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ARTICLE INFO ABSTRACT

Keywords: This study used the latest Weather Research and Forecasting (WRF) model coupled with multi-
Lake breeze layer urban canopy models to investigate contrasting effects from urbanization and lake breeze on
Urbanization

summer heat stress over the Chicago metropolitan area (CMA). Comparisons between the model
and in situ observations show that this coupled modeling system better captures urban locations’
diurnal pattern of surface air temperature, skin temperature and relative humidity, with root
mean square error reduced from 1.58 to 1.80 °C to 1.14-1.31 °C, 3.11-3.55 °C to 1.81-2.21 °C,
and 10.73-11.35% to 7.84-8.60%, respectively, compared to WRF without coupling the urban
canopy models. Two sensitivity experiments were conducted to isolate the influence of lake
breeze and urbanization: one replaced the urban land use with cropland over the CMA, and the
other filled all of Lake Michigan with cropland. Three different heat stress indices were computed
to assess the uncertainties of heat stress response to changes in air temperature, relative humidity,
and wind conditions. Results show that, when the lake has the largest cooling effect on air
temperature, it also increases the relative humidity the most, and vice versa for urban warming
and drying effects. Urbanization intensifies heat stress at night, and extends the heat caution
period by up to 4 h over inland urban grids; the lake breeze relieves heat stress during afternoon
(when the heat stress is the worst), and shortens the heat caution period by 1-3 h over inland
urban grids and 3-4 h over coastal urban grids. The intensification of heat stress over the CMA
due to urbanization is more than four times greater than the reduction from the lake breeze in the
late afternoon and evening.

Heat stress

1. Introduction

The frequency of heatwaves is likely to increase over most land areas on Earth in the 21st century (Solomon et al., 2007). As aresult,
multiple adverse outcomes are expected, including increased heat stress, heat strokes, and heat-related mortality. In the United States,
heatwaves are expected to become more intense, more frequent, and longer lasting (Meehl and Tebaldi, 2004; Ebi and Meehl, 2007;
Smith et al., 2013; Zobel et al., 2017). The human physiological response to heat depends on both air temperature and relative hu-
midity; their combined impact is commonly described by heat indices (HIs), also known as “feels like” temperatures. Dahl et al. (2019)
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projected that the annual numbers of days with HIs (using the same index we use; see Sect. 2.2.2) above 37.8 °C (100 °F) will doubled,
and above 40.6 °C (105 °F) will triple, by the mid-21st century (2036-2065), compared to a 1971-2000 baseline. Cities are more
vulnerable to extreme heat than rural areas because of pre-existing urban heat island (UHI) effects generated by air conditioning units,
motor vehicles, generators, buildings and dark surfaces, radiative and thermodynamic modifications of the land surface, and other heat
sources (Oke, 1982; Grimmond, 2007; Qian et al., 2022). Urban areas currently accommodate nearly half of the global population, and
this fraction is projected to increase to 0.68 by 2050 (Grimm et al., 2008). This combination of urban population growth and the UHI
makes heat stress in cities a great threat to human health and well-being (Anderson and Bell, 2011).

The Chicago metropolitan area (CMA) is a high-density residential area along the shore of Lake Michigan. It covers 12 counties in
Illinois, 2 in Wisconsin, and 2 in Indiana. According to U.S. Census Bureau data, 48.4% of the Illinois population lives in Cook County
and DuPage County (~6.2 million people), where the city of Chicago and most of its suburbs are located. Geographically, Chicago is
located on a relatively flat terrain on the southwestern side of Lake Michigan. During the summer, the land areas are hotter than Lake
Michigan, especially in the afternoon. This temperature difference creates a high-pressure ridge over the lake and low pressure over the
land, causing hot air to rise over the CMA. This vertical transport results in a lake breeze (Laird et al., 2001): cooler near-surface air
flows from the lake to the land. The effects of the lake breeze on the near-surface atmosphere over the CMA have been investigated via
measurements and numerical modeling in several previous studies (Keeler and Kristovich, 2012; Meir et al., 2013; Conry et al., 2014,
2015). These studies found that the lake breeze from Lake Michigan can penetrate 15-30 km inland, moving cool and humid air from
Lake Michigan into the cities on the western side of the lake, providing cool temperatures to relieve heat stress in the CMA during
intense heatwaves (Kunkel et al., 1996). The most significant impacts occur near the lakeshore (Atkinson, 2003; Laird et al., 2001). On
the other hand, lake breeze may be accelerated toward the city center by the enlarged temperature gradient between lake and urban
area, and the UHI center may be displaced due to the lake breeze propagation (Ackerman, 1985; Gedzelman et al., 2003; Chemel and
Sokhi, 2012). Based on radar and surface observations, Keeler and Kristovich (2012) found that a high nighttime UHI is well correlated
with a low speed of lake-breeze frontal movement (during the daytime) throughout Chicago’s southwest suburbs. Using Weather
Research and Forecasting (WRF) coupled with various urban models, Sharma et al. (2017) found that when urban grids are replaced by
cropland, the lake breeze is not as strong; however, it can still penetrate inland as much as when the urban area is in place. Similar to
lake breeze, the temperature differences between urban (warmer) and rural (cooler) areas can also induce circulation — converging
toward the city near the ground surface, uplifting over the city center, diverging at altitude, and descending outside the city limits
(Hidalgo et al., 2010). Therefore, coastal cities are influenced by both of these thermally driven circulations (lake-to-urban flow, and
rural-to-urban flow) and their interactions (Fig. 1). Additional studies around the world have shown similar strong interactions be-
tween rural, urban and coastal regions (Ohashi and Kida, 2002; Hu and Xue, 2016; Ribeiro et al., 2018; Umezaki et al., 2020).

