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Abstract To improve the performance of the second generation of Beijing Climate Center
Atmosphere-Vegetation Interaction Model (BCC_AVIM?2.0) with a fine resolution (~45 km) over lake-rich
areas, the default lake scheme in BCC_AVIM2.0 is replaced by the Common Land Surface Model
(CoLM)-Lake scheme with much more realistic treatments of the energy exchanges in the
snow-ice-water-sediment system relative to the default lake scheme. Results show that the lake surface
temperature (LST) biases produced by BCC_AVIM2.0 with the default lake scheme can be largely reduced
by adopting the CoLM-Lake scheme in winter due to much more realistically simulated vertical water
temperature profiles over the Great Lakes region. The spatial distributions and seasonal variations of the
LST simulations can also be significantly improved by the CoLM-Lake scheme within BCC_AVIM2.0.

The performances of BCC_AVIM?2.0 in simulating the lake ice in winter can be largely improved by
replacing the default lake scheme with the CoLM-Lake scheme. The improvements in the LST simulated by
BCC_AVIM2.0 with the CoLM-Lake scheme further lead to reduced biases in the simulated ground
surface temperature. The simulations of air temperature and precipitation in the coupled model are also
improved by adopting the CoLM-Lake scheme over the Great Lakes region, which indicates the
improvements in simulating the energy and water exchange between the atmosphere and lakes. This study
highlights the importance of a more realistic lake scheme in simulating the ground surface temperature
and the energy exchanges between the atmosphere and lakes.

1. Introduction

The Beijing Climate Center Climate System Model (BCC-CSM) has been developed for seasonal climate pre-
dictions and future climate projections during recent decades (Wu et al., 2010, 2013, 2014; Xin et al., 2013).
As the land component of this model, Beijing Climate Center Atmosphere-Vegetation Interaction Model
(BCC_AVIM) was developed based on the National Center for Atmospheric Research (NCAR)
Community Land Model version 3 (CLM3) model and the second version of Atmosphere-Vegetation
Interaction Model (AVIM2; Ji, 1995; Ji et al., 2008). The first generation of BCC_AVIM (BCC_AVIM1.0) is
the land surface component in BCC-CSM1.1 and BCC-CSM1.1(m), which have been contributed to the
Coupled Model Intercomparison Project phase five (CMIP5) in support of the Intergovernmental Panel on
Climate Change Fifth Assessment Report (Xin et al., 2013). After the CMIP5 experiments, several improve-
ments of the parameterization schemes have been conducted in the second generation of this model
(BCC_AVIM2.0), which is used for the ongoing CMIP6 (Li et al., 2019; Wu et al., 2019a).

The ground surface temperature (GST) plays an important role in the land-air interactions for climate sys-
tem models. The modeled GST has substantial impacts on the turbulent fluxes of latent and sensible heat,
which are important physical processes that influence the energy and water exchange between the atmo-
sphere and land surface (Charusombat et al., 2018). For the lake-rich regions, the sensible heat flux
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between the atmosphere and lakes may lead to strong convection during early winter, while evaporation
(latent heat flux) from the lakes is the primary source of water vapor for precipitation formation (Sharma
et al., 2018). In BCC-CSM2.0, the annual mean air temperature is colder than that in the European
Centre for Medium-Range Weather Forecasts Reanalysis (ERA)-Interim reanalysis over the Great Lakes
region (Wu, Huang, et al., 2019). Moreover, similar cold biases existed in the previous versions of
BCC-CSM (Wu et al., 2014). The consistent colder temperature simulated by BCC-CSM in the lake-rich
regions may associate with the lake scheme. The default lake scheme in BCC_AVIM2.0 is identical to that
in the NCAR CLM version 2 (Bonan et al., 2002; Zeng et al., 2002), which is developed based on the scheme
of Hostetler and Bartlein (1990). In the existing default lake scheme, all lake depths are fixed to 50 m and the
treatments of snow above the ice and soil in the lake sediment are not considered. Due to the simple and
unrealistic assumptions, the default lake scheme cannot accurately describe realistic lake physical processes
and has large bias in the descriptions of lake physical processes (Li et al., 2019). Therefore, the temperature
and precipitation simulated by BCC-CSM may have large bias due to the unrealistic assumptions of the lake
scheme over the lake-rich regions.

Substantial improvements have been achieved in the developments of lake schemes during recent decades.
Three kinds of one-dimensional (1-D) lake models have been developed to simulate lake thermodynamics:
(1) the Freshwater Lake (FLake) model, which is a relatively simple two-layer model based on similarity the-
ories (Gula & Peltier, 2012; Mallard et al., 2014; Mironov et al., 2010); (2) the thermal diffusion models based
on an eddy diffusivity parameterization (Hostetler model, Hostetler & Bartlein, 1990; Stepanenko
et al., 2010); and (3) the multilayer thermodynamic models (Goyette et al., 2000; Subin et al., 2012). These
1-D lake schemes have been implemented into land surface models. For example, Dai et al. (2018) developed
anew lake scheme to simulate lake thermodynamics, and this improved lake scheme has been implemented
into the latest version of the Common Land Surface Model (CoLM). The CoLM-Lake scheme has large
improvements in the freezing and thawing processes; parameterizations of lake surface properties; spatially
variable prescribed lake depth; and heat exchanges among snow, ice, water, and soil in the lake sediment.
The water temperature simulations from the CoLM-Lake scheme were evaluated by the observations from
10 lakes over different regions across the globe, and the results demonstrated that the CoLM-Lake scheme
was suitable for the simulation of lake physical processes (Dai et al., 2018). Huang et al. (2019) evaluated
the model performances of the FLake, WRF-Lake, and CoLM-Lake models and demonstrated the good abil-
ity of the CoLM-Lake scheme in simulating the thermal features and vertical water temperature profile.

In this study, we incorporated the CoLM-Lake scheme into BCC_AVIM2.0 to replace the default lake
scheme and evaluated its impacts on the model performances in simulating the seasonal variations of lake
surface temperature (LST), water temperature profile, and the GST over the Great Lakes region. The two
main goals of this study are as follows: (1) to improve the ability of BCC_AVIM2.0 by adopting the
CoLM-Lake scheme instead of the default lake scheme in simulating the lake thermal features and there-
after GST over the Great Lakes area; (2) to investigate how the CoLM-Lake scheme improve the simulations
of the lake physical processes compared to that from the default lake scheme. Findings of this study may pro-
vide valuable information for further calibrations and improvements of the lake scheme in BCC_CSM with
much finer horizontal resolution in the future.

2. Materials and Methods
2.1. Data

The Great Lakes contain one fifth of the world's surface freshwater supplies and play a critical role in influ-
encing hydrological systems and regional climate patterns throughout North America (Norton &
Bolsenga, 1993; Notaro et al., 2013; Patz et al., 2008). The Great Lakes in North America, consisting of five
huge lakes (Superior, Michigan, Huron, Ontario, and Erie), has a total water surface area of 245,000 km?
(Huang et al., 2010). There are many observed and remotely sensed data sets with good quality in this area,
and these data have been widely used for the developments and calibrations of lake schemes in climate mod-
els (Gu et al., 2015; Huang et al., 2010; Xiao et al., 2016). Therefore, the Great Lakes region is chosen as the
study area to evaluate the spatial and temporal variations of LST simulated by BCC_AVIM?2.0. The Great
Lakes region (40-50°N, 75-93°W) is defined as the lake areas (Lake Superior, Michigan, Huron, Erie, and
Ontario) and their surrounding regions.
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Figure 1. The (a) lake fraction and (b) depth over the Great Lakes area with the horizontal resolution of T266 and the
mooring stations in Lake Michigan (CM1) and Ontario (403) marked by dark triangles in (a).

Lake depth is an important parameter in lake schemes. The lake depth data from the Global Lake Database
(GLDB) are widely adopted for the lake parameterization development in climate models (Choulga
et al., 2014). These gridded lake depth data (http://www.flake.igb-berlin.de/ep-data.shtml) with a horizontal
resolution of 30 s (~1 km) are adopted in this study. The GLDB is used to locate lakes on the globe and to
discriminate between the lake pixels and the nonlake pixels. In addition, BCC_AVIM2.0 is run with the fine
resolution of T266 (~45 km). To match the model resolution, the lake depth (mean subgrid lake depth on a
grid) and lake fraction (the ratio of subgrid lake areas to the total area on a grid with the unit of %) with the
model resolution of T266 (~45 km) are derived from the GLDB data (Figure 1).

The atmospheric forcing data from the Princeton University Hydroclimatology Group Bias Corrected
Meteorological Forcing Dataset (Sheffield et al., 2006), which were developed for land surface modeling,
are used to drive BCC_AVIM2.0 in this study. The atmospheric forcing data include air temperature at
2 m above ground, specific humidity, and wind speed at 10 m above ground, downward shortwave and long-
wave radiation at surface, surface air pressure, and precipitation (http://hydrology.princeton.edu/data/pgf/
v1/1.0deg/3hourly/).
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The observational data sets are also collected to evaluate the model simulations in this study. The observed
daily LST over the Great Lakes region from 1995 to 2006 are collected from the National Oceanic and
Atmospheric Administration Great Lakes Surface Environmental Analysis (GLSEA) data (Schwab
etal., 1992). The GLSEA data are derived from the cloud-free portions of the previous day's satellite imagery.
A smoothing algorithm is used to generate continuous daily LST data when no imagery is available. The
GLSEA daily mean LST data (ftp://coastwatch.glerl.noaa.gov/glsea/asc_1024/) at a spatial resolution of
~1 km are adopted in this study. The lake ice fraction data over the Great Lakes are collected from the
Great Lakes Environmental Research Laboratory (GLERL) to evaluate the spatial distribution of lake ice
cover over the Great Lakes. The GLERL daily data (available from http://www.glerl.noaa.gov/data/ice) at
a spatial resolution of ~2.55 km are adopted for the period of 1999-2006 in this study.

