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A B S T R A C T

Freshwater estuaries everywhere are under stress from anthropogenic activities and climate change. Muskegon
Lake Estuary (MLE) is a freshwater estuary along the eastern shore of Lake Michigan characterized by algal
blooms and hypoxia during the summer and designated as an Area of Concern (AOC) by the EPA. We developed
a 3-D hydrodynamic model using the Semi-implicit Cross-scale Hydroscience Integrated System Model (SCHISM)
to study the hydrodynamics of MLE with a focus on the cold-water intrusions from Lake Michigan into MLE.
Substantial water exchange process was validated by comparisons with observations in the near-shore region of
Lake Michigan and in the navigation channel between Lake Michigan and MLE. The model found that the cold-
water intrusions from Lake Michigan to MLE occur during summer stratification, amounting to as much as 10%
of MLE's total volume during one single episodic event. The intrusion was accompanied by a stronger surface
outflow in the opposite direction, which may accelerate the delivery of MLE water to Lake Michigan. Through
process-oriented model experiments, we examined the cold-water intrusion's responses to hydrological shift
under climate change, and found that the increase in riverine input during upwelling weakens the intrusion. In
addition, an increase of navigation channel width strengthens the cold-water intrusion, and that intrusion
strength as well as intrusion period was directly related to wind speed. Our observation-modeling based findings
would provide a good reference for the future study of biophysical interactions between coastal ocean and
estuaries.

1. Introduction

Estuaries are an ecologically active interface between riverine sys-
tems and coastal waters, which provide unique habitats for many
varieties of plants and animals, are highly productive systems, and
undergo several complex biological and physical processes. Similar to
brackish estuarine systems, freshwater estuaries involve mixing of
chemically and biologically distinct waters, as they receive hydrologic
inputs with carbon and nutrients from terrestrial sources and heavily
urbanized population centers, and as a result can have large spatial
variability in dissolved oxygen, conductivity, and turbidity (Fisher
et al., 2015). Such land-water interface ecosystems are greatly affected
by anthropogenic activities and climate change (Borja et al., 2010).

Though extremely large, the Laurentian Great Lakes, are quite
vulnerable to anthropogenic stressors and climate driven changes in
physical or biogeochemical conditions such as thermal stratification,

precipitation and runoff, and timing of the hydrometeorological cycle
(Allan et al., 2012; Larson et al., 2013; Cotner et al., 2017). In addition,
lakes are highly reactive sites for carbon metabolism and play a criti-
cally important role in the global carbon cycle because of the enhanced
rates of carbon respiration and burial within them (Cole et al., 2007;
Tranvik et al., 2009; Biddanda, 2017). As climate projections reveal
intensification of extreme precipitation events over the next century
(Donat et al., 2016; Wang et al., 2017), and subsequent shifts in riverine
inputs to estuarine systems, an important concern arises regarding the
impact of these changes on estuarine function – such as rising coastal
eutrophication worldwide (Sinha et al., 2017).

Extensive studies have focused on the mechanisms that control es-
tuarine dynamics, including the exchange flow in different brackish
estuarine systems (Chen et al., 2012), the generation of estuarine front
(Geyer and Ralston, 2015; Liu et al., 2016a; b), turbulent mixing in
estuaries and the resulting variations in water exchange (Simpson et al.,
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1990; Rong and Li, 2012; Liu et al., 2017), and biologically distinct
water exchange during coastal upwelling (Roegner et al., 2011).
Roegner et al. (2011) found that the coastal upwelling supplies oxygen-
depleted water to the Columbia River estuary and therefore deteriorates
the estuarine habitats. Similarly, upwelling along the central California
coast supports Harmful Algal Blooms (HABs) in some open embayments
by delivering nutrients from the bottom of the coastal ocean to the
embayments but sustaining its stratification (Pitcher et al., 2010).
Along the California coast, in 2007, an inshore anoxia over a 5 km
stretch of coastline at Erendira is believed to be caused by a strong
upwelling region off Baja California, killed many animals, including
tons of lobsters (Levin et al., 2009). Intrusions of saline hypoxic water
to estuaries are commonly found, for example, from the ocean to Puget
Bay (Deppe et al., 2017), from Gulf of Mexico to its embayments
(Rabalais et al., 2002), and from Chesapeake Bay to the lower reaches
of the Choptank River (Breitburg, 1992, 2002; Sanford et al., 1990).
Similar intrusions of cold, dense oxygenated waters have also been
found to occur in the freshwater estuaries of the Great Lakes; e.g., Lake
Michigan water into Green Bay (Grunert, 2013) and Lake Ontario water
into Hamilton Harbor (Lawrence et al., 2004), and the Muskegon Lake
Estuary (MLE; Biddanda et al., 2018), the investigation area in this
study.

In the Great Lakes, where tides are weak, winds become the
dominant mechanism for water exchange between the Great Lakes and
freshwater estuaries. However, there is little information on the drivers
of exchange in a freshwater estuary and in particular, how the me-
chanisms that control important ecological variables such as dissolved
oxygen are impacted by shifts in precipitation or meteorology due to a
changing climate. To investigate the dominant mechanisms behind
freshwater estuary exchange and the sensitivity of spatiotemporal
variability of dissolved oxygen to these controls, this study focuses on
the MLE, one of the several drowned river-mouth estuaries along the
eastern coastline of Lake Michigan (Larson et al., 2013).