Despite the worldwide studies that have been conducted, questions persist about the relative effects of the lake and urbanization on
heat stress in the CMA. First, previous studies mainly focused on air temperature and omitted relative humidity, which is equally
important because (1) it also influences the severity of heat hazards related to human health; and (2) urbanization and lake breeze can
influence both air temperature and humidity. Second, the previous studies either used simplified models or in situ observations, which
limits the possibility of understanding the interactions between each of the components (e.g., water, urban, and rural effect). Those
studies that used comprehensive numerical models primarily focused on individual events over a particular urban area, making it
challenging to transfer the knowledge learned to other events or other coastal urban areas. The current study uses WRF with a
configuration calibrated for this lake-land interface coupled with an updated multilayer building environment parameterization (BEP)
model and a multilayer building energy model (BEM) to study the competing effects of urbanization and lake breeze on heat stress over
the CMA. We choose the CMA as a testbed because (1) it has a history of heatwave events (Kunkel et al., 1996; Karl and Knight, 1997;
Ebi and Meehl, 2007); (2) the terrain is flat, which simplifies atmospheric circulation in the region; (3) there are no other nearby major
metropolitan regions: from one direction Chicago borders a major water body, and in the other direction there is a fairly homogenous
agricultural landscape, promoting a clear delineation of the singular effect of each of these components. Instead of examining

— = -
- ~
o &) =
-
-
Late Afternoon é &)

Temperature
SUMMER =
HEATWAVE ||| % ¢,
A Breeze

’Lh — . ——

COLD WARM COLD + WET
Rural lllinois

Rural-Urban
Breeze

Fig. 1. Schematic picture of the coastal urban system (Chicago in particular) and local circulations caused by temperature difference across different
land cover types during late afternoon.
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individual events, this study assesses isolated effects of and interactions between urbanization and lake breeze over an entire summer
at diurnal scale. While previous studies mostly examined the UHI, which is maximal from midnight through early morning (Gedzelman
et al., 2003), we focus on overall heat stress, which is driven by air temperature, relative humidity, and wind conditions and peaks in
the afternoon when human activities are still ongoing.

2. Methodology
2.1. Model description and experiment design

We use WRF model version 4.2.2 with the Advanced Research WRF dynamic core (Skamarock and Klemp, 2008). The model
domain is centered at 45.5°N and 85.0°W and has 544 x 485 grid points (2176 km x 1940 km) in the west-east and south-north at a
grid spacing of 4 km. The domain covers the Great Lakes region as shown in Wang et al. (2022) Fig. 1. There are 50 stretched vertical
levels topped at 50 hPa, with the first 18 levels in the lower 1 km and the first model level 30.2 m above ground level. The initial and
boundary conditions are constructed from 3-hourly 0.25° European Centre for Medium-Range Weather Forecasts atmospheric rean-
alysis of the global climate, version 5 (ERA5; Bell et al., 2020). We use National Oceanic and Atmospheric Administration (NOAA)
Great Lakes Surface Environmental Analysis—provided satellite-derived daily lake surface temperature (Schwab et al., 1992) at a
spatial resolution of ~1.3 km as a lower boundary condition over the Great Lakes. This dataset was found to be able to produce better
results over the Great Lakes region than the default ERA5’s sea surface temperature when compared with in situ measurements (Wang
et al., 2022). The physics parameterizations include the Rapid Radiative Transfer Model for Global Climate Models longwave and
shortwave schemes (lacono et al., 2008), Mellor-Yamada-Janjic (MYJ) (Janjic, 1990, 1994) planetary boundary layer (PBL) scheme
and Monin-Obukhov surface layer scheme, Thompson microphysics (Thompson et al., 2004; Thompson et al., 2008), and Unified Noah
land surface model (Noah LSM; Chen and Dudhia, 2001). No sub-grid cloud cover or shallow cumulus parameterizations are used.
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Fig. 2. Studied area: most of the CMA, with the greatest population in Cook and DuPage counties. (a) CTLR: Noah LSM represents zero-order effects
of urban surfaces. (b) BEP_BEM: same as CTRL, but coupled with the BEP and BEM. (c) No_LakeM: same as (b) except all of Lake Michigan was
replaced by cropland. (d) No_Urban: same as CTRL, except the urban grids over the CMA were replaced by cropland. Note that all the experiments
were conducted over the domain shown by Fig. 1 in Wang et al. (2022) at a grid spacing of 4 km with 544 x 485 grid points in the west—east and
south-north. Each experiment was run for five ensemble members with different initial conditions. The land-use types over the studied area are
based on MODIS 21 land category data.
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We performed multiple modeling experiments to examine how urban areas and the lake influence urban heat stress over the CMA.
All the experiments were conducted over the entire model domain, as shown in Fig. 1 in Wang et al. (2022), which covers the entire
Great Lakes region with 2176 x 1940 km?, but our study area here is over the CMA, shown in Fig. 2. First, we conducted a simulation
using Noah LSM only to treat urban geometry. Noah LSM represents zero-order effects of urban surfaces with increased roughness,
decreased soil moisture availability, and decreased albedo (Chen and Dudhia, 2001; Liu et al., 2006; Chen et al., 2011). This exper-
iment is the control simulation, referred to as CTRL experiment in Fig. 2.