The GST and air temperature at 2 m reanalysis data from the ERA-Interim reanalysis are also used in this
paper. The monthly mean GST and air temperature data sets at a spatial resolution of 0.5° are available at
https://apps.ecmwf.int/datasets/data/. The Global Precipitation Climatology Project (GPCP) data set is
obtained from the World Climate Research Program/Global Water Cycle and Energy Experiment. GPCP
data sets, which are retrieved from global satellite data and gauge observations, have been widely used to
evaluate the precipitation simulations from climate models (Adler et al., 2003). The monthly GPCP data sets
at a spatial resolution of 2.5° are available at http://gpcp.umd.edu/.The moored thermistor can measure
water temperatures at different depths and provide a site-specific vertical temperature profile to evaluate
the model performance in simulating vertical thermal structure. Here we use the daily mean water tempera-
ture profiles observed in Lake Ontario (Huang et al., 2010) and Lake Michigan (Xiao et al., 2016) for model
evaluation (Figure 1).

2.2. Model Description and Experimental Design

2.2.1. BCC_AVIM2.0 Land Surface Model

The BCC_AVIM2.0 land surface model consists of physiological, biophysical, and soil carbon-nitrogen dyna-

mical processes. Compared to those in BCC_AVIMI1.0, several improvements of the parameterization

schemes have been conducted in BCC_AVIM2.0 (Wu et al., 2019a). For example, the default two-stream

method in BCC_AVIM1.0 cannot accurately describe the realistic radiative transfer process within the

canopy due to the several assumptions in simplifying the governing equations (Qiu et al., 2016), and then

a four-stream approximation on solar radiation transfer within the canopy is implemented in

BCC_AVIM2.0 (Zhou et al., 2018). In addition, an improved scheme of snow age and snow surface albedo

is adopted by BCC_AVIM2.0 to describe the different reduction rates of snow albedo in the accumulating

and melting stages in snow seasons (Wu et al., 2019a).

2.2.2. Lake Scheme

The governing equation for the 1-D Lake scheme (Hostetler & Bartlein, 1990) is given by
A PR ] "

t oz 9z] cpdz

where T, t, z, Ky, ¢, and c,, are water temperature (K), time (s), depth from the surface (m), the eddy diffusion
(m?s™1), a heat source term (W m™2), and the volumetric heat capacity (J m K™, respectively. Compared
to the default lake scheme in BCC_AVIM2.0, several lake properties and physical processes have been
improved in the CoLM-Lake scheme. The modifications include model vertical structure, extinction coeffi-
cient, lake surface albedo, and surface roughness lengths.

The schematic diagram of the model vertical structure in the default lake scheme is shown in Figure 2a. All
lakes are “deep” lakes with the depth fixed to 50 m. The default lake scheme solves the 1-D thermal diffusion
equation by dividing the vertical profile into 10 layers of water and ice. In addition, the treatments of snow
above the ice and soil in the lake sediment are not considered in the default lake scheme.

The CoLM-Lake scheme solves the 1-D thermal diffusion equation by dividing the snow-ice-lake-soil verti-
cal profile into several discrete layers: up to 5 snow layers above the lake ice based on the snow depth, 10
layers of water and ice, and 10 soil layers in the bottom lake sediment (Figure 2b). The lake depth is variable
with global distributions of lake depth used in the CoLM-Lake scheme. The treatment of snow in
CoLM-Lake is nearly identical to the snow model used over the nonlake grids in CoLM (Dai et al., 2018).
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Figure 2. Schematic diagrams of (a) the default Llake model in BCC_AVIM2.0 and (b) the CoLM-Lake model.

When the snow thickness is less than a small threshold (0.01 m), snow only exists in the model without being
represented by explicit snow layers. Once the snow thickness exceeds 0.01 m, snow can have up to five
layers, and the number of snow layers varies according to the snow depth (Dai et al., 2003). The
treatments of soil in the lake sediment are similar to the CoLM soil module, but the soil moisture is
saturated in the sediment layers beneath the lake. More details of the CoLM-Lake scheme description can
be found in Huang et al. (2019).

2.2.3. Experimental Design

The performance of BCC_AVIM?2.0 with the adoption of the default lake and CoLM-Lake schemes in simu-
lating the lake thermal features and GST is evaluated and compared over the Great Lakes region. All the
results in this work are based on the offline simulations of BCC_AVIM2.0. Table 1 shows the numerical
experiment design. To evaluate the effects of the CoLM-Lake scheme on the performance of
BCC_AVIM2.0 with the horizontal resolution of T266 (~45 km), three runs are carried out over the Great
Lakes region. In the control run (referred to as CTL hereafter), the default lake scheme with all lake depths
fixed to 50 m is adopted in BCC_AVIM2.0. In the CoLM-Lake run, the CoLM-Lake scheme is used to replace
the default lake scheme in BCC_AVIM?2.0, but all lake depths are still set to 50 m. In the CoLM-Lake_Dep
run, real lake depths are used to examine the impacts of lake depth on the LST and GST simulations. The
lake fractions (depths) for the three runs (CoLM-Lake_Dep run) are exhibited in Figure 1, which shows that
the lake fractions (depths) over most areas in the Great Lakes region are larger than 80% (deeper than 100 m)
at the horizontal resolution of ~45 km. Each run starts on 1 January 1980 and ends on 31 December 2006. We
use the model results from 1995 to 2006 for analyses.

2.3. Method

In this study, two common statistical measures including spatial correlation coefficient (SCC) and
root-mean-square error (RMSE) are adopted to quantify the spatial pattern similarity between observations
and simulations and the model errors. The equations for these statistics are described as:

2. (si—5)- 2. (0i —0)

SCC = , ()
V(553 (0-0)?
X (si—o)?
RMSE = |/ £ 3)

where s; and o; are time averaged values from respectively model outputs
and satellite products for the ith grid and N is the number of grid points. A
high value of SCC suggests a high similarity in the spatial pattern between
the observation and simulation. A low RMSE indicates that the model
simulations agree well with the observation in quantity. In addition, the
Taylor diagram is used to validate the model simulations in the amplitude
CTL Default 50 m and pattern of variability simultaneously. The Taylor diagram can provide
CoLM-Lake CoLM-Lake S il a concise statistical summary of how well patterns match each other in
CoLM-Lake_Dep CoLM-Lake CLDB data terms of their correlations and the ratio of their variances (Taylor, 2001).

Table 1
Numerical Experiment Design

Experiment Lake model Lake depth
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Figure 3. The observed and modeled lake surface temperature in winter (December, January, and February) averaged
over 1995 to 2006. (a) GLSEA observation, (b) CTL, (c) CoLM-Lake, and (d) CoLM-Lake_Dep.

3. Results
3.1. Spatial Distributions of LST

Figure 3 gives the spatial distribution of the observed and modeled winter (December, January, and
February) LST over the Great Lakes region in North America. For the GLSEA observations, the LST in win-
ter is higher than 0 °C in most areas of the five lakes. The observed LST slightly increases from southern to
northern lakes, with the lowest LST in Lake Superior and highest in the southern part of Lake Michigan.
Besides, the lake depth also strongly affects the LST over the Great Lakes region. For example, the LST in
the central part of Lake Michigan is higher than that along the lake shorelines. Moreover, the southern part
of Lake Michigan has higher LST than has that of Lake Erie, which is the shallowest lake among the five
lakes. In the CTL run, the winter LST increases with latitude from north to south. The values of modeled
LST are much lower than that of the GLSEA observation and the largest biases are lower than —10 °C in
Lake Superior (Figure 3b). The results from the CTL run indicate poor performance of BCC_AVIM2.0 with
the default lake scheme in simulating the LST in winter. BCC_AVIM2.0 with the CoLM-Lake scheme can
significantly improve the winter LST simulation over the Great Lakes region compared to the CTL run.
Although the values in Lake Superior are still slightly lower, the modeled LST in the CoLM-Lake run is
much closer to the observations compared to that in the CTL run. However, due to the fixed lake depth of
50 m in the CoLM-Lake run, the simulated LST in the central lake and along the shorelines are close to each
other (Figure 3c). Compared to the simulations from the CoLM-Lake run, adopting the real lake depths in
the CoLM-Lake Dep run can further improve the spatial distributions of modeled LST in winter
(Figure 3d). The spatial distributions of LST are similar in the CoLM-Lake and CoLM-Lake_Dep runs, but
some distinct differences appear in Lake Erie, which is the shallowest lake among the five lakes. The realistic
depth of Lake Erie is about 20 m (Figure 1), while the depth is 50 m in the CoLM-Lake run. The distinct dif-
ferences between CoLM-Lake and CoLM-Lake_Dep indicate that the lake depth is an important parameter
for the LST simulation. Overall, the implementation of the CoLM-Lake scheme within BCC_AVIM2.0 can
remarkably improve the winter LST simulations.

As shown in Figure 4a, the observed LST in summer (June, July, and August) over the Great Lakes region
exhibits large north-south gradients and much lower values in deep lakes than those in shallow lakes.
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Figure 4. The observed and modeled lake surface temperature in summer (June, July, and August) averaged over 1995 to
2006. (a) GLSEA observation, (b) CTL, (c) CoLM-Lake, and (d) CoLM-Lake_Dep.

