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Abstract A comprehensive understanding of lake circulation is fundamental to inform better
management of ecological issues and fishery resources in the Great Lakes. In this study, a high‐resolution,
wave‐current coupled, three‐dimensional modeling system was applied to investigate the monthly and
episodic dynamics of summer circulation in Lake Michigan. Model sensitivities to three wind sources and
two grid resolutions against observed current velocities, water temperatures, and significant wave heights in
the summer of 2014 were examined. Model performance was validated with additional satellite imageries
and current measurements in the summer of 2015. Results indicated that the high‐resolution model driven
by the observation‐based winds reproduced lake dynamics most reasonably. In July 2014, a pair of monthly
averaged anticyclonic (i.e., clockwise) gyres in the surface layer were simulated in southern Lake Michigan.
Analysis indicates that they originate from the wind‐driven, upwelling‐favorable, jet‐like Ekman currents
along the west shore, which are connected by the density‐driven basin‐scale circulation. Although river
inputs, strait exchanges, waves, grid resolutions, and bathymetric variations influence the monthly surface
circulation, their effects are less important than the wind and density‐driven currents. Additional
simulations support the predominant impacts of wind and density‐driven currents on lake surface
circulation during a strong wind event. Further investigations suggest that lake circulation varies from
surface to bottom layers, and this knowledge is significant to the related ecological issues and fishery
resources management. The numerical model configured to Lake Michigan is beneficial to understanding
dynamics in the Great Lakes system and other large water bodies.

Plain Language Summary Water movements in freshwater and estuarine environments are
particularly relevant to fisheries recruitment, as reproductive success of fish and invertebrate populations
is usually determined by physical factors influencing their sensitive early life stages. Predicting the complex
water currents in a precise way is thus of great importance to the scientific and fishery communities. In this
paper, we used a collection of observed data including the measured wind speed, water velocity, water
temperature, and wave height to help adjust the parameters in the computer program and improve the
model's ability of predicting the 2014 summer circulation in Lake Michigan. Based on the established
modeling system, it is indicated that bothmonthly and episodic lake currents are mostly influenced by winds
and heat flux. After doing further “what‐if” simulations in the computer programs, we find that adjacent
rivers and lakes, nearshore wave activities, and lake bathymetry can also affect lake surface circulation to
some extent. At a monthly timescale, the computer program simulated a pair of circular movements in a
clockwise direction over the southern lake, which are attributed to the combined actions of wind‐induced
coastal jets and basin‐scale circulation driven by the spatially non‐uniform lake temperatures. Simulated
maps of water movements in the summer can potentially help lake and coastal communities expect the hot
spot of fish larvae, track, and trace their passive movements driven by lake currents.

1. Introduction
Given that wind is one of the most important forces in generating lake currents, effects of wind stress on var-
ious types of gyre circulation (e.g., single or double cyclonic/anticyclonic) have been addressed by interna-
tional lake research communities for both small and large lakes worldwide. The circulation patterns in
Lake Tahoe (USA) and Lake Belau (Northern Germany) are all consistent with their wind stress curls, for
example, anticyclonic and cyclonic, respectively (Podsetchine & Schernewski, 1999; Strub &
Powell, 1986). Additionally, Schoen et al. (2014) demonstrated that winds play an important role in the
switches of gyre rotation, which are directly related to the wind direction over the shallow St. Lucia
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(South Africa). Troitskaya et al. (2015) suggested that the windmagnitude is substantial to the intensification
and stabilization of the cyclonic summer currents in the large Lake Baikal (East Siberia). Wu et al. (2018)
further indicated that under different wind conditions (e.g., strong vs. low or medium), the structure of lake
circulation varied significantly (e.g., uniform currents through the water column vs. wind‐driven surface
currents compensated by bottom reversal ones).

Due to similarities of lake dynamics, the importance of winds to lake currents has been widely confirmed in
the Great Lakes system (Bai et al., 2013; Beletsky et al., 1999). Since the pioneering work of Rao and
Murty (1970) on the wind‐driven circulation in Lake Ontario, dynamics of the Great Lakes have been inves-
tigated using numerical models and chronically under‐observed measurements (Beletsky & Schwab, 2008;
Niu & Xia, 2017; Schwab & Beletsky, 2003). By analyzing velocity data collected from the acoustic
Doppler current profiler (ADCP) and vector‐averaging current meters, Beletsky et al. (1999) summarized
that the basin‐scale gyre circulation is primarily driven by winds in winter, while it is highly associated with
thermal structures in summer for large lakes in the Great Lakes system. Based on the simulated summer cir-
culation of Lake Michigan, Beletsky and Schwab (2001) illuminated that the current intensity and its cyclo-
nic (i.e., anticlockwise) vorticity are directly associated with the wind stress strength and temperature
gradients. Schwab and Beletsky (2003) further quantified the contribution of individual forcing to the vorti-

city tendency and concluded that the cyclonic wind stress curl,
∂τy
∂x

−
∂τx
∂y

, where (τx, τy) is the wind stress in

the (x, y) plane, and baroclinicity (i.e., lake temperature gradients driven by air‐sea heat flux) control the gyre
circulation in winter and summer, respectively.

Considering the dominant roles of wind and density‐driven flows in the Great Lakes and complexity of
coastal geometry and circulation, subsequent studies (Beletsky et al., 2013; Mao & Xia, 2017; Niu et al., 2015)
indicated that various selections of wind sources and grid resolutions likely affect the accuracy of hydrody-
namic simulations. By replacing the observation‐based wind field interpolated from limited buoys with the
atmospherically modeled products, Beletsky et al. (2003) modeled the coastal current more accurately under
stormy conditions. In addition, model performance in the coastal upwelling simulation was improved by
refining the grid size from 5 to 2 km, allowing for the simulation of an anticyclonic (i.e., clockwise) gyre
in southern Lake Michigan (Beletsky et al., 2006). With a high grid resolution (2–4 km) applied near the
Keweenaw coast of Lake Superior, Chen et al. (2001) stated that the anticyclonic gyre was related to the bar-
oclinic instability of the adjacent coastal jet. Although Chen et al. (2001) revealed the complex mechanism of
the anticyclonic gyre during the summer months, it was conducted under an idealized wind condition.
Given that the forcing mechanism of the anticyclonic gyre under realistic wind conditions remains only par-
tially understood, it is worthwhile to further explore how wind and density‐driven currents influence the
gyre's intensity, size, and shape.

Although the general gyre circulation in the Great Lakes had previously been well studied using numerical
models (Allender, 1977; Beletsky et al., 1999), little attention was paid to the wave effects, which were sub-
stantial to coastal circulation (Bolaños et al., 2014). Given the similarity of coastal dynamics, the
wave‐induced circulation in the nearshore of the Great Lakes is likely significant and requires further inves-
tigations (Rao & Schwab, 2007). Previous studies using the wave‐current coupled model provided encoura-
ging results, but it was either applied to shallow bays (Mao & Xia, 2018; Olabarrieta et al., 2011) or during
episodic events (Mao & Xia, 2017). Circulation dynamics have seldom been evaluated on a regional‐scale
O (100 km) domain or at a longer timescale. A few studies indicated that wave effects on circulation are sub-
stantial, both at episodic and seasonal timescales in the shallow Lake Erie (Niu & Xia, 2017). Considering
distinctive geographical features and unique mean circulation patterns in each of the Great Lakes
(Beletsky et al., 1999), it is worthwhile to extend understanding of the lake‐wide circulation (e.g., dynamics
of gyre circulation and wave effects on nearshore currents) at various timescales in the relatively large and
deep lake (e.g., Lake Michigan).

In this study, a high‐resolution, three‐dimensional, unstructured grid, finite‐volume community ocean
model (FVCOM) (Chen et al., 2013), which had been widely used in the Great Lakes (Anderson &
Schwab, 2017; Niu et al., 2018; Xue et al., 2017), was applied to Lake Michigan. To include wave effects
on lake circulation, this hydrodynamic model was offline coupled with the wave model simulating waves
nearshore (SWAN) (Zijlema, 2010). Remaining sections of this manuscript are organized as follows.
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Section 2 introduces themethodology, which includes themodel description, data sources andmodel inputs,
experimental design, and skill metrics. Section 3 examines the model sensitivity to three wind sources and
two grid resolutions, followed by the model validation and the discussion of the monthly lake circulation
and the forcing mechanism of gyre circulation in summer. The major conclusions are summarized in
section 4.

2. Methodology
Model Domain and Grid
LakeMichigan (Figure 1a) is the third largest lake in the Great Lakes system by surface area (58,000 km2). Its
narrow and elongated body extends for a length of 494 km (latitude 41.6–46.1°N) and a width of 190 km
(longitude 88.1–84.4°W), with mean and maximum water depths of 85 and 281 m, respectively. This
semi‐enclosed water body communicates with Lake Huron via Straits of Mackinac in its northeastern cor-
ner. In addition to applying the realistic meteorological forcing, the bi‐lake exchanges were specified by
using the hourly water surface elevation as open boundary conditions. It was retrieved from the National
Oceanic and Atmospheric Administration (NOAA) and National Ocean Service (NOS) at Mackinaw City,
Michigan. Although a bi‐lake model would be the best one to resolve strait exchanges, the single‐lake model
was adopted since it is sufficient to capture the exchanging flows with proper open boundary conditions
(Mao & Xia, 2017) and saves the computational time, particularly for the wave‐current coupled model.
Recent studies by Rowe et al. (2015, 2017) supported that the one‐lake model is capable of achieving satis-
factory results for the summer circulation of Lake Michigan. The lake's major body includes Chippewa
Basin, South Fox Island, Mid‐Lake Plateau, and South Chippewa Basin. Green Bay is located on the left
flank of Chippewa Basin.