Second, to assess the impacts of an undated representation of urban physical processes, we conducted a simulation using WRF
coupled with the multilayer urban canopy model BEP and BEM, referred to as the BEP_BEM experiment in Fig. 2. BEP introduced a
scheme to represent the impact of urban buildings on resolved airflow (Martilli et al., 2002). It can reproduce the increase of Reynolds
stress profiles with height, store more energy in the urban fabric during the day, and reduce the turbulence intensity below the average
roof height by changing the length scale (Martilli et al., 2002). BEM was added to BEP to reproduce the generation of heat in buildings
and the way heat is exchanged with the exterior flow (Salamanca et al., 2010). BEM considers heat diffusion through walls, roofs, and
floors; natural ventilation; the radiation exchange between indoor surfaces; the generation of heat due to occupants and equipment;
and the consumption of energy due to air conditioning systems (Salamanca et al., 2010). Our model has air conditioning switched on
24 h a day. The target indoor temperature is 24.85 °C with a comfort range of 0.5 °C. The peak heat generated by other equipment in
buildings is estimated as 20 W m™~2 from 0800 to 1800 local time and 5 W m~2 during night. Previous studies have found that using
both BEP and BEM can better simulate the UHI during the nighttime, as well as the urban wind speed, compared with the zero-order
Noah LSM and the single-layer urban canopy model (Ryu et al., 2016; Wang and Hu, 2021). While Noah LSM can be coupled with any
PBL schemes in WRF, BEP_BEM are currently coupled only with three PBL schemes, the MYJ, the Yonsei University PBL scheme (Noh
etal., 2003; Hong and Lim, 2006) and the Bougeault-Lacarrére (BouLac) (Bougeault and Lacarrere, 1989). We conducted simulations
with BEP_BEM coupled with the YSU PBL scheme and found the bias in air temperature and wind speeds, especially during afternoon to
evening, are larger than that produced by BEP_BEM coupled with MYJ PBL.

Third, to examine the effects of urban-nonurban land-use contrast, we replaced the urban land-use within the studied area (the
urban grids within CMA, Fig. 2) with cropland. We refer to this simulation as the No_Urban experiment; that is, no urban land use is
present in the CMA, so the Noah LSM is applied to the cropland grids over the original urban grids within CMA. Last, to assess the
influence of land-lake contrast, we replaced all of Lake Michigan with cropland, which is the adjacent land-use type near southwestern
Lake Michigan. We refer to this simulation as the No_LakeM experiment. For the No_LakeM experiment, both urban grids as well as the
BEP and BEM treatment were still in place. Notaro et al. (2013) filled the five lakes with surrounding land use types (forest/field
mosaic) in a regional climate model, and found the lakes can reduce the amplitude of the diurnal cycle and annual cycle of air
temperature year round. However, they did not investigate the contrasting effects from urbanization and lake breeze on variables
related to heat stress.

The land-use types over the studied area included urban and built-up areas, croplands, water, cropland/natural vegetation mosaic,
and deciduous broadleaf forest based on the Moderate Resolution Imaging Spectroradiometer (MODIS) 21 land category data. Current
versions of WRF use this MODIS land-use data by default, and the fraction of the urban landscape that does not have natural vegetation
is set to 0.9 for all urban grids. We use ‘high density residential’ as the default urban category with 20% of building heights at 10 m,
60% at 15 m, and 20% at 20 m. These parameters are reasonable comparing with the local climate zone data based on World Urban
Database and Access Portal Tools (Ching et al., 2018, 2019), which shows the majority of the Chicago urban grids belong to open low
residential and compact low residential, with building height at 17.5 and 6.5 m, respectively. To ensure the robustness of the
conclusion of this study, we conducted an ensemble of 5 members for each of the four experiments shown in Fig. 2. The five members
were started with initial conditions 12 h apart between 0000 UTC on 12 May 2018 and 0000 UTC on 14 May 2018, and they all ended
on 0000 UTC 1 September 2018. Therefore, the five members overlapped for all of the summer of 2018, with a spin-up period varying
from 17 to 19 days. All the results shown in this study is the five-member ensemble mean from June to August 2018. In fact, we found
that each single member reports similar conclusions, indicating the small perturbations arising from the different initial conditions do
not change the conclusions drawn from this particular study.

2.2. Data and methods

2.2.1. Observations for model evaluation

Six in situ observation sites (Fig. 3) from the Automated Surface Observing System (ASOS) were used to evaluate near-surface air
temperature (Ta), relative humidity (RH), and winds from ERAS5, CTRL, and BEP_BEM. ASOS instruments are primarily located at
airports, because the primary function of the ASOS is to provide minute-scale observations and generate basic aviation weather reports
(Nadolski, 1992). We retrieved 5 min air and dew point temperature, and 10 m wind speed and directions, and reduced these to hourly
averaged values to match our hourly WRF output.