The lowest (highest) LST is located in the central Lake Superior (Erie) with the deepest (shallowest) water
depth. In the CTL run, the modeled LST shows a widespread large cold bias relative to the GLSEA
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Figure 5. Taylor diagram of the climatic mean LST simulation against the
GLSEA observation over the Great Lakes region. The winter and summer
simulations are denoted by numbers; the black, blue, and red marks denote
the simulations from the CTL, CoLM-Lake, and CoLM-Lake_Dep
experiments, respectively.

observation (Figure 4b), except for Lake Superior. The modeled LST is
much higher in the CoLM-Lake run than in the CTL run in most of the
lakes (Figure 4c). Large improvements can be found in most lakes (Erie,
Ontario, Huron, and Michigan), but the warm biases are relatively large
in the lakes at high latitudes, especially for Lake Superior. The
CoLM-Lake_Dep run with the real lake depths can further slightly
reduce the LST biases in deep lakes compared to the CoLM-Lake run
(Figure 4d). Overall, the performances of BCC_AVIM2.0 in simulating
the summer LST can be obviously improved by replacing the default
lake scheme with the CoLM-Lake scheme.

To quantify the performance of each run in simulating the winter and
summer LST, Figure 5 gives the multiple statistics of the simulated LST
in the Taylor diagram. The CTL run shows very poor performance of
LST simulations in winter, with the lowest SCC and largest RMSE among
the three experiments. The RMSE of the CoLM-Lake run has a substantial
reduction relative to that of the CTL run, indicating large improvements
of the new lake scheme adopted in BCC_AVIM2.0. However, the SCC of
winter LST in the CoLM-Lake run is close to that of CTL, indicating the
substantial impacts of the lake depth on the simulation of winter LST in
terms of spatial patterns. The RMSE of winter LST from the
CoLM-Lake Dep run decreases significantly, compared to that from
CTL. In addition, the SCC in the CoLM-Lake_Dep run reaches 0.73,
which significantly improves the ability of BCC_AVIM2.0 to simulate
the spatial distributions of LST over the Great Lakes region. The results
in summer are similar to those in winter, with the best LST simulations
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Figure 6. The modeled and observed daily vertical water temperature profiles (°C) in middle Lake Ontario during 2006:
(a) CTL, (b) CoLM-Lake, (c) CoLM-Lake_Dep, and (d) observation.

in the CoLM-Lake Dep run and the worst in the CTL run among the three runs. However, the
improvements of the CoLM-Lake_Dep run are smaller in summer than in winter. Overall, adopting the
CoLM-Lake scheme with the real lake depths can significantly improve the performance of
BCC_AVIM2.0 to simulate the LST in terms of both magnitude and spatial pattern.

3.2. Lake Water Temperature

The seasonal variations of water temperature are examined in this part. Meanwhile, the vertical water tem-
perature profiles from each experiment are also assessed against the mooring observations. The modeled
water temperatures at different depths are interpolated on each depth of the thermistor by a linear method.
We only show the water temperatures of 0-50 m in the CTL and CoLM-Lake runs because of the experimen-
tal settings. According to the observations in Lake Ontario (Figure 6d), the lake is isothermal in early spring,
which keeps the water temperature less than 4 °C for the entire column. Then, the water temperature gra-
dually increases and the stratification develops in June in response to the enhanced heating from the over-
lying atmosphere. During June to September, the lake temperature profile shows a warm upper mixed layer
of 10 to 20 m thick and a cool lower layer, and the thickness of the mixed layer gradually increases. The depth
of the 13 °C isotherm is usually defined as the thermocline position in Lake Ontario (Huang et al., 2010). A
sharp thermocline is located at a depth of 20-25 m on day 165. The increased surface heat losses and
enhanced vertical mixing, which is induced by strong winds, lead to the deepening of the thermocline from
late September until the water column turns to a homogeneous thermal status. In addition, the water

QIU ET AL. 8 of 17



Ay

N\\JI Journal of Geophysical Research: Atmospheres 10.1029/2019JD031272
(a) CTL (b) CoLM-Lake
0 0
— 30 _. 30
E £ ‘
< =4
g g
2 60 2 60
90 90
L B B L L B B I
2 4 6 8 10 12 2 4 6 8 10 12
(c) CoLM-Lake_Dep (d) Obs
0 0
~NJ -
— 30 _. 30
E £
< =4
g g
2 60 2 60
90 90
2 4 6 8 10 12

Month

[ .
19 21 °C

5 7 9 11 13 15 17

Figure 7. The modeled and observed monthly vertical water temperature profiles in south Michigan: (a) CTL,
(b) CoLM-Lake, (c) CoLM-Lake_Dep, and (d) observation.

temperatures at the depths deeper than 50 m are mostly less than 6 °C (Huang et al., 2010). BCC_AVIM2.0
with the default lake scheme possesses a poor capability to simulate the temporal variation of the vertical
temperature profile in the CTL run (Figure 6a). After the implementation of CoLM-Lake into
BCC_AVIM2.0, the CoLM-Lake run shows a reasonable capability to simulate the vertical thermal
structure and its seasonal evolution. The CoLM-Lake and CoLM-Lake_Dep runs generally produce very
similar vertical profiles of water temperatures. However, both experiments produce gradual deepening of
the thermocline and slight underestimation of the thickness of the upper mixed layer (Figures 6b and 6c).
The CoLM-Lake run produces warmer water temperature biases at the upper layers shallower than 20 m
in the early spring, and these biases slightly reduce in the CoLM-Lake_Dep run. This improvement is
obtained by setting the real lake depth in this location, where the lake depth is more than 90 m.

