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Abstract There were two phytoplankton blooms captured by
remote sensing in Lake Michigan in 1998, one fromMarch to
May, and one during June. In this paper, those phytoplankton
blooms were simulated by a coupled physical–biological
model, driven by observed meteorological forcing in 1998.
The model reasonably reproduced the lake currents. The bio-
logical model results, with and without riverine nutrient load-
ing, were compared with the remote sensing data. A 3-month-
long donut-like phytoplankton bloom that appeared in south-
ern Lake Michigan was reasonably well simulated only when
riverine input was included, indicating the importance of riv-
erine nutrient input for supporting the growth of phytoplank-
ton in Lake Michigan. The model with riverine input also
captured a second event-driven phytoplankton bloom during
June with weaker magnitude that occurred in mid-south Lake
Michigan, which lasted for about 20 days. The major reason
for the weaker bloom in June was that vertical mixing in the
hydrodynamic model was too weak (leading to a mixed-layer
depth of 20 m) to bring the bottom nutrient-rich water up to
the epilimnion. High chlorophyll concentration that persisted

in Green Bay for almost a year was simulated with less
intensity.

Keywords Phytoplankton bloom . Coupled
physical-biological model . LakeMichigan . Great Lakes

1 Introduction

Lake Michigan is a typical phosphorus-limiting aquatic sys-
tem (Chapra and Sonzogni, 1979). Satellite imagery reveals
that high chlorophyll concentrations appear along the coast in
spring. This algal bloom in southern LakeMichigan looks like
a ring and, thus, is called a chl-a Bdonut^ ring (Lesht et al.
2002; Kerfoot et al. 2008).

There are few modeling studies of the physical–biological
processes in the Great Lakes. The episodic bloom event over
the time scale of 5–7 days was investigated using a Princeton
Ocean Model (POM) coupled with an ecosystem model (Ji
et al., 2002; Chen et al., 2004). They simulated and examined
the influence of episodic resuspension plume events on the
spring bloom in March using a coupled biological and phys-
ical model. Stormy weather driving the suspended sediment
plumes was emphasized. However, from the satellite images,
the bloom ring was observed for 2 months and disappeared in
late June 1998.

White et al. (2012) applied a coupled model based on
ROMS (Rutgers Ocean Model System) to simulate Lake
Superior’s physical and ecological processes. They
investigated seasonal and interannual variability of lake ice,
physical forcing, and the related ecosystem dynamics.
Bennington et al. (2012) conducted a modeling study of car-
bon budget in Lake Superior. The physical model is MITgcm
(Bennington et al. 2010), and the ecosystem model includes
carbon, phosphorus, oxygen, and alkalinity. River inputs were
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included in the study, which motivated this study by adding
riverine input to Lake Michigan. Seasonal and year-to-year
changes of carbon cycling and related variables were
investigated. A similar model was applied to Lake Michigan
by Pilcher et al. (2015) with no riverine input. They focused
on seasonal cycling of carbon and lower trophic level ecosys-
tem including primary productivity, prior to quagga mussel
establishment (2000), i.e., the biological model does not in-
clude either quagga or zebra mussel compartment. Oveisy
et al. (2014) used ELCOM-CAEDYM (Estuary, Lake and
Coastal Ocean Model—Computational Aquatic Ecosystem
Dynamics Model) to simulate Lake Erie’s hydrodynamics,
ice, and simple water quality for the 2004/05 ice season.
Rowe et al. (2015) applied a 1-D biological model to investi-
gate the impacts of quagga mussel filtering on phytoplankton
and zooplankton dynamics in Lake Michigan.

Luo et al. (2012), for the first time, applied a 3-D coupled
physical–biological model, based on FVCOM (finite volume
coastal ocean model), to simulate the Lake Michigan spring
bloom. The model reproduced a donut-like spring bloom in
southern LakeMichigan. However, because the model did not
include river-loaded nutrients (Bennington et al. 2012), the
simulated spring bloom only lasted less than 2 months (from
March to April) and disappeared completely in May, while
measurements show the bloom persisted until June. Also,
the simulated spring bloom was weaker along the coast than
the observed bloom.

From March to May in 1998, there was a circle-like phyto-
plankton bloom in southern Lake Michigan that was captured
in satellite images. The typical formation of the Bdonut^ struc-
ture was obvious in March and April and weakened in May.
The bloom is regarded to be the result of coupled physical and
biological processes. In a previous study, the formation mech-
anisms of the prolonged spring bloomwere investigated by our
3-D coupled physical–biological model, which excluded phos-
phorus loading from rivers. It was confirmed that this phyto-
plankton bloom was forced by rapidly increasing temperature
and light intensity in spring. The thermal front that develops in
spring inhibits the transport of nutrients and phytoplankton
from the nearshore to the deeper water. Luo et al. (2012) also
showed that the wind-driven gyre circulation in southern Lake
Michigan induces significant offshore transport, which con-
tributes to the establishment of the circular bloom. However,
only a weak bloom in March was reproduced, which might be
caused by lack of external river input of nutrients, since tem-
perature and light intensity were low and contributed little to
the phytoplankton growth in March.

The purpose of this paper is to introduce river-loaded nu-
trients to the existing 3-DNPZD (nutrient-phytoplankton-zoo-
plankton-detritus) model based on FVCOM (Luo et al. 2012)
to investigate the mechanisms of the seasonal, prolonged
spring–early summer bloom in Lake Michigan. In a previous
study, we simulated the spring bloom in Lake Michigan

without the riverine nutrient input. The formationmechanisms
of the bloom were determined using the coupled physical–
biological processes; nevertheless, the bloom was short-lived,
only during the spring. In this study, we further investigate the
lower trophic level ecosystem dynamics of Lake Michigan
with river-loaded nutrients.

2 Methods and data

2.1 Models

The three-dimensional coupled physical–biological model is
based on the unstructured grid, FVCOM developed by Chen
et al. [2006]. FVCOM is a prognostic, free-surface, 3-D prim-
itive equation coastal ocean circulation model which contains a
number of options and components (http://fvcom.smast.
umassd.edu/fvcom/), and a flexible biological module (FBM)
is included to study food web dynamics. The model was ap-
plied to study the hydrodynamics and ecological processes in
some estuaries and shelf regions [Li et al. 2014; Tian et al.
2014; Wang et al. 2015], including the Great Lakes [Bai et al.
2013; Luo et al. 2012]. Awind-wave mixing parameterization
developed by Hu and Wang [2010] was implemented into the
model, which improved the modeled thermal structure and the
mixed layer of the water column in the lake [Luo et al. 2012].

The FBM model in this study is simplified to a NPZD
model. The four components of the biological model are nu-
trient (N), phytoplankton (P), zooplankton (Z), and detritus
(D). Phosphorus represents the nutrient since it is the limiting
element in Lake Michigan. The biological processes among
the four components are presented in Fig. 2. The governing
equations for the biological variables are given as:
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In the derivative operator, x, y, and z are the eastward,
northward, and vertical axes of the Cartesian coordinate and
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u, v, and w are the x, y, and z components of the velocity. Aw
and Ah are the horizontal and thermal diffusion coefficients.
Chlorophyll concentration is derived from the phytoplankton
as a ratio of chlorophyll to carbon.

2.2 Model setting

The Lake Michigan high-resolution bathymetric grid is based
on the NOAANational Geophysical Data Center (http://www.
ngdc.noaa.gov/mgg/greatlakes/greatlakes.html). The model
grid consists of 9054 elements and 4981 nodes in the
horizontal (Fig. 1) and 21 sigma levels in the vertical. The
resolution is higher near the surface and the bottom boundary
layer. The minimum depth was set to 5 m according to the
stability condition, hmin + ζmax > 0, where hmin is the mini-
mum water depth and ζmax is the maximum water elevation,
due to strong (gust) winds and storm surges along the coast
(Wang, 1996). Based on the Courant–Friedrichs–Lewy (CFL)
criterion, one of the global stability conditions, the internal
mode time step of the numerical integration is 180 s, while
the external mode time step is 18 s. The model was spun up
over 2 months, starting on January 1, 1998 and ran for 1 year
(Fig. 2).

The physical model is driven by observed hourly winds
and heat flux calculated from the meteorological observations
around Lake Michigan (Fig. 1). The heat flux includes two
parts: the surface net heat flux and the penetrated short-wave
irradiance, which are also the factors responsible for the
growth of phytoplankton.

The biological model is run simultaneously with the physical
model. The initial values of phosphorus, phytoplankton, zoo-
plankton, and detritus were given as 0.1 mmol P/m3, 0.5 mmol
C/m3, 0.7 mmol C/m3, and 6.5 mmol C/m3 based on the pre-
vious literature values [Chen et al., 2002, 2004]. The initial
conditions of biological variables are spatially uniform, since
the water column is vertically well mixed in winter. The math-
ematical expressions for each term of Eqs. (1)–(4) are given in
Appendix A, and the parameters used are listed in Appendix B.

In this study, the point source inputs from rivers (Lesht
et al. 1991) were taken into account. Nineteen tributaries
around Lake Michigan were used (Fig. 1, right; Table 1).
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Fig. 1 (left) Model grid and
weather stations from which
atmospheric forcings were
derived (see Luo et al. (2012) for
detail) and (right) model
topography of Lake Michigan.
The solid triangles indicate the 19
main rivers around the lake
(Table 1)
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Fig. 2 Schematic of the biological model in Lake Michigan
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The seasonal cycle time series of river discharges and loaded
phosphorus of the largest four rivers are shown in Fig. 3, and
the data originate from the US Geological Survey. The flow
from the Straits of Mackinac to Lake Huron is also included
based on the previous studies of water transport through the
Straits [Saylor and Sloss, 1976; Powers and Ayers, 1960].

2.3 Calibration data

Satellite-retrieved chlorophyll concentration was derived
from SeaWiFS (Sea-viewing Wide Field-of-view Sensor,
http://oceandata.sci. gsfc.nasa.gov/SeaWiFS). The satellite
measurements were used to validate the temporal
variations and spatial patterns of the simulated
chlorophyll pattern.

Because optical properties are highly influence by colored
dissolved organic matter (CDOM), which hinders the retrieval
of chlorophyll concentration, Mouw et al. (2013) proposed an
algorithm to correct the NASA (OC3) algorithm in Lake
Superior. The absorption due to CDOMhas spatial variability:
greatest in the western arm of Lake Superior and near river
mouths and decrease with distance offshore (see their Fig. 11).

Shuchman et al. (2013) applied a similar method, called the
Colored Producing Agent (CPA) algorithm, to Lake
Michigan. A single average hydro-optical model for the
Great Lakes was found to generate insufficiently accurate con-
centrations for Lakes Michigan, Erie, Superior, and Huron.
These new individual lake retrievals were evaluated with re-
spect to EPA in situ field observations, as well as compared to
the widely used OC3 MODIS retrieval. The new algorithm
retrievals provided slightly more accurate chl values for Lakes
Michigan, Superior, Huron, and Ontario than those obtained
using the OC3 approach. The CPA algorithm chl retrieval for
Lake Erie is quite robust, producing reliable chl values in the
reported EPA concentration ranges. However, in Lake
Michigan, the CPA algorithm only improves slightly
(r2 = 0.78), compared to the OC3 algorithm (r2 = 0.74) with

limited (19) data points taken only during 2000–2011 (see
their Fig. 5).

In situ measurements taken during 1998 (model year)
EEGLE (Episodic Events-Great Lakes Experiment: https://
www.glerl.noaa.gov/res/projects/eegle/) from regular seven
transects (Chicago, Gary, Muskegon, New Buffalo, Racine,
Saugatuck, and St. Joseph) and six ship-towed transects were
used to calculate the average surface chl-a. The in situ mea-
sured chl-a was compared to CPA and NASA data in the
model year 1998.

To measure the model’s skill for reproducing the measure-
ments, several statistical measures following Wang et al.
[2010] were introduced, including mean value, STD (standard
deviation, σ), MBD (mean bias deviation), and RMSD (root
mean square deviation). They are defined as:
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where xi and yi (i = 1, 2, 3,… n) are the modeled and observed
time series of any variables such as T, chl-a, etc., n is the total
sampling number, and the overbars denote the average of the
time series. Standard deviation measures the amount of vari-
ation or dispersion from the average. MBD directly measures
the relative bias or error of the modeled time series from the
observed in percentage. RMSDmeasures the absolute error of
the modeled time series against observation.

3 Results and discussion

3.1 General circulation

Long-term current measurements indicate that annual circula-
tion patterns tend to be cyclonic (counterclockwise) in Lake
Michigan with a cyclonic circulation in winter [Beletsky et al.,
1999]. A 10-year continuous modeling study of lake hydro-
dynamics from 1998 to 2007 also showed a remarkably stable
large-scale cyclonic circulation pattern during both stratified
and unstratified conditions [Beletsky and Schwab, 2001,
2008]. Figure 4 compares the observed and modeled current.
The coastal currents along both east and west coasts were
strong throughout the year. Lake-averagedmean current speed
in LakeMichigan is about 1.9 cm/s based on observation data,

Table 1 The runoff and nutrient load of 19 rivers and Straits of
Mackinac (see Fig. 1, right) are included in this study

No River No River

1 Escanaba 11 Root

2 Ford 12 St. Joseph

3 Menominee 13 Kalamazoo

4 Peshtigo 14 Grand

5 Oconto 15 Muskegon

6 Fox 16 Pere Marquette

7 Kewaunee 17 Manistee

8 Manitowoc 18 Manistique

9 Sheboygan 19 Sturgeon

10 Milwaukee 20 Straits of Mackinac
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and about 1.1 cm/s in our model. The water temperature and
thermal structure were validated and discussed in Luo et al.
(2012) and will not be presented here. These simulated fea-
tures are consistent with t he previous model results of
Beletsky et al. (2003, 2006).

3.2 Seasonal phytoplankton dynamics

To confirm that the satellite-observed SeaWiFS chl-a data
using NASA algorithm are reliable, we examined the ob-
served chl-a data using CPA algorithm by Shuchman et al.
(2013). It was found that the chl-a values using CPA algorithm
were systematically higher than those using the NASA (OC3)
algorithm by nearly double. From October to December,
1998, the values using CPA algorithm were more than twice
the NASA data (Fig. 5). For example, the lake-wide average
value of chl-a was 4.3 mg/m3, three times the value of 1.4

mg/m3 derived from NASA algorithm, which was higher than
the spring bloom (3 mg/m3 in April). Vanderploeg et al.
(2007) showed that results of measured surface chl-a (grab
samples and transects with calibrated fluorometer) were about
2.2μg/L duringMarch. During autumn of 1998 in the EEGLE
program for the southern basin of Lake Michigan, the chl-a
values were consistent with the SeaWiFS algorithm. The CPA
algorithm gives results that are too high by a factor of more
than two in autumn.

To further validate that the CPA data were higher than the
observations, we used in situ measurements along the 1998
EEGLE regular seven transects and six ship-towed transects.
The spatial surface chl-a data were averaged, which are also
shown in Fig. 5 (in dots). The in situ measured surface chl-a
data agree better with SeaWiFS than CPA data in 1998. Mouw
et al. (2013) indicated that in Lake Superior, due to CDOM,
the SeaWiFS algorithm contains large uncertainly in
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derivation of chl-a data along the coast, in particular near river
mouths. Therefore, CDOM should be taken into account in
derivation of chl-a in Lake Michigan, which needs in-depth
investigations. Since there may still be large uncertainty in the
CPA algorithm in Lake Michigan during the twentieth-
century’s strongest El Niño warming event in 1998, marking
a climate shift by Van Cleave et al. (2014), we use NASA data
for this study.

The monthly variability of lake-average surface chloro-
phyll concentration is shown in Fig. 6. The model results
with/without river input could capture the observed seasonal
change, including the chlorophyll peaks from April to June
and October. The comparisons between model results and
remote-sensed data indicate that the nutrient source input from
tributaries contributed to the growth of phytoplankton in Lake
Michigan. However, the model with river input overestimates
the lake-wide chl-a from March to July, but matches with the
observation from August to December. On the contrary, the
model with no river input matches with the observation during

March to July, while under-estimates chl-a from August to
December (Fig. 6a).

To investigate this in more detail, the lake was divided at
44 N into northern and southern region. It is shown that the
model simulates well the chl-a in the northern lake over the
seasonal cycle in the river-loading case, while overestimates
chl-a in the southern lake, indicating a complex, perhaps dif-
ferent ecosystem in the south than the north because the effect
of zebra mussel was not included in the present model. One
obvious feature is that the river input raised the entire nutrient
level and then the phytoplankton level over the lake. There are
several reasons that may be responsible for the discrepancy:
(1) the observed satellite data may contain large uncertainty,
(2) the model may be too simple to represent both northern
and southern lakes, and (3) the forcing data describing the
river loaded nutrients may contain large uncertainty.

Table 2 shows the statistics for the comparison. The simu-
lated mean value (1.48 mg/m3) with river-loaded nutrient
matches well with the observed value (1.37 mg/m3) and
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exceeds the value (1.1 mg/m3) without the river-loaded nutri-
ent. Total chlorophyll was underestimated without the nutrient
supplement from rivers around the lake. The mean value,
STD, MBD, and RMSD indicated the model results were
better with nutrient input from rivers than without them. It is
shown that the MBD with nutrient input is 8.6% less than half
of MBD without nutrient input (−19.6%). The RMSD with
nutrient input is 0.24 mg/m3, much lower than the RMSD
(0.37 mg/m3) without the nutrient input (Table 2).

3.3 Donut-like phytoplankton bloom

Nutrient inputs from tributaries around the lake were added into
the model. The new model results showed that, in March, the
donut-like phytoplankton bloom had a high chlorophyll

concentration along the coast (Fig. 7) and a low chlorophyll
concentration in the central portion of southern Lake Michigan.
In April, the phytoplankton bloom moved toward the basin cen-
ter, and the interior diameter of the donut became smaller than
that in March. The donut structure of the phytoplankton bloom
began to decay in May, while the chlorophyll concentration was
still higher in coastal waters than offshore. The modeled patterns
of surface chlorophyll concentration matched well with the sat-
ellite images. This indicates the importance of riverine nutrient
input for maintaining the donut-like phytoplankton bloom in
southern Lake Michigan during March to May.

3.4 The phytoplankton bloom in June 1998

There was a surprising early summer phytoplankton bloom
that occurred in southern Lake Michigan as seen from
SeaWiFS images. Lesht et al. (2002) determined that the phy-
toplankton bloom increased rapidly on 2 June (day 153) to a
peak level on 22 June (day 173). After the peaking, chl-a
decreased rapidly in mid-July. They analyzed the satellite im-
ages and in situ measurements and hypothesized that the
bloom was triggered by a brief wind event that caused sub-
stantial vertical mixing that brought the nutrient-rich deep
water into the epilimnion, even though the lake was already
stratified.
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Fig. 6 Temporal (monthly)
comparison of the domain-
averaged surface chlorophyll
concentration (mg m−3) between
the SeaWiFS measurement (black
line) and simulated by FVCOM
with (blue) and without (red)
riverine nutrient input from
March to December 1998 for
whole lake (a), northern lake (b),
and southern lake (c). The vertical
bars are the corresponding
temporal standard deviations

Table 2 Model–data comparison in their mean, STD, MBD, and
RMSD with phosphorus (P) and without P

Mean
(mg/m3)

STD
(mg/m3)

MBD RMSD
(mg/m3)

SeaWiFS 1.37 0.17

Model w/o P 1.10 0.30 −19.59% 0.37

Model w. P 1.48 0.27 8.6% 0.24
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We selected three successive 8-day averaged chlorophyll
data from the SeaWiFS images in which the short-term bloom

was shown clearly from June 10 to July 3 (Fig. 8). The ob-
served bloom has also contained patches with very high

Observed

Modeled without river input

Modeled with river input

March yaMlirpA

a b c

d e f

g h i

Fig. 7 Monthly averaged SeaWiFS image and simulated surface chlorophyll concentration (mg/m3) with and without riverine input inMarch, April, and
May 1998
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chlorophyll concentration—even higher than 10 mg/m3 dur-
ing the peak period (days 169–176). However, the model only
reproduced a weak bloom (3 mg/m3) in central southern Lake
Michigan (Fig. 8b vs e). The model results show strong bloom
along the west coast throughout the period.