2. Study area

The MLE is a mesotrophic drowned river mouth along the eastern
shore of Lake Michigan (Fig. S1 in Supplementary Material), with a
surface area of 17 km2, a water volume of 119 million m3, a mean water
depth of 7m, a maximum depth of 21m (Fig. 1; Steinman et al., 2008;
Marko et al., 2013) and an average hydraulic residence time of 23 days.
The estuary drains the second largest watershed in Michigan (ap-
proximately 7302 km2) including 53.2% forested, 23.0% agricultural,
and 4.2% urban lands (Marko et al., 2013), and connects to an oligo-
trophic Lake Michigan through a 1 km long and 100m wide navigation
channel.

Historical observations show that the MLE is under the effects of
anthropogenic activities and climate change (Steinman et al., 2008).
The proportion of urbanized land within the Muskegon River watershed
is projected to increase by 11.5% by the year 2040 (Tang et al., 2005),
which changes the nature and quantity of nutrients, major ions, and
dissolved organic carbon (DOC) inputs to the estuary. The US Geolo-
gical Survey (USGS; http://waterdata.usgs.gov/nwis) has recorded
stream flows within the watershed since the early 20th century. Over
most of that period, gauged flow of the Muskegon River from USGS,
which is the primary input to the estuary, shows an increase of 34% in
mean flow, 16% in low flow, and 10% in peak flow since monitoring
began in 1935. Wiley et al. (2010) showed an increase in the base flow,
storm flow, and median discharge by 15–20% in BAU (end of century
with business as usual land management) scenario under the current
climate regime.

The MLE was listed as an EPA AOC in 1985 due to historical con-
tamination and habitat degradation. Recent observations in the MLE
and previous annual samplings have revealed an annually recurring
lake-wide hypoxia (Biddanda, 2012; Biddanda et al., 2018), and the
potential for hypolimnetic habitat degradation and increased

eutrophication due to sediment phosphorus release (Steinman et al.,
2008; Weinke and Biddanda, 2018).

Preliminary results from observations suggest that hypoxia in the
estuary is mitigated by episodic cold-water intrusion from Lake
Michigan during coastal upwelling events under certain wind condi-
tions (Biddanda et al., 2018). Water temperature and dissolved oxygen
throughout the water column were measured by the Muskegon Lake
Observatory (MLO; Fig. 1a) each year from April/May to November/
December since 2011 (Biddanda, 2012; Biddanda et al., 2018; www.
gvsu.edu/buoy). Physically, MLO observations revealed that the cold-
water intrusion strengthens MLE's stratification in the middle of July,
August, and early September as shown in Fig. S3a. Ecologically, the
dissolved oxygen saturation (Fig. S3b) showed that the hypoxia is mi-
tigated by the cold-water intrusion with increased dissolved oxygen
concentrations during the intrusion.

The cold-water intrusion's influence on the ecosystem is more
complex than what is revealed from a single station due to the spatial
variations in nutrients and seston from the Muskegon River to Lake
Michigan. Observations at five fixed stations in MLE and the near shore
zone of Lake Michigan from March to October 2003 exhibited explicit
spatial variations in nutrient concentrations and seston stoichiometry
from the Muskegon River to Lake Michigan (Marko et al., 2013). Much
of the terrestrial material from the Muskegon River was intercepted and
processed by MLE before flowing into Lake Michigan. Therefore, gen-
erally, levels of organic matter (including dissolved organic carbon and
particulate organic carbon), total suspended matter, and total phos-
phorus contained in the fine-grain sediment is consistently lower in
Lake Michigan than those observed in MLE (Marko et al., 2013). Stra-
tification combined with the high amount of organic matter in MLE
leads to episodic hypoxia in the estuary (Biddanda et al., 2018), while
such an event is infrequent in Lake Michigan. As another major spatial
difference, because Lake Michigan has phosphorus limitation to phy-
toplankton growth (Hecky et al., 1993), the mean C:P ratio was much
higher in Lake Michigan than MLE due to the lower phosphorus con-
centrations in Lake Michigan. Thus, water exchange between the Great
Lakes and freshwater estuaries is closely associated with nutrients/or-
ganic matter redistribution.

In light of the significance of cold-water intrusions to water ex-
change between the Great Lakes and freshwater estuaries, modeling of
cold-water intrusions and its response to different factors is valuable for
the understanding of estuarine ecosystems. In this work, we investigate
the processes that govern exchange in a freshwater estuary. Through
the combination of a long record of observations in the MLE and the
development of a hydrodynamic model, we explore the dynamics be-
hind dense water intrusion to freshwater estuaries during coastal up-
welling, as well as the intrusion's response to shifts in hydrologic inputs
that would result under changing precipitation patterns as a result of
climate change. Finally, we test the sensitivity of the dense water in-
trusion to anthropogenic activities such as alterations to the navigation
channel that connects the estuary to the coastal waters.

3. Methods

3.1. Model description

To understand the physical processes that govern exchange in the
MLE, a three-dimensional hydrodynamic model has been developed for
MLE, which extends from the mouth of the Muskegon River to the
offshore of Lake Michigan (Fig. 1). The model is based on the Semi-
implicit Cross-scale Hydroscience Integrated System Model (SCHISM;
Zhang et al., 2011, 2015, 2016), an open-source community-supported
modeling system based on unstructured grids, derived from the early
SELFE model (Zhang and Baptista, 2008). It employs a highly efficient
and accurate semi-implicit finite-element/finite-volume method with
Eulerian-Lagrangian algorithm to solve the Navier-Stokes equations,
and has been widely applied to bays and estuaries around the world
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(Zhang et al., 2015; Liu et al., 2017; Chao et al., 2017). The model uses
the two-equation closure schemes from the GLS model of Umlauf and
Burchard (2003) with the stability function by Kantha and Clayson
(1994), and a quadratic bottom drag formulation for bottom stress. The
model domain includes Muskegon Lake and the eastern coast of Lake
Michigan at the mouth of MLE (Fig. 1b) with horizontal resolution
ranging from approximately 2 km in the coastal area in Lake Michigan
to as high as 25m in the navigation channel and MLE, and vertical
resolution defined by 20 terrain-following sigma layers. Model bathy-
metry and coastline topography were provided by NOAA global relief
(ngdc.noaa.gov) and Electronic Navigation Charts (encdirect.noaa.gov).

