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Evaluation of a 3-D hydrodynamic model and atmospheric forecast
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[1] Six-month observations of surface meteorology, water temperature, and currents in
Lake Ontario are used to evaluate a high-resolution, three-dimensional hydrodynamic
model and the forecasted forcing from a regional version of the Canadian operational
global environmental multiscale (GEM) model. The hydrodynamic model is based on the
Princeton Ocean Model (POM). Driven by both the observed and modeled surface wind
stress and the surface net heat fluxes (SNHF), POM is able to reproduce the observed
variations of the lake surface temperature (LST) and vertical stratification conditions at
the seasonal and synoptic time scales. The model also has skill in simulating the temporal
and vertical variation of currents. The patterns of the simulated horizontal distributions
of the LST and lake circulation are consistent with the observed climatology. Model
sensitivity experiments reveal that the differences between the simulations using observed
and model forcing are mainly due to the difference in wind stress instead of the SNHF.
Comparison with meteorological observations suggests that GEM has good accuracy in
simulating the SNHF but overestimates the wind. Model sensitivity experiments further
revealed that errors in the SNHF have significant impact on simulations of water
temperature in the surface and near-surface layers, whereas errors in wind stress cause
significant changes of water temperature in the thermocline.
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1. Introduction

[2] The Laurentian Great Lakes extend from the southern
edge of the permafrost line to the southern extent of the
Wisconsin glaciation (between 40°N and 50°N). They form
the largest group of freshwater lakes in the world. With
horizontal scales of hundreds of kilometers, depth scales of
100 m, the Laurentian Great Lakes are large enough to
include some physical phenomena associated with the
coastal oceans and are sometimes referred to as inland seas.
The Great Lakes system has a total surface area of approx-
imately 245,000 km® and a total water volume of approxi-
mately 22,700 km?. Such a huge water body has an important
impact on determining regional weather and climate [4nyah
and Semazzi, 2004]. Compared to land surface, the lakes have
very different albedo, heat capacity, and roughness, and are
large sources of moisture for the lower atmosphere. Many
studies [e.g., Scott and Huff, 1996; Liu and Moore, 2004]
show that those Great Lakes that are not frozen during late
autumn and early winter can generate large amounts of
snowfall on their leeward coast. This lake effect is associated
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with the stimulation of atmospheric convection and cloud
formation when cold air masses pass across the relatively
warmer lake surface. However, when the lake water is
relatively colder compared to nearby land areas and air
(e.g., during upwelling events in summer), thermal stability
of the lower atmosphere can occur over and near the air-water
interface. The convective boundary layer is suppressed over
the lakes, resulting in decrease of cloudiness in the downwind
[Segal et al., 1997]. On the other hand, atmospheric con-
ditions, such as air temperature, heat transfer between air-lake
interface, precipitation, evaporation, and lake surface winds
also have significant impacts on the thermal structure, cur-
rents, and water level in large lakes [Gibson et al., 2006].
[3] Studies have shown that inclusion of air-lake inter-
actions leads to improved performance of climate models.
For example, idealized lakes are included in general circu-
lation models (GCMs) [e.g., Bonan, 1995; Lofgren, 1997]
and one-dimensional lake models are included in regional
climate models (RCMs) [e.g., Hostetler et al., 1993; Bates
et al., 1995]. However, these simple lake models only
account for the vertical heat transfer by eddy diffusion
and convective mixing without treating advective heat
transfer between neighboring lake points in the horizontal.
This kind of air-lake coupling may be justified for small
lakes, but it is too simple to represent complex lake-air
interactions over large lakes because of the significant large
spatial variability in the surface temperatures. Recently, a
few attempts have been made to couple three-dimensional
lake models with RCMs [Song et al., 2004; Long et al.,
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Figure 1. Bathymetry of Lake Ontario in the model domain (in meters) and the locations of
meteorological, water temperature, and acoustic Doppler current profiler moorings.

2007]. Their results show that fully coupled air-lake regional
climate model systems provide reasonable temporal evolu-
tion of lake surface temperature (LST) and heat transfer at the
air-lake interface in large lakes, allowing important feed-
backs between the atmosphere, adjacent land, and the lakes at
fine scales. However, the lake simulations were not system-
atically validated with observations in most of these studies.
Such validations are necessary before fully coupling the
three-dimensional lake models with atmospheric models for
predicting regional weather, climate, and air-lake interactions
over the Great Lakes region.

[4] Currently, the lake ice component of the operational
atmospheric system in the Canadian Meteorological Centre
(CMQ) is treated as static, with the water surface temper-
ature values being specified according to the analysis of
observations for determining heat fluxes into the atmosphere
at the surface of the lake. Pellerin et al. [2004] showed
improved weather forecasts over the Gulf of St. Lawrence
and adjacent coastal areas by using a fully coupled atmo-
sphere—ocean ice system in a case study involving rapid ice
motion. Encouraged by these results, a fully coupled regional
air-lake atmospheric modeling system over the Great Lakes
region is planned. Before the coupled system is completed, it
is important to assess the accuracy of the surface fluxes from
the current CMC operational atmospheric model, namely, the
global environmental multiscale (GEM) model. In this study,
the GEM forcing is used to drive a 3-D hydrodynamic model
of Lake Ontario. The results of this simulation are directly
compared with observations in the lake, as well as with the
results of another simulation using the observed atmospheric
forcing interpolated onto the model grids. The comparison
enables the evaluation of both the lake hydrodynamic model
and the GEM model forcing. Further, additional model
sensitivity experiments are conducted to test the dependence
of lake simulation on forcing accuracy.

[5] In section 2, the limnological condition and observa-
tional data in Lake Ontario are introduced. The lake
hydrodynamic model and forcing data are described in
section 3. The model experiments and analysis of the model
results are presented in section 4. A summary of conclu-
sions is provided in section 5.

2. Lake Ontario Application

[6] Lake Ontario extends from 43.1°N to 44.3°N and
80°W to 76°W and has a surface area of 19,529 km? and a
volume of 1637 km®. Its mean depth is 86 m with a

maximum depth of 245 m located in the southeast region
(Figure 1). Since Lake Ontario is located downstream of the
other members of the Great Lakes, it is impacted by human
activities occurring throughout the Great Lakes region. The
downwind side of Lake Ontario is known to have high
snowfalls due to lake effects [Dewey, 1979]. Modeling of
large lake systems requires high-quality data with sufficient
temporal and spatial resolutions. Compared to most other
lakes, Lake Ontario has a wealth of archived meteorological
and hydrographic data [Saylor et al., 1981]. Furthermore, the
lake has a rich history of studies using theoretical and
numerical models [Simons, 1974, 1975]. These studies de-
scribed the basic characteristics of circulation and tempera-
ture. In 2006, an intensive field investigation was undertaken
to gain new information about meteorology, water tempera-
ture, and currents in the lake. The data collected during spring
and summer period offer the opportunity to validate the lake
hydrodynamic model and atmospheric model forcing.

[7] The field measurement program was undertaken by
Environment Canada (EC) in both the nearshore and middle
of Lake Ontario during 15 April to early October 2006. Four
meteorological buoys (stations CCIW, 403, 586, and 1263,
as shown in Figure 1) provided observations of solar radia-
tion, incoming longwave radiation, surface air and water
temperatures, wind speed and direction, atmospheric pres-
sure, and relative humidity. The atmospheric variables were
measured approximately 4 m above the lake level. Wind
speed observations were adjusted to a common reference
height of 10 m by using a logarithmic profile. Hourly vertical
profiles of water temperature were obtained from four therm-
istor strings (stations 1266, 752, 403, and 586, as shown in
Figure 1). Three broadband acoustic Doppler current pro-
filers were deployed at three stations (1266, 1269, and 1270,
as shown in Figure 1) and provided continuous measure-
ments of velocity profiles. In addition, the LST averaged over
Lake Ontario derived from satellite remote sensing is avail-
able. We obtain the daily time series in 2006 from the
CoastWatch data set (ftp://coastwatch.glerl.noaa.gov/glsea/
avgtemps/2006/glsea-temps2006.dat) of the U.S. Great
Lakes Environmental Research Laboratory (GLERL).