To reveal why the model could not reproduce this strong
bloom in terms of physical processes, we examined the time
series of 10-m wind speed above the surface, thermal

structure, and chlorophyll concentration in a central point of
southern Lake Michigan (Fig. 9). The time series covers the
entire phytoplankton bloom event. The point location is the
same as the one measured by Lesht et al. (2002). The wind
speed was derived from the station meteorological data, which
were interpolated from the meteorological stations around the
lake. It can be seen that an abrupt intense wind event occurred
on June 2. After the wind event, the surface temperature

Observed

Modeled with river input

161-168 177-184
Day of year 1998

169-176        

a b c

d e f

Fig. 8 The 8-day averaged SeaWiFS image and simulated surface chlorophyll concentration (mg/m3) from June 10 to July 3, 1998
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dropped, and the mixed layer deepened to 20 m. The concur-
rent chlorophyll (chl-a) concentration reached a peak and de-
creased in the following days. This implies that our model
reflected the timing well of the phytoplankton bloom initiated
by the brief wind event. However, the magnitude was very
week. Therefore, the weak vertical mixing derived fromwind-
forcing (that deepened the mixed layer to 20 m only) was
insufficient to support the strong phytoplankton bloom be-
cause the nutrient-rich water could not be pumped up to the
surface layer. This also indicates that vertical mixing scheme
in physical model may need further improvement in order to
accurately simulate the phytoplankton bloom.

Figures 7 and 8 show the discrepancy that the nearshore-
offshore gradients in the model are much stronger than in
observations in the donut bloom (Fig. 7). In the case of the
June bloom, modeled chlorophyll is higher nearshore than
offshore while in observations it is higher offshore than near-
shore (Fig. 8b vs f). The major reason here is that the ecosys-
tem model lacks of a zebra mussel process that rapidly grew
along the coast in the late 1990s, as observed by Nalepa et al.
(2014). They showed (see Fig. 8 of Nalepa et al.) high

abundance of zebra mussel along the coast of Lake
Michigan. This should be a major missing biological process.
This same mechanism was identified by Vanderploeg et al.
(2007; see their Fig. 13), who observed in situ chl-a values
nearshore that were much lower than the N-P-Z model of
Chen et al. (2004), because the model did not include the
feeding activities (processes) of abundant zebra mussels
nearshore.

3.5 High phytoplankton concentration in Green Bay

Green Bay is a shallow bay, with maximum depth of less than
40 m. This allows for faster warming than in Lake Michigan,
which in turn, results in faster phytoplankton growth. There
are several main rivers around the bay. The Menominee River
and Fox River in the southern part of the bay have high flow
with peak values of larger than 400m3/s. The total phosphorus
load is 792MTA (million tons per year) in the southern part of
the bay and 148 MTA in the northern bay. The high nutrient
loads keep high primary production high in the southern part
of the bay.
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Fig. 9 Time series of (a) wind
speed at 5 m above the water
surface interpolated from the
meteorological stations around
the lake, (b) modeled water
temperature profiles, and (c)
modeled chl-a concentration at
buoy CM1 (see Fig. 1, right)
during the abrupt phytoplankton
bloom event. (Units are in m/s for
wind speed, °C for temperature,
and mg/m3 for chl-a)
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The phytoplankton concentration in Green Bay remained
high throughout the year except when the bay was covered by
ice. The spring–summer averaged SeaWiFS data were used to
validate the model results of chlorophyll concentration in
Green Bay with and without riverine nutrients input
(Fig. 10). The model shows that a high chlorophyll concen-
tration occurred in Green Bay when the model was forced by
the external loading of nutrients. On the contrary, without the
riverine loading, the phytoplankton was much lower than the
observation.

The simulated bay-wide annual averaged chlorophyll con-
centration was only 2.8 mg/m3—more than twice lower than
the observation of 6.5 mg/m3 (Fig. 11). This indicates that the
model does not catch the magnitude of the observations. The
major possible reason may be that the observations in Green
Bay contain high CDOM that should be removed from the
calculation of chl-a (Mouw et al. 2013; Shuchman et al.
2013). The other possible reason is that the river loading
was underestimated to support the strong bloom. Missing da-
ta, as shown in Fig. 10, due to satellite resolution and cloud

Fig. 10 Annual-averaged
SeaWiFS image (a) and simulated
surface chlorophyll concentration
(mg/m3) without (b) and with (c)
river input in Green Bay
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Fig. 11 Same as Fig. 6, except in
Green Bay
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cover, may also introduce uncertainty to the SeaWiFS data,
since the limited number of available high data points might
lead to biased high average value. The simulation with river
loading, although lower than the observations, is closer to the
observation than without river loading (Fig. 11).

