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ABSTRACT: Most inland water bodies are not resolved by general circulation models, requiring that lake surface tem-
peratures be estimated. Given the large spatial and temporal variability of the surface temperatures of the North American
Great Lakes, such estimations can introduce errors when used as lower boundary conditions for dynamical downscaling.
Lake surface temperatures (LSTs) influence moisture and heat fluxes, thus impacting precipitation within the immediate
region and potentially in regions downwind of the lakes. For this study, the Advanced Research version of the Weather
Research and Forecasting Model (WRF-ARW) was used to simulate precipitation over the six New England states during a
5-yr historical period. The model simulation was repeated with perturbed LSTs, ranging from 10°C below to 10°C above
baseline values obtained from reanalysis data, to determine whether the inclusion of erroneous LST values has an impact on
simulated precipitation and synoptic-scale features. Results show that simulated precipitation in New England is statistically
correlated with LST perturbations, but this region falls on a wet—dry line of a larger bimodal distribution. Wetter conditions
occur to the north and drier conditions occur to the south with increasing LSTs, particularly during the warm season. The
precipitation differences coincide with large-scale anomalous temperature, pressure, and moisture patterns. Care must
therefore be taken to ensure reasonably accurate Great Lakes surface temperatures when simulating precipitation,
especially in southeastern Canada, Maine, and the mid-Atlantic region.

KEYWORDS: Inland seas/lakes; Precipitation; Water budget/balance; Climate models; Model evaluation/performance;
Regional models

1. Introduction new simulation domain. When water surface data are not
provided by the driving dataset, the default treatment in WRF
is to substitute values from the nearest grid cells for which
water surface temperatures are available. This method is likely
suitable for water bodies that are partially resolved, ensuring
that values are borrowed from neighboring, or at least nearby,
grid cells. However, water bodies that are completely unre-
solved and also geographically isolated, such as inland lakes,
could assume unrealistic properties from a remote location
(Wang et al. 2017). For the North American Great Lakes,
which are often completely unresolved by GCMs, the nearest
grid cells are usually located in the Atlantic Ocean and Hudson
Bay. This method can introduce unrealistic temperature dis-
continuities, sometimes as large as 20°-30°C from one model
grid cell to the next, and substantial temperature biases (Gao
et al. 2012; Mallard et al. 2015). Spero et al. (2016) investigated
how incongruous Great Lakes temperatures influence regional
climate extremes by comparing WRF simulations when this
& Supplemental information related to this paper is available nearest-neighbor approach was used with simulations that
at the Journals Online website: https://doi.org/10.1175/JAMC-D- employed a lake model instead. The differences in lake surface
20-0169:s1. temperatures (LSTs) between these two approaches were
large. Those assigned by WRF during preprocessing were

Corresponding author: Janel Hanrahan, janel.hanrahan@ 14° and 23°C warmer during July and December, respectively,
northernvermont.edu than those assigned by the lake model. They determined that

Data from general circulation models (GCMs) are often not
resolved at a scale that provides information about inland
water bodies. When downscaling GCM output with a regional
climate model (RCM) over a domain that includes large lakes,
lower boