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1 Abstract: Large water bodies such as the Laurentian Great Lakes have significant influences on local
2 and regional climate through their unique physical features. Due to the coarse spatial resolution of
s general circulation models (GCMs), the Great Lakes are geometrically ignored in most GCMs. Thus,
«  the dynamical downscaling technique serves as a necessary and feasible solution to bridge the gap.
s The Weather Research and Forecasting model (WRF) with an updated lake scheme is employed to
s  downscale from a GCM, GFDL-CM3. The WRF-Lake’s performance is evaluated against observations,
»  the GCM, as well as 23 other GCMs. Results show that the coupled air-lake model, with a fine spatial
s  resolution and realistic lake bathymetries, reproduced a more reasonable spatiotemporal climatology
s than GCMs, as well as the lake-induced characteristics that were missed in GCMs. With lakes
10 present, the seasonal variability of air temperature was reduced in WRF-Lake relative to GFDL-CM3,
1 especially in summer. A reduced air temperature trend, about 4.5 °C/100 year in the 21st century, was
1z projected in WRF-Lake. The seasonal evolutions of lake surface temperature and lake ice coverage
1= were well captured by the lake model. The lake surface temperature was projected to be warming
12 by 3.5-4 °C and the lake ice diminishing by 58.9% - 86%. Those results brought by the WRF-Lake
s model suggest that a fine resolution of the topography and the incorporation of the lake-atmosphere
1s  interactions are crucial to improve the understanding of the climate and climate change in the Great
1z Lakes region.

1= Keywords: Dynamic Downscaling; WRF-Lake; CMIP5; Great Lakes

s 1. Introduction

-

20 As the largest group of freshwater bodies in the world, the Laurentian Great Lakes possess a total
2 water surface area of 244 000 km?, supporting one of the most populated coastal areas within their
22 watershed of more than 777 000 km?. The Great Lakes play a crucial role in shaping the local and
s regional hydroclimate [1-5]. This region has been of significant interest in both the observed climate
22 change and the ongoing process of global warming in terms of air/lake temperature rising, lake ice
= diminishing, severe precipitation, water level response, and associated socioeconomic effects [6-8].

26 Compared with the surrounding land, the Great Lakes are characterized with unique physical
= features including large thermal capacity, low albedo, and low friction. In the ice-free seasons,
2e the lakes, acting as a massive heat reservoir and moisture source, interact with the atmosphere
2 and cause profound influences on the local weather phenomenon, such as lake-effect snow [9-11],
5o lake-effect rainfall [12], and lake-induced cyclogenesis [13,14]. Besides those local effects generated by
a1 individual lakes, the combined forcing from all of the Great Lakes can cause a remarkable influence
sz on synoptic-scale cyclones [15-17]. Due to the vastness of these water bodies, the Great Lakes can
ss  significantly affect the regional climate. The lakes generally reduce the annual range and diurnal
sa  cycle of air temperature across the basin [2,5]. The seasonality of precipitation is also modified by the
35 presence of the Great Lakes in the forms of both rainfall and snowfall. In contrast to most regions
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s dominated by land where the precipitation is primarily derived from moisture transport from long
sz distances, precipitation in the Great Lakes basin is controlled by local moisture evaporated from the
ss  lakes [18,19]. Precipitation downwind of the lakes is enhanced during late autumn-early winter when
s cold and dry air masses pass over the warm water surface, sometimes resulting in heavy snowfall on
20 the lee side of the lakes.

a To study the Great Lakes’ influence on local and regional weather and climate, numerical
2 simulations employing regional or global circulation models (RCMs/GCMs) provide feasible
a3 approaches. Early numerical experiments [20,21] showed that the Great Lakes generally reduced the
41 surface pressure and enhanced the precipitation in winter. To assess the lakes” impacts on basin-wide
4 precipitation, Bates et al. [2] applied a regional model to perform two experiments wherein the
« impacts of the Great Lakes were included and then excluded. Sousounis and Fritsch [15] conducted
a7 comparison simulations on a weak synoptic-scale low in late autumn and found that the Great Lakes
s enhanced the surface pressure deepening rate. Besides the aforementioned short-term simulations,
4 other studies have been carried out for long-term integration by employing climate models. Because
so of the computational limitation, GCM experiments were conducted at coarse resolution where the
s1  Great Lakes are geometrically idealized into separate grid cells [4,22]. In spite of this disadvantage, the
sz substantial influences of temperature modulations induced by the water mass were generally detected
ss  in multi-year simulations though the lake impacts were underestimated. Thus, a methodology of using
sa  RCMSs, also known as dynamical downscaling, serves as powerful tool to fill the gap [23]. Nested from
ss  coarse GCMs, RCMs not only fill in meteorological information from GCMs input at finer resolution
ss but, more importantly, also provide customizable features including specified domains, sophisticated
s7 topographies, and optimized parameterizations for a particular region of interest. Derived from
ss atmospheric stand-alone models, RCMs have developed considerably by integrating the interactions
so of atmosphere, land, ocean, sea ice, and biosphere. Several sophisticated land surface models are
e being added into RCMs as componential modules. However, the lakes have remained non-existent or
a1 extremely simplified in most land surface models.

Table 1. Summary of prior studies with RCM-lake modeling systems in the Great Lakes
Offline: the lake model was post-run; One-way: the lake model was forced by the RCM; Fully: the lake
scheme was embedded in the RCM.

No. GCM/Reanalysis RCM Lake Coupling Projection Reference
1 CCSM3 MM5 Extrapolation - - Zhong et al. [24]
2 CESM WRF Extrapolation - - Mallard et al. [25]
ERA-Interim

3 GFDL-ESM2M RegCM4 Extrapolation - - Bryan et al. [19]
HadGEM2-ES

4 CGCM CRCM Mixed-layer fully - Goyette et al. [26]

5 CCSM3 WRF FLake forcing offline Yes Gula and Peltier [27]

6 NCEP/DOE I WRF FLake fully - Mallard et al. [28]
NCEP/NCAR

7 MIRCO5 RegCM4 Hostetler (50 m) fully Yes Notaro et al. [29]

CNRM

8 GEM RDPS NEMO 1l-way - Dupont et al. [30]

9 ERA-Interim RegCM3 FVCOM fully - Xue et al. [31]

10 CESM1 WRF FLake fully Yes Peltier et al. [32]

62 In water-dominated regions such as the Great Lakes basin, the treatment of lake surface

es temperature (LST) is a key point in the downscaling process (Table 1). If no lake component was
e implemented in the Great Lakes, a “search” option in RCMs was employed to extrapolate LST from
es the closest water point with valid data, e.g. Hudson Bay and the Atlantic Ocean [19,24,25,33]. Another
es solution is to use a lake model to calculate LST. A variety of lake models with different complexities
ez has been performed in the Great Lakes: a thermodynamic model, the Mixed-Layer Model [26]; a
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s relatively simple 2-layer model based on similarity theory, FLake [27,28,32]; a thermal diffusion model
e with parameterized eddy diffusivity, the 1-dimensional (1-D) Hostetler Model [29,34]; and a 3-D ocean
70 general circulation model, NEMO (Nucleus for European Modelling of the Ocean) [30] and FVCOM
7 (Finite Volume Community Ocean Model) [31]. According to the methods of data exchange between
2 RCMs and lake models, those downscaling studies can be categorized into 3 types: (1) offline, the lake
7 model was run to provide LST for the RCM [27]; (2) one-way, the lake model was fed by the RCM [30];
7a  (3) fully coupled, the lake model was a module embedded in the RCM [26,28,29,31,32].

Land Area Fraction
(a)CCMC-CMS(96*192) (b)CNRM-CM5(128*256)

~

-~
(c)CCMC-CM(240*480) (d)MIROC4h(320*640)

10 20 30 40 50 60 70 80 20

Figure 1. The land area fraction in 4 CMIP5 models that can partially resolve the Great Lakes.

75 In this study, we applied a regional model, the Weather Research and Forecasting (WRF) model
76 with the Advanced Research WRF (ARW) dynamic core [35] and conducted a downscaling study in
7z the Great Lake region. Using WRF as an RCM as in Gula and Peltier [27], our study implemented a
ze  fully coupled WRF-Lake model in the Great Lakes, while the FLake in Gula and Peltier [27] was driven
7 offline. In contrast to the hydrostatic RegCM4 in Notaro et al. [29], WRF here served as a nonhydrostatic
s option. Gula and Peltier [27] had a future temporal scope of 11 years (2050-2060); Notaro et al. [29]
e focused on two twenty-year periods (2040-2059 and 2080-2099). We have completed a continuous
=2 future projection run from 2006 to 2100.

o3 The remainder of this paper is organized as follows. Section 2 describes model configurations,
s« experimental designs, and datasets. The results are presented in section 3. Discussion and conclusions
es are provided in sections 4.
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ss 2. Model description
ez 2.1. Overview of CMIP5
a8 To conduct a dynamical downscaling study in the Great Lakes region, the fifth phase of the

ss Coupled Model Intercomparison Project (CMIP5) [36] is used to force the WRF model. More than
%0 60 coupled GCMs (more precisely, earth system models) have participated in the CMIP5 ensemble,
o1 developed by 30 plus institutes around the world. Based on the availability of CMIP5 archives at the
o= moment when we started the study, we selected 24 models with full records of historical simulation
o3 (1970-2005) and future projection (2006-2100) (Table 2). Their spatial spacing ranges from 280 km
oa  (BCC-CSM1-1) to 60 km (MIROC4h). The Great Lakes are not well represented in CMIP5 models. We
os examined all available CMIP5 models and found that only 4 models can partially recognize the lakes
s as water bodies (Fig. 1). Even in MIROC4h with the finest resolution, the Great Lakes are still poorly
oz resolved. A high-resolution RCM with well-represented lakes becomes necessary to produce a credible
s projection in the Great Lakes region.

Table 2. The list of CMIP5 models used for multiple-model ensemble mean (MME)
Four CMIP4 models, MIRCO4h, CMCC-CM, CNRM-CM5, and CMCC-CMS can partially resolve the
Great Lakes. GFDL-CM3 is selected to drive the WRF/Lake model in our dynamic downscaling study.

Model Grid ‘ Model Grid
BCC-CSM1-1-M  160*320 GISS-E2-R 90*144
BCC-CSM1-1 64*128 HadGEM2-AO  145*192
CMCC-CMS 96*192 INMCM4 120*180

CMCC-CM 240%480 | IPSL-CM5A-LR 96*96
CNRM-CM5 128*256 | IPSL-CM5A-MR  143*144

CanESM2 64*128 IPSL-CM5B-LR 96*96
GFDL-CM3 90*144 MIROC4h 320%640
GFDL-ESM2G 90*144 MPI-ESM-LR 96*192
GFDL-ESM2M  90*144 MPI-ESM-MR 96%192
GISS-E2-H-CC 90*144 MRI-CGCM3 96*192
GISS-E2-H 90*144 NorESM1-ME 96*144
GISS-E2-R-CC 90*144 NorESM1-M 96*144

9o 2.2. Model descriptions

100 The RCM employed in this study is the WRF-ARW model version 3.6.1 (referred to as WREF)
11 interactively coupled with a 1-D lake model. As a limited area, non-hydrostatic model, with a
102 terrain-following eta-coordinate mesoscale modeling system, WRF has been designed to serve both
103 operational forecasting and atmospheric research needs. The model was run on a single domain
s With a grid spacing of 30 km (Fig. 2) and 31 vertical levels, which was directly nested from a CMIP5
105 model. Given the substantial inter-model spread in CMIP5, a possible way to sample the uncertainty
w0s s to perform a large set of downscaling ensembles. However, this requires enormous computational
107 resources that would be far beyond our current capability. In this study, a dynamical downscaling
10s realization from one CMIP5 model, GFDL-CM3 (Donner et al. 2011), has been carried out. GFDL-CM3
100 has a spatial resolution sufficient to satisfy the nesting ratio (about 6.5:1) between the parent GCM
1o (2°x2.5°) and 30-km RCM. Meanwhile, the historical climatology and future projection of GFDL-CM3
1 actually ranges in the middle of the 24 CMIP5 models, indicating GFDL-CM3'’s credibility to be
u2 representative (see details in section 3d). The results from WRF-Lake and GFDL-CM3 were compared
13 with the multiple-model ensemble mean (MME) of the 24 CMIP5 models.
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Model Domain with MODIS land use
110°W 100°W 90°W 80°W 70°W 60°W
50°N 50°N
45°N 45°N
40°N 40°N
35°N 35°N
| | | | | | |

100°W 95°W 90°W 85°W 80°W 75°W 70°W

Bl 2]3]4+]5]6]7[8]o 1o =@14]5]16]17]18]19]20]
1 Evergreen Needleleaf 5 Mixed Forest 9 Savannas 13 Urban and Built-up 17 Water Bodies
2 Evergreen Broadleaf 6 Closed Shrublands 10 Grasslands 14 Cropland Mosaics 18 Tundra
3 Deciduous Needleleaf 7 Open Shrublands 11 Permanent Wetlands 15 Snow and Ice 19 Mixed Tundra
4 Deciduous Broadleaf 8 Woody Savannas 12 Croplands 16 Bare Soil and Rocks 20 Barren Tundra

Figure 2. The WRF model domain with MODIS land coverage. The lateral buffer zone is marked with
dots.

114 WREF used grid and subgrid moisture processes parameterized by WSM5 (WRF Single-Moment
us 5-class scheme) microphysics scheme [37] and KF (Kain-Fritsch) cumulus convection scheme [38].
us Shortwave and longwave radiative processes were represented by the RRTMG schemes (Rapid
ur Radiative Transfer Model for GCMs) [39]. The MY] (Mellor-Yamada-Janjic) scheme [40] was chosen
us for the planetary boundary layer. The land component employed an updated CLM (Community
e Land Model) [41]. More details of those parameterization schemes are documented in the WRF User
120 Guide [35]. The domain’s lateral boundary was formulated with a 1-point specified zone and a 9-point
121 relaxation zone (Fig. 2). As in Gula and Peltier [27], a weak spectral nudging (maximum wave number
122 3) was applied at all levels above the planetary boundary layer, preventing synoptic-scale climate drift
123 and also maintaining the objective of downscaling to be consistent with the GCM.
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Lake Bathymetry Grids in WRF
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Figure 3. The bathymetry grids (m) of the Great Lakes in the WRF/Lake model.

124 2.3. Lake model

128 Starting with version 3.6, WRF has been released with a thermal diffusion lake model. The lake
126 scheme [42] was obtained from the CLM 4.5 [41] with calibrations by Gu et al. [43], based on the
12z original concept of Hostetler and Bartlein [44]. It is a 1-D mass and energy balance scheme with 20
122 model layers, consisting of up to 5 snow layers on the lake ice, 10 water layers, and 10 soil layers
120 on the lake bottom (see the WRF User’s Guide Chapter 5, Section 3.4 http:/ /www2.mmm.ucar.edu/
130 wrf/users/docs/user_guide_V3/users_guide_chap5.htm). The lake scheme has been performed with
131 actual lake points and lake depth derived from the WRF Preprocessing System (WPS). The lake scheme
12 is independent of a land surface scheme and therefore can be used with any land surface scheme
133 embedded in WRE.

134 In the default lake model, the albedos of water and ice are specified with constant values,
135 0.08 and 0.6, respectively, ignoring solar diffusion, radiation spectrum, and snow effect. Before
136 the implementation of the coupled WRF-Lake model, some modifications have been added to the lake
137 model, including a dynamic lake surface albedo, calibrated vertical diffusivities, and a sophisticated
13s  treatment of snow cover over lake ice [45]. At the current grid spacing, the Great Lakes are well
130 represented in our WRF-Lake model (Fig. 3).

10 2.4. Experimental design

141 A set of variables from the GFDL-CM3 archive was prepared into 6-hourly input to drive WRF
12 (Table 3). The 3-D fields (ta, ua, va, hus) and surface fields (tas, uas, vas, huss) were directly obtained
13 from the 6-hourly CMIP5 output. Geopotential height (zg) was computed using the hydrostatic
s equation. Two downscaling experiments have been conducted: historical simulation (1970-2005,
s denoted as HIS) and future projection (2006-2100) in the Representative Concentration Pathway 4.5
16 scenario (RCP), a midrange mitigation emissions scenario. Each experiment was allowed a 4-5 year
1z spin-up time. The analyzed periods in HIS and RCP are 1975-2005 and 2010-2100, respectively.
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Table 3. Variables of the standard CMIP5 output used to drive WRF

6-houly ta (tas), ua (uas), va (vas), and hus (hus) provide 3-dimentional (surface) air temperature, zonal
wind, meridional wind and specific humidity. 6-houly ps and psl are surface pressure and mean sea
level pressure. Geopotential height (zg) is calculated using the hydrostatic equation. Monthly surface
temperature (ts) on the ocean grids is interpolated into 6-hourly SST. Monthly soil temperature (tsl) is
also interpolated into 6-hourly tsl.

Layer 3D Surface SST Soil

Variables ta, ua, va, hus, zg tas, uas, vas, huss, ps, psl ts tsl

wus 2.5. Additional datasets

149 For validation of the historical simulation, simulated air temperature and precipitation from
10 WRF were assessed against two reanalysis datasets, the National Centers for Environmental
11 Prediction/National Center for Atmospheric Research (NCEP/NCAR) on a 2.5-degree grid [46] and
152 NCEP North American Regional Reanalysis (NARR) on a 32 km spatial resolution. In addition to the
153 reanalysis, a precipitation dataset was also used for the historical validation: the Global Precipitation
15 Climatology Project (GPCP) version 2.2 on a 2.5-degree global grid [47].

155 The simulated LST from the 1-D lake model was compared with the National Oceanic and
15 Atmospheric Administration (NOAA) Great Lakes Surface Environmental Analysis (GLSEA) dataset
157 from the Advanced Very High Resolution Radiometer [48]. NOAA'’s Great Lakes Ice Atlas [8] was
1se  applied to evaluate the simulated seasonal cycle of lake ice.

150 3. Result

w0 3.1. Validation of historical simulation

161 WRF was used as an RCM to dynamically downscale from reanalysis [49,50] and GCMs [27,51,
162 52]. In the Great Lakes area, WRF has been proven to be a powerful tool to study lake influences
w3 [11,27,32,53]. One thing to be noted is that, even in the historical experiment with real greenhouse
1a  gas and other historical forcing, GCMs might generate a climate phase that is quite different from
165 the real observation [54]. The RCM and GCM results cannot be directly assessed against reanalysis
1es datasets year by year, while their long-term climatology is comparable. To evaluate the coupled
16z WRF-Lake model’s performance in the downscaling, the historical climatology (1975-2005) of 2-meter
16s  air temperature (T2) was compared with GFDL-CM3, CMIP5 MME, and two reanalysis datasets.

169 The annual, winter (December-January-February), and summer (June-July-August) climatologies
170 of T2 are shown in Fig. 4. The contours of annual mean T2 in GFDL-CM3 and MME are quasi-zonal,
11 indicating the Great Lakes region was treated as a unified land surface in GCMs. With a fine resolution
172 and well-represented lakes, some local characteristics that were missed in GCMs and NCEP/NCAR
173 are reproduced in the WRF simulation, compared to the high-resolution NARR. Because of the heating
17a  from lakes in winter, the air temperature over Lake Superior and Lake Michigan is warmer than the
s surrounding land area at the same latitude, and vice versa in summer. Lake Erie acts as a warming
176 pool to the overlying atmosphere in the summer. Some discrepancies also exist in the WRF-Lake model.
177 There is a systematic cold bias in the RCM, which was partially induced by the parent GCM. The lake
1zs  model magnified the cooling effect from lakes, especially in summer time.
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Figure 4. Left panels are the annual mean air temperature (°C) in WRF, GFDL-CM3, MME,
NCEP/NCAR, and NARR. Central panels are in winter, and right panels are in summer.

In addition to air temperature, precipitation from the RCM and GCM:s is also assessed against
observations (Fig. 5). In winter, the general pattern (southeast-northwest gradient) of precipitation
has been reproduced by both GCMs and RCM. The lake effect in winter, i.e. strong precipitation
along the downwind shores of the lakes, was well captured by WRFE. In summer, the spatial pattern
of precipitation is characterized by more rainfall occurring over land than over lake [55]. Compared
to T2, the precipitation has a larger diversity among RCM, GCMs, reanalysis and the satellite-based
observation, especially in summer. A shortcoming of our WRF simulation is that the overland
precipitation in summer was overestimated, which was also found in Gula and Peltier [27]. We
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1z further examined the vapor source (not shown). After the lakes were introduced in the RCM, opposite
s to the GCM without resolved lakes, the evaporation from the lakes increased the total precipitable
180 water in the domain, resulting in some extra rainfall in the area surrounding the lakes. Compared
100 to the wintertime precipitation which is dominated by the grid-scale convection, the discrepancy of
11 summertime rainfall may arise from the uncertainty of the cumulus parameterization (e.g. Yang et al.
102 [56]). Our downscaling result is quite consistent with the observations that less precipitation was
103 produced over lake than over land in summer.

194 It has been demonstrated that the MME is able to reduce model uncertainties and agrees better
105 with observations than a single model [57]. However, if there is a systematic discrepancy, such as no
106 lakes being represented, in CMIP5 models, the MME result doesn’t change the overall shortcoming.
1z This discrepancy even exists in the reanalysis data when it is too coarse to resolve individual lakes.
10s  On this point, the downscaling technique becomes particularly important to mitigate this problem.
100 The above assessment of T2 and precipitation indicates that the historical simulation from GFDL-CM3
200 has been significantly improved by the WRF downscaling which is coupled with a lake model. In the
201 following subsections, we will analyze the future projection in our WRF-Lake model and compare it
202 with GFDL-CM3 and CMIP5 MME.

MME _Annual

(e)NARR_Annual GPCP Annual
» o

(b)GFDL-CM3_Annual
»~

(a)WRF_Annual
» . o

Figure 5. Annual mean precipitation (mm/day) in WRF, GFDL-CM3 and MME, compared with
NCEP/NCAR, NARR, and GPCP.

203 3.2. Future projection: climatology

204 Fig. 6 illustrates the projected change of T2 climatology, RCP (2070-2100) minus HIS (1975-2005),
205 in WRF, GFDL-CM3 and MME. In the GCM, annual mean T2 was projected to rise more than 3 °C
206 above the historical level, with the greatest warming occurring in the Hudson Bay region, which was
207 also evidenced in MME but with a reduced magnitude. The WRF downscaling result is quite similar
208 to the GCM in both the spatial pattern and intensity. In winter, a strong temperature gradient, slight
200 cooling in the southwest and strong warming in the northeast, was projected in both GFDL-CM3
20 and WRE The main difference was in the Great Lakes region where the wintertime T2 was projected
2 to have a larger increase in the RCM than that in the GCM, especially in Lake Superior where the
212 overlaying atmosphere could be warmed as much as 5 °C after the lake was introduced in WRF.
23 The future change of the summertime T2 was characterized with a domain-wide strong warming in
21 GFDL-CM3 and WRE, but the magnitude was reduced in WREF, agreeing with the MME’s projection.
x5 In the downscaling procedure, the WRF didn’t alter the overall pattern of T2 change projected by


http://dx.doi.org/10.20944/preprints201807.0468.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2018 d0i:10.20944/preprints201807.0468.v1

10 of 21

26 GFDL-CM3, but highlighted the Great Lakes’ influence on the atmosphere at local and regional scales,
21z which was missed in CMIP5 GCMs.

a)WRF_Annual b)GFDL-CM3_Annual ¢)MME_Annual

Rl o N N S

(d)WRF_Winter

WRF Summer h)GFDL-CM3_Summer 7 (i)MME_Summer

T k¥ N

Figure 6. Projected change (RCP-HIS) of air temperature (°C) between future projection (RCP, 2070-2100
average) and historical simulation (HIS, 1975-2005 average) in annual mean by (a) WRE, (b) GFDL-CM3,
and (c) MME. (d), (e), and (f) in February. (g), (h), and (i) in August.