Among the six locations, three (KPWK, KMDW, and KRFD) are located over urban areas, according to MODIS land type data.
Among the three urban locations, two (KPWK and KMDW) are located over the highly urbanized area of the CMA. Another three
locations (KENW, KARR, and KVPZ) are located over cropland or natural vegetation according to MODIS land type; KENW and KARR
are particularly close to the urban area, which could be influenced by urbanization. We also evaluated skin temperatures (TSK) using
MODIS AQUA and TERRA satellite data by picking the overlapping pixels for each ASOS location. These satellite data are available on a
semi-diurnal cycle so that we have four readings per day for all days of summer 2018. Last, in situ NOAA National Data Buoy Center’s
(NDBC’s) observations over five selected locations nearshore of Lake Michigan (Fig. S1) were used to evaluate the performance of the
ERAS5, CTRL, and BEP_BEM experiments in lake surface temperature, Ta, RH, and winds over Lake Michigan.
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2.2.2. Heat stress metrics

We focus on heat stress instead of just air temperature because heat stress is a better indicator of thermal discomfort, since it
considers both temperature and relative humidity (Sarangi et al., 2021). In addition, the lake and urbanization affect not only on air
temperature, but also humidity and wind conditions (Chakraborty et al., 2022). Therefore, we choose three different heat stress metrics
that take into account different meteorological factors and have different responses to temperature and relative humidity changes:
First, we applied the equation used by the National Weather Service (Rothfusz, 1990; Steadman, 1971; Steadman, 1979) to estimate HI
values for the following four conditions. HI is a metric that represents the human perceived temperature by considering the impact of
humidity. Sarangi et al. (2021) found that the magnitude of HI is 3-5 times more sensitive to air temperature change than to relative
humidity change.

HI, is first calculated as a baseline, following Eq. (1):

HI, = 0.5 x [T, + 61.0 + (T,~68.0) x 1.2 + RH x 0.094] (1

where Ty is in degrees Fahrenheit, and RH is a percentage. If (HI; + T4)/2 < 80 °F, then HI; is the final HI. If (HL; + T,)/2 > 80 °F,
then HI, is calculated as following Eq. (2):

Hl, = —42.379 4+-2.04901523 x T, 4+ 10.14333127 x RH-0.22475541 x T, x RH-6.83783 x 1073 x T,%-5.481717 x 107% x RH?

2)
+1.22874 x 1073 x T,2 x RH+8.5282 x 10™* x T, x RH*~1.99 x 107® x T, x RH?

If RH < 13% and 80 °F < T, < 112 °F, then HI; needs to be adjusted following Eq. (3):

H = HI2—(13—RH)/4 x /[17=abs (1,-95)]/17 3)
If RH > 85% and 80 °F < T, < 87 °F, then HI, needs to be adjusted following Eq. (4):
HI, = HI, + (RH-85)/10 x (87-T,)/5 )

Next, we used two approaches to calculate wet-bulb temperature (Tw), a thermodynamic measure of humidity in the atmosphere
and often used in climate studies to describe heat stress (Sherwood, 2018; Raymond et al., 2020; Zhao et al., 2021). One approach was
developed by Stull (2011), as shown by Eq. (5):

T. =T, x arcian [0.151977 x (RH + 8.313659)”2] + arctan(T, + RH)-arctan(RH-1.676331) + 0.00391838 x (RH)*? ©
x arctan(0.023101 x RH)-4.686035

The other approach, which was developed by Stipanuk (1973), is an iterative approach that returns the wet-bulb temperature given
Ta, dewpoint temperature (in degrees Celsius) and surface air pressure (in hectopascal). The analyses shown in this study used the
approach of Stipanuk (1973). We found conclusion the same when Stull’s equation is used.

Wet-bulb global temperature (WBGT), as proposed by Yaglou and Minard (1957), is calculated as another discomfort index. WBGT
is a weighted average of air temperature, natural wet-bulb temperature and black globe temperature. Black globe temperature is a
function of radiant heat, air temperature, and air velocity. By incorporating black globe temperature, WBGT considers radiation effects
as well as wind effects, whereas many other simplified thermal comfort indices do not (Heo et al., 2019). In our study, both the ur-
banization and the lake presence would significantly affect the wind speeds. Therefore, it is important to take into account all these
factors when investigating the urbanization and lake effects on heat stress over CMA, as in Eq. (6):

WBGT = 0.735 x T, +0.0374 x RH 4 0.00292 x T, x RH+7.619 x SR — 4.557 x SR*-0.0572 x WS — 4.064 6)

where SR and WS are solar insolation (kilowatts per meter) and wind speed (meters per seconds), respectively. T, is in degrees
Celsius.

3. Results
3.1. Model evaluation

Fig. 3 compares ERA5, CTRL, and BEP_BEM simulated and ASOS observed diurnal variation of TSK, Ta, RH, and 10 m windspeeds
over six selected ASOS locations across the studied area, for 5-member ensemble and three-month mean. The BEP_BEM provides
improvement over CTRL in the diurnal range of TSK over the urban locations (RMSE reduced from 5.19 and 5.26 °C to 2.52 and 2.44 °C
at KMDW and KPWK, respectively during nighttime. Improvement by BEP_BEM is also found in T, during early morning, with RMSE
reduced from 1.78 and 2.38 °C to 1.02 and 1.52 °C at KMDW and KPWK, respectively, from 18 to next 5 Central Daylight Time (CDT;
Table S1).

In addition, BEP_BEM captures the difference between T, and TSK more realistically than does CTRL. For example, in CTRL, the T,
is always cooler than TSK; in BEP_BEM, however, the T is cooler than TSK during the day (by up to 8 °C), but warmer than TSK during
the night (1-2 °C) because the BEP_BEM considers the anthropogenic heat impacts on the air, which warm the air temperature
overnight. Such discrepancies between T, and TSK were also found by other studies using satellite and in situ observations despite the
land-use types (Jin et al., 1997; Prakash et al., 2019). The overestimation of Ta by CTRL during both day and night was also observed
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Fig. 4. BEP_BEM simulated air temperature at 2 m (a-d); air temperature difference between BEP_BEM and No_LakeM (e-h); and between BEP_BEM
and No_Urban (i-1). All results are calculated based on June-August five-ensemble mean.

by Wang and Hu (2021) when comparing two similar model setups as we designed here over Dallas-Fort Worth during a dry summer
and a wet summer. Because CTRL and BEP_BEM perform similarly over non-urban areas, the improvement of T, by BEP_BEM over
urban location also helps capture the UHI more realistically.