Unlike in most coastal ocean systems, tides in the Great Lakes are

weak, and thus the dominant mechanism for transport is the surface
wind field, which produces episodic circulation patterns, storm surges,
and seiches (Mortimer, 2004). In Lake Michigan, long-term observa-
tions found cyclonic circulations in summer and increased cyclonic
circulation in winter, important for the transport pathways of nutrients
and contaminants on long time scales (Beletsky et al., 1999). In order to
account for the complex hydrodynamics in Lake Michigan and the
impact on the estuary, the MLE model uses a one-way nesting approach
from the NOAA Lake Michigan-Huron Operational Forecast System
(LMHOFS; Anderson and Schwab, 2017; https://tidesandcurrents.noaa.
gov/ofs/glofs.html).

Hourly surface forcing is prescribed from the Great Lakes Coastal

Fig. 1. a) Bathymetry of Muskegon Lake Ecosystem (MLE) with observing buoy locations, and (b) coastal Lake Michigan with Semi-implicit Cross-scale Hydroscience
Integrated System Model (SCHISM) configuration.
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Forecasting System (GLCFS; Schwab and Bedford, 1994), which pro-
vides spatially varying wind, air temperature, humidity, long wave and
short wave radiation. The GLCFS uses real-time coastal observations
from around the Great Lakes to generate a spatially-interpolated me-
teorological field that is accurate for over-lake conditions. The major
hydrologic input to the MLE is from the Muskegon River, which drains
the second largest watershed in Michigan and connects at the eastern
side of the lake. Hourly river discharge from the USGS Croton Dam
station, which is located 52 km upstream from the river mouth, is scaled
using an area-ratio method of the total and the gauged-portion of the
watershed.

3.2. Numerical experiments design

A control case simulation was carried out for the period January 1 –
December 31, 2016 using lateral and surface boundary conditions as
described above, and initialized with a constant water temperature at
2 °C. This period covers the formation of thermal stratification in the
early summer, several upwelling-induced cold-water intrusion events
during the stratified period, and thermal mixing and overturning in the
fall. Modeled thermal structure and currents were compared to ob-
servations within the MLE at CHAN, WEST, DEEP and EAST sites
(Fig. 1a) and along the shore of Lake Michigan at NOAA station 45161
(Fig. 1b). Observations at the MLE sites were sampled every hour for
water quality parameters and temperature; at NOAA station 45161,
temperature and currents are sampled every 20min. In addition, a
series of idealized experiments were carried out to examine the re-
sponse of cold-water intrusion to different factors (Table 1). The idea-
lized experiments were focused on a period of significant cold-water
intrusion that occurred in September. In each case, the model was re-
started from August 28 using initial conditions from the control case
simulation.

To examine the response of cold-water intrusion to shifts in hy-
drologic inputs under changing precipitation patterns (Wang et al.,
2017), in experiments R1, R2, R3 and R4, the variations in river dis-
charge were simulated by multiplying the flow from August 28 to De-
cember 31 by 0.5, 2, 3 and 4 times with averaged flow rates during the
intrusion of 20, 80, 120 and 160m3/s, respectively. Fig. S2 shows the
historical discharge observations from 1996 to 2016, demonstrating the
inter-annual variability of hydrologic input in summer when the water
in Lake Michigan and the MLE is stratified. While climate projections
suggest intensification and shift of extreme precipitation events over
the next century (Donat et al., 2016; Wang et al., 2017), the cases R3
and R4 are used to examine the change of cold-water intrusion under
climate projection including intensification and shift of extreme

precipitation events.
Anthropogenic activities may affect the coastal ocean, estuaries and

lakes with many stressors including urbanization and runoff, agri-
culture, microbial processing of organic matter and nitrification/deni-
trification (Hoffman et al., 2014), as well as shoreline modifications
such as shoreline engineering, dune destruction, channel dredging and
jetty construction. Even though the navigation channel is unlikely to
change in MLE, the influence of navigational channel characteristics on
hydrodynamic and ecological processes is relevant to extending this
work to other similar systems. In addition, previous studies have sug-
gested that the potential for Lake Michigan waters to flow into MLE is
limited due to the narrow connection in the channel (Marko et al.,
2013), and thus our work aims to verify those conclusions. In experi-
ments N1, N2 and N3, the impact of the navigation channel was eval-
uated by broadening its width by 2, 3, and 4 times, respectively.

Finally, the strength of upwelling and consequent extent of cold-
water intrusion depends on the wind stress and nearshore bathymetry.
To investigate the intrusion's response to upwelling strength under
prevailing alongshore winds with different magnitudes (Table 1), ex-
periments W1-4 are undertaken. In each case, prevailing alongshore
upwelling-favorable winds are applied for the period August 28–30 at
3m/s, 5 m/s, 7 m/s and 15m/s, respectively, followed by no wind for
10 days.

4. Results and discussion

4.1. Model assessment

Before analyzing model results from the idealized experiments, the
control case simulation was first validated by comparing with available
observations to establish confidence in the model. To verify the mod-
eled stratification and currents in Lake Michigan, comparisons were
made with measured temperature and velocities at NOAA station 45161
(Fig. 2a and b). Currents are observed at NOAA 45161 from 2.5 m to
20.5 m depth with a bin of 1m. We compared the daily-averaged,
model currents with the observations (Fig. 2a) at selected depths
throughout the water column.