3. Lake Hydrodynamic Model and Forcing Data
3.1. Lake Hydrodynamic Model

[8] The lake hydrodynamic model is based on the latest
version of the Princeton Ocean Model (POM) which was
originally developed in the 1980s [Blumberg and Mellor,

20f 13

85U8017 SUOWILLOD 3A 1810 3deol|dde a3 Aq pausenob ae sspoiie O ‘8sh J0Ss|nJ 10} Aeiqi8UlIUO A1 UO (SUOIPUOD-PUE-SLLBY W0 A8 | 1M AeIq 1 BU1|UO//SANL) SUORIPUOD PUe SWie | 38U} 88S *[£202/0T/TT] U0 A%eiqiaulluo A8|IM ‘T09S00006002/620T OT/I0P/W0 A8 |imAtelqiut|uosandnBe;/:sdny woJs pepeoiumoq ‘2D ‘0T0Z ‘9202295TZ



C02004

1500
12004 (8)
900
600 4ill i
300

SNHF (W/m?)
[a=]

| I
= ]
o O
o o

-900 4
-1200 4
-1500

120 140 160 180 200 220 240 260 280
Days in 2006

0.2

0.151 (®)

0.1

0.054

L| || L ,.J l| “‘ lr L

|
-0.05+

Tx (N/m?)

-0.11
—-0.151

-0.2

120 140 160 180 200 220 240 260 280
Days in 2006
0.2

0.15
0.1
0.051

Ty (N/m?)

-0.05 1
—=0.11

-0.154

-0.2 T T T T T T T T T
120 140 160 180 200 220 240 260 280
Days in 2006

Figure 2. Time series of (a) the observed 3-hourly mean
SNHF and (b, ¢) two components of wind stress at station
403.

1987]. It is a three-dimensional, nonlinear, free surface, and
primitive equation coastal ocean model. POM solves the
conservation equations of heat, mass, and momentum on
staggered grids using the finite difference method. It uses a
terrain following vertical coordinate system (i.e., sigma
coordinates) scaled on the water column depth. The vertical
mixing coefficients are determined by a second-moment
turbulence closure submodel. POM adopts a mode splitting
technique to solve the barotropic mode for the free surface
and the baroclinic mode for the full three-dimensional tem-
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perature distributions in Lake Erie [Kuan et al., 1994] and
the seasonal and interannual variability of circulation and
thermal structure in Lake Michigan [Beletsky et al., 2006].
Recently, POM has also been used as the lake model com-
ponent in regional coupled air-lake climate model systems
[Song et al., 2004; Long et al., 2007].

[¢] The POM for Lake Ontario has 31 vertical sigma
levels and a uniform horizontal grid size of 2 km. Vertical
levels are spaced more closely in the upper 30 m of water
and near the bottom to better resolve the surface and bottom
boundary layers and the thermocline. The centers of the
sigma levels are located at —0.0005, —0.0035, —0.013,
—0.030, —0.053, —0.073, —0.089, —0.10, —0.12, —0.135,
—0.151, —0.165, —0.181, —0.196, —0.212, —0.227,
—0.242, —0.269, —0.331, —0.419, —0.506, —0.594,
—0.681, —0.769, —0.856, —0.91, —0.93, —0.95, —0.97,
and —0.99. The model has two open boundaries (i.e., the
south and east open boundaries). At the southern open
boundary, the discharge from Niagara River to Lake Ontario
is set to a constant of 5600 m>/s. At the eastern boundary,
the outflows from Lake Ontario into St. Lawrence River
are split into the north exit (2850 m/s) and the south exit
(2750 m>/s). The river temperatures are simply taken from
the nearest grid points in the lake.

[10] At the lake surface, POM is forced by wind stress
and surface net heat flux (SNHF). The east-west and north-
south components of the wind stress are given by

7 = p,CalV|u
] 1)
Tx = pacd‘ V|v7

where || is the wind speed, u and v are the wind speed
components in the east-west and north-south directions,
P, 18 air density, and Cy is a drag coefficient set to a constant
of 1.3 x 10>, The SNHF is given by 0 = § + NL + SH +
LH, where S is the solar radiation; NL is the net long wave
radiation; LH is the latent heat flux, and SH is the sensible
heat flux. We note that the modeled LST is used in the
computation of LH and SH during model integration. The
different heat flux components are calculated using bulk
formulae of Schertzer [1987] and defined as positive when
they tend to heat the lake.

3.2. Forcing Data

[11] The meteorological observations at four stations
(CCIW, 403, 586, and 1263) are used as inputs for deriving
atmospheric forcing at 3-hourly intervals. Figure 2 shows
the time series of the SNHF and wind stress at station 403.
Both the SNHF and wind stress have significant synoptic
and seasonal variations; and the SNHF also has obvious
diurnal variation. Table 1 gives the correlation coefficients

Table 1. Correlation of the Observed SNHF and Wind Stress
Between Station 403 and Each of the Stations CCIW, 586, and
1263

Station CCIW Station 586 Station 1263

perature, turbulence, and currents. Detailed description of SNHF 0.82 0.94 0.92
the model is available in the Users’ Guide of POM [Mellor, T~ g-zj 8~§g 8'22
2004]. POM has been applied to simulate the surface tem- - - .
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Table 2. Summary of POM Experiments

Heat Flux Wind Stress
OF observation observation
MF GEM GEM
MF1 GEM (four stations) GEM (four stations)
SEN1 observation GEM
SEN2 GEM observation
SNHFP observation x 1.1 observation
SNHFN observation x 0.9 Observation
WINDP observation observation x 1.21
WINDN observation observation x 0.81

between each of the stations CCIW, 586, and 1263 and the
station 403 for each of the flux components. Among the
four stations, the SNHF has a high level of consistency
while the wind stress has evident differences. Because of the
spatial variability of the observed atmospheric fields at the
four stations, they are interpolated onto the model grids
using a distance weighing method defined as /= ). (f/a;)/
>~ (1/ey), where ¢ is the distance between the model grids
and the ith station and f; is the value of an observed variable
at the ith station.

[12] The modeled meteorological forcing data are taken
from the 0—24 h forecasts of a regional version of GEM
with a grid spacing of 15 km [Mailhot et al., 2006]. The
GEM-forcing fields are at 3 h interval. A bilinear interpo-
lation method is used to map the GEM-forcing fields onto
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the POM grids. The observed and modeled forcing will be
compared later in section 4.3.

4. Numerical Experiments

[13] A total of nine numerical experiments with different
surface forcing (Table 2) are carried out. The salinity is set
to a constant value of 0.2 parts per thousand to reflect the
freshwater condition of the lake [Sheng and Rao, 2006].
Considering the vertical temperature gradients are very
small in early spring, the initial temperature at each model
grid is simply initialized with the average LST observed at
four stations (stations CCIW, 403, 586, and 1263) on 15
April 2006. All the nine model cases start on 15 April and
end on 10 October of 2006. Before carrying out the model
simulations, we have done a set of model runs driven by the
observed meteorological forcing in order to optimize the
main parameters in POM. Reasonable thermal structure and
currents in Lake Ontario are obtained by using a multiplier
value of C = 0.1 for horizontal diffusion in the Smagorinsky
eddy parameterization [Mellor and Blumberg, 1985] and
Jerlov’s [1976] type I of optical categories.

