model Dev., 15, 745-769, 2022
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Figure 10. Comparison between the WCCM-simulated and measured water levels at the WL1-WLS5 stations during the 2018 winter obser-

vation.

Table 4. Correlation coefficient () and root-mean-square error (RMSE) between the simulated and measured water level during the 2018

winter observation for the numerical experiments. Note that * indicates p<0.05 and that ** indicates p<0.01.

Model Statistics WLI1 WL2 WL3 WL4 WLS5
*% *% ok *% *ok

EFDC r 0.91 0.95 0.80 0.82 0.88
RMSE 0.04 0.03 0.05 0.03 0.07
Lem 1 0.91** 095 0.79** 0.84** (0.89**
- RMSE 0.05 0.04 0.06 0.03 0.08
skek sk sk K3k K3k

LCM 2 r 0.91 0.95 0.81 0.84 0.89
RMSE 0.03 0.02 0.05 0.02 0.05
r 0.91**  0.94** 081** 0.82** 0.89**
weem RMSE 0.02 0.02 0.05 0.02 0.06
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Table 5. Correlation coefficient () and mean absolute error between the simulated and measured current velocity (current speed, MAEyv;
current direction, MAEyyp) during the 2018 winter observation for the numerical experiments. Note that * indicates p<0.05 and that **

indicates p<0.01.

Surface ‘ Middle ‘ Bottom
Model MAEyy MAEyvp r MAEyv MAEyvp r MAEyv MAEyvp
(ms~h) ©) (ms~1) ©) (ms~h) ©)
EFDC 0.20%** 0.021 81.4 0.19** 0.019 77.2 0.15* 0.021 72.4
LCM_1 0.28** 0.020 83.6 0.22%* 0.021 74.5 0.16* 0.023 73.5
LCM_2 0.32*%* 0.020 83.8 0.29** 0.019 74.4 0.26* 0.021 72.8
WCCM  0.31** 0.020 81.2 0.31** 0.019 73.5 0.28%** 0.021 72.4
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Figure 11. Comparison between the measured and WCCM-
simulated surface, middle, and bottom current speeds at the LHWS

during the 2018 winter observation.

(Fig. 7). The strong east—southeast winds drive the entire wa-
ter column at the LHWS to form wind-driven currents, thus
resulting in a downwind upwelling (Wu et al., 2018). Sim-
ilarly, generated by the strong north-northeast wind event
during the 2018 winter observation, wind-driven currents
also resulted in downwind upwelling (Fig. 11). These up-

https://doi.org/10.5194/gmd-15-745-2022

welling processes provided an excellent opportunity to eval-
uate the performance of the WCCM in Lake Taihu.

The numerical solutions of the governing equations and
most parameter values of the WCCM are similar to those of
the EFDC. The main differences between the two models are
the vertical eddy viscosity, wind drag coefficient, and wave-
induced radiation stress. The numerical experiments show
that the average correlation coefficient between the WCCM-
simulated and measured current speeds increased by 36.4 %
compared to the LCM_1 results or 42.9 % compared to the
EFDC results in 2018. The current direction and field simu-
lated by the WCCM also improved, whereas the water level
was simulated at a similar accuracy to that of the EFDC.
Compared with the reference model, the WCCM is more reli-
able to simulate wind-driven currents and subsequent down-
wind upwelling in Lake Taihu. The WCCM can also accu-
rately simulate wind waves and water temperature in the lake
(Figs. B1 and B2).

5.1 Wind drag coefficient

The wind drag coefficient is a key parameter for hydrody-
namic numerical models. The EFDC parameter sensitivity
analysis shows that the wind drag coefficient is the most sen-
sitive parameter for simulating the current velocity in Lake
Taihu (Li et al., 2015). Our numerical experiments also in-
dicate that the correlation coefficients between the simulated
and measured current speeds of LCM_2 and WCCM are sig-
nificantly greater than those of EFDC and LCM_1 (Tables 3,
5). This implies that the new expressions of Cs (Egs. 18
and 19) mainly contribute to the enhanced correlation coeffi-
cients. Based on previous studies (Edson et al., 2013; Geer-
naert et al., 1987; Large and Pond, 1981; Xiao et al., 2013)
and our field observations, these expressions were derived to
describe the discontinuity of changing trend of C; with wind
and directionality of the wind momentum transmission.