To accurately resolve the multiscale bathymetry and dynamics with an expedient computational effort,
hydrodynamic simulations from the high and medium‐resolution (HR and MR; 38,324 and 9,581 elements,
and 20,108 and 5,256 nodes) models (Figures 1b and 1c) were compared against observations. The grid size of
the HR model is 3.8 km in the mid‐lake area, which is refined to 210 m near the coast and islands. Overall,
size of theMR grid is twice that of the HRmodel over the entire domain. Considering the numerical stability,
the finest resolutions were applied around the South Fox Island to follow the highly complex island lines.
Given that the baroclinic Rossby radius (Beletsky et al., 1997, 2006) within the 8–10 km coastal boundary
layer (Murthy & Dunbar, 1981) is less than 5 km, the HR and MR grids along the west shore, where the
monthly averaged jet‐like currents develop (section 3.3.1), are set at 1.1–1.5 and 2.2–2.8 km, respectively.
Computational speeds of the MR model in simulating wave and circulation are 1.25 and 0.94 simulated
days/computing hour, which decrease to 1/5 and 1/3, respectively (i.e., computational hours increase to five
and three times for the same simulation period), by using the HR one. The number of processors used in the
parallel execution are 16 in the Stampede high‐performance computing machines and 72 in the Cheyenne
system. The Lake Michigan hydrodynamic model selected 20 uniform sigma layers in the

terrain‐following vertical coordinate (e.g., the vertical resolution is
1
20

of the local water depth, which is less

than 14 m at the deepest location of the lake) based on the model sensitivity experiments described in
section 3.1.

2.2. Wave‐Current Coupled Model

The unstructured grid model simulating waves nearshore (SWAN), in which the spatial distribution of the
grid structure is the same as that in the hydrodynamic model, has been successfully configured to Lake
Michigan by Mao et al. (2016). The wave action spectral energy conservation in the SWANmodel considers
the local and spatial variations, depth and current‐induced refraction and frequency shift, wind input, non-
linear wave‐wave interactions, whitecapping, bottom friction, and depth‐induced breaking. The model is
discretized with a first order, backward‐space, backward‐time scheme. The hybrid central scheme is used
in the wave spectral space.Wave directions in this finite‐difference‐basedmodel are applied with a full sector
(i.e., 0–360°), which are resolved evenly into 36 bins. Wave frequencies are discretized over 32 bins with an
increasing logarithmic scale, which range from 0.0512 to 1 Hz. Formulations of the wind input function and
whitecapping dissipation derive from Janssen (1991) and readjusted Rogers et al. (2003), respectively. The
depth‐induced wave‐breaking term adopts the bore‐based model of Thornton and Guza (1983). Detailed
physics settings of the Lake Michigan wave model are referred to in Mao et al. (2016).
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The hydrodynamic model configured to Lake Michigan (Mao & Xia, 2017) is the free surface,
three‐dimensional (3D), primitive equation based, unstructured grid, finite‐volume community ocean
model (FVCOM). To resolve the complex bathymetry and multiscale dynamics, unstructured grids in the
horizontal space and terrain‐following sigma layers in the vertical coordinate are employed. FVCOM is inte-
grated using a mode‐split solver, in which the external and internal calculations are advanced at 4‐ and 16‐s
time steps. The vertical and horizontal mixing processes are handled by the modified MY‐2.5 turbulence clo-
sure model (Galperin et al., 1988) and eddy parameterization scheme (Smagorinsky, 1963). Hydrostatic and
Boussinesq assumptions are adopted so that density variations are neglected, except for the term multiplied
by gravity in the buoyancy force. The horizontal diffusion and bottom roughness are set at a multiplier of 0.1
and a constant length of 0.1 cm. The air‐sea transfers of heat and momentum fluxes are achieved via the
lake's surface boundary layer. The net heat flux (HFLX) is calculated by using atmospheric variables includ-
ing wind speed, air temperature (Ta), lake surface temperature, relative humidity, downward shortwave
(SWdown), downward longwave (LWdown), and upward longwave radiation fluxes (LWup). The HFLX budget
model is calculated as:

HFLX¼SWdown þ LWdown þ LWup þHsensible þHlatent (1)

The SWdown and LWdown data were collected from the Global Environmental Multiscale Model (Côté
et al., 1998), which were interpolated to computational cells for calculation. The σ used in the upward

longwave radiation stress expression LWup¼−σT4
a represents the Stefan‐Boltzmann constant

(5.67 × 10−8 W m−2 K−4). The sensible (Hsensible) and latent (Hlatent) heat transfers were collected on
the basis of the bulk aerodynamic formulation COARE 2.6 developed by Fairall et al. (1996).

The one‐way, wave‐current offline coupling procedure is described as follows. Driven by surface winds,
SWAN produces wave parameters including the significant wave height, peak wave period, mean wave
direction, mean wavelength, and bottom wave orbital velocity and period, which are further passed to
FVCOM for the computation of the wave‐induced circulation (Qi et al., 2009). The computational time

Figure 1. (a) Bathymetry, locations of observations, critical geographic names, and river and strait boundary locations in Lake Michigan; (b) high and
(c) medium‐resolution grids. In panel (a), black crosses and open circles represent wind data and surface temperature stations from the NDBC. The open
boundary layer along the Straits of Mackinac is indicated with the solid black line in the northeastern corner of the lake, and the nearby triangle is the location of
the NOS gauge. Red plus signs and the blue dot denote river flows collected from the USGS and ADCP‐measured currents at Muskegon, MI. Buoy stations for
wave data are the same as those for surface temperatures, except for that 45013 and SGNW3 are replaced by 45168 and 20CM4 (red open circles). Geographic
names include (1) Chippewa Basin, (2) South Chippewa Basin, (3) Mid‐Lake Plateau, (4) Green Bay, (5) Little Traverse Bay, (6) South Fox Island, and (7) Straits of
Mackinac. River inputs include R1 (St. Joseph River), R2 (Kalamazoo River), R3 (Grand River), R4 (Manistee River), and R5 (Menominee River).
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step of the wave model is set to 5 min, and the coupling processes are taken hourly. The wave and hydrody-
namic models in the system use identical horizontal grids so that interpolating errors due to the inconsis-

tency of grids are avoided. Wave effects on circulation include the Stokes drift u!st (Phillips, 1977),
wave‐induced radiation stress (Mellor, 2015) and roller (Svendsen et al., 2002), wave‐altered sea surface

roughness (Donelan et al., 1993), and bottom stress (Madsen, 1994). Stokes drift and Stokes‐Coriolis force f

u!st are included in the continuity and momentum balance by switching on the option of wave‐current inter-
action in the standard FVCOM. The Coriolis frequency f is equal to twice the Earth rotation rate Ω
(7.2921 × 10−5 rad/s) multiplied by the latitude φ (f = 2Ωsinφ).

In a generalized terrain‐following coordinate system, the governing equation of momentum, continuity,
temperature, salinity, and density with the inclusion of wave‐induced effects are given as follows:

∂uD
∂t

þ ∂u2D
∂x

þ ∂uvD
∂y

þ ∂uω
∂bσ − fvD ¼ −D

∂
∂x

gηþ patmð Þ − D∫bσ0 D
∂ρ
∂x

− bσ∂D
∂x

∂ρ
∂bσ

� �
dbσ −

∂DSxx
∂x

þ ∂DSxy
∂y

� �
þ bσ ∂D

∂x
∂Sxx
∂bσ þ ∂D

∂y
∂Sxy
∂bσ

� �
þ ∂τx

∂bσ (2)

∂vD
∂t

þ ∂uvD
∂x

þ ∂v2D
∂y

þ ∂vω
∂bσ þ fuD ¼ −D

∂
∂y

gηþ patmð Þ − D∫bσ0 D
∂ρ
∂y

− bσ∂D
∂y

∂ρ
∂bσ

� �
dbσ −

∂DSxy
∂x

þ ∂DSyy
∂y

� �
þ bσ ∂D

∂x
∂Sxy
∂bσ þ ∂D

∂y
∂Syy
∂bσ

� �
þ ∂τy

∂bσ (3)

∂Du
∂x

þ ∂Dv
∂y

þ ∂ω
∂bσ þ ∂η

∂t
¼ 0; (4)

∂θD
∂t

þ ∂θuD
∂x

þ ∂θvD
∂y

þ ∂θω
∂bσ ¼ 1

D
∂
∂bσ Kh

∂θ
∂bσ

� �
þ DbH þ DFθ (5)

∂sD
∂t

þ ∂suD
∂x

þ ∂svD
∂y

þ ∂sω
∂bσ ¼ 1

D
∂
∂bσ Kh

∂s
∂bσ

� �
þ DFs (6)

ρ ¼ ρ θ; sð Þ; (7)

where (x,y) and bσ are the horizontal and vertical axes of the generalized terrain‐following coordinate; t is
the time; (u,v) and ω are the current velocities in the (x,y) and bσ planes, where (u,v) are the summations of
Stokes drifts (ust, vst) and Eulerian velocities (uE, vE); (τx,τy) are the stresses in the (x,y) plane; g is the grav-
ity constant of 9.8 m/s2; the total water depth D = h+η includes the mean water depth h and sea surface
elevation η; θ, s, and ρ are the potential temperature, salinity, and density, respectively; patm is the air pres-

sure; bH is the solar irradiance; Kh is the thermal vertical eddy diffusion coefficient; Fθ and Fs represent the
thermal and salt diffusion terms, respectively.