4.1. Validation of Modeled Variations of Temperature
and Current

[14] The observed forcing (OF) experiment is treated as a
base case, in which the model is driven by the spatially

120 140 160 180 200 220 240 260 280
Days in 2006

| (d) Lake-averaged

120 140 160 180 200 220 240 260 280
Days in 2006

Figure 3. Time series of the observed and modeled lake surface temperature at stations (a) 403, (b) 586,

(c) 1263 and (d) averaged over the whole lake.
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Table 3. LST Root-Mean-Square-Error and Average Percentage Difference Between the Observation and Simulations From
OF and MF During 15 April to 10 October 2006

OF MF
Average Average
Sites RMSE (°C) Percentage Difference (%) RMSE (°C) Percentage Difference (%)
403 1.03 —0.64 1.23 3.09
586 1.01 —0.88 1.09 2.01
1263 0.95 —0.89 1.03 —2.32
Lake averaged 1.09 —1.83 1.43 —4.36
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Figure 4. Time-depth distributions of water temperature from (a—c) observations and (d—f) the model
results in OF experiment at stations 752, 586, and 403. Unit is °C.
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Figure 5. The vertical profile of the RMSE between observed and modeled temperature at stations

(a) 1266, (b) 752, (c) 403, and (d) 586. Unit is °C.

interpolated wind stress and heat fluxes from observations
at four stations. The model forcing (MF) experiment is
driven by forcing from GEM forecast. Figure 3 shows the
time series of LST from observations and from the OF and
MF experiments at stations 403, 586, and 1263, and also
averaged over the whole lake. Note that the observed lake-
averaged LST is derived from the GLERL data set. Both
model experiments well reproduce the observed seasonal
variation of LST, i.e., the warming from spring to summer
and cooling from summer to fall. Significant variations at

synoptic time scales, e.g., a rapid lakewide warming and
subsequent strong oscillations in spring, are also well
simulated. The model also captures a rapid cooling and
subsequent warming in fall at station 586, although under-
estimates the magnitude of the changes. The simulations
have a noticeable cold bias during summer to fall at station
1263. It also appears that the simulations overestimate the
magnitudes of synoptic variations during summer and fall at
all stations and the whole lake.
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Figure 6. The vertical profile of normalized Fourier norms between simulated and observed currents at

stations (a) 1266, (b) 1269, and (c) 1270.
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Figure 9. Time-depth distributions of the differences in temperature between each of the (a, d) SEN1,
(b, €) SEN2, and (c, f) MF experiments and the OF experiment at stations 403 and 586. Unit is °C.

[15] Two metrics are used to quantify the errors of the
modeled water temperature. The first is the root-mean-
square error (RMSE) defined by

u 1/2
1 m o\ 2
RMSE = (z\? PR ARIA) ) , (2)

=1

where /;™ and f;° are modeled and observed water temperature
for sample case i (out of M sample cases), respectively.
The second metric is the average percentage difference (P,)
between the observation and simulation defined by

Pa= (1%4 Z (™ =) If° % 100%}), 3)

=1

As shown in Table 3, the RMSE ranges from 0.95°C to
1.09°C for the simulation with the observed forcing and from
1.03°C to 1.43°C for the simulation with GEM forcing. The
ranges of model errors are similar with that of earlier POM
simulations in Lake Michigan [Beletsky et al., 2006]. The
average percentage difference of LST is smaller for the OF
simulation than the MF simulation. The slightly higher error
of the simulation with GEM forcing is expected because
GEM treats the lake as static, therefore does not account for
temperature variations in the mixed layer in the lake.

[16] To further examine the model skill in simulating the
vertical thermal structure of temperature, the time-depth
distributions of the simulated temperatures are compared
with the observations made at different thermistor stations.
According to observations (Figures 4a—4c), in summer the
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Figure 10. Time series of the observed and GEM forecast of surface net heat flux and wind speed at

stations (a, b) 403 and (c, d) 586.

thermocline in shallow area (station 752) is deeper than those
in the deep water region (stations 403 and 586). In the deeper
waters at stations 403 and 586 with water depth more than
180 m, the lake is stratified with a warm surface layer of about
20 m thick. Below this layer a sharp thermocline is present
from day 150 to 280. Temperatures at depth below 50 m
are almost always less than 5°C. However, in the shallower
region at station 752 the thermocline depth varied signifi-
cantly corresponding to changes in wind. During an easterly
wind episode in early September, the thermocline at this
station dipped below 40 m because of downwelling along the
north shore. Surface heat losses and increased vertical mixing
associated with strong winds result in deepening of the
thermocline from late September until the water column is
again mixed from top to bottom in fall.