4 Concluding remarks

Nutrient loads from 19 rivers (phosphorus) were added to an
existing 3-D, coupled physical–biological, 4-compartment
NPZD model (Luo et al. 2012). The model was applied to
Lake Michigan in 1998. In addition, water currents and verti-
cal and horizontal temperature structure were reasonably well
simulated. Results were validated with both satellite and in
situ data. In addition, a side-by-side comparison of the effect
with and without nutrient loads from rivers on the spring to
early summer bloom in Lake Michigan was conducted.

The model can depict the phytoplankton bloom during
spring and summer. With the riverine nutrient loads, the
donut-like bloom between March and May was reproduced,
whereas the bloom existed for 1 month only without nutrient
load input. A detailed statistical comparison (Table 2) was
conducted to show that a coupled physical–biological model
needs external nutrient forcing to sustain a seasonal bloom
from spring to early summer and indicates that river runoff
and nutrient loads are very important to accurately reproduce
lake conditions. Therefore, continuous monitoring and gaug-
ing of river runoff and nutrient loading is the key to successful
ecosystem forecasting in the Great Lakes.

The model reproduces the monthly bloom (Fig. 7) in south-
ern Lake Michigan from March to May, but overestimated
magnitude. On the other hand, the synoptic bloom even in
June (Fig. 8) was poorly simulated, with underestimated mag-
nitude. The major reason is that the biological model was
highly simplified to the ecological processes in Lake
Michigan. For example, zebra mussel processes were not in-
cluded, while observation showed zebra mussels were a po-
tentially important factor during the late 1990s (Vanderploeg
et al. 2007; Nalepa et al. 2014, see their Fig. 8). The physical
model did not produce sufficient vertical mixing in response
to the strong wind event to bring the nutrient-rich water up to
the surface layer to support the strong chl-a bloom in central
Lake Michigan. Therefore, an improved vertical mixing
scheme is a key to reproducing phytoplankton bloom driven
by a strong wind event.

The large magnitude of CPA data compared to the
SeaWiFS data indicates that the influence of CDOM on deri-
vation of chl-a is large nearshore and near river mouths such
as in Green Bay. An improved algorithm should be developed
to remove CDOM from the chl-a concentration in Lake
Michigan.
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Appendix A: The mathematical expressions for each
term of Eqs. (1)–(4) are given as

P uptakeð Þ ¼ μP
max � μ Tð Þ � μ Ið Þ � μ Nð ÞP ða1Þ

P respirationð Þ ¼ γP � Pexp γT � T� � ða2Þ
Z respirationð Þ ¼ γZ � Zexp γT � T� � ða3Þ
D remineralizationð Þ ¼ dR � Dexp γT � T� � ða4Þ

ZP grazingð Þ ¼ Gmax
σPP

1þ σPP þ σDD
Z ða5Þ

ZD grazingð Þ ¼ Gmax
σDD

1þ σPP þ σDD
Z ða6Þ

P mortalityð Þ ¼ εPP ða7Þ
Z mortalityð Þ ¼ εZZ ða8Þ

P sinkingð Þ ¼ −wP
∂P
∂z

ða9Þ

D sinkingð Þ ¼ −wD
∂D
∂z

ða10Þ

where the definition of each parameter in the equations (a1–
a10) is given in Appendix B.

Table 3 Biological model parameters

Parameter Definition Value used

μP
max

Maximum growth rate for P 2.8 day−1

Ks Half-saturation constant for the N uptake
by P

0.6 mmol P m−1

γZ Zoo respiration coefficient 0.015 day−1

γP Phyto respiration coefficient 0.01 day−1

γT Exponential for Temperature forcing 0.07

dR Remineralization rate of detritus 0.015 day−1

Gmax Maximum P grazing rate by Z 0.4 day −1

σP Preference coefficient of Z on P 0.5 (mmol C m−3)
-1

σD Preference coefficient of Z on D 0.1 (mmol C m−3)
-1

εZ Assimilation efficiency of Z 0.35

εP Mortality rate of P 0.01 day −1

Appendix B
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