(Sxx, Syy, Sxy) are the latest 3D radiation stress (Mellor, 2015) and roller (Svendsen et al., 2002) terms imple-
mented to the coupled system, which corrected previous errors in treating the wave pressure properly
(Mellor, 2003) and replaced the surface‐intensified delta function (Mellor, 2008) in the previous FVCOMver-
sions. The mathematical expressions are written as follows:

Sxx ¼ kE
kxkx
k2

FCCFCS − FSSFSC

� �
þ E
2D

I ςð Þ þ kxkx
k

C2

L
ARRz

Syy ¼ kE
kyky
k2

FCCFCS − FSSFSC

� �
þ E
2D

I ςð Þ þ kyky
k

C2

L
ARRz

Sxy ¼ kxky
k2

FCCFCS þ kxky
k

C2

L
ARRz:

8>>>>>>><>>>>>>>:
(8a)

I ςð Þ ¼ ∂
∂ς

2FCCFSS − F2
SS

� �
(8b)

FSS ¼ sinhkD 1þ ςð Þ
sinhkD

FSC ¼ sinhkD 1þ ςð Þ
coshkD

FCS ¼ coshkD 1þ ςð Þ
sinhkD

FCC ¼ coshkD 1þ ςð Þ
coshkD

:

8>>>>>>>>>>>><>>>>>>>>>>>>:
(8c)
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E and k are the wave energy and wave number; (kx, ky, ) are components of the wave number in (x,y)

space; the sigma value ς ¼ z − bη
D

varies from −1 to 0 with a corresponding vertical location z from

bottom −h to the phase‐averaged water surface bη, and the vertical integration of I ςð Þ through the water

column is ∫
0

−1Idς ¼ 1. The wave‐induced roller decays exponentially from surface to bottom according

to the vertical distribution function Rz (Svendsen et al., 2002).

When switching on the option of wave‐current interaction in the standard FVCOM, combined
wave‐averaged bottom stress τcw in the current direction parameterized by Soulsby (1997) was calculated:

τcw ¼ τc 1þ 1:2
τw

τcþτw

� �3:2
" #

(9a)

where the bottom frictional stresses (τbx, τby) due to current (τcx, τcy) and wave (τwx, τwy) are calculated
based on the wave‐current boundary model (Madsen, 1994):

τbx ; τby
� � ¼ τcw uc; vcð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2c þ v2c

q
(9b)

τcx ; τcy
� � ¼ ρCd uc; vcð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2c þ v2c

q
(9c)

τwx ; τwy
� � ¼ 0:5f w uw; vwð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2w þ v2w

q
(9d)

Herein, (uc, vc) and (uw, vw) are the current velocity and wave orbital velocity near the bottom in (x,y),
respectively. Cd is the bottom drag coefficient, and fw is the wave friction factor dependent upon the rela-
tive roughness.

Surface wind stresses (τsx, τsy) are directly proportional to wind drag coefficient CD by τsx ; τsy
� �¼ρair CD

u210; v
2
10

� �
, where ρair is the air density at 1.293 kg/m3 and (u10,v10) are the (x,y) components of wind speed

at 10‐m height U10. In the standard FVCOM, CD is a piecewise function of U10 (Large & Pond, 1981):

CD ¼
1:2 × 10−3 U10 < 11 m=s

0:49þ 0:065 × U10ð Þ × 10−3 11 m=s ≤ U10 ≤ 25m=s

2:115 × 10−3 U10 > 25 m=s

8><>: (10a)

In the modified wave‐current coupled model, CD is associated with sea surface roughness z0s (Donelan
et al., 1993) and expressed as:

CD¼ κ
ln 10=z0sð Þ

� �2
(10b)

z0s ¼
3:7 × 10−5 ·

U2
10

g
U10

Cp

� �0:9 U10

Cp
< 10

3:7 × 10−5 ·
U2

10

g
100:9

U10

Cp
≥ 10:

8>>><>>>: (10c)

z0s is related to the inversed wave age
U10

Cp
with an upper boundary value of 0.002 (Ardhuin et al., 2008). Cp

is the wave phase speed, and κ is the von Kármán constant of 0.41.

2.3. Data Sources and Model Inputs

Model bathymetry was retrieved from the NOAA's National Geophysical Data Center (NGDC) six arc‐sec
data. Three wind field sources used for comparisons include the Great Lakes Environmental Research
Laboratory's observation‐based hourly data processed using the Natural Neighboring Method (NNM)
(Lang & Leshkevich, 2014; Schwab & Morton, 1984), Canadian Meteorological Centre's three‐hourly,
10‐km product from the Global Environmental Multiscale (GEM) model (Côté et al., 1998), and the hourly
reanalyzed dataset gridded at 0.2° from the Climate Forecast System Version 2 (CFSv2) (Saha et al., 2014).
Air temperature and pressure, relative humidity, and downward shortwave and longwave radiation fluxes
were from the GEM. Hourly water surface elevation at Mackinaw City, Michigan, and daily river discharges
were collected from the NOS and United States Geological Survey (USGS), respectively. Five major river
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flows (i.e., Grand, St. Joseph, Menominee, Kalamazoo, and Manistee Rivers) in the summer of 2014 account
for 27%, 19%, 19%, 12%, and 12% of the discharge included in the model (e.g., 404 m3/s). The hourly wind
data at the coastal stations MKGM4, 45,024, and MEEM4 and mid‐lake buoys 45,002 and 45,007 are mana-
ged by the NOAA's National Data Buoy Center (NDBC).

Surface temperature and wave data used for the model sensitivity experiments are available from 15 NDBC
buoys. Records of the ADCP surface current data at 30‐min time intervals from stationMuskegon, Michigan,
are primarily maintained by Mr. Steven Ruberg of the Great Lake Environmental Research Laboratory's
(GLERL) Realtime Coastal Observation Network (ReCON). Detailed information of observations available
in 2014 is provided in Figure 1a and Table 1. Additional data for model validation in the summer (i.e.,
July–September) of 2015 includes the monthly averaged lake surface temperatures derived from the
National Aeronautics and Space Administration's (NASA) Aqua Moderate‐Resolution Imaging
Spectroradiometer (MODIS) satellite imagery gridded at 0.042° (e.g., 4.6 and 3.3 km along the lake's longi-
tudinal and latitudinal axes, respectively). The ADCP‐recorded vertical profile of horizontal currents at
30‐min time intervals is available near themid‐west shore at station NDBC 45013, which is owned andmain-
tained by University of Wisconsin‐Milwaukee Buoy. The local water depth of this station is 20 m, and the
profile of current velocity data are available at a 2‐m spatial interval from surface to bottom, with the top
layer being located at 1 m below the water surface.

2.4. Design of Numerical Experiments

Hydrodynamic sensitivities to three wind sources and two grid resolutions were examined in the summer of
2014 by comparing the simulated surface current and temperature with the ADCPmeasurement and NDBC
buoys. The baseline FVCOM (case A3) was driven by the spatially varying NNMwinds with the inclusion of
river inputs, strait exchanges, and waves. Simulations with either the alternative GEM, CFSv2 winds, or the
MR model (cases A1, A2, and B1) were conducted. Additional cases include using the spatially uniform
winds (i.e., the area‐weighted average of the NNMdata) and individually switching off winds, heat flux, river
inputs, strait exchanges, and waves (cases C1–C6), respectively. It should be mentioned that wave effects
were also excluded in case C2 since Lake Michigan is a pure wind‐sea environment. Numerical runs with
and without heat flux (cases A3 and C3) were carried out to understand the effects of wind and

density‐driven currents on lake surface circulation in the top sigma layer (i.e.,
1
40

of the local water depth).

To provide an in‐depth analysis of the forcing mechanism of gyre circulation, monthly averaged simulations
using the NNMwinds scaled by 0.5, 0.75, and 1.25 (cases A4–A6) were added. One additional model run with
a flat bottom (e.g., using the spatially uniform and flat bathymetry of the mean water depth at 85 m; case C7)
was set to examine the bathymetric effects on the monthly gyre circulation. Hydrodynamic simulations were
initialized on 2 April 2014 with a spatially uniform temperature of 4°C, and a salinity and current velocity of
zero PSU and m/s, respectively. The model was spun up for 3 months before outputting the hydrodynamics
over the period of July–September 2014. In addition to the monthly mean scale, effects of winds, heat flux,
river inputs, strait exchanges, and waves on lake surface circulation in the top sigma layer at an episodic
timescale were evaluated. The strong wind event lasts for 1 day (i.e., from 00:00 to 23:00 GMT on 11
September 2014), during which the mean and maximum speeds of the northerly winds are 10.4 and
14.4 m/s, respectively. A summary of the designed numerical experiments in 2014 is listed in Table 2. The
validation experiment in the summer of 2015 follows the identical settings of the default run (case A3) in
2014.