[17] The time-depth changes in water temperature from
the OF experiment are presented in Figures 4d—4f. The
dominant features of the evolving thermal stratification of
the water column are reasonably well captured by POM.
In the coastal area (station 752) the model is able to reproduce
the upwelling and downwelling events in the water column.
Early studies [e.g., Beletsky and Schwab, 2001] show that
the model mixed layers tend to be slightly shallower than
observation. This is not the case in the present solutions;
however, the thermocline is somewhat diffuse.

[18] The model errors in simulating the vertical thermal
structure are quantified using RMSE between the simulated

and observed temperatures at stations 1266, 752, 403, and
586 (Figure 5). In general, the OF experiment using the
observed forcing produced smaller RMSE values than the
MF experiment in the mixed layer and the thermocline,
except in the lower mixed layer and thermocline at station
403. The higher RMSE values are generally located in the
lower mixed layer and thermocline region, where strong
high-frequency temperature oscillations induced by internal
waves are not simulated by the model.

[19] The flows in the lake are highly variable in time and
space. The misfit between modeled and observed currents is
quantified by

1 MAt 5 1/2 1 MAt 5 1/2
Fn:<MZ|VmVo|> /(MZ|V0|> s (4)

t=At t=At

where V,, and V, are modeled and observed currents, respec-
tively. Fn is a normalized Fourier norm of the time series of
modeled and observed currents [Beletsky et al., 2006]. It can
also be thought of as the relative percentage of variance in the
observed currents that is unexplained by the model. The
smaller Fn, the better the model results fit the observations.
For the OF and MF experiments, Fn ranges from 0.5 to 0.9
at the three sites for the daily mean currents simulated
(Figure 6). Compared to the offshore station (1266), pre-
dictions at nearshore stations generally deteriorated toward
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the bottom. The Fn values still are comparable to other
studies [Beletsky et al., 2006]. The currents produced by both
observed and model forcing are only slightly different from
each other, indicating that the model winds may be adequate
for predicting surface currents in the lake.

4.2. Horizontal Distributions of Seasonal Mean Surface
Temperature and Currents

[20] The horizontal distributions of the near-surface tem-
perature are linked to changes in air-lake heat flux and the
redistribution of heat by currents. Figure 7 shows the mod-
eled summer (June—August) mean near-surface (1-2 m)
temperature and currents simulated by the OF and MF

experiments. The spatial distributions from the two experi-
ments are comparable. The near-surface temperature
increases from west to east. The near-surface temperature is
less than 18°C in the northwestern part of the lake, and it
is over 20°C in the east. This spatial distribution is mainly
a consequence of the prevailing mean eastward (westerly)
wind in summer over the lake, which causes upwelling along
the north shore and downwelling along the southeastern
shore. The modeled spatial pattern of the near-surface
temperature is consistent with the observed climatology
[Saulesleja, 1986]. The simulated near-surface currents
show a lakewide cyclonic (counterclockwise) circulation
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Figure 12. The spatial distributions of the differences in
LST between each of the four sensitivity experiments and
the OF experiment averaged over the whole simulation
period. Unit is °C.

with stronger flow along the southern coast than along the
northern coast.

[21] Figure 8 shows the summer mean depth-averaged
currents simulated by the OF and MF experiments. The
circulation simulated using the GEM forcing is stronger
than that simulated using the observed forcing. From both
experiments, the depth-averaged currents show lakewide
cyclonic circulation with similar pattern in the near-surface
circulation. The MF experiment obtains westward flow in the
north part of the lake similar with the flow pattern docu-
mented by early studies [Simons, 1974; Rao and Murthy,
2001]. The strong eastward currents along the south shore
obtained from both experiments are similar with that docu-
mented in early studies as well [e.g., Saylor et al., 1981,
Beletsky et al., 1999].