The modeled and observed monthly vertical water temperature profiles in middle Lake Michigan are shown
in Figure 7. Similar to the observations in Lake Ontario, the vertical temperature profile is poorly simulated
by BCC_AVIM2.0 with the default lake scheme in the CTL run (Figure 7a). The implementation of the
CoLM-Lake scheme can largely improve the model performance of BCC_AVIM?2.0 in simulating the vertical
thermal structure (Figure 7b). However, large biases can be also noted due to the lake depth setting to 50 m
in the CoLM-Lake run at this location where the real lake depth is more than 100 m. Adopting the real lake
depths in the CoLM-Lake_Dep run can further improve the simulations of the vertical water temperature
profile (Figure 7c).
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Figure 8. Time series of the daily LST regionally averaged over each lake of the Great Lakes from the GLSEA observation and the simulations of CTL and
CoLM-Lake_Dep runs during 1995-2006.

Figure 8 gives the time series of the daily observed and modeled LST regionally averaged over each lake of
the Great Lakes during 1995 to 2006. Compared to the observations, the CTL run produces large errors in the
simulated LST and shows warm biases in spring and cold biases in other seasons, especially in winter. The
statistic comparisons between the observed and simulated LST in each lake are shown in Figure 9. The
RMSEs (temporal correlation coefficients) of modeled LST in the CTL run against the observation range
from 6.8 to 8 °C (0.55 to 0.62), indicating the poor ability in capturing the seasonal variations and quantity
of LST for all lakes. However, compared to the CTL run, the CoLM-Lake_Dep run produces much higher
temporal correlation coefficient (lower RMSE). The temporal correlation coefficient increases by more than
30% for all lakes relative to that of CTL run, with the largest increase (~50%) in Ontario. In addition, the
RMSEs of the modeled LST are significantly reduced by more than 30% for all lakes, indicating that replacing
the default lake scheme with the CoLM lake scheme within BCC_AVIM?2.0 leads to significant improve-
ments in the temporal variation and magnitude of LST simulations over the Great Lakes region.

3.3. GST Over the Great Lakes Region

Our results demonstrate that adopting the CoLM-Lake scheme with the real lake depths can improve the
performance of BCC_AVIM2.0 in simulating the spatial distribution and temporal variation of LST and ver-
tical water temperature profile over the Great Lakes region. In this section, the effects of the lake on GST
simulation, which strongly affects the air temperature in the coupled climate model, are further analyzed.
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Figure 9. The (a) temporal correlation and (b) RMSE of the daily modeled LST regionally averaged over each lake of the Great Lakes in the CTL and
CoLM-Lake_Dep runs against the GLSEA observation.

For land surface models, the GST is associated with an infinitesimal interface between the atmosphere and
land surface for each grid. One grid may have different land cover types, such as lake, vegetation, and soil.
And GST is described as

n
GST = 3. f,ST;, 4
i=1

where i is the subgrid land type for a given model grid, and f; and ST; are the coverage fraction (%) and
surface temperature of the ith subgrid land cover type at this model grid. If a grid has 100% lake cover-
age, then the GST is equal to the LST at this grid. We evaluate the GST simulations in the CTL run
compared with the ERA reanalysis data. Figure 10 shows the GST biases produced by the CTL run over
the Great Lakes region in winter and summer. Generally, the CTL run with the default lake scheme
tends to underestimate the GST over the Great Lakes region in winter and summer. Much larger biases
over the lake areas can be noted in winter (<—8 °C), which would bring large errors in the simulations
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Figure 10. Differences of GST in (a, b) winter and (c, d) summer averaged over 1995-2006: (a, ¢) CTL minus ERA
reanalysis and (b, d) CoLM-Lake_Dep minus CTL.

QIU ET AL.

11 of 17



Ay

NI Journal of Geophysical Research: Atmospheres 10.1029/2019JD031272
1 4
(a) I cT. ll CoLM-Lake_Dep (b) I c. Il CoLM-Lake_Dep

3 —
0.9 — —_

G

3 - w2 —

7 g |
0.8 — x

1 p—

0.7 — 0 —

Winter Summer Winter Summer

Figure 11. The (a) SCC and (b) RMSE of the modeled GST over the Great Lakes region in the CTL and CoLM-Lake_Dep
runs against the ERA reanalysis.

of surface air temperature and precipitation around the Great Lakes in the coupled modeling system.
From the GST differences between the CoLM-Lake_Dep and CTL runs (Figures 10b and 10d), adopting
the CoLM-Lake scheme in BCC_AVIM2.0 can significantly reduce the GST biases in most of the Great
Lakes region in winter and summer. The statistic comparisons between the observed and simulated GST
over the Great Lakes region are shown in Figure 11. The RMSE of winter GST in the CoLM-Lake_Dep
run has a substantial reduction by 56% compared to that in the CTL run. In addition, the SCC of GST
produced by the CoLM-Lake_Dep run increases by 14% in winter over the Great Lakes region. The
summer GST simulated in the CoLM-Lake_Dep run shows higher SCC and lower RMSE than that in
the CTL run, similar to the winter results. The statistic comparisons indicate that adopting the
CoLM-Lake scheme instead of the default lake scheme within BCC_AVIM2.0 can significantly reduce
the GST biases over the Great Lakes region.