218 According to the Clausius—Clapeyron expression, the saturation vapor pressure is regulated
20 by the air temperature. The column-integrated water vapor increases by roughly 7.5% K, and
220 precipitation by 2.2% K [58]. The local precipitation change, which can be attributed to multiple
= factors: water vapor, instability, and topography, exhibits a strong spatial heterogeneity (Fig. 7),
222 relative to the air temperature change (Fig. 6). In the annual mean precipitation, the region southeast
223 of the Great Lakes was projected to have more precipitation in a warming climate by GFDL-CM3 (Fig.
224 7b), while WRF added more precipitation in the southwest and northeast land areas. In winter, the
225 RCM-based projection of precipitation was in agreement with the GCM, with particular enhancement
226 Of precipitation just downwind of Lakes Superior, Huron, and Ontario. In a warming climate, more
22z precipitation is likely to happen to the southeast side of the Great Lake region in winter. A striking
226 disparity between the RCM and the GCM occurs in summer. Less rainfall was projected by WREF (Fig.
20 7g), especially in the lower lakes, while GFDL-CM3 projected more rainfall in the Great Lakes (Fig.
20 7h). Our WRF/GFDL-CM3 downscaling result is consistent with another studies using a different
a1 RCM and GCM, RegCM4/MIROCS (Fig. 9 in Notaro et al. [29]), implying that the summertime
232 precipitation in the Great Lakes tends to be declining under Global warming in the future. In MME,
233 very small precipitation changes were projected in the Great Lakes region, indicating a large spread of
23s  precipitation among CMIP5 models.
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Figure 7. Same as Fig. 6 but for precipitation (mm/day).

235 3.3. Future projection: trends

236 In the previous two subsections, we compared the climatology of historical simulation and future
237 projection. In this subsection, their interannual variabilities and trends will be examined. Fig. 8 shows
23e  the area-mean T2 in HIS and RCP simulated by WRF, GFDL-CM3 and MME. In both HIS and RCP, the
23s  RCM has maintained the intraseasonal and interannual variabilities that were produced by the GCM.
2a0 The difference between RCP and HIS (Figs. 8c and 8f) suggests that even in a much warmed climate
a1 in the late 21st century we will still experience some cold winters. In CMIP5 MME with interannual
22 variability smoothed by averaging over many model runs, a ubiquitous warming (about 2-4 °C) was
a3 projected all year round.

248 Because of the large heat capacity of water bodies, the Great Lakes can significantly modulate the
2es  seasonal variability of the overlaying atmosphere, even the long term trend. The time series of T2 over
2e6  each lake during the entire projection period from 2010 to 2100 are compared in Fig. 9. CMIP5 GCMs
2az  have projected a noticeable spread of T2 over the Great Lakes. The inter-model spread becomes larger
2es  in winter than summer. GFDL-CM3 generally projected a warm climate, with sensitivity ranking in
2e0 the middle of the CMIP5’s projection. The comparison between annual mean T2 in GFDL-CM3 and
20 MME manifests that the GCM which we selected to drive the RCM is somewhat typical of the CMIP5
=1 ensemble. After the lakes were present in a higher-resolution model, the seasonal variability of T2 was
=2 reduced in WRF with cooler summers and warmer winters relative to GFDL-CM3. Projected trends
253 of T2 in WRE, GFDL-CM3 and MME were calculated (Table 4). In the RCP4.5 scenario, the T2 will
s have a rapid increase in the first half-century and the rate of increase will slow down gradually in the
25 second half Taylor et al. [36]. A relatively strong T2 trend was projected by GFDL-CM3 in the Great
=6 Lakes region. The WRF model projected a similar trend but modulated the magnitude by increasing
=7 (reducing) the trend in winter (summer), compared to the MME result.
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Figure 8. (a) Historical simulation (HIS), (b) future projection (RCP), (c) and the change (CHG=RCP-HIS
climatology) of air temperature (°C) in WREF. (d), (e), and (f) in GFDL-CM3.(g), (h), and (i) in MME.

Table 4. Projected air temperature trends (°C/100 year) in WRF, GFDL-CM3 and MME for the 15¢ half
century (2010-2055), the 2nd half century (1955-2100), and then entire century (2010-2100)

Trends WRF GFDL-CM3 MME
1thalf 2"d half Cent. 1thalf 2" half Cent. 15thalf 2" half Cent.
Feb. 8.8 0.3 4.1 6.7 -0.2 3.1 4.9 1.6 3.5
Aug. 6.5 1.8 4.7 8.0 3.4 6.0 3.8 0.8 2.8
Annual 6.7 1.2 45 6.8 0.9 45 4.0 1.2 2.8

3.4. Future projection: seasonality

Large water bodies such as the Great Lakes can diminish the seasonal variability of air temperature
[5]. To study the response of the Great Lakes” modulation of air temperature to global warming, the
seasonal evolutions of T2 over each lake are compared in Fig. 10. In the historical simulation, the
summertime T2 was reduced in WRF and this effect became more significant in the deep lakes
(Superior, Michigan and Huron) than the shallow lakes (Erie and Ontario). In all season other than
spring, GFDL-CM3 simulated a historical climate near the middle of the distribution of CMIP5 models.
Generally, the projection for the GCM we selected ranks in the middle among the CMIP5 models,
suggesting that our downscaling results are representative. The GCM projected a stronger warming
of T2 in summer than in winter over all lakes, especially Lake Superior. The lakes” impact on T2 is
projected to be enhanced in the future. For example, T2 was projected to warm by 6.7 °C on Lake
Superior in March by GFDL-CM3 differing sharply from the 3.0 °C warming in WRE. MME generally
projected a smaller increase in T2 which was almost unified among all months. In January and
February, because too much ice was produced in the lake model (to be elaborated in section 3f), an
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even colder T2 was simulated in WREF relative to GFDL-CM3 in the historical simulation, while this
discrepancy was almost eliminated in the future projection when ice was reduced.