4.3. Sensitivity of Model Results to Meteorological
Forcing

[22] The differences between the OF and MF experi-
ments, as discussed in previous sections, can be caused by
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differences in wind stress or surface heat fluxes, or both.
One issue of concern is how the lake model performance is
affected by the difference in spatial resolutions between the
observed and model forcing. To check this, we extract the
time series of GEM forcing at the locations of the four
meteorological observational stations. The time series of
forcing are then spatially interpolated to POM grids follow-
ing the same procedure used for observed forcing. The
experiment of using this four-station only GEM forcing is
named MF1. The results from the MF and MF1 experiments
have a high level of consistency. In terms of LST, the spatial
and temporal correlations are over 0.96; the average per-
centage differences are below 1%; and the RMSE values are
comparable. The above comparison confirms that the differ-
ences between OF and MF experiments cannot be attributed
to the differences in spatial resolutions between the two
types of forcing.

[23] To further understand the dependence of the POM
simulations to each forcing component, the SEN1 and
SEN2 experiments are carried out. SEN1 is driven by the
observed SNHF and GEM winds. SEN2 is driven by the
GEM SNHF and observed winds (see Table 2). Figure 9
shows the time-depth distributions of the differences in
temperature between each of the MF, SEN1, SEN2 experi-
ments, and the OF experiment at two stations. The differ-
ences between the SEN1 and OF experiments (Figures 9a
and 9d) reflect the impacts of changes in wind stress. It is
shown that changes in wind stress cause significant changes
in the vertical thermal structure in the thermocline region. In
comparison, changes in the SNHF (Figures 9b and 9e, the
differences between the SEN2 and OF experiments) mainly
cause discrepancy in the upper mixed layer (less than 10 m
depth). Figures 9c and 9f show the differences between the
MF and OF experiments. The differences are significant
from below 5 m to the depth of 40 m (in the lower mixed
layer and the thermocline). Clearly, the differences between
the MF and OF experiments in water temperature can
mainly be accounted for by differences in wind stress
instead of the SNHF.

[24] The time variations of the SNHF and wind speeds
from GEM are compared with observations at stations 403
and 586 in Figure 10. For each variable at each station, the
correlations between observation and simulation are over
0.9. The averaged percentage differences in wind speeds
between the GEM results and observation are 27.5% and
21.9% at stations 403 and 586, respectively. However, the
averaged percentage differences of SNHF between the
GEM simulation and observation are —5.3% and —2.5%
at stations 403 and 586, respectively. GEM simulates the
SNHF with a high accuracy despite the treatment of the
lakes as static. Figure 11 further shows the different com-
ponents of the heat fluxes averaged over the four stations,
from observations and GEM. Compared with the observed
time series, GEM slightly overestimates the solar radiation
during mid-April to early October (Figure 1la); under-
estimates (overestimates) the net longwave radiation before
(after) July (Figure 11b); and overestimates (underesti-
mates) the latent and sensible heat fluxes before (after)
early August (Figures 1lc and 11d). In general, the SNHF
from GEM and observations are quite close (Figure 11e).
Although GEM overestimated the net longwave radiation
after day 220, it underestimated the sensible heat flux
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Figure 13. Vertical profile of the average percentage
differences in water temperature during the stratified period
between each of the four sensitivity experiments and the OF
experiment at stations (a) 403 and (b) 586.

during this period, which resulted in relatively small errors
in the SNHF.