While both BEP_BEM and CTRL underestimate the 2 m RH, BEP_BEM has larger RH in the morning, closer to the ASOS observations
(RMSE reduced from 10.73 to 11.34% to 7.8-8.6% throughout the day) over the two urban locations. This is likely because the Ty is
decreased and latent heat flux is increased by BEP_BEM during the same time period, which reduces the moisture capacity but increases
the evaporation and can potentially increase RH. For the 10 m wind speeds, all ASOS locations over the western side of Lake Michigan
show higher wind speeds in the afternoon and lower wind speed from midnight to morning. Both CTRL and BEP_BEM capture this
diurnal pattern over most of the stations except over KVPZ, but BEP_BEM tends to overestimate the wind speeds over the non-urban
stations KARR, while underestimating the wind speeds over the urban station KMDW, resulting in a similar agreement with obser-
vations (Table S1).

It is noteworthy that Wang and Hu (2021) also found reduced wind speed when using BEP_BEM, but those wind speeds are closer to
observations than CTRL. This is because the CTRL experiment uses a roughness length that is not directly dependent on urban
morphology, while BEP_BEM estimates the momentum sink with a drag force that depends on urban morphology (Salamanca et al.,
2011). Moreover, the Noah LSM used by CTRL is separated from the atmosphere above and communicates with the above atmosphere
only with bulk surface flux and grid scale roughness length, while BEP_BEM allows buildings to protrude into the lower atmosphere
and is more direct and realistic in capturing building drag effects. The larger discrepancy in our case between the ASOS observation
and BEP_BEM simulation is likely due to the following: (1) the ASOS observations are located at airports, with a more open landscape
than the urban morphology that WRF assumed in the BEP_BEM experiment, with building heights at least 10 m high, which can
potentially reduce wind speeds; (2) the ASOS data is derived from 5 min scale observations, which are more likely to capture very high
wind speeds than the hourly output from our WRF simulations. We did find though, using MYJ PBL coupled with BEP_BEM reduced
some of the bias in wind speeds over both rural and urban stations, and it reduced the bias in air temperature and relative humidity
over urban stations during evening (Table S1), when comparing with BEP_BEM coupled with YSU PBL.

Compared to ERAS5, the WRF models clearly show a large improvement in the diurnal range of both TSK and T,, especially over
urban area. One of the reasons is that ERA5 (and most reanalysis datasets) does not explicitly represent urban climate processes, and is
not able to reproduce the observed UHI (Chakraborty et al., 2021). Nogueira et al. (2022) demonstrated this limitation of ERA5 over a
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Fig. 5. BEP_BEM, No_Urban, and No_LakeM simulated 2 m air temperature (a, b) and relative humidity (c, d) over urban grids (left) and non-urban
grids (right) shown in Fig. 2 and Fig. 4. All results are calculated based on June-August five-ensemble mean.
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Fig. 6. BEP_BEM simulated wind speed (shadings) and direction (arrows) at 10 m (a-d); their differences between BEP_BEM and No_LakeM (e-h);
and differences between BEP_BEM and No_Urban (i-1). All results are calculated based on June-August five-member ensemble mean. Note that the
reference length of wind arrow is 4 m/s for the middle panel and 2 m/s for the right panel.

mega-city of Paris with strong UHI: ERA5 always showed larger bias over urban grids than over vegetation grids for daily maximum
and minimum air temperature. Neither can ERA5 reproduce the diurnal cycle of land surface temperature; it underestimated tem-
peratures by 5 °C, similar to our results here.

Although the daily averaged temperature and winds are reasonably captured by both WRF and ERA5, ERA5 shows quite different
diurnal cycles of both temperature and winds at the coastal lake buoys (Fig. S1). The performance of WRF models is also less favorable
over buoys than over ASOS locations, especially over locations that are close to the shoreline; none of the models or ERA5 are capable
of capturing the diurnal cycle or the magnitude of temperature and wind speeds. One of the reasons for this is that the lake surface
temperature used as a lower boundary condition for WRF is at a daily scale and therefore cannot capture the diurnal cycles over the
lake. The particularly large bias over shore locations could be related to the resolution of the surface forcing, which may have a larger
discrepancy near the coast, motivating the use of coupled model system with a 3-dimensional lake model (e.g., Xue et al., 2017; Sun
et al., 2020) to better prescribe the coastal lake surface in future studies.

3.2. Impacts of Lake Michigan and urbanization

In Sect. 3.2.1 we start by analyzing the changes in T, due to urbanization and lake effects, because the temperature difference across
various landscapes drives the wind conditions such as lake breeze, which in turn influences the geospatial patterns of air temperature
and moisture. Wind condition (Sect. 3.2.2) and RH (Sect. 3.2.3) changes are presented next to examine their influence on heat stress
(Sect. 3.2.4).

3.2.1. Air temperature

Fig. 4 shows 2 m T, simulated in BEP_BEM, and the difference in T, between BEP_BEM versus No_LakeM, and between BEP_BEM
versus No_Urban over the studied area as shown in Fig. 2 at four local times (06, 12, 18, and 00 CDT). In the BEP_BEM experiment
(Fig. 4a-d), the lake-land temperature gradient is large, and there is a strong diurnal cycle of T, with an increase from morning, reach
the highest point in the afternoon (16 CDT; some locations over DuPage County reach a summer average of ~29 °C). The highest T, is
over DuPage County (during afternoon to evening) instead of Cook County, which has the highest population (40% of Illinois) and is
the most urbanized (compared with surrounding areas). This is because the lake breeze (Sect. 3.2.2) is the strongest during this time
and its propagation toward the land advects the heat farther southwest.

When the lake is filled by cropland, the temperature gradient between the original lake body and urban area is largely reduced, and
T, is warms by 1-2 °C over inland grids and 3-4 °C near shore. The warm core over the urban area not only intensifies and expands but
also moves to Cook County (closer to the lake) and lasts longer (Fig. S2). Therefore, as shown in Figs. 4 and 5, the lake presents a
cooling effect on T, throughout the day, first along the shoreline when the lake breeze starts forming, and then expanding farther west
with stronger lake breeze in the afternoon. The strongest cooling (4 °C near shore and 1-2 °C inland, ~40 km away from the lake)
occurs in the late afternoon (18 CDT for example), when the air temperature is still high and the land-lake temperature difference is the
largest. The cooling effect of Lake Michigan on the skin temperature shows a similar diurnal pattern, but with a smaller magnitude and
affected area.

When the urban grids are replaced with cropland, the lake-land temperature gradient is also reduced, but not as much as that in the
No_LakeM experiment. T, is reduced throughout the day over both urban and rural grids, and there is no warm island over the studied
area (Fig. S2). Therefore, as shown in Figs. 4 and 5, the urbanization creates a warming effect on T, throughout the day, mostly over the
inland urban grids. The largest warming in T, occurs in the late evening to midnight (21 CDT to 00 CDT), with up to 6 °C warming over
many locations in DuPage County and locations away from the lake in Cook County. The urban impacts on skin temperature are of
smaller magnitude than the impacts on air temperature, but with similar diurnal pattern: larger in midnight to early morning and
smaller around noon.

Comparing the competing impacts of lake and urbanization on air temperature, as shown in Fig. 5 (a-b), the lake’s cooling effect is
at its highest in late afternoon to early evening (16-19 CDT), while the urban warming effect is in late evening to midnight (19-23
CDT). This means that the strongest warming effect (~3.5 °C) posed by urbanization can be reduced only slightly by the lake (~1.5 °C).
Such contrasting impacts from urbanization and lake breeze also exist over non-urban (mainly cropland and natural vegetation) grids,
but are much smaller.

3.2.2. Winds

For CMA, winds caused by lake breeze and urban-induced circulations in summer contribute to the ventilation of the city and play
an important role in the spatial evolution and magnitude of the heat stress. Fig. 6 shows the 10 m wind conditions (speed and direction)
simulated in BEP_BEM, the difference between BEP_BEM versus No_LakeM, and the difference between BEP_BEM versus No_Urban
over the studied area. It should be noted that 10 m winds are within the urban canopy, however, simulated winds above the canopy (e.
g., at 50 m) are qualitatively similar, suggesting our results are not affected strongly by this choice.

In the BEP_BEM experiment, we see a strong diurnal cycle of wind conditions with slow wind speeds (monthly average <0.1 m/s
over some locations in both land and lake) during the nighttime through morning, and strong wind speeds (monthly average >3 m/s)
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along the lakeshore and over the lake starting from 11:00 CDT, and then extended to a larger area in the afternoon and last until
midnight (00:00 CDT). There is also a change in wind directions from westerly in the morning to easterly in the afternoon. This di-
rection change - specific to the western side of Lake Michigan - is due to the lake breeze (Laird et al., 2001); the lake breeze over the
eastern side of Lake Michigan mirrors the western side, as the temperature gradients are opposite.

When the Lake Michigan is filled with cropland (No_LakeM experiment), the diurnal cycle of winds is much weaker compared to the
BEP_BEM simulations. The wind speeds are reduced by up to 2 m/s in afternoon and ~ 0.5 m/s throughout the day, and the wind
directions over both lake and land (both urban and rural) remain westerly most of the day. However, because there is almost no
difference in air temperature between the urban area and the filled lake, the temperature gradient between rural and urban dominates
and promotes rural breeze in the afternoon blowing from rural to urban (Fig. S3). When the urban is replaced by cropland (No_Urban
experiment), the lake breeze still develops, initiating around noon and reach the peak at 18 CDT. The wind speeds are slower over the
lake, because the temperature gradient is smaller between lake and cropland than that between lake and urban. When the urban
landscape is excluded, the wind speeds are faster over the land, especially over the locations originally specified as urban (Fig. S3),
presumably because the frictional effects of the urban canopy are now absent.

In summary, the presence of the lake increases the wind speed over lake and causes the wind direction shift from morning to
afternoon (Figs. 6 and 7), bringing the cool air from lake to lands; however, the presence of the lake also decreases the wind speeds over
sub-urban and rural areas. This is because the penetration of lake breeze cancels out some westerly wind due to “rural breeze”, which
opposes the lake breeze. Urbanization also increases the wind speeds over lake, particularly along the lake shore, due to increased
thermal gradients. However, it decreases the wind speeds over urban area, because of increased drag effect due to the urban canopy,
which has a surface roughness much larger than cropland, making the lake breeze penetration more difficult. There may also be some
compensating effects due to the rural breeze mentioned above, however, it is difficult to ascertain if this effect is stronger than the
increase in lake breeze due to elevated urban temperatures. These findings are consistent to Ribeiro et al. (2018). In contrast, ur-
banization increases the wind speed over rural areas around noon because of the temperature gap between rural and urban areas,
which causes stronger westerly and southwesterly wind from rural areas to urban areas (Oke, 1995). The increased westerly wind
toward the CMA together with the easterly lake breeze form a convergence over the urban area, which can potentially maintain the
UHI longer.