(a)Superior (b)Michigan
30 bbbl i, 30 il i,
] YAWNAVY ] VALY o
O 20 4 20 =
e 1 ] C
o ] ] I
S 10 o 10 J
] ] C
g ] : :
g 0 0 ~
S ] ] r
= ] ] [
-10 - -10 - —
7|IIllHIIlIIIll|lll||llll|l|IlIlI|I|III|H||IIlIIIHHIIIHIHIIIIII|IIIIIlllI||IIIIlI|I| 7IIIll||IIIIIIIHIIIlIl|||IIIIlIH!IIIlllHHIIlllIIIIIIIlI||IIIIllll||l||IllI|I|IIIIH|II7
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
(c)Huron (d)Erie
30 bbbl Py g FVTYYUVY TYYPISTIYI FPYSTYYOL FVIYYONS FYTYYCTE FNPRTOVE] FVRPPETE] INFRPIVET FYPPEOEIY
] /\"\\"\f‘ A ] I
O 20 4 TR 20 F
e ] : ] C
o ] : ] . o S A ~f
2 10 o [~ 10 o’ ) n
[ 3 B 4 s B
o : N ] o A AR PRVENE
2 o4 - 04 ot ﬁw\‘/ A AL S
£ ] 5 ] u
S ] C ] C
= ] i ] [
-10 _- 10 _-
_|IIIIH||IIIIII|III|IllII|IIIlllI|I|III|H||IIlIIIHHIIIHIHIIIIll|IIIIIlllI|IIIIIll|||_ _IIIlI||II'Illl|||IIlll|||||IllIV||IIIII|H||IIlllllIIIIIlI||IIIIlll||lIIIIl|I|I|IIIIV||II_
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
(e)Ontario (f)Great Lakes
30 bbb, 30 il binlinlin,
] N ] e A N
i B n AN o v AL
O 20 - 20 =
1 ] : ] C
o ] : ] C
3 10 o 10 - P S A e 2 s
1] ] : ] C
g . : ] r
e 0 [~ 0 ; ~
S ] C ] C
= ] n ] r
-10 o [~ -10 ~
_|IIIIH|||IIIll|IIIIIll|I|III|IlI|||IIIIHHIIHIIHHIIIHIHHlIll|IIIIIllll|lllllll|||» _||lll||||||lll||llllll|||||”|”|||I|”|H|||Illll|||||lll|'||||lll|||||||l|l||||l|”|||l_
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Figure 9. (a) Projected T2 (°C) over Lake Superior in August, annual mean and February by WRF
(red dash), GFDL-CM3 (black dash), MME (solid). The shading (red in August and blue in February)
denotes the range of T2 among CMIP5 models. (b), (c), (d), (e), and (f) are same as (a),but for Lake
Michigan, Lake Huron, Lake Erie, Lake Ontario, and the Great Lakes, respectively.

The above analysis from the atmospheric component of the coupled WRF-Lake model indicates
that an RCM at a higher resolution can not only improve the GCM’s result but also add values, such as
lake effects on precipitation and air temperature, after a sophisticated lake model was incorporated in
the RCM. In next two subsections, the result from the lake component will be evaluated in terms of
LST and lake ice coverage which cannot be obtained from the GCM.
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Figure 10. (a) Historical simulation (HIS, 1975-2005 average), (f) future projection (RCP, 2070-2100
average), and (k) their difference (RCP-HIS) of T2 (°C) seasonality in Lake Superior by WREF (red solid),
GFDL-CM3 (red dash), MME (blue dash). The blue shading denotes the range of T2 among CMIP5
models.
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Figure 11. Historical simulation (HIS, red solid) and future projection (RCP, red dashed) of LST (°C)
by WRE, compared with GLSEA observation (black) in (a) Lake Superior, (b) Lake Michigan, (c) Lake
Huron, (d) Lake Erie, and (f) Lake Ontario.

a0 3.5. Lake model: temperature

280 The current lake model employed 10 vertical layers in the Great Lakes. The top layer was set at
21 a constant depth (0.05 m) and the layers below were scaled to the lake bathymetry. Fig. 11 depicts
22 the monthly climatology of the simulated and projected LST in each lake compared with the GLSEA
203 Observation, with caution if ice is formed in winter that the LST in the 1-D lake model represents
2es the mean temperature of water and ice in the top layer. Since there was no lake information in the
25 GCM, the GCM-based simulation cannot be directly compared to the satellite-based observation. The
2 downscaling result had a systematically cooler LST than GLSEA, except for Lake Superior, which is
2e7  the coldest lake. However, the seasonal variability of LST has been well reproduced by the 1-D lake
2ee  model. In the RCP4.5 scenario, LST was projected to increase by roughly 3.5 °C in Lake Superior and
200 Up to 4.0 °C in Lake Ontario. Similar to T2 (Fig. 10), LST will rise more in summer than winter. The
200 magnitude of the LST change is smaller than that of the T2 change.
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Figure 12. Same as Fig. 10, but for ice coverage fraction.