The magnitude of C; represents the transmission effi-
ciency of the wind momentum to a waterbody, and its change
is discontinuous. Surface waves can increase the roughness
of a lake surface and further influence the transmission ef-
ficiency (Xiao et al., 2013). The transmission efficiency on

Geosci. Model Dev., 15, 745-769, 2022
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Figure 12. Comparison of the contour of the water level and surface, middle, and bottom current fields simulated by the WCCM with those
simulated by the EFDC at 22:00 LT on 26 December 2018.
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aerodynamically rough water surfaces is higher than that on
aerodynamically smooth water surfaces (Liikd et al., 2020).
Wu (1980) proposed that the atmospheric surface layer ap-
pears to be aerodynamically rough when the wind speed
exceeds 7.5ms~!. This implies that there is a discontinu-
ity of the Cy curves at wind speeds of 7.5ms~!. Field ob-
servations in Lake Taihu (Xiao et al., 2013) indicate that
the measured Cj initially decreased under light-wind con-
ditions (< ~ 7.5ms 1) and then increased under high-wind
conditions (> ~ 7.5ms~!). The curves of C; plotted by the
equation proposed by Edson et al. (2013) and Large and
Pond (1981) also intersect at a wind speed of 7.5ms™!
(Fig. 4). A wind speed of 7.5ms~! is therefore reasonable
for defining the discontinuity of changing trend of C; with
wind in Lake Taihu.

As shown in Eqgs. (18) and (19), a logistic curve is used
to describe the increase of C; for wind speeds >7.5m s~
otherwise C; is a constant. Under light-wind conditions,
the mechanism of the C; change with wind speed re-
mains incompletely understood and its mathematic descrip-
tion is non-deterministic (Fig. 4). According to a tremen-
dous amount of measured C; values reported by Edson et
al. (2013), the points between C; and wind speed evenly
distribute on both sides of a constant under light-wind
conditions. A constant is therefore suitable (Large and
Pond, 1981). Under high-wind conditions, the proportional
function is most frequently used to fit the C; change (Geer-
naert et al., 1987; Large and Pond, 1981; Wu, 1980; Zhou et
al., 2009). However, the measured C; values indicate more
rapid changes than described by the proportional function
(Edson et al., 2013). Furthermore, Geernaert et al. (1987)
concluded that C; increases to a constant (~ 0.003) by com-
piling all of the reported Cy measurements. The logistic func-
tion is therefore used to fit the rapid increase that then tends
toward a constant. It should also be noted that the curves of
Egs. (18) and (19) and w, x Eq. (23) used in this study are
significantly lower than the other two curves (Fig. 4). The
main cause is that the limited water depth and fetch in Lake
Taihu reduce the transmission efficiency of the wind momen-
tum and restrict the development of wind-driven currents in
the lake.

The directionality of wind momentum transmission is fur-
ther addressed using different C; values in the x and y di-
rections. There have been numerous expressions designed
to calculate the wind drag coefficient based on ocean envi-
ronments without consideration of the directionality of wind
momentum transmission (Geernaert et al., 1987; Large and
Pond, 1981; Liik§ et al., 2020; Wu, 1980; Zhou et al., 2009).
However, the increase of transmission efficiency with wind
speed (Liiko et al., 2020) will result in a contradiction in
these existing expressions, i.e., that the same Cs values are
used in x and y direction while the components of wind
speed in these directions are different. Moreover, wind waves
and lake seiche also have directionality, which can affect the
transmission efficiency of the wind momentum by changing
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the roughness and tilt of the lake surface. Neglecting the di-
rectionality of wind momentum transmission can therefore
overestimate or underestimate the wind drag coefficient in
any one direction in large shallow lakes.