To better understand how lake and urbanization affect individual events, we selected a typical lake breeze event with an UHI signal
over CMA on June 7, 2018 (Fig. S4). We found the lake breeze penetration is slower over urban grid than that over sub-urban and rural
areas, agreeing with previous case studies (Freitas et al., 2007; Keeler and Kristovich, 2012; Ribeiro et al., 2018) as well as our seasonal
and ensemble mean, as shown in Figs. 6 and 7. The lake breeze on the eastern side of Lake Michigan penetrates into the land (mainly
cropland, no urban) at a faster and more steady speed. Similar penetration speed is seen when the urban is replaced with cropland for
CMA. In addition, we selected four locations with same distance to each other but are over lake, urban, suburban and rural areas, and
investigated their air temperature and PBL height variations throughout the day. We found that, the sub-urban air temperature
dropped three hours later than did the urban air temperature, while the rural air temperature dropped only one hour later than the
suburban air temperature (Fig. S5). This indicates that the lake breeze propagates through urban regions much slower than it does
through suburban and rural regions, meaning the lake breeze reached the Chicago suburbs much later than it reaches the urban area
closer to the lake, such that cooling over suburbs is relatively delayed; as a result, the suburbs have the highest air temperature in the
afternoon compared with other spatial locations over CMA. For this particular event, based on the timing of air temperature decreases
at each location, we estimated the lake breeze penetration speed is 2.37 m/s over urban, similar to Freitas et al. (2007) and Ribeiro
et al. (2018); and is 6.94 m/s over rural, faster than previous studies (e.g., Ribeiro et al., 2018 and their references; 3-4 m/s) probably
due to the smaller drag effect of cropland. When urban grid points are replaced by cropland, the delay of temperature drop in suburbs is
much shorter, indicating the importance of the urban canopy in setting the suburban diurnal temperature signal. When the lake is filled
by the cropland, all locations show similar variations of air temperature, indicating Lake Michigan is an important driver forming the
temperature gradients from urban to rural areas. We also found an abrupt drop in PBL height when the lake breeze front arrives at each
location, bringing colder and moister air from the lake and inducing the formation of a thermal internal boundary layer, disrupting the
vertical evolution of the boundary layer. Similar to the air temperature, the drop of the PBL height over suburban is three hours later
than that over urban regions, while the drop over rural areas is only one hour later than the suburbs, further evidence that the lake
breeze is decelerated by urbanization.

3.2.3. Relative humidity

Fig. 8 shows 2 m RH simulated in BEP_BEM, and the difference in RH between BEP_BEM versus No_LakeM, and between BEP_BEM
versus No_Urban over the studied area. In the BEP_BEM experiment, during late evening to early morning, there is a “dry island” over
DuPage and Cook counties because there is less latent heat flux and evaporation over the urban grids. In the No_LakeM experiment, the
RH decreases over all land grids. Moreover, the dry island strengthens and expands farther out to rural grids surrounding the lake
(Fig. 5 and Fig. S6). This lake-induced increase in RH shows the largest magnitude around 18:00-20:00 CDT, and has the largest area of
influence at midnight with slightly smaller magnitude than earlier evening. In the No_Urban experiment, the RH increases over land
grids, and the dry island disappears between midnight (by 20%) to early morning because evaporation from croplands is higher than
that over the original urban grids (Fig. 5 and Fig. S6). Unlike the lake effects, urbanization impacts have similar areas of influence
throughout the day. In addition, urbanization affects RH mostly over inland grids, with the shoreline unchanged, because the lake
breeze still exists and can bring in moisture. The drying effects are the strongest around midnight, reducing RH over most of Cook and
DuPage counties.

In summary, when the lake shows the largest cooling effect, it also shows the largest increase in RH (e.g., 18:00 CDT) and vice versa
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for urban drying and warming effects. Over urban grids, especially the inland urban areas (e.g., DuPage County), RH is reduced by
urbanization (5-10% during the day and 15-20% at night) more than it is increased by lake breeze (~8% at most during night). The
changes of RH over non-urban (rural) grids are smaller (1-3%) due to the contrasting effects from both urbanization and lake effect
(Fig. 5).

3.2.4. Heat stress

The different impacts from urbanization (warming and drying, peak at evening) and the lake breeze (cooling and moistening, peak
in late afternoon) on T,, winds, and RH over CMA, as discussed in Sect. 3.1.1-3.1.3, can influence the heat stress differently. The three
heat stress indices defined in Sect. 2.5 (T,,, WBGT, and HI) are presented in this section to demonstrate the different response of heat
stress to Ty, RH, and wind speed changes. Because HI's change is dominated by the air temperature change, we see that the impacts
from lake and urbanization on HI are similar to their impacts on T, (Fig. S7). For example, the lake reduces the heat stress with the
largest magnitude near shore at 18:00 CDT (by 3-4 °C) and the largest influence area from 18:00 to 00:00 CDT. Urbanization in-
tensifies the heat stress, peaking at midnight (by 4-6 °C) with an influence area mostly over urban grids (e.g., Cook and DuPage
counties).