According to Fig. 2a, the modeled currents are consistent with ob-
servations in amplitude and change of direction with root mean square
errors (RMSEs) of 5.30, 4.44, 3.77, 3.03 and 2.53 cm/s for u-component
velocity at 2.5, 7.5, 12.5, 17.5 and 20.5 m below the surface, and 10.5,
9.39, 7.09, 4.40 and 3.12 cm/s for v-component (Table 2). When up-
welling-favorable winds occur during the beginning of August and
September, the model captures the strong surface currents moving
southeastward. The currents decrease with depth and reverse at a
depth. For example, the current reverses at the depth of 12.5m at the
beginning of August. To further evaluate model performance and the
hydrodynamics in the nearshore, additional statistical measures are
included to be consistent with previous studies of Lake Michigan (Eqs.
(1)–(4); Schwab, 1983; Beletsky and Schwab, 2001; Anderson and
Schwab, 2011, Table 2).
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where (uo, vo) represent observed current, and (uc, vc) represent
modeled (computed) current.

Table 1
Process-oriented experiments for the study of intrusion length.

Run Width of Navigation
Channel

River Discharge Wind Speed

Ctrl case Real Real Real
R1 Real Half Real
R2 Real 2 times Real
R3 Real 3 times Real
R4 Real 4 times Real
N1 2 times Real Real
N2 3 times Real Real
W1 Real Real Alongshore winds; 3 m/

s a

W2 Real Real Alongshore winds; 5 m/
s

W3 Real Real Alongshore winds; 7 m/
s

W4 Real Real Alongshore winds;
15m/s

a The alongshore winds in W1, W2, W3 and W4 are upwelling favorable, i.e.,
northwesterly, for the first three days, after three days, there is no wind applied.
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σo (σc) is the ratio of energy in the time-variable component of the
currents to the total current energy for observed (modeled) currents.
With values from 0.84 to 1.00 at NOAA 45161 (Table 2), it describes the
nearshore of Lake Michigan as wind-dominated with a higher ratio of
energy in the time-variable component of the currents to the total
current energy.

The differences between observed and modeled currents for the
time-variable flow are measured by ε. A value of 0.0 indicates a perfect
match between the observed and modeled currents, and a value of 1.0
indicates an error in the modeled current as large as the observed
current. According to previous studies (Schwab, 1983; Schwab and
Bennett, 1987; Anderson and Schwab, 2011), a value 0.9 is typical for
the time-variable component in the Great Lakes, as the observed cur-
rents can contain substantial energy beyond the model resolution.
Therefore, prediction with ε ≤ 0.9 is considered successful.

Fn, a normalized Fourier norm, describes the relative percentage of
variance in the observed currents that is unexplained by the modeled
currents. If =F 0n , the model has perfect prediction; If < <F0 1n , the
model prediction is better than no prediction at all. For a reference,
Schwab (1983) got < <F0.79 1.01n for a barotropic simulation of Lake
Michigan currents on a 5-km grid. Beletsky and Schwab (2001) calcu-
lated < <F0.5 0.9n for the Lake Michigan coastal current prediction in
winter also on a 5-km grid.

At NOAA 45161, with ε around 0.5 throughout the water column,
and both Fu (Fn for the u-component velocity) and Fv (Fn for the v-
component velocity) around 0.7, the model is found to predict

nearshore currents in Lake Michigan on par with previous studies.
Fig. 2b shows the comparison of surface and bottom temperature at

NOAA 45161 during May 2016 to November 2016 with RMSEs of 1.4 °C
and 3.1 °C respectively. The surface temperature captures the seasonal
trend shown in the observations, and the major events, such as the
episodic, abrupt decrease in temperature around June 6, July 2, August
3, and September 2. The model slightly overestimates the bottom
temperature, which may arise from a diffuse resolution of the ther-
mocline from the LMHOFS model or from the lack of groundwater flux
in the model, which is more obvious in the comparisons of bottom
temperature inside MLE.

With respect to conditions inside the MLE, Fig. 2c shows the com-
parisons of surface and bottom temperature at the station CHAN with
RMSEs of 0.6 °C and 2.8 °C, respectively. In particular, the bottom
temperature in the channel reveals the model's ability to capture the
intrusion events driven by upwelling in Lake Michigan. However, fur-
ther inside the MLE, it is a more complicated situation. The model's
surface temperature closely follows the observations at the DEEP sta-
tion, with RMSE of 0.7 °C, however, the bottom temperature is highly
overestimated (Fig. 2d) with a RMSE of 5.8 °C (similar to other stations
in MLE; Fig. S4 in the Supplementary Material). A possible explanation
for the discrepancy in bottom water temperature within the MLE could
be the inclusion of groundwater inflow to the system. In a similar
nearby system, Gull Lake, Safaie et al. (2017) showed groundwater
input to be a critical feature to capturing the thermal stratification.
Thus, in a simulation of the control case with groundwater inflow in-
cluded, based on rough approximations of flux and temperature, the
model reveals a better resolution of bottom water temperatures within
the MLE (Figs. S7–S9 in the Supplementary Material), suggesting that
this might be a reasonable culprit and worthy of further investigation.
However, in the absence of accurate groundwater information, and
since the difference in model results with and without groundwater
included are small or negligible in terms of the model's ability to resolve
water exchange and the cold-water intrusions driven by upwelling in
Lake Michigan, the following model simulations are shown for the
control case without groundwater. Further discussion can be found in

Fig. 2. Comparisons of currents and temperature between model and observations including a) currents at station NOAA 45161 in Lake Michigan at 2.5, 7.5, 12.5,
17.5 and 20.5m below surface, surface and bottom temperature b) at NOAA 45161, c) at station CHAN inside the navigation channel, and d) at station DEEP. The
arrow direction in a) represents the current direction with an arrow pointing northward for a northward current.