201 3.6. Lake model: ice

202 With a large interannual variability, the ice coverage is a sensitive indicator of regional climate and
203 climate change (Wang et al. 2012). Because of the difference of latitude, orientation, and depth of each
206 lake, the ice cover in the Great Lakes exhibits distinct spatial and temporal variabilities. Simulating
205 the lake ice tends to be a considerable challenge in current RCM-lake models [5,25,27]. The simulated
206 and projected monthly ice coverage in each lake is compared to the observation in Fig. 12. In part
207 because of the absence of horizontal mixing and ice motion in the 1-D lake model, the WRF-Lake
20e  model produced early ice onset and excessive mid-winter ice. The overall cold LST (Fig. 11) can also
200 contribute to the overestimate of lake ice in the lake model. With the LST increasing by 3.5-4 °C, the
;0 ice coverage was projected to decrease by 58.9% (Lake Superior) to 86% (Lake Ontario). Given that
;1 the ice coverage in the historical simulation was substantially overestimated, the future change of ice
;02 coverage is likely to be amplified by the lake model. In addition to the lake-mean ice coverage, the
:0s  seasonal change of the spatial ice coverage was further examined (Fig. 13). Heavy ice was produced in
s north coastal Lake Superior. The lower lakes will experience more dramatic ice losses under global
sos warming. In April in the last decades of 21 century, the ice will almost disappear in all lakes.
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Figure 13. (a) Historical simulation and (b) future projection of ice coverage fraction in December. (c)
and (d) in January; (e) and (f) in February; (g) and (h) in March; (i) and (j) in April.

s0s 4. Conclusions and discussion

307 A dynamical downscaling study has been carried out in the Great Lakes region employing a
s0s  state-of-the-art RCM driven by the CMIP5 output from GFDL-CM3. Compared to prior downscaling
s00  studies (Table 1), our work is highlighted by using a nonhydrostatic WRF model with a fully coupled
a0 lake model to conduct two consecutive experiments: historical simulation from 1970 to 2005 and future
su  simulation from 2006 to 2100. The influence of the Great Lakes on local and regional climate was
sz evaluated against 24 CMIP5 models and multiple observational datasets. The major conclusions can
a1 be synthesized as follows:

se 1. Because of the coarse resolution in GCMs, the Great Lakes are generally ignored by CMIP5 models.

315 It becomes particularly necessary to apply an RCM with resolved lakes to downscale from GCMs
316 in the water-dominated region. GFDL-CM3 is shown to be a credible representative of CMIP5
a17 models to be downscaled.

e 2. Validations of historical simulation indicate that, compared to GCMs at coarse resolution and
319 without lakes represented, the WRF-Lake model with 30-km grid spacing and well-resolved
320 lakes is capable of reproducing a more reasonable spatial-temporal climatology in the Great Lake
s21 region, as well as the lake-induced characteristics that were missed in the GCMs.

sz 3. With lakes present, the seasonal variability and future change of air temperature were reduced in
323 the WRF-Lake model, especially in summer. Even in an overall warming climate, we could still
324 experience some colder-than-20th-century winters in the late 21st century.

sz 4. In the RCP4.5 scenario, air temperature will have a rapid increase in the first half-century and the
326 rate of increase will slow down gradually in the second half. The air temperature trend is reduced
227 in the WRF-Lake model, to about 4.5 °C/100 year.

22 5. The RCM-based projection indicates a possible decline of over-lake precipitation under global
320 warming in summer.

30 6. The seasonal variability of lake surface temperature and lake ice coverage was captured by the
331 1-D lake model. The WRF-Lake model projected rise in a temperature (3.5 - 4 °C) and ice loss
332 (58.9% - 86%) in the Great Lakes.

333 Even though substantial improvements have been demonstrated in our downscaling study, the

;s present work cannot disguise its limitation to understanding the regional impact of the Great Lakes
s under global climate change. The limitation comes from several aspects in the downscaling technique.
336 (1) Our study is based on a single scenario from a single GCM, while the comparison of multiple
a7 CMIP5 models will better illuminate the WRF-Lake results and their uncertainty. (2) The RCM’s
:3s  performance is very sensitive to physical parameterizations, which can be optimized in future work.
339 (3) The inadequacy of the 1-D lake model produces too much ice at deep lake points. Future efforts
sa0  should be devoted to improving the downscaling technique in the Great Lakes region: an improved
s parameterization in RCM, possibly coupled with 3-D lake model, to generate multiple downscaling
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w2 ensembles not only from different CMIP5 models but also from different greenhouse gas concentration
343 scenarios.

34s As revealed in the observation that the lake surface waters around the globe have been
s experiencing a rapid warming [59,60], the future projection of lake temperature rising and lake
a6 ice diminishing in this study have important implications for applying anthropogenic climate change
sz onto a regional scale, such as lake-influenced regions.
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