5.2 Wave-induced radiation stress

Wave-induced radiation stress is first considered in simulat-
ing wind-driven currents in large shallow lakes. The results
show that this consideration can improve the simulated cur-
rent direction. The MAEyvyp values of the LCM_2 (average
MAEyvyp of 56.3°; Table 3) in 2015 are greater than those of
the WCCM (average MAEyyp of 52.9°; Table 4). A similar
result can be achieved by comparing the MAEyyp values be-
tween the LCM_2 and WCCM in 2018 (Table 5). Moreover,
the correlation coefficients of LCM_2 in 2018 are slightly
lower than those of the WCCM in 2018 (Table 5), which im-
plies that wave-induced radiation stress can also contribute
to the improvement of the WCCM-simulated current speed.

A comparison between the WCCM- and EFDC-simulated
current fields further demonstrates the importance of wave-
induced radiation stress. Although the current field simulated
by the WCCM is similar to that simulated by the EFDC,
the vortex locations simulated by these models are quite dif-
ferent. In 2015, the middle and bottom current fields sim-
ulated by the EFDC exhibit counterclockwise vortexes in
Zhushan Bay and Meiliang Bay (Fig. B.3), which are located
in the downwind area, but the current fields simulated by
the WCCM do not show the same phenomenon. This is be-
cause the interaction between wind waves and lake currents
in the downwind area is turbulent owing to wave deformation
resulting from the shallow water and lakeshore. The wave-
induced radiation stress therefore reduces the likelihood that
a vortex will form in this area. Conversely, the middle and
bottom current fields simulated by the LCM_2 without wave-
induced radiation stress also show counterclockwise vortexes
in Zhushan Bay and Meiliang Bay (Fig. B.5), which is sim-
ilar to the EFDC result. It is very important for Lake Taihu
that the absences of vortexes in the downwind area reinforce
the accumulation of buoyant cyanobacteria and further pro-
mote cyanobacterial blooms within this area.

5.3 Vertical eddy viscosity

Vertical eddy viscosity plays a less prominent role in the de-
velopment of wind-driven currents than the other variables.
In this study, the Mellor—Yamada level 2.5 turbulence clo-
sure model (Mellor and Yamada, 1982; Ji et al., 2001) is
adopted in the EFDC, and the other parameters are deter-
mined after parametric uncertainty and sensitivity analysis
(Li et al., 2015), while a simple turbulence scheme (Eqs. 6—
8) is adopted in the LCM_1. However, the accuracy of the
LCM_1 is rather similar to that of the EFDC (Tables 2-5),
which implies that the high-order turbulence scheme does
not improve the lake current simulations (Koue et al., 2018),
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whereas the simple turbulence scheme makes the WCCM
more efficient.

5.4 Challenges of the hydrodynamic model
development for shallow lakes

Although the WCCM performance has been improved rel-
ative to the reference models of the EFDC, LCM_1, and
LCM_2, the correlation between WCCM-simulated and
ADP-measured current speed remains low, and the mean
of the simulated current speed is lower than that of the
measured current speed. Similar conclusions can be drawn
from the model validation studies in other lakes (Huang et
al., 2010; Jin et al., 2000; Ishikawa et al., 2021; Soulignac
et al., 2017). There are three possible explanations for this
problem. First, based on the Doppler effect of sound waves,
the ADP measures the three-dimensional lake currents by de-
tecting the movement of suspended particle matter (SPM)
in water column. However, the spatiotemporal distributions
of the concentration and physicochemical properties of the
SPM are changeable in lakes (Zheng et al., 2015). This
will undoubtedly influence the measurements of real cur-
rents in lakes. Second, the spatiotemporal resolution of the
numerical model input data can introduce errors into the
lake current simulations, including mesh, underwater topog-
raphy, boundary conditions, and wind field. Third, the wind-
induced hydrodynamics in large shallow lakes are not fully
understood. For example, Eqgs. (18) and (19) derived from
the field observations are only effective when the wind speed
is < 15.5ms~!, which is the maximum of the field observa-
tions, meanwhile the contributions of the wind waves to the
development of wind-driven currents are underestimated in
Lake Taihu.