Table 2
Comparisons of modeled and observed currents at NOAA 45161.

Depth (m) RMSE_u (cm/s) RMSE_v (cm/s) σo σc ε Fu Fv

2.5 5.30 10.50 0.94 0.97 0.49 0.69 0.70
7.5 4.44 9.39 0.96 1.00 0.51 0.70 0.75
12.5 3.77 7.09 1.00 0.97 0.50 0.70 0.73
17.5 3.03 4.40 0.94 0.95 0.49 0.68 0.68
20.5 2.53 3.12 0.84 0.97 0.49 0.66 0.74
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section 4.7 and in the Supplementary Material.

4.2. Cold-water intrusion

Along the eastern boundary of Lake Michigan, southward along-
shore winds induce Ekman transport (Ekman, 1905) of surface water
away from the shore. These displaced surface waters are replaced by
deeper Lake Michigan waters, resulting in coastal upwelling often
characterized by cold surface waters at the coast (Plattner et al., 2006).
Surface temperature from the LMHOFS model in 2016 (Fig. 3a) reveals
periodic occurrence of upwelling along the eastern shore of Lake Mi-
chigan with surface temperature decreasing to below 18 °C on Sep-
tember 2 and 4, when the lake is stratified, and upwelling-favorable
winds develop (Fig. 3b). Again, on September 11, northerly winds
occur, though with a much shorter duration than the event beginning
on September 1 (Fig. 3b). Correspondingly, there is a weaker upwelling
with surface temperature around 20.5 °C (Fig. 3a). Historical observa-
tions inside the navigation channel between Lake Michigan and MLE

show colder bottom temperatures during these upwellings events
(Fig. 3c).

Taking the large upwelling in September as a representative event to
investigate the cold-water intrusion in MLE and its effects to the hy-
drodynamics of MLE, we plotted the daily averaged bottom tempera-
ture in MLE from August 31, 2016 to September 10, 2016 (Fig. 4a–f).
Model simulations of temperature and along-channel velocity at CHAN
(Fig. 4 g–i) demonstrate that the episodic occurrence of bottom cold-
water in Figs. 2 and 3 is due to the cold-water intrusion from Lake
Michigan to Muskegon Lake during upwelling-favorable winds
(Fig. 3b).

On August 28 and 29, before the upwelling, the water column at the
NOAA station 45161 was highly stratified with surface temperature
higher than 20 °C (Fig. 4g). The subsurface water temperature fluc-
tuates with a period of ∼17 (about 17.2) h, which is caused by the
oscillations of rotation-modified internal (Poincaré) wave (Schwab,
1977; Beletsky et al., 1997). Poincaré waves are a travelling dis-
turbance of the wind-induced upwelling/downwelling perturbations of

Fig. 3. a) Daily averaged surface temperature from August 28, 2016 to September 14, 2016 during an upwelling event from the LMHOFS model; b) Winds in MLE in
September 2016 with red arrow represents the data used by GLCFS and blue arrow represents the observations at the GVSU buoy site (http://www.gvsu.edu/wri/
buoy/); c) observed near surface and bottom temperature in September 2016 at a station inside the navigation channel.
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the thermocline on a whole-basin scale (Schwab, 1977; Mortimer,
1984). They are characterized by clockwise phase progression with a
period slightly less than the local inertial period, π f2 / ( f is Coriolis
parameter), 17.5 h for Central Michigan. Spectral analysis of water
elevation reveals the oscillation also occurs in the navigation channel
and inside MLE, although its influences to the temperature profile in the
channel are negligible (Fig. 4h) - the navigation channel is well mixed

with temperature higher than 20 °C through the water column. Before
the upwelling, along-channel velocity inside the navigation channel is
characterized by a high frequency oscillation with a period of 3.25 h (or
3.4, 3.6 h for different time), which is corresponding to the third
longitudinal seiche mode in Lake Michigan (Mortimer, 2004). Spectral
analysis of our model results shows the oscillation occur in both Lake
Michigan and MLE, but relatively stronger in MLE. However, the seiche

Fig. 4. SCHISM model results for the cold-water intrusion event at the beginning of September 2016. a-f) Daily-averaged bottom-temperature during the cold water
intrusion event; Hovmöller diagrams for f) temperature at NOAA 45161, g) temperature at the station CHAN in the navigation channel and h) velocity along the
navigation channel for the station CHAN in the channel. The positive velocities represent currents moving into MLE, and negative ones represent currents out of MLE.
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is not strong enough to affect the reversals in water exchange within the
channel. Currents in the channel move from MLE to Lake Michigan
through the water column with a speed about 10 cm/s (Fig. 4i).

From September 1 to September 7, the Ekman transport moves
surface water away from the eastern shore of Lake Michigan, and re-
places the surface water with bottom offshore water, decreasing tem-
perature through the water column near shore, for example, at NOAA
45161 from 25 °C to 5 °C (Fig. 4g). During upwelling, the Poincaré wave
still dominates the thermocline oscillations in Lake Michigan but with
lower temperature. The replaced water moving further into the MLE
through the connection channel, stratifies the channel's water column
with a cold subsurface layer from Lake Michigan waters, and induces a
bi-directional flow in the channel, where cold-waters intrude along the
bottom half of the channel. As a result of the cold-water intrusion, the
surface current strengthens from MLE to Lake Michigan, although the
change in net flow was negligible.