2.5. Skill Metrics

Statistical scores of the relative bias (RB), root‐mean‐square deviation (RMSD), and normalized Fourier
norm (Fn) (Schwab, 1983) were used to evaluate model's skill:

RB ¼ Model − Obs
� �

=Obs (11)

RMSD ¼ 1
N
∑N

n ¼ 1 Modeln−Obsnð Þ2
� �1=2

(12)
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Fn ¼ 1
N
∑N

n ¼ 1 v!o− v!m

		 		2� �1
2

=
1
N
∑N

n ¼ 1 v!o

		 		2� �1
2

(13)

whereModel andObs are the averaged values from the model (Modeln) and observation (Obsn) in a sample

of size N; v!m and v!o are the modeled and observed current vectors; Fn stands for the relative variance
unexplained by the model, of which the reasonable range is 0–1; a smaller value indicates a better skill
(e.g., 0 means perfect estimation).

Table 1
Locations, Depths, and Data Availability for Observed Wind Speed, Lake Surface Circulation (LSC), Lake Surface Temperature (LST), and Waves of Lake Michigan
in the Summer of 2014

Variable Station Source Availability Lon. (o) Lat. (o) Depth (m)

Wind speed 45002 NDBC 1 July to 30 September −86.411 45.344 175.3
45007 NDBC 1 July to 30 September −87.026 42.674 160
MKGM4 GLERL 1 July to 30 September −86.339 43.227 7.0
45024 UM CILER 1 July to 30 September −86.559 43.977 30.3
MEEM4 NWS 1 July to 30 September −86.346 44.248 8.6

LSC Muskegon ReCON 1 July to 12 September −86.356 43.180 22.5
LST and wave parameter 45002 NDBC 1 July to 30 September −86.411 45.344 175.3

45007 NDBC 1 July to 30 September −87.026 42.674 160
45022 MTU 1 Jul. to 30 September −85.088 45.403 49.1
45024 UM CILER 1 July to 30 September −86.559 43.977 30.3
45161 GLERL 28 July to 12 August −86.361 43.178 25
45029 LT 1 July to 30 September −86.272 42.900 27
45026 LT 1 July to 30 September −86.617 41.983 20.7
45170 IISG &PCE 1 July to 30 September −86.968 41.755 19.9
45015 CPD 12 July to 28 August −87.527 41.714 3.5
45016 CPD 12 July to 5 August −87.573 41.783 4.8
45018 CPD 12 July to 2 September −87.637 41.968 3.9
C58W3 USCG 26 July to 30 September −87.563 44.146 5.9
0Y2W3 USCG 1 July to 30 September −87.313 44.794 5.4

LST 45013 UWM 25 August to 30 September −87.850 43.100 20.0
SGNW3 NDBC 16 August to 30 September −87.693 43.749 10.6

Wave parameter 45168 LT 31 July to 30 September −86.331 42.397 20.4
20CM4 USCG 10 July to 30 September −86.490 42.090 5.8

Abbreviations: NDBC: National Data Buoy Center; GLERL: Great Lakes Environmental Research Laboratory; UM CILER: University of Michigan, Cooperative
Institute for Great Lakes Research; NWS: National Weather Service; ReCON: Realtime Coastal Observations Network; MTU: Michigan Technology University;
LT: Limno Tech; IISG & PCE: Illinois‐Indiana Sea Grant & Purdue Civil Engineering; CPD: Chicago Park District; USCG: U.S. Coast Guard; UWM: University of
Wisconsin‐Milwaukee.

Table 2
Design of Numerical Experiments for the Summer of 2014 in Lake Michigan

Case name Grid resolution Wind input Heat flux River inputs Strait exchanges Wave effects Bathy‐ metry

A1 HR GEM Yes Yes Yes Yes Real
A2 HR CFSv2 Yes Yes Yes Yes Real
A3 HR NNM Yes Yes Yes Yes Real
A4 HR 0.5 × NNM Yes Yes Yes Yes Real
A5 HR 0.75 × NNM Yes Yes Yes Yes Real
A6 HR 1.25 × NNM Yes Yes Yes Yes Real
B1 MR NNM Yes Yes Yes Yes Real
C1 HR Uniform Yes Yes Yes Yes Real
C2 HR No Yes Yes Yes No Real
C3 HR NNM No Yes Yes Yes Real
C4 HR NNM Yes No Yes Yes Real
C5 HR NNM Yes Yes No Yes Real
C6 HR NNM Yes Yes Yes No Real
C7 HR NNM Yes Yes Yes Yes Flat bottom
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3. Results and Discussion
3.1. Model Sensitivity Experiments

Numerical experiments first focused on the hydrodynamic responses to various wind sources and grid reso-
lutions. Figure 2a shows time series of the surface current produced from the HR model forced by the GEM,
CFSv2, and NNM winds (cases A1–A3) and that from the MR model (case B1) versus the ADCP measure-
ment (Table 1 and Figure 1). The angle between the adjacent shoreline and east +x direction is 114°.
Onshore and northward longshore currents are defined as positive, and vice versa. Observations indicated
that the prevalent longshore current (e.g., between −25 and 34 cm/s) was stronger than the intermittent off-
shore flow (e.g., between −5 and 13 cm/s). This phenomenon is consistent with the feature of coastal ocea-
nography that cross‐shelf flows are relatively weak compared to alongshore flows. Although Beletsky
et al. (1999) found much smaller magnitudes of the mean current speed averaged over the summer (e.g.,
0.1–4.5 cm/s), their observations supported our findings that the northward current was the dominant cur-
rent pattern along the southeast shore. During the period of the highest observed current velocity around
August 4, there was a phase shift in the simulated longshore current from case A3, presumably driven by
the overly intensified NNM winds (e.g., up to 12 m/s) in the preceding days (Figure 2b). Given that the
speeds of other two wind fields are lower (e.g., less than 9 m/s), the phase shift of currents relative to obser-
vations are less discernable. Compared to the observation‐based data used previously (Beletsky et al., 2013),
more buoys and meteorological stations (Jensen et al., 2012) were added to generate the NNM wind field in
the current study. This improvement led to a better representation of the mesoscale winds by the NNM
rather than the GEM or CFSv2, which consequently produced more accurate lake circulation. Fn for the
wind vector at MKGM4 was 0.46 from the NNM data, while it was above 0.6 from the GEM or CFSv2.
Consequently, Fn for the current vector from cases A1–A3were 0.76, 0.84, and 0.67, and thus, the NNMwind
was adopted to further examine the model's sensitivity to alternative grid resolutions.

Although Fn from the HR andMRmodels (0.67 and 0.68) were comparable, the more refined model showed
better skill during the strong wind event on 3 August, which reduced the underestimated magnitude of long-
shore currents (34 cm/s) from 16 to 13 cm/s. The finding that the HR grid is significant to accurate simula-
tions of coastal currents is supported by Niu et al. (2015) in Lake Erie. The scatterplot of surface temperature
(Figure 3a) indicated that the HR model yielded smaller RB and RMSD averaged over all stations than those
of the MR version (0.09°C and 2.61°C vs. 0.13°C and 3.08°C). The remaining model‐to‐data bias presumably
originates from inaccurate model initializations (Beletsky et al., 2006), sigma coordinate‐induced pressure
gradient error (Haney, 1991; Mellor et al., 1994, 1998), or various tuning parameters in the hydrodynamic
model (Beletsky & Schwab, 2001). By replacing the MR with HR grids, the model reduced the RMSD by less
than 0.5°C in forecasting temperature fields for most locations. However, this treatment improved the RMSD
by 0.78°C at the stations adjacent to the mid‐west shore. Consequently, the monthly wind‐driven upwelling
and jet‐like coastal currents along the mid‐west shore in July of 2014 simulated by the HRmodel were 5 m/s
greater than those from the MR model (section 3.3.3). This finding is consistent with Beletsky et al. (2006),
which stated that increased model resolution (e.g., from 5 to 2 km) described the coastal dynamics better.

Fn for the simulated surface current with various sigma layers were comparable in the range of 0.66–0.69
(not shown). However, the averaged RMSD for the surface temperature at 0–2 m depths below the water sur-
face was largely improved from 2.73 to 2.61°C (i.e., 4.4% accuracy improvement with a p value below 0.05,
meaning that the difference is statistically significant) by enhancing sigma layers from 5 to 20; this value
decreased marginally to 2.59°C at 25 layers (not shown). The RMSD for surface temperature simulations
over a seasonal timescale were at 1.3–1.6°C in mid‐lake regions, which were comparable with those (e.g.,
0.9–1.5°C) reported by Beletsky et al. (2006). Mellor et al. (1994) demonstrated that the calculated pressure
gradient error was highly associated with sigma layer number, while this error‐induced inaccuracy was
insignificant when this number exceeded 20 (Niu et al., 2015). Given that the sigma layer was not orientated
well with the horizontally uniform isopycnal, correcting the sigma layer‐induced error like artificial thermal
diffusion (Beletsky et al., 2006) by using a z‐level model was a possible solution. However, the z‐level coor-
dinate has its own limitation that may introduce additional numerical errors near the bottom boundary layer
(Ezer & Mellor, 2004). Because of this potential error, the z‐level model was not used. When the sigma coor-
dinate was replaced with the z‐layering method to calculate the baroclinic pressure gradient, the RMSD for
surface temperatures near the steep mid‐west shore (e.g., slope of ~0.05) were reduced (e.g., 3.16°C vs. 3.10°C),
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while they were increased (e.g., 3.21°C vs. 3.28°C) near the gentle southwest shore (e.g., slope of ~0.01).
By using the z‐layering coordinate, lakes with relatively steeper bank gradients provide better baroclinic
dynamics (e.g., surface temperatures) than sigma coordinates. Given that the ensemble‐averaged RB and
RMSD across all buoys for surface temperatures are identical between the sigma and z‐layering methods,
the sigma coordinates with 20 layers were adopted for this study.