6 Conclusions

Strong summer or winter winds generate wind-driven cur-
rents in Lake Taihu, which subsequently results in downwind
upwelling events. The WCCM has been developed to recon-
sider the expression of wind stress, wind waves, and turbu-
lence based on these events and numerical experiments. This
model can simulate the development of wind-driven currents
with a 42.9 % increase of simulated current speed compared
with the EFDC results of 2018. The new expression for the
wind drag coefficient is mainly responsible for increasing the
correlation coefficient between the WCCM-simulated and
measured current speeds. The introduction of wave-induced
radiation stress can contribute to the improvement of the sim-
ulated current direction and fields, and slightly improve the
current speed simulation. The simple parameterized turbu-
lence scheme is sufficient for simulating wind-driven cur-
rents in Lake Taihu. We emphasize that more process-based
field observations using advanced instruments are required
to fully understand the real hydrodynamic characteristics of

Geosci. Model Dev., 15, 745-769, 2022

large shallow lakes and further improve the performance of
lake hydrodynamic models, especially for the interaction be-
tween wind waves and lake currents.

Appendix A

Al Methods of coordinate transformation

ov v 19w oH  dh
—=— | lo—+—, (AL.1)
ax’  ox H do ox  Ox
oV  ov 190V / 9H 0dh
—=—————|lo—+—, (A1.2)
ay’ 9y H do ay  dy
ow 1 0w
—_— =, (A1.3)
0z H do
v v ov 9
ov _9%¥ o 9vog (Al.4)
at’ ot H do ot
a¢ ac g
"=H - = 4=
w w+a<3t+u8x+v8y
oh oh
+(1l-0)lu—+v—, (AL.5)
ax dy

where ¥ is u, v, w, and T in the sigma coordinate system
and w’ is the vertical velocity in the Cartesian coordinate sys-

tem,ms_l.
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A3 Solution of equations

Using the splitting mode technique (Blumberg and Mel-
lor, 1987) and alternation direction implicit algorithm (But-
ler, 1980), the external mode is derived by vertically integrat-
ing the momentum equations to solve the change in water
surface that feedbacks onto the internal mode and solves the
vertical current veloc1ty Equations (1)— (3) are vertically in-
tegrated, and U = [, Hudo and V = [, Hvdo are used to
represent the current speeds in the x and y directions. Equa-
tions (1)—(3) can then be transformed as follows:

ac U 9V
— 4+ —4+—=0, A3.1
at + ax + dy ( )
aU Ho

_&_§+BU’ (A3.2)
at po 0Xx
aVv Ho
oV _ _peHoc g (A3.3)
ot po dy
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where By and By are shown in Eqs. (A2.4) and (A2.5).
The expressions of the internal mode can be achieved us-
ing Eq. (2) minus Eq. (A3.2) and Eq. (3) minus Eq. (A3.3):

D(H) _ 1 [, aW+Y)

ar  Hao (AV do +Du. @34
A(HY) 1 0 I +5)

o~ Hao (Av—aa + Dy, (A3.5)

where ' =u — %, v =v— 4, and Dy and Dy are shown
in Egs. (A2.6) and (A2.7).