3.4. Lake Ice Over the Great Lakes Region

The evaluations of LST show that the performance of the CoLM-Lake scheme is largely improved in win-
ter compared to that in the default lake scheme (Figure 3). The LST simulations are strongly affected by
the process of ice formation. In the Great Lakes, ice cover typically lasts 3-5 months every year. The
GLERL lake ice cover data are used to investigate the differences of lake ice formation between the
CoLM-Lake and default lake schemes. Figure 12 gives the spatial distribution of the observed and mod-
eled winter lake ice fraction over the Great Lakes. The lake ice cover fraction in Lake Erie is the highest
among the five lakes. Lake Erie is the shallowest lake and has the lowest LST in winter (Figure 3). For the
other lakes, the ice mainly appears along the lake shorelines. In the CTL run, the lake ice fraction is
much higher than that of the GLERL observation, with the ice cover more than 50% in most of the
Great Lakes (Figure 12b). The simulations from the CTL run indicate the poor performance of the default
lake scheme in simulating lake ice in winter. The simulations of lake ice fraction are improved in the
CoLM-Lake run compared to those in the CTL run. However, the values of lake ice fraction in the
CoLM-Lake run are still higher than the observations due to the fixed lake depth of 50 m. The spatial dis-
tributions of lake ice are close to the GLERL observation, with higher (lower) ice fraction in the shallow
(deep) lake in the CoLM-Lake_Dep run (Figure 12d). Figure 13 gives the multiple statistics of the simu-
lated lake ice fraction in the Taylor diagram. The lake ice is poorly simulated in the CTL run, with the
lowest SCC and largest RMSE among the three experiments. In addition, the SCC of lake ice fraction
in the CoLM-Lake run is close to that of CTL, indicating the substantial impacts of lake depth on the lake
ice simulations in winter. The spatial distributions of modeled lake ice are significantly improved by the
CoLM-Lake_Dep run, with the values of SCC more than 0.5 for winter time. Overall, the performances of
BCC_AVIM2.0 in simulating the lake ice in winter can be largely improved by replacing the default lake
scheme with the CoLM-Lake scheme.
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Figure 12. The observed and modeled lake ice fraction in winter (December, January, and February) averaged over 1999
to 2006. (a) GLSEA observation, (b) CTL, (c) CoLM-Lake, and (d) CoLM-Lake_Dep.

4. Discussion

4.1. Improvements and Uncertainties of the CoLM-Lake Scheme

In this study, we replaced the default lake scheme by the CoLM-Lake scheme in BCC_AVIM?2.0 to improve
the water temperature and GST simulations. BCC_AVIM2.0 with the CoLM-Lake scheme significantly
improves the model performance in simulating the spatial pattern and seasonal variation of LST and there-
after the GST. BCC_AVIM2.0 with the updated lake scheme shows larger improvements in simulating the
water temperatures during winter compared to those during other seasons, indicating the better descriptions
of freezing-melting processes and the snow-ice-water heat exchanges in the CoLM-Lake scheme relative to
the default lake scheme. The presence or absence of snow insulation may substantially delay the lake energy
exchanges based on the model sensitivity results (Subin et al., 2012). However, the snow is not considered in
the default lake scheme. These improved treatments of snow and ice may allow the CoLM-Lake scheme to
have more realistic lake ice fraction and accurate prediction of temperature gradients in ice (Dai et al., 2018).

Vertical water mixing plays an important role in simulating LST and lake ice formation in winter (Huang
et al., 2019). For the default lake scheme, the mixing is primarily contributed by wind-driven eddies. This
type of water mixing may underestimate the mixing for deep lakes (Martynov et al., 2010; Perroud et al., 2009;
Stepanenko et al., 2010), leading to weak seasonal variations of water temperature at deeper layers (Perroud
et al., 2009). The CoLM_Lake scheme has three types of mixing to describe the mixing process: wind-driven
eddy diffusion, molecular diffusion, and enhanced diffusion. Enhanced diffusion (K,4), which is not consid-
ered in the default lake scheme, accounts for sources of turbulence induced by wave motions and horizontal
temperature gradients. In the CoLM_Lake scheme, K, is described as