After describing the model skill in simulating surface currents and temperature fields, the performance of
the wave‐current model in simulating waves was examined below. Despite a slight underestimation near
the southern shore, modeled significant wave height (Figure 3b) scattered around the line of perfect agree-
ment well in other regions, with the absolute RB and RMSD being less than or equal to 21% and 0.22 m.
There is some bias in the wave model along the southeast shore and southern shore. Under the conditions
of finite water depth with offshore winds, the significant wave heights are underpredicted (e.g., RB of
−0.19 and −0.24, respectively) under the locally generated wind‐wave conditions. It would be a worthwhile
future endeavor to further improve the bore‐based breaker model of Thornton and Guza (1983), such as
using a joint scaling dependent method on local bottom slope and normalized wave number for the
depth‐induced wave breaking (Salmon et al., 2015; van derWesthuysen, 2010). Detailed calibration and vali-
dation of the wave model is referred to in Mao et al. (2016). After having selected the proper wind source and
grid resolution (i.e., HRmodel with NNMwinds), performance of the selected model (case A3) was validated
in the next subsection.

3.2. Model Validation for Temperature and Current

To validate the model skill in hydrodynamic simulations, the monthly averaged lake surface temperatures
simulated in the summer of 2015 were compared to those derived from the MODIS satellite imagery

Figure 2. Time series of (a) onshore, longshore currents, and current directions from the HR model forced by three wind sources, and those from the MR model
forced by the NNM winds versus ADCP measurement at Muskegon, in addition to (b) wind magnitude and direction from three wind sources versus buoy
observations at MKGM4 from 1 July to 30 September 2014.
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Figure 3. Scatterplot of (a) surface temperature produced from FVCOM with the NNM winds using the MR (TNNM_MR) and HR (TNNM_HR) grids versus
observed values (TNDBC) taken at various NDBC buoys, and (b) SWH produced from SWAN (SWHmod) versus observations (SWHobs) at various NDBC
stations from 1 July to 30 September 2014. SWH: significant wave height; N: number of samples.
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(Figure 4a). The satellite images showed that the monthly averaged lake surface temperature (LST) over the
entire lake followed a warming‐cooling cycle from July to September (e.g., 19.9°C, 21.1°C, and 19.3°C), and
this temporal trend was well captured by the simulations (e.g., 15.7°C, 17.7°C, and 16.8°C). This underesti-
mation from the model can be explained by the fact that the MODIS data are taken from the lake's skin layer
(e.g., the top few tens of micrometers of the water surface), while the simulated surface temperature in the

numerical model are in the first sigma layer (e.g.,
1
40

of local water depths below the lake surface) during

the warming summer. The spatial characteristics of LST observed from the satellite images (e.g., locally
warming temperatures in the southern parts of Lake Michigan and Green Bay, and the relatively low
temperature along the west shore) are well reproduced by themodel. The ensemble‐averaged RMSD for tem-
peratures in the top sigma layer (e.g., less than 7 m below the water surface) was 3.8°C in this study, which
was larger than that (e.g., 2.9°C in the upper 20 m) reported by Beletsky et al. (2006). Given that tempera-
tures in the surface layer are more difficult to be simulated than those in the deeper layers (Beletsky
et al., 2006), our model performance is acceptable for this application.

Model simulated currents were compared against observations at a shallow station 45013 (e.g., water depth
of 20 m) near the mid‐west shore (Figure 4b). Overall, the model reproduced the time series of the coastal
current well (e.g., the ensemble mean of Fn from surface to bottom layers was 1.09). The observed longshore
currents along the mid‐west shore were stronger than the offshore component (e.g., up to 40 vs. <15 cm/s),
which was well reflected by the simulation. Overall, both observations and model results suggest that the
intensity of longshore currents decreased from surface to bottom layers. Fn for the near‐bottom current vec-
tor from our simulation was 1.3, which was within the range of 0.92–1.59 predicted from Beletsky
et al. (2006). Additionally, the finding that the near‐surface current vector was more accurately predicted
than the deeper one (e.g., Fn = 0.52 vs. 0.92–1.33) is consistent with that from Beletsky et al. (2006). These
authors reported smaller values of Fn in the upper layers than the lower layers at several shallow and deep
moorings (e.g., 0.96–1.09 vs. 0.99–1.1 at 20 m, 0.82–0.98 vs. 0.92–1.59 at 60 m, and 0.55 vs. 0.96 at 155 m).
Compared to earlier predictions of current velocities in summer (e.g., 1 ≤ Fn ≤ 1.11 in Allender, 1977;
0.79 ≤ Fn ≤ 1.01 in Schwab, 1983; 0.95 ≤ Fn ≤ 1.05 in Beletsky & Schwab, 2001; 0.55 ≤ Fn ≤ 1.59 in
Beletsky et al., 2006), this study showed a comparable modeling skill in Lake Michigan (0.52 ≤ Fn ≤ 1.33).
It should be pointed out that the study from Beletsky et al. (2006) covered a large number of years (e.g.,
1998–2003) and great number of current observations (e.g., seven moorings), while only two locations for
6 months in 2 years were included in this study.

Based on the model‐to‐data comparison over two summers using multiple observations (e.g., two ADCP sta-
tions for current velocities, satellite imagery for surface temperature fields, and various buoy stations for
temperatures and significant wave heights), the validated model was further applied to investigate the
monthly and episodic dynamics of summer circulation in the following subsection.

3.3. Dynamics of Lake Circulation
3.3.1. Monthly Variability of Lake Hydrodynamics
Figure 5 depicts the monthly averaged NNM wind field and lake surface temperature (LST) from the base-
line run (case A3), and the lake surface circulation (LSC) in the top sigma layer with (case A3) and without
heat flux (case C3). The monthly averaged LST (Figures 5d1–5d3) showed variations from July to September
with spatial means of 14.2°C, 17.3°C, and 15.7°C, respectively. In July, the upwelling‐favorable, southwes-
terly winds (Figure 5a1) pumped up and transported the cold bottom water from the west shore to mid‐lake,
resulting in an appreciable, positive, offshore thermal gradient. The southeasterly winds near the east shore
generated strong longshore currents in August (Figures 5a2 and 5b2), and the westerly winds near the west
shore led to appreciable offshore flows extending from the jet‐like longshore currents in September
(Figures 5a3 and 5b3). From July to September, several mesoscale (e.g., 50‐ to 500‐km length scale) cyclonic
and anticyclonic (i.e., anticlockwise and clockwise) gyres were simulated (Figures 5b1–5b3). To highlight the
monthly variability of lake surface circulation, spatial distributions of LSC and LST in the highly dynamic
southern basin were further discussed below.

In July, a pair of current strips with a strong intensity up to 10–16 cm/s flowed northward along the south-
west and mid‐west shores (i.e., southwest current and mid‐west current, hereafter referred to as SWC and
MWC, see Figure 5b1). The SWC powered by a weak current from the south shore (4–8 cm/s) traversed
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Figure 4. Model validation for the simulated (a) lake surface temperature (LST) against satellite imagery from MODIS and (b) current velocity against the ADCP
observations at station 45013 in the summer of 2015; note: Positive values of longshore currents mean the adjacent mid‐west shore is on the left of the flow
direction.
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Figure 5. Monthly averaged (a1)–(a3) NNM winds, simulated LSC (b1)–(b3) with and (c1)–(c3) without heat flux; (d1)–(d3) are the simulated LST from the
default case in the summer of 2014. Magenta lines and gray quadrilateral areas in (b1)–(c3) represent streamlines and major regions of gyre circulation.
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the southern basin and connected to the feeding flow's tail near the east shore. Accordingly, a large anticy-
clonic gyre and semi‐enclosed isotherms formed in proximity to the south shore. The MWC veered offshore
before being split into two branches. The stronger portion (8–12 cm/s) traveled northeastward, whereas the
other one moved across the mid‐lake area and circulated along the south shore. Consequently, an immense
anticyclonic gyre embraced the aforementioned one with a 2–3°C temperature difference. Comparing the
directions between winds and surface currents (Figures 5a1 and 5b1), Ekman flows were more prevalent
in the northern lake than its southern basin (e.g., surface flows moved at an angle of ~45° to the right of
the wind overall), presumably attributed to distinct wind conditions over the northern and southern basins
(e.g., wind speed of up to 4 vs. <2 m/s). The phenomenon that Ekman flows dominate surface circulation
under strong wind conditions is consistent with previous findings in Georges Bank (Chen et al., 2003), the
East China Sea (Chen et al., 2008), and the Gulf of Finland (Delpeche‐Ellmann et al., 2016). These studies
reported that the Ekman flow dominates coastal or ocean circulation under strong wind conditions, while
it becomes less important under weak or calm conditions.