The cold-water intrusion first moves northeastward to the northern
deep trough toward the mouth of Bear Creek, and then moves gradually
southeastward along the southern trough reaching ∼80% of MLE
(Fig. 4). Around September 6, when downwelling-favorable winds
predominate over upwelling-favorable winds, the upwelling along Lake
Michigan's coast retreats, leaving the cold-water in MLE and gradually
dissipating by mixing. By calculation, the total volume of the cold-water
intruded to MLE during the event from September 1 to September 6 is
1.57×107m3, which is 13% of the Muskegon Lake volume
(1.25×108m3 for the SCHSIM model configuration). The net exchange
was around 2.2×107m3, close to the total hydrologic input to MLE
during this event at an average flow rate of 40m3/s.

Although intrusion doesn't significantly alter the net outflow, it in-
itiates the water exchange between Lake Michigan and MLE by bringing
oligotrophic water into MLE from the bottom and facilitating stronger
mesotrophic outflow to Lake Michigan from the surface. With the oc-
currence of cold-water intrusion, fewer nutrients and seston are re-
tained in MLE. According to available studies over MLE (Marko et al.,
2013; Weinke et al., 2014), the spatial nutrients/seston distribution
from the Muskegon River to Lake Michigan plays a significant role in
the system's ecological processes. Therefore, the cold-water intrusion is
important for the ecological processes.

4.3. Response to hydrologic input shift

As climate projections reveal intensification of extreme precipita-
tion events over the next century (Donat et al., 2016; Wang et al.,
2017), experiments R1 to R4 are used to examine how hydrologic in-
puts affect cold-water intrusions into the estuary. During the upwelling
intrusion at the beginning of September, the averaged flow rates from
the Muskegon River for the experiments R1, Ctrl, R2, R3 and R4 are 20,
40, 80, 120, and 160m3/s, respectively. For all these experiments, we
released a conservative, passive dye at the bottom of the water column
inside the jetties on September 1 to track the cold-water intrusion into
the estuary. An instantaneous snapshot of the horizontal distribution of
the dye tracer on September 5 shows that with an increase in river
discharge, the intrusion length decreases (Fig. 5). When the average
river discharge becomes 160m3/s, the cold-water intrusion is com-
pletely suppressed.

We quantified the intrusion difference by the change in water vo-
lume into MLE across the navigation channel (Fig. 5f). Halving the river
discharge increases the transport of bottom water from Lake Michigan
to MLE from ∼13% of MLE's total volume to ∼18%, while increases in
river discharge suppress the volume of Lake Michigan waters entering
the estuary. For example, doubling the discharge decreases the intru-
sion volume to ∼8%. When the river discharge increases to 4 times of
the original value, the intrusion was suppressed with delivery close to 0.
The differences between the river input to MLE and the water leaving
MLE through the navigation channel was close to the intrusion volume,
with a small net balance keeping the total volume in MLE changes

slightly.

4.4. Response to change in navigation channel width

Experiments N1 and N2 are used to demonstrate the influence of
connecting channel characteristics on exchange between drowned
river-mouth estuaries and offshore waters. Fig. 6 shows the bottom
temperature distribution for this set of experiments. With the increase
of navigation channel width, the intrusion length increases. For the case
Ctrl (Fig. 6a), waters colder than 15 °C stays in the northern trough
only, while in the case N2, they reach 1/3 of the total MLE's length.

The intrusion difference was also quantified based on the change in
volume flux from Lake Michigan to MLE as shown in Fig. 6d. Compared
with the base experiment, doubling the navigation channel width in-
creases the intrusion flux from 13% of Muskegon Lake's volume to 20%,
and to 22% if tripling the width. The change of outflow from MLE is
proportional to the change in cold-water intrusion, resulting in a small
change in the net balance. Despite that, broadening the channel sig-
nificantly increases the water exchange between Lake Michigan and
MLE. This study will provide a good reference for the future studies of
other similar brackish or freshwater estuaries that are connected to
larger open water bodies with a channel.

4.5. Response to wind conditions

Wind experiments W1 to W3 have wind speeds that are common in
Lake Michigan, while W4 has an extreme wind speed as shown in Fig.
S5. The Hovmöller diagrams in Fig. 7a–h show the velocity and tem-
perature in the navigation channel. We can see the increase of wind
amplitude from 3m/s in W1 to 7m/s in W3 strengthens the intrusion
with stronger vertical shear in currents and larger temperature strati-
fication. The intrusion flux (Fig. 7i) increased from about 10m3/s in W1
to 20m3/s in W3, while the net flux to MLE keeps nearly constant.
Meanwhile, the onset time of intrusion becomes earlier from W1 to W3
with the increase of wind speed, which resulted from the quick build-up
of pressure gradient between offshore and onshore regions. Fig. 7j
shows the pressure gradient between two stations on the near shore
region of Lake Michigan (ends of the magenta line in Fig. 1b). For W1-3,
it increases gradually during the first three days with winds, and then
decreases smoothly after winds’ disappearance. The intrusion can
continue for another several days, dependent on the time needed for
pressure restoration. Stronger upwelling generated a longer tail for the
intrusion flux; meanwhile the cold-water moved into MLE with a larger
intrusion length, i.e., the length that cold-water propagates in MLE
(Fig. 8). In W1, the cold-water intrusion was weak and difficult to
identify, though in W2 and W3, the intrusion length increased in re-
sponse to the increase in wind forcing.

Extreme winds can occur along the eastern coast of Lake Michigan,
affecting its estuaries' hydrodynamics and ecosystem. For example,
when Hurricane Sandy's remnants reached Lake Michigan in October
2012, wind gusts were as strong as 17m/s. Using an experiment with
an extreme wind events for three days, we investigated how the po-
tential extratropical storms affect MLE's cold-water intrusion.