Keq = 1.039 x 1078 (N?) %, (5)
_itl
N2 =8PnT Py 5551073, 6)
Pi Zit1 —Zi

where g is the acceleration of gravity and p; and z; are the water density and depth of the ith layer,
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CTL, CoLM-Lake, and CoLM-Lake_Dep experiments, respectively.

and can produce much closer LST simulations with the observations for
deep lakes (Gu et al., 2015; Huang et al., 2019). In addition, the extinction
coefficient is an important parameter for LST simulations. The extinction
coefficient varies with lake depth in the CoLM-Lake scheme. Actually, the
value of the extinction coefficient also depends on water clarity and quality. Potes et al. (2012) found that
water clarity is an essential parameter affecting the LST simulations. Moreover, the extinction coefficient
derived from satellite data has obvious spatial variations in Lake Erie (Zolfaghari et al., 2017). In the future,
the satellite-derived extinction coefficient products can be used to improve the performance of the
lake models.

4.2. Effects of Lakes on Regional Climate

Lake-atmosphere interactions have substantial influences on climates from local to regional scales (Sharma
etal., 2018). Many studies have been conducted to investigate the importance of lake-atmosphere interaction
in the regional climate models, which are coupled with lake parameterizations (Lofgren, 1997; Steenburgh &
Campbell, 2017; Veals & Steenburgh, 2015). Wu et al. (2019) examined the lake effects on the local climate
over the Tibetan Plateau in summer and demonstrated that the alpine lakes tend to cool the local air tem-
perature and enhance the precipitation over the lake and surrounding areas. Diallo et al. (2018) found that
the increased evaporation of the lake, combining with enhanced rising motions and low-level moisture con-
vergence, resulted in more precipitation over a tropical lake and neighboring areas based on the simulations
from a regional climate model. Our results also confirm that the lake have a profound influence on GST over
the Great Lakes region. The offline simulations from BCC_AVIM?2.0 indicate that the performances in simu-
lating the GST are significantly improved by adopting the CoLM-Lake scheme instead of the default lake
scheme, especially during the winter. To investigate the lake effects on local and regional climates, some
analyses based on the simulations from the land-atmosphere coupled model are shown in this paper. Two
numerical experiments using the coupled model are conducted here. In the CTL_coupled run, all the set-
tings of the lake scheme are the same as those in the CTL run. In the CoLM_coupled run, all the settings
of the lake scheme are the same as those in the CoLM-Lake_Dep run. The air temperature and precipitation
in winter are shown here (Figure 14) due to the large improvements of simulating winter LST. Figure 14a
shows the biases of air temperature in the CTL_coupled run over the Great Lakes region. The air tempera-
ture in winter is largely underestimated over the Great Lakes region in the CTL_coupled run. The differ-
ences between the CoLM_coupled and CTL_coupled runs show that the cold biases of air temperature are
significantly reduced by adopting the CoLM-Lake scheme in the coupled model over the Great Lakes region
(Figures 14b). The simulations of precipitation are also improved in most of the Great Lakes region in the
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Figure 14. Differences of (a, b) 2 m air temperature and (c, d) precipitation in winter from the coupled model: (a, c)
CTL_coupled minus reanalysis data and (b, d) CoLM_coupled minus CTL_coupled.

CoLM_coupled run (Figures 14c and 14d), especially over the lake area. The simulations of air temperature
and precipitation from the coupled model demonstrate that the lake has substantial impacts on local and
regional climates and a more realistic lake scheme can improve the lake-atmosphere interactions in
climate models.

5. Conclusions

In this paper, the default lake scheme within the BCC_AVIM2.0 land surface model is replaced by the
CoLM-Lake scheme to improve the spatial and temporal variability of LST, vertical profile of water tempera-
ture evolution, and the spatial distribution of the GST over the Great Lakes region. BCC_AVIM2.0 with the
default lake scheme shows poor ability to simulate the spatial and temporal variability of LST. In winter, the
cold LST biases produced by the default lake scheme can be largely reduced by adopting the CoLM-Lake
scheme, in which the simulations of the vertical water temperature profile are largely improved. Much larger
improvements in simulating LST, lake ice fraction, and water temperature profiles in winter indicate better
descriptions of freezing-melting processes and the snow-ice-water heat exchanges in the CoLM-Lake
scheme. Furthermore, the improvements of the LST simulated by BCC_AVIM?2.0 with the adoption of the
CoLM-Lake scheme significantly reduce the GST biases produced by BCC_AVIM2.0 with the adoption of
the default lake scheme. Even though the new lake scheme exhibits some substantial improvements over
the Great Lakes region, it still produces rapid warming of LST in late spring and early summer, especially
for deep lakes. This warm LST bias may be caused by the insufficient water mixing in spring and summer.
The simulations from land-atmosphere coupled model confirm that the air temperature and precipitation
are also improved by adopting the CoLM-Lake scheme, which has better performance of simulating the
energy and water exchange between atmosphere and lakes. This study highlights the importance of a more
realistic lake scheme land surface model, which can describe much more realistic lake-atmosphere interac-
tions over lake-rich regions in the future.
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