In August, three cyclonic gyres formed over Chippewa Basin, Mid‐Lake Plateau, and South Chippewa Basin
(Figure 5b2). In September, the lake circulation (Figure 5b3) was similar to that in July; the moderate varia-
bility of coastal currents in the southern lake between July and September was due to subtle changes of wind
fields above the lake. Because of a weaker Ekman transport of the cold water from the west shore, the LST
over South Chippewa Basin in September was higher than that in July.
3.3.2. Dominant Effects of Wind Forcing and Heat Flux on the Monthly Lake Dynamics
Summer circulation of Lake Michigan has significant monthly variations, which were dominated by density
and wind‐driven currents (Beletsky et al., 2006; Schwab & Beletsky, 2003). By excluding heat flux (case C3)
from the baseline run (case A3), the strong coastal current generally becameweaker (Figures 5c1–5c3). From
case A3, the current intensities along the west shore in July and September and that along the east shore in
August were up to 16, 12, and 14 cm/s, which were reduced by about half in case C3. Without the inclusion
of heat flux, the paired anticyclonic gyres either disappeared or were replaced by a weaker cyclonic one.
Moreover, the gyres over Chippewa Basin, Mid‐Lake Plateau, and along the south shore vanished; the inten-
sity of the gyre in South Chippewa Basin became half. From case A3 to C2 (i.e., no winds) and C3, the skill
level of Fn for the current vector deteriorated from 0.67 to 1.08 and 0.80. For the LST from cases A3 to C2 and
C3, the RB increased from 0.09 to 0.39 and 0.76, and the RMSD increased from 2.61 to 7.08 and 13.36°C,
respectively.

To gain insights into the forcing mechanism of the paired anticyclonic gyres in southern Lake Michigan, the
NNMwinds scaled by 0.5, 0.75, and 1.25 and the spatially uniform winds (cases A4–A6 and C1) were used to
drive the hydrodynamic model. Simulated monthly averaged LSC in July from various wind scenarios are
shown in Figures 6a–6e. The increasing winds facilitated the gyre formation by reinforcing the coastal cur-
rents along the west shore (Figure 6c). By contrast, the reduced wind intensity led to the weakening of the
current jet along the west shore (Figures 6a and 6b). In case A4, the consequent eastward transport crossing
over the southern basin was destructed, and the characteristic gyres became less conspicuous and even dis-
appeared. Although the basic gyre circulation in southern Lake Michigan still existed by using the spatially
uniform wind field, intensities of the paired jets along the west shore were significantly reduced (Figure 6d).
LSC changed dramatically by excluding the wind forcing (e.g., no gyre formation and quite weak coastal cur-
rents), which confirms the dominant impact of winds on the monthly gyre circulation.

Given the importance of local winds on coastal circulation, the gyre's signature is likely dependent upon
wind direction, as demonstrated by previous simulations that various gyre patterns resulted from distinct
wind conditions from July to September 2014 (Figures 5a1–5a3 and 5b1–5b3). However, the spatial linkage
between the wind stress curl (Figure 6f) and gyre circulation (Figure 5b1) were quite weak or uncorrelated in

South Chippewa Basin. In July, the wind stress curl (
∂τy
∂x

−
∂τx
∂y

) in southern Lake Michigan was cyclonic at

3.13 × 10−9 N/m3, while the general circulation was anticyclonic. Schwab and Beletsky (2003) claimed that
the baroclinicity was primarily responsible for the summer gyre circulation. In the current study, the signif-
icant influences of density‐driven currents on the gyre circulation in South Chippewa Basin were supported
by the distinct simulation results with and without heat flux (Figures 5b1 and 5c1). It can be concluded that
wind‐driven currents initiated the paired anticyclonic gyres near the shore (e.g., the dependence of gyre
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signature on winds), while their development in southern basin was strongly associated with the basin‐scale
density‐driven flows.
3.3.3. Effects of External Forcing, Grid Resolution, and Bathymetry on the Monthly
Lake Circulation
After having examined the dominating impacts of wind forcing and heat flux on the monthly averaged lake
dynamics, Figures 7a–7e show the residual LSC in July from the default model (case A3) relative to that
without river inputs, strait exchanges, waves, and that using the medium‐resolution (MR) grid and flat bot-
tom for model bathymetry (cases C4, C5, C6, B1, and C7), respectively. Effects of river inputs, strait
exchanges, waves, and grid resolutions on themonthly LSCwere quite weak and the gyre circulation pattern
remained in southern Lake Michigan from cases C4, C5, C6, and B1 (not shown). Niu et al. (2015) reported
that river‐induced flows significantly impacted the water transport during spring in Lake Erie (e.g., up to
10 cm/s near Detroit River), while variability of the monthly circulation caused by river inputs in Lake
Michigan was less than 1 cm/s near the river mouth. This phenomenon is not surprising considering the fact
that the river discharge into Lake Erie (e.g., 5,300 and 5,700 m3/s from Detroit and Niagara Rivers) is over an
order of magnitude larger than the total flows (404 m3/s) into Lake Michigan, while its lake size, depth, and
volume are all much smaller compared to those of Lake Michigan.

Figure 6. Monthly averaged (a)–(e) LSC in July 2014 from various wind scenarios and (f) wind stress curl calculated from the NNM winds. Black arrows in (a)–(e)
and (f) represent current velocities and wind stresses. Magenta lines in (a)–(e) and gray quadrilateral areas in (a)–(f) represent streamlines and major regions
of gyre circulation.
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Effect of strait exchanges on LSC was mainly limited within ~70 km distance from Straits of Mackinac into
Lake Michigan (e.g., up to 0.6 m/s), which is consistent with the finding from Anderson and Schwab (2013).
Represented by the differences in mean surface current due to the presence of the straits during the period
June–December 1990, Anderson and Schwab (2013) found that the area of influence near the straits
extended up to 70 km northwestward into LakeMichigan. In most regions, opening the strait led to less than
1 cm/s variability of the current velocity (Figure 7b). By contrast, waves had a stronger impact on LSC and
led to 1‐ to 2‐cm/s variations of current velocity overall, especially in the nearshore region (2–5 cm/s, see
Figure 7c). Along the southeast shore, wave‐induced circulation was offshore directed, which tended to
reduce the gyre size in southern Lake Michigan. Additionally, wave‐induced southward longshore currents
along the southwest shore decreased the jet intensity by 2–5 cm/s in the southern basin. The intensity of
wave‐induced circulation in this study was stronger than that (<2 cm/s) in Lake Erie (Niu & Xia, 2017),
in which the mean value averaged over the entire water column was considered. Despite the inconsistency
of the magnitude, both studies suggest that the wave‐induced current is significant to lake circulation, and
this process should be included in the hydrodynamic model.

Figure 7. Residual LSC in July 2014 from the default model minus the one without (a) river inputs, (b) strait exchanges, (c) waves, and (d) that using the MR
grids or (e) uniform bathymetry. Panel (f) is the LSC in July in the flat bottom case. Magenta lines in (f) and gray quadrilateral areas in (a)–(f) represent
streamlines and major regions of gyre circulation.
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Niu and Xia (2017) reported the mixing effect of wave‐current interaction on the shallower Lake Erie, and it
is interesting to examine how the wave coupling affects the surface mixed layer depth (MLD) in Lake
Michigan. The criterion for the MLD is defined for the isopycnal or isothermal (e.g., no salinity variation)
surface layers, and it is taken as the depth of the 0.8°C temperature difference from the surface layer
(Kara et al., 2000). Figure 8 shows the MDL simulated from the model with and without wave effects (cases
A3 and C6), in addition to their differences (case A3 minus C6) in the summer of 2014. The simulated
monthly averaged MLD in the shallow region was in the range of 5–15 cm, which increased to 15–30 cm
in the lake's northern and southern deep basins. As a result of the warming temperatures (e.g., enhancing
thermal stratification) and reduced wind intensity in August (Figures 5a1–5a3 and 5d1–5d3), the MLD
was shallower than those in July and September. Given that winds play an important role both in surface
mixing and generating waves, the regions with larger MLD also experienced stronger wave effects. The wave
coupling processes generally increased the MLD by 0–5 m, which even reached 15 m in parts of the northern
basin. The spatially averaged MLD estimated from case C6 in July, August, and September were 10.6, 9.2,
and 13.1 m, which were increased by 1.6, 0.6, and 2.3 m due to the wave coupling effects. During the strong
wind event (Figures 8d1–8d4), the surface layer was more well mixed than that at a monthly timescale (e.g.,
MLD of 15–30 vs. 5–20 m). At an episodic timescale, the wave‐induced alterations of MLD at most regions
were between 5 and 15 m. Because the water column along the west shore and in the southern part of
Green Bay had been well mixed during this strong wind event, the wave‐induced variations of theMLDwere
less than 5m in these shallow regions. Additional numerical runs by excluding one of the wave coupling pro-
cesses individually (not shown here) suggests that the wave‐altered sea surface roughness plays a dominant
role in deepening the MLD at both the monthly and episodic timescales, while the wave‐induced radiation
stress and roller, wave‐altered bottom stress, and Stokes drift are of secondary importance. This finding is
consistent with the previous study in Lake Erie (Niu & Xia, 2017), which stated that wave‐altered sea surface
roughness is primarily responsible for the effects of waves on lake temperatures and thermal structures (e.g.,
through the enhanced mixing effect and the accelerated air‐lake heat flux).