[25] The above analyses suggest that the GEM forecasts
have better accuracy in the SNHF compared to wind speed.
A further insight of the model sensitivity can be assessed by
a set of additional runs with different forcing components of
similar degree of errors. To achieve this, we perform four
additional experiments, each by changing the wind speed
(not wind direction) or the SNHF by +10% compared with
the observation. These experiments are named as SNHFP
(+10% difference in SNHF), SNHFN (—10% difference in
SNHF), WINDP (+10% difference in wind speed, or +21% in
wind stress) and WINDN (—10% difference in wind speed, or
—19% in wind stress), respectively. Figure 12 shows the
spatial distributions of the differences in LST between each
of these experiments with the OF experiment. As shown in
Figures 12a and 12b, the lakewide LST increases (decreases)
by about 0.8°C when the SNHF increases (decreases) by
10%. By comparison, increasing (decreasing) the wind speed
by 10% results in decreasing (increasing) of the LST by
0.2°C—-0.5°C (Figures 12c and 12d).

[26] Figure 13 shows the vertical profile of the mean
percentage differences in temperature during the stratified
period (June to September 2006) between each of the four
additional experiments and the OF experiment at two
stations. Clearly, the temperature in the upper layer up to
10 m depth increases (decreases) by about 5% when the
SNHF increases (decreases) by 10%. The temperature in
the thermocline increases (decreases) by 20—25% while the
changes in LST are only by 1-2% when the wind speed
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increases (decreases) by 10%. The above analyses reveal
that the 10% in SNHF leads to moderate errors in temper-
ature in the surface and near-surface layers in the lake. On
the other hand, 10% error in the wind speed causes insig-
nificant errors in the LST, whereas significant errors in tem-
perature in the lower mixed layer and thermocline during
the stratified period.

5. Conclusions

[27] Meteorological and limnological data were collected
during an intensive field program in Lake Ontario. This
comprehensive data set is used to validate a high-resolution
lake hydrodynamic model and the forcing from a regional
configuration of the Canadian atmospheric forecasting model
GEM. The approach taken is to force POM with the observed
and the modeled surface fluxes, and comparing both model
results with observed lake temperature and currents. Both the
OF and MF experiments show considerable skills reproduc-
ing the observed time variations of the LST and the vertical
stratification conditions at synoptic and seasonal time scales.
The quantification using two metrics (the RMSE and the
average percentage difference) reveals that the OF experi-
ment has higher accuracy than the MF experiment. This is
different from the results of Beletsky et al. [2003] which
showed that forcing from an atmospheric mesoscale model
(MMS5) appeared to be superior to observations. One possible
reason is that the GEM has a lower resolution (15 km)
compared with that of MM5 (6 km). In terms of the time
variations of the currents, the OF and MF experiments
possess similar accuracy; the values of the normalized Four-
ier norm are comparable to previous studies. The modeled
horizontal distributions of the seasonal mean water tem-
perature and circulation are consistent with the observed
climatology.

[28] Model sensitivity experiments (SEN1 and SEN2)
reveal that the differences between the solutions of the OF
and MF simulations are mainly due to the differences in wind
stress instead of the SNHF. Compared with the observed
surface fluxes, the GEM forcing has a good accuracy in the
SNHF but significantly overestimates the wind stress. The
additional four sensitivity experiments reveal the different
response of POM to errors in the SNHF and wind stress.
Increasing (decreasing) the SNHF causes increasing (de-
creasing) in water temperature that is confined in the surface
and near-surface layers. By comparison, increasing (decreas-
ing) the wind stress results in decreasing (increasing) in the
lake surface temperature. However, the most significant
impacts of errors in wind stress are found in the thermocline.

[29] In summary, the validation exercise presented in this
study suggests that the high-resolution 3-D hydrodynamic
model based on POM and the GEM forecast forcing are
both of good quality for simulating the synoptic and sea-
sonal variations of water temperature and currents in Lake
Ontario. The present study is focused on the ice-free season.
An ice component is needed for simulating the lake state in
winter, although the ice condition in Lake Ontario is light
compared with other members of the Great Lakes. At least
for the ice-free seasons, the results of the present study are
encouraging for further development of the coupled air-lake
modeling system for the Great Lakes region.
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