In W4, where the applied wind is akin to a northwesterly, along-
shore extratropical storm, upwelling along the eastern shore of Lake
Michigan is strong. However, due to the strong turbulent mixing in the
navigation channel and MLE, during the applied wind storm, the stra-
tification and vertical shear in the channel (Fig. 7g–h) and MLE (Fig. 8)
were suppressed. Therefore, the intrusion flux through the channel was
weak, even though the pressure gradient perpendicular to the shore is
strong. After the removal of winds, the forcing that balances the strong
pressure gradient disappear, which drives a strong transient current
toward MLE. With the rapid decrease of pressure gradient and the
weakening of turbulent mixing, the cold-water intrusion occurred after
the removal of winds during the restoration of pressure gradient.

Another form of upwelling-favorable wind, offshore wind blowing
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from the MLE to Lake Michigan, also causes upwelling along the eastern
shore of Lake Michigan and cold-water intrusion into the MLE. Because
the change of wind speed in offshore wind causes the similar response
in cold-water intrusion by the change in alongshore wind, we put the
related model results (Fig. S6) and discussion in the Supplementary
Material.

4.6. Frequency of cold-water intrusions

Continuous hydrodynamic monitoring in the navigation channel

between MLE and Lake Michigan was not established until 2016.
Therefore, direct measurements of cold-water intrusion were not
available before 2016. However, as a direct consequence of upwelling
along the eastern shore of Lake Michigan, the cold-water intrusion can
be inferred by the observation of upwelling at coastal locations. When
stratification is established in Lake Michigan, upwelling decreases
temperature through the water column; in contrast, downwelling piles
up warm surface waters toward the coast, increasing deep water tem-
perature. Buoys deployed in the nearshore Lake Michigan have been
recording the near-surface and near-bottom temperature since 2009

Fig. 5. Model results for the experiments with different hydrologic input during the major upwelling on September 05, 2016 12:00:00, including passive tracer
distributions for the experiments a) R1, b) Ctrl, c) R2, d) R3 and e) R4 with normalized river discharges of 0.5, 1, 2, 3 and 4, respectively, and f) the corresponding
changes in water exchange.
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(NOAA's National Data Buoy Center Station 45161; http://www.ndbc.
noaa.gov/). Therefore, we could analyze the temperature anomalies to
identify upwelling along the eastern shore of Lake Michigan and, hence,
the cold-water intrusion to MLE.

Fig. 9 shows the near-surface (dashed lines) and near-bottom (solid
lines) temperature anomalies, the temperature variation by removing
seasonal trend, at station 45161 from 2015 to 2017. An upwelling event
is established accompanied by the decrease of both near-bottom and
near-surface temperature. When the upwelling doesn't have enough
duration or strength, the near-surface temperature anomaly is small.
We marked the potential upwelling-caused water anomalies as upward
arrows in Fig. 9. The intrusions were likely to occur at least once from
June to November in 2015 and 2016, and likely more prevalent in
2017. The temperature anomalies in July 2017 show 3 upwelling events
spanning the whole month. The duration of cold-water intrusion is
mostly determined by the upwelling duration according to the previous
analysis. Fig. 9 shows that the cold-water intrusion can last as long as
weeks. For example, the intrusion in August 2016 lasted about 3 weeks,
and the intrusion at the beginning of September 2016 lasted for a week.
However, there is risk to counting the intrusion duration solely by the
upwelling duration, because the intrusion is susceptible to the river
flow suppression and strong wind mixing in the channel.

4.7. Model limitations

Groundwater is another important natural input to the Great Lakes,
accounting for 1–12% of total water inflow to Lake Michigan
(Robinson, 2015), as well as to the freshwater estuary of MLE along
Lake Michigan. However, due to the statistical variability and metho-
dological inaccuracies associated with the monitoring efforts, ground-
water data is scarce and imprecise (Mitchell et al., 1988). To examine
the impact of groundwater flux to the hydrodynamics of MLE, we ar-
bitrarily added 20 groundwater sources along the deepest locations in
the eastern reach of the MLE (marked in Fig. S7) with a total constant
flux of 20m3/s and temperature of 8 °C. According to Collins (1925),
the approximate average temperature of shallow groundwater obtained
from shallow wells in western Michigan ranges from 8 °C to 11 °C. In the
idealized experiment, we used even lower temperature for the highly
sparse groundwater sources. The modeled temperature (Fig. S8) shows
significant improvement in bottom temperature and stratification. The
idealized experiment demonstrates the groundwater flux could sig-
nificantly increase MLE's stratification. Although the groundwater input
may play an important role in the MLE's ecosystem, as a potential
source of nutrients that stimulates algal blooms (Kilroy and Coxon,
2005; Lewandowski et al., 2015; Knights et al., 2017), its effect on
timing and duration of cold-water intrusion is small (Fig. S9). However,
it can slightly decrease the volume of the intrusion (around 10%) ac-
cording to the time series of cold-water intrusion flux (Fig. S10).

Fig. 6. Bottom temperature on September 05, 2016 12:00:00 for the experiments a) Ctrl, b) N1 and c) N2 with normalized navigation channel widths of 1, 2 and 3,
respectively, and d) their corresponding changes in water exchange. In N1 and N2, the navigation channel in Ctrl experiment is broadened by 2 and 3 times,
respectively.
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Fig. 7. Water exchange between Lake Michigan and MLE from the experiments with prevailing upwelling-favorable winds in different magnitudes of 3, 5, 7 and
15m/s in W1 to W4. a-h) Hovmöller diagrams for along-channel currents and temperature at the CHAN station for experiments W1 to W4; i) Intrusion flux into MLE
(solid lines) and net flux into MLE (dashed lines) for the experiments W1 to W4; j) Pressure gradients between the onshore and offshore points in Lake Michigan close
to MLE. The onshore and offshore points in Lake Michigan are the ends of the magenta line shown in Fig. 1b.
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Further improvement of the SCHISM model with realistic groundwater
sources will be conducted in the future.