Beletsky et al. (2006) suggested that a model with refined grids is critical to reproduce the wind‐driven
upwelling and subsequent anticyclonic gyres. To examine whether a high‐resolution (HR) model is neces-
sary to resolve both the coastal current and gyre circulation, simulations produced by the MR model (case
B1) are included for a comparison (Figure 7d). By replacing the HR model with the MR one, variations of
current velocity were 2–3 cm/s along the southwest shore, which increased to 3–5 cm/s near the east shore,
particularly in the shallow area at north of the lake. Moreover, the HR model produced stronger coastal jets
along the west shore and better facilitated the gyre circulation in southern Lake Michigan. This result is con-
sistent with a previous finding from Beletsky et al. (2006), which stated that a higher‐resolution grid is key to
resolve the wind‐driven upwelling along the lake's west shore.

The simulated paired anticyclonic gyres are attributed to the great ability of the HR model in resolving the
highly variable coastal bathymetry (e.g., the convex shoreline between the paired jets) and multiscale lake
dynamics. From the perspective of physical oceanography, formation of the paired gyres derives from the
wind‐induced, jet‐like, Ekman currents along the west shore and the density‐driven circulation in South
Chippewa Basin. In addition to the basin‐scale circulation, the HR model reproduced nearshore currents
well at the length scale of baroclinic Rossby radius (3–5 km) within the coastal boundary layer (8–10 km).
By refining grid resolutions from 5 to 2 km, Beletsky et al. (2006) improved coastal modeling and simulated
one anticyclonic gyre in southern Lake Michigan. The significance of grid resolution in modeling gyre cir-
culation is supported by researches in the Gulf of Mexico (Romanou et al., 2004), Lake Superior
(Bennington et al., 2010), and Lake Erie (Niu et al., 2015).

The MR model simulated the general pattern of lake circulation, and the HR version produced stronger
upwelling processes and jet‐like currents along the mid‐west (e.g., 12–14 vs. 14–16 cm/s) and southwest
shores (e.g., 8 vs. 12–14 cm/s). Computational times consumed in modeling the lake circulation with the
MR and HR grids (e.g., a cold start on 2 April and an end on 1 October 2014) are 195 and 584 core hours.
As meshes continue to grow in number (e.g., from 9,581 to 38,324 elements), simulations were conducted
in the parallel system (e.g., 72 processors in the Computational & Information Systems Lab Cheyenne
high‐performance computer clusters), which required 8.1 and 2.7 hr by using the HR and MR models for
one case. Considering the improvement of using a higher‐resolution model in modeling the temperature
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Figure 8. Mixed layer depth (MLD) in (a1)–(a3) July, (b1)–(b3) August, (c1)–(c3) September, and (d1)–(d3) during the strong wind event in 2014; left, middle, and
right columns are MLD simulated from the model with and without waves, in addition to their differences.
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fields and the rapid development of the computer power, it is feasible to apply the HRmodel for this study. A
further refined grid may slightly improve the accuracy but will likely be achieved at an overly expensive cost
(e.g., reducing both the grid size and corresponding model time step to half will cost 16 × 8.1 = 130 hr com-
putation times per case). Given that the baroclinic Rossby radius of LakeMichigan in summer is on the order
of 5 km (Beletsky et al., 2006), using grid sizes less than 5 km is critical for resolving the upwelling processes
along the mid‐west shore (e.g., 1.1–1.5 km in our study and 2 km in Beletsky et al., 2006) in the future devel-
opment of similar models.

To further examine the factors that influence the monthly gyres sitting roughly in the two primary basins of
the lake, one additional model run (case C7) with a hypothetically flat bottom (e.g., using the spatially uni-
form water depth of 85 m) was conducted. Effects of lake bathymetry on gyre circulation (Figure 7f) were
generally greater than those from river inputs, strait exchanges, waves, and grid resolutions (e.g., up to 16
vs. 5 cm/s, see Figure 7). By artificially setting the lake bathymetry as a flat bottom, the model produced
Ekman‐style surface flows in the northern basin, similar to the result from the standard run (case A3). In
addition, case C7 simulated double anticyclonic gyres in the southern basin (Figure 7f). Compared to case
A3, the simulated magnitude of jet‐like currents along the west shore by using the uniform bathymetry
was relatively small (e.g., less than 12 cm/s), and the paired gyres were tangent to each other externally. It
can be concluded that effects of lake bathymetry are not as significant as those from winds and heat flux,
but they are still important to the gyre circulation in the lake's southern basin. The conclusion that bathy-
metric effects are profound to circulation patterns is consistent with previous studies in Lake Michigan
(Schwab & Beletsky, 2003) and other lakes in the Great Lakes system (Beletsky et al., 2012; Bennington
et al., 2010).
3.3.4. Persistence of Monthly Lake Circulation Pattern
To study whether the circulation patterns are persistent across multiple years, spatial distributions of the
monthly averaged wind speeds and surface current velocities in the summer of 2015 are depicted in
Figure 9. The wind field in July 2015 resembled that of July 2014 (e.g., southwesterly dominated and an
increased intensity following the longitudinal axis northwardly), resulting in a similar pattern of lake surface
currents, such as westerly flows in the northern basin and anticyclonic gyre circulation in the southern lake.
Given that the coastal currents along the northwest shore from 43.5°N to 44.5°N became stronger in 2015
(e.g., increased from 4 to 12 cm/s), the gyre size was larger than that simulated in 2014. Because the wind
field adjacent to the southern shore in August 2015 was larger than that of August 2014 (e.g., 2 vs. 1 m/s),
the simulated magnitude of the anticyclonic gyre in this region was enhanced from 8 to 12 cm/s.

The spatial wind distribution in September 2015 (e.g., southerly dominated) showed a distinct pattern than
that of September 2014; thus, the model simulated a small anticyclonic gyre confined to a narrow zone off
the southwest shore in 2015. However, the larger anticyclonic gyres remained in the southern basin, presum-
ably due to the similar thermal structures (e.g., responsible for the baroclinic currents) between 2 years (e.g.,
Figures 4a and 5d3). The finding that the anticyclonic gyre is often located in the southern basin and that its
size, shape, and strength vary across multiple years are consistent with the previous modeling and observa-
tional results of summer circulation during 1998–2003 (Beletsky et al., 2006). By comparing the monthly
averaged LSC to the surface wind and temperature fields, it can be concluded that the inter‐annual variabil-
ity of gyre dynamics in Lake Michigan (e.g., mainly found in the southern basin) is dominated by the atmo-
spheric forcing (e.g., wind and density‐driven currents). This conclusion is consistent with previous findings
in Lake Superior during 1976–2006 (Bennington et al., 2010) and Lake Erie during 1995–1996 and 2002–2008
(Niu et al., 2015).
3.3.5. Dynamics of Lake Circulation During a Strong Wind Event
Strong wind events generate large waves, high surges, and strong currents (Mao et al., 2016; Mao &
Xia, 2017), and thus, present several physical hazards to the coastal community. This section discussed
dynamics of lake circulation during a strong wind event, which lasted for 1 day from 00:00 to 23:00 GMT
on 11 September 2014. Figures 10a–10c show spatial patterns of wind speed, significant wave height, and
lake surface circulation during this episodic event. In the middle lake, magnitude of the northeasterly,
Ekman‐driven, surface currents reached ~20 cm/s. Along the northwest shore, speed of wind‐induced, sur-
face, longshore currents was up to 80 cm/s, which was much larger than that in the nearshore region of Lake
Erie (<40 cm/s) (Niu & Xia, 2017). In Lake Erie, current velocity is averaged across the entire water column,
which likely results in a compromised intensity in the surface layer.
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At an episodic timescale, wind and density‐driven currents dominated lake surface circulation (e.g., up to 80
and 20 cm/s, respectively), while effects of river inputs, strait exchanges, waves, and grid resolution are of
secondary importance (Figures 10d–10i). Although wind and density‐induced currents in the mid‐lake
(10–20 cm/s) were comparable, the former one was predominant in coastal regions (e.g., up to 80 vs.
<10 cm/s). As expected, river‐induced flows marginally influenced lake surface circulation (<5 cm/s), and
strait exchanges mainly impacted the region adjacent to Straits of Mackinac. As a result of strait exchanges,
current variations reached 10 cm/s in southern Green Bay. This phenomenon is likely due to a large amount
of water flowing into Green Bay from northern Lake Michigan (Mao & Xia, 2017). By replacing the MR grid
with the HR one, the area of influence for current velocities during this episodic event was similar to that at a
monthly timescale in July, but the magnitude of current variations became triple (e.g., 0–15 vs. 0–5 cm/s, see
Figures 7d and 10i).