Fig. 9 (a-c) shows the diurnal cycle of T, WBGT, and HI in the three experiments. In general, heat stress is the worst during the
afternoon. The lake starts reducing heat stress from morning (8:00-10:00 CDT), and maximizes the impacts in the late afternoon and
early evening (19-20:00 CDT). The largest impacts of urbanization on heat stress (intensification) are mainly seen during evening. We
also examined the lake and urban impacts on urban heat stress island (UHSI), calculated by subtracting the rural heat stress from the
urban heat stress in each of the three experiments (Fig. 9d). Comparing the three indices, we see that HI is warmed up (cooled down) by
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Fig. 7. Wind speed (a-c) and direction (d-f) over urban grids, non-urban land grids (e.g., croplands and natural vegetation) and lake grids,
respectively, as shown in Fig. 2. The wind direction is defined as the direction from which it originates, and is measured in degrees clockwise from
due north. For example, a wind coming from the south has a wind direction of 180°; one from the east is 90°. Over lake grids in afternoon, the wind
comes mostly from the east.
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Fig. 8. Same as Fig. 4, but for 2 m RH.
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Fig. 9. (a-c) T,,, WBGT, and HI averaged over urban grids shown in Fig. 2. (d) impacts of urbanization versus lake breeze on urban heat stress island
(UHSI). The UHSI is calculated by subtracting the rural heat stress from urban heat stress in each experiment using T,,, HI, and WBGT, respectively,
as the heat stress index.

urbanization (lake effect) the most, followed by WBGT. Regardless of the indices used, the intensification by urbanization is >4 times
larger than the reduction by the lake during late afternoon to evening. The urbanization impact on T,, during the daytime is an
exception, because T, is more sensitive to RH (compared to T,), and urbanization reduces the RH more than it increases the T, (Fig. 5),
therefore the heat stress described by T, is reduced by urbanization.

We also counted the heat caution hours (HCH, defined by the number of hours per day with HI > 27 °C or 80.6 °F; Sarangi et al.,
2021) in the three experiments to quantify the impacts of lake and urbanization on extreme heat stress conditions (Fig. 10). The
presence of the lake can reduce HCH by up to 4 h per day near lakeshore, and 1-3 h per day over the majority of Cook County and Lake
County, and by 1-2 h per day over half of DuPage County. These reductions in HCH most likely occur in the afternoon when the lake
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Fig. 10. (a) BEP_BEM simulated heat caution hours (HCH) per day, calculated based on number of days with HI >27 °C. (b-c) difference in HCH
between BEP_BEM versus No_LakeM, and between BEP_BEM versus No_Urban.
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cooling is the strongest. In contrast, urbanization increases HCH over most of Cook and DuPage counties and half of Lake County (by
2-4 h per day). Near-shore enhancements are restricted to 1 h per day. The largest increase of HCH is over DuPage County — up to 4 h
per day (Fig. 5), clearly demonstrating the urbanization-induced increases in duration of extreme heat stress.

4. Summary and discussion

Using the latest WRF model coupled with multilayer urban canopy models (BEP and BEM), we investigated the interaction and
contrasting impacts from urbanization and lake breeze on heat stress in 2018 summer over the CMA. Our results show that the WRF
coupled with BEP_BEM can better capture the diurnal cycle and the diurnal range of surface air temperature, skin temperature, and
relative humidity. This indicates that, in order to reliably simulate the regional climate at urban scale and its potential impacts on the
surroundings, interactions between the urban surface, lake and the atmosphere need to be considered, although the use of urban
models coupled to climate models requires higher computational costs (Nogueira et al., 2019). The presence of Lake Michigan enlarges
the air temperature gradient between lake and land, causing the lake breeze during afternoon to evening, bringing cool, moist air to the
CMA and suburban, and disrupting the vertical evolution of urban boundary layer. The urbanization also enlarges (although not as
much as the presence of the lake) the air temperature gradient between lake and urban areas and between rural and urban areas,
intensifying the wind speeds over lake, but decelerating the penetration of lake breeze into suburban and rural areas.

Even though WRF coupled with BEP_BEM reasonably captures near-surface urban meteorology, there are still uncertainties to be
aware of. The model uses a tiled approach to examine the influence of urban vegetation; the pervious fraction is held constant for all
urban grids, which can have an impact on simulated T, and RH. It is difficult to quantify these uncertainties from evaluations, because
there is a mismatch in scale between the model-simulated gridded variables and the in situ observations. Moreover, this tiled approach
cannot simulate the shading effect of vegetation within urban canyons (Krayenhoff et al., 2020), which can influence heat stress at the
pedestrian scale (Middel et al., 2021). Finally, urban representation in models does not fully capture morphological, radiative, and
thermodynamic properties in their full complexity (Garuma, 2018; Qian et al., 2022), which requires finer model resolution and
further urban model developments, as well as finer resolution land use/land cover data that can better resolve the urban heterogeneity
(Ching et al., 2018, 2019).

Last but not least, we found using a nested domain with two-way feedback can reduce some model bias for air temperature and
relative humidity, but it can also bring larger biases for the wind components possibly due to the boundary effects from the nesting,
suggesting that a sufficiently large domain size should be considered if nesting approach is used. In addition, the model bias over lake
(near shore) is relatively large (compared with inland locations). This could be due to the relatively coarse resolution (although it is
convective permitting) setup, which is not sufficient to capture the land-lake mask and/or complex terrain transition. This bias may be
improved by coupling a three-dimensional lake model at very high spatial resolutions (Huang et al., 2022). Although those limitations
and uncertainties exist, we believe our overall conclusions associated with lake and urbanization effects remain solid and are in line
with our conceptual understanding of these interactions and previous studies (Gedzelman et al., 2003; Tan et al., 2009; Meir et al.,
2013; Sharma et al., 2017; Sarangi et al., 2021; Qian et al., 2022).
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