5. Summary and conclusions

We used a 3-D hydrodynamic model (SCHISM) to study the water
exchange between Lake Michigan and a freshwater estuary. The model
successfully captures the episodic cold-water intrusions driving by up-
welling events in Lake Michigan. As a result of Ekman transport, the
upwellings deliver a large volume of cold-water to MLE, resulting in a
significant impact on the hydrodynamics of the freshwater estuary. For
example, the upwelling at the beginning of September 2016 induced a
cold-water intrusion with a volume near 13% of the entire MLE. For the
first time, near-surface and near-bottom temperature anomalies at
NDBC 45161, a NOAA buoy along Lake Michigan's eastern shore, are
analyzed to indirectly identify the occurrence of cold-water intrusion
from Lake Michigan to MLE. The results reveal that the cold-water in-
trusion to MLE is common, which appears a least once per month with
duration from days to weeks, determined by the duration and strength
of the upwelling-favorable winds.

In addition to hydrodynamic implications, these intrusions ex-
change biologically distinct waters between Lake Michigan and MLE.
Compared with MLE, waters in Lake Michigan contain less organic
matter, total suspended matter, and total phosphorus of fine sediment,
but more dissolved oxygen. To conserve the volume in MLE, the cold-
water intrusion from Lake Michigan to MLE along the lake bottom is
accompanied by a stronger surface outflow. Therefore, the intrusion not

only dilutes the related matter and nutrients in MLE but also accelerates
their transport out of MLE. Furthermore, Biddanda et al., (2018) sug-
gested that the episodic cold-water intrusion affects the MLE's eco-
system by bringing water with more dissolved oxygen to the estuary
bottom, mitigating summer hypoxia for a short period of time, in
contrast to the commonly-observed intrusion of hypoxic waters from
coastal oceans into brackish estuaries (Deppe et al., 2017; Rabalais
et al., 2002; Breitburg, 1992, 2002; Sanford et al., 1990; Levin et al.,
2009).

Through process-oriented experiments, we examined the cold-water
intrusion's responses to hydrological shift, variation in navigation
channel width, and wind conditions. It is found that the increase in
riverine input during the upwelling weakens the intrusion. Marko et al.
(2013) suggested the increase in river discharge brings more organic
matter, total suspended matter, total phosphorus and sediment into
MLE, while our study demonstrates the suppression of the intrusion by
the increase in river discharge. The suppression may deteriorate the
water quality by retaining more organic matter and nutrients in MLE –
including summer time surface blooms of harmful cyanobacteria. This
would suggest that a hydrologic shift under a changing climate would
alter the ecosystem through affecting the water exchange between Lake
Michigan and MLE. The conclusion may provide a good reference to the
study of estuaries whose physical and ecological processes are suscep-
tible to upwelling-downwelling wind cycle and changing hydrological
conditions, for example, San Francisco Bay (Liu et al., 2018), Chesa-
peake Bay (Breitburg, 1992, 2002), the Columbia River Estuary
(Roegner et al., 2011), Willapa Bay (Roegner et al., 2002), etc.

Fig. 8. Bottom temperature snapshots on August 30, 2016 12:00:00 for experiments with prevailing upwelling-favorable winds from August 28 to August 30 in a)
3 m/s (W1), b) 5 m/s (W2), c) 7 m/s (W3) and d) 15m/s (W4).
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In addition, the present work shows that the extent and strength of
intrusion depends on the structure of the connecting pathways between
the estuary and the offshore waters. Results show that the increase of
navigation channel width strengthens the cold-water intrusion, which is
not only important for extrapolation of these results to other freshwater
estuaries, but may also be important for management and coastal en-
gineering projects in similar systems with narrow channels (for ex-
ample, Tampa Bay, Zhu et al., 2014).

Through experiments with different wind speeds in the along-shelf
direction, we further investigated the dynamics behind the intrusion.
Stronger upwelling causes a stronger and longer duration intrusion with
larger intrusion length into MLE. Driven by the pressure gradient be-
tween onshore and offshore, the cold-water intrusion doesn't disappear
right after the absence of upwelling-favorable winds, but instead dis-
sipates gradually with the relaxation of the pressure gradient. When
extreme upwelling-favorable winds occur (for example, during extra-
tropical storms, winds can reach 15m/s), the intrusion during the
winds is weak. However, the strong upwelling caused by the extreme
winds continues to work after the winds absence with an even stronger
intrusion to MLE.

Overall, cold-water intrusions may be critical for optimal water
exchange and ecosystem function of temperate freshwater estuaries.
Such hydrodynamic connectivity may be especially relevant in systems
such as the Great Lakes or in the world's coastal estuaries where tidal
forcing is weak, including White Lake, Pentwater Lake and Lake
Macatawa along the eastern shore of Lake Michigan, Hamilton Harbour
(Lawrence et al., 2004), Frechman's Bay, and White Harbour along Lake
Ontario, etc. The frequency and extent of these intrusions depends on a

number of factors. However, the present work suggests that under
shifting conditions, such as winds and precipitation events or intensity,
the critical delivery of nutrients and other water quality components
can be altered dramatically, potentially eliminating the replenishment
of high dissolved-oxygen and low nutrient intrusions and exacerbating
both hypoxic and eutrophic conditions in estuaries.
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Fig. 9. Anomalies of surface temperature and bottom temperature measured at the NOAA 45161 station in a) 2015, b) 2016 and c) 2017. A high-pass filter with a cut-
off period of 1 month was used to remove the seasonal trend. Arrows indicate periods of potential upwelling.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
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