Wave‐induced circulation was mostly discernable in the shallow Green Bay and lake's nearshore
(Figure 10h). Wave‐driven flows are highly irregular in Green Bay, attributed to the complex wind‐wave‐cur-
rent‐bathymetry interaction (e.g., depth‐induced breaking and bottom friction). Wave‐induced longshore
currents near the lake's southwest and southeast shores reached 15 cm/s, likely caused by the wave‐break-
ing‐induced radiation stress (Niu & Xia, 2017). During this northerly wind event, waves up to 2‐m significant
wave height prevailed over the southern basin (Figure 10b) and experienced strong depth‐induced breaking

Figure 9. Monthly averaged (a1)–(a3) NNM winds and (b1)–(b3) simulated LSC in the summer of 2015. Magenta lines in (b1)–(c3) represent streamlines.
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Figure 10. Spatial distributions of (a) wind speed, (b) significant wave height (SWH), (c) LSC from the baseline run, and residual LSC caused by (d) winds, (e) heat
flux, (f) river inputs, (g) strait exchanges, (h) waves, and (i) lower‐resolution grids during a strong wind event on 11 September 2014.
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approaching the south shore (Mao et al., 2016). Wave‐induced longshore currents (0.05–0.15 m/s) are com-
parable to those in Lake Erie during a storm event (e.g., up to 0.2 m/s) (Niu & Xia, 2017), but smaller than
those during a hurricane event in Maryland Coastal Bays (e.g., up to 1.5 m/s) (Mao & Xia, 2018). However,
both studies (Mao & Xia, 2018; Niu & Xia, 2017) support the finding that wave radiation stress is a primary
contribution to the wave‐induced longshore currents in the nearshore. Meanwhile, onshore waves led to off-
shore currents up to 15 cm/s along the lake's south shore, which was represented as the complementary flow
for the wave‐induced Stokes drift (Lentz & Fewings, 2012). Overall, wave‐induced circulation is important to
coastal circulation during a strong wind event, and this process was incorporated into the numerical model
in this study.
3.3.6. Vertical Inhomogeneity of Lake Circulation
To investigate vertical distributions of lake circulation, depth‐averaged, middle, and bottom (e.g., 10th and

20th sigma layers at
19
40

and
39
40

of the local water depth) current fields from the baseline run (case A3) at

both monthly and episodic timescales were examined (Figure 11). Given the complexity and its ecological
importance, lake circulation in southern Lake Michigan was discussed in detail. In July, double anticyclonic
gyres simulated in the surface layer still existed in the middle and bottom layers, while intensities of current
jets reduced to 8 and 2 cm/s, respectively (Figures 11a2 and 11a3). Consequently, coastal jets originating
from the west shore disappeared in the bottom layer. In August, the externally tangent, surface gyre circula-
tion was present in the middle and bottom layers (Figures 11b2 and 11b3). In the middle/bottom layer, the
current intensity along the eastern perimeter of the cyclonic gyre became weaker than that of the surface
layer (4–8/0–2 vs. 8–12 cm/s). In September, cyclonic and anticyclonic gyres developed in the middle and
bottom layers (Figures 11c2 and 11c3). The different gyre patterns between surface and middle/bottom
layers are related to the reduced wind impacts on the underlying basin‐scale circulation (Delpeche‐
Ellmann et al., 2016). During the strong wind event, the circulation in the middle layer was quite similar
to that in the surface, especially in the shallow nearshore (Figures 10c and 11d2). In the middle deep‐water
regions, waters in the middle and bottom layers flowed in an opposite direction relative to that in the surface
layer (e.g., southwesterly versus northeasterly, see Figures 10c and 11d3) due to the enclosed nature of the
lake's land boundary (Mao & Xia, 2017; McCombs et al., 2014). The vertical inhomogeneity during the stra-
tified period is supported by observations from Choi et al. (2012), which indicated that the observed currents
decreased with depths from the surface to bottom in southern Lake Michigan during 1998–1999. The direct
measurement data in the Western Central mooring sites of Lake Superior supported the vertical inhomo-
geneity as lake stratified, which observed strong currents over the top 20 m and weak opposing ones below
that during summer 2010 (Austin, 2013). The vertical inhomogeneity of lake circulation suggests that an
accurate representation of the complex three‐dimensional circulation is key to understanding plume
dynamics and fish larval spreading in Lake Michigan (Beletsky et al., 2017; Chen et al., 2004).

4. Conclusions

This study investigated the monthly and episodic dynamics of the 2014 summer circulation in Lake
Michigan by using a high‐resolution, three‐dimensional (3D), wave‐current coupled finite‐volume commu-
nity ocean model (FVCOM). Numerical simulations with three wind field sources and two grid resolutions
were compared against observations in the summer of 2014. Model performance was well validated with
additional data from satellite imagery (e.g., surface temperature fields) and the nearshore mooring (e.g., cur-
rent profiles) in the summer of 2015. Relative contributions of various forces, grid resolutions, and bathyme-
try to lake dynamics and gyre circulation have been given a detailed discussion, and main conclusions are
summarized as follows:

1. The high‐resolution, wave‐current coupled model driven by the observation‐based NNM wind data pro-
vides better skill in simulating coastal currents than that using the GEM and CFSv2 wind products (e.g.,
the normalized Fourier norm Fn of 0.67 vs. 0.76 and 0.84), likely because the NNM wind field agrees
strongly with the NDBC buoy‐recorded data. This sensitivity study would be of interest to modelers using
FVCOM and similar ocean models in the Great Lakes system, including the Princeton Ocean Model
(Beletsky et al., 2006; Blumberg & Mellor, 1987).

2. Compared to previous works in coastal simulations, this study shows comparable modeling skill for the
Eulerian current velocity (0.55–1.59 vs. 0.52–1.33 for Fn). It should be pointed out that the previous works
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Figure 11. Lake circulation in (a1)–(a3) July, (b1)–(b3) August, (c1)–(c3) September, and (d1)–(d3) during the strong wind event in 2014; left, middle, and
right columns are depth‐averaged currents, and those in the middle and bottom layers. Magenta lines and gray quadrilateral areas in (a1)–(c3) represent
streamlines and major regions of gyre circulation.
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(Beletsky et al., 2006) covered a large number of years (e.g., 1998–2003) and great number of current
observations (e.g., seven moorings), while only two locations for 6 months in 2 years were considered
for this study. Beletsky et al. (2006) reported a root‐mean‐square error for surface temperatures at
mid‐lake stations of 0.9–1.5°C, the value reported herein was comparable at 1.3–1.6°C. Supplemental
observations from surface drifters (Harrington, 1894; Liu et al., 1976) and Eulerian moorings covering
a wider spatial space of the lake would be a worthwhile future endeavor. Given the highly sensitive
dependence of drifter tracks on initial conditions (e.g., two similar flow fields can result in
dramatically different drifter tracks), a statistical representation of surface drifter tracks (e.g., ensemble
mean) might be helpful.

3. Analysis of model sensitivity results indicates that wind and density‐driven currents dominate monthly
lake surface circulation in the top sigma layer (e.g., coastal current and gyre pattern), while it is also influ-
enced by river inputs (<1 cm/s), strait exchanges (<1 cm/s except for the nearby region), waves, (<5 cm/
s) grid resolution (<5 cm/s), and bathymetry (<16 cm/s). Numerical results obtained during a strong
wind event (>10 m/s) support the predominant impacts of wind and density‐driven currents (e.g., up
to 80 and 20 cm/s, respectively) on lake surface circulation in the top sigma layer at an episodic timescale.

4. In July 2014, a pair of anticyclonic gyres, with current jets along the west shore (12–16 cm/s), was simu-
lated in southern Lake Michigan. The paired anticyclone gyres are attributed to the ability of the numer-
ical model in resolving the multiscale bathymetry and lake dynamics (e.g., the intense coastal current jet
at 3–5 km length scale, Rossby radius within the 8–10 km coastal boundary layer, and basin‐scale circu-
lation). Numerical simulations suggest that the forcing mechanism of the paired anticyclonic gyres is the
wind‐driven, upwelling‐favorable, jet‐like, Ekman currents along the western coast, connected by the
density‐driven, basin‐scale circulation in the deep southern basin. Vertical inhomogeneity of the simu-
lated horizontal currents suggests that further investigation of the complex 3D lake circulation and their
effects on ecological issues is a worthwhile future endeavor.

The work conducted in this study will be useful for other large lakes in the Great Lakes system, such as Lake
Superior and Lake Huron. The offline wave coupling to the circulation model FVCOMwould not be specific
to SWAN, other wind‐wave models (e.g., WAVEWATCH III) (Alves et al., 2014) that are capable of produ-
cing the wave variable data (including the significant wave height, peak wave period, mean wave direction,
mean wavelength, bottom wave orbital velocity, and period) can also be potentially used in this offline cou-
pling method.

Data Availability Statement

The water surface elevation data were retrieved from NOS (https://tidesandcurrents.noaa.gov/stationhome.
html?id=9075080), the bathymetry data of Lake Michigan were freely available at the NGDC (http://www.
ngdc.noaa.gov/mgg/greatlakes/greatlake.html), and the ADCP data at Muskegon station were generated by
Mr. S. Ruberg and distributed by the GLERL's ReCON (http://www.glerl.noaa.gov/res/recon/data/2014/
mich-mkg). The NASA's Aqua MODIS satellite image data is available online (https://modis.gsfc.nasa.
gov). Model results are archived and can be freely accessed at Open Science Framework (https://osf.io/
khy6z/).
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