These equations are discretized using the finite-difference
method. For the external mode equations, the alternation
direction implicit difference scheme and staggered grid
(Figs. 2, 3) are used to discretize Eqs. (A3.1) and (A3.2) and
then obtain the equation to calculate U in the next time in-
crement:

Ha

n+} U| n+1 _.n
oUu aV
VYN el LY i L (A3.6)
ax | 1, ] ay
d
(I —aygHAr & "+12 el
0x +§, i+5,]
__ 9% n "
ongAt ’ i+%,j
1+ ArBy i+lj , (A3.7)
27

where o is the format weight coefficient. When o =1,
Egs. (A3.6) and (A3.7) are explicit (otherwise they are im-
plicit). The definition of each variable on the staggered grid
is shown in Figs. 2 and 3.

According to the U value in next time increment, { and V
can be calculated by

aV|n+1
n+1 _sn
é-i,j +(1_(X)At§ l,] _gi,j
aV oUu
VA BV Ut (A3.8)
ay | L.J ax | L]
d 1
(1 — a)gHAti "t n+l
dy +2 i,j+3
e P n
= agHAt ‘ l Jer]+2
AtB A3.9
+ 4 l,]+% ( )

Similarly, the alternation direction implicit difference
scheme is used to discretize Eqs. (A3.4) and (A3.5) of the
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internal mode to obtain

0.5 (Hi'fll,j + Hi’,l;‘rl)”/ zf;;k
—(1—a)%8%<z4va(u/a—:%)>
i+%n’j,k by i+%n’f’k ’
(A3.10)
0.5 (H/ 1Ly + HIF )Y I}T%lk
—(l—a)%%(‘\\/a(v;—:%))
Ty )
n
b TRV e e

The chasing algorithm is used to solve the tridiagonal matrix
formed by Egs. (A3.10) and (A3.11). The current numeri-
cal model was built based on these governing equations and
written in Intel Visual Fortran (Intel Inc. USA).
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Appendix B
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Figure B1. Correlation coefficient () and mean absolute error (RMSE) between measured and WCCM-simulated significant wave height at
the LHWS during the 2018 field observation.
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Figure B2. Correlation coefficient () and mean absolute error (RMSE) between measured and WCCM-simulated water temperature at the
LHWS during the 2015 and 2018 field observations.
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Figure B3. Comparison of the flow fields and stream traces in the surface, middle, and bottom layers of Lake Taihu simulated by the WCCM
and EFDC at 12:00LT on 10 August 2015.
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Figure B4. Comparison of the flow fields and stream traces in the surface, middle, and bottom layers of Lake Taihu simulated by the WCCM
and EFDC at 22:00 LT on 26 December 2018.

https://doi.org/10.5194/gmd-15-745-2022 Geosci. Model Dev., 15, 745-769, 2022



766 T. Wu et al.: Reconsideration of wind stress, wind waves, and turbulence in simulating wind-driven currents

0.3Ln>5'1

Lakebed
elevation (m)

Figure BS. Comparison of the LCM_2-simulated stream traces of the surface, middle, and bottom current fields in Lake Taihu at 12:00 LT

on 10 August 2015.

Code and data availability. The source code of the EFDC model
is freely available from https://doi.org/10.5281/zenodo.5602801
(Wu, 2021a). The EFDC_Explorer 8.3 software was pur-
chased from DSI LLC (https://www.eemodelingsystem.com/;
LLC, 2021). The configurations, inputs, and outputs of the
EFDC model for all simulated episodes are available from
https://doi.org/10.5281/zenodo.5180640 (Wu, 2021b).

The source code of the SWAN model is freely available from
http://swanmodel.sourceforge.net/ (Delft University of Technology,
2021).

The source code of the WCCM model, with the configura-
tions, inputs, and outputs of the model as used in this paper, is
freely available from https://doi.org/10.5281/zenodo.5709811 (Wu
and Qin, 2021).

The dataset of measured water levels and currents is
freely available from https://doi.org/10.5281/zenodo.5184459
(Hu and Wu, 2021). The other datasets used in this pa-
per are included in the simulated episodes on Zenodo (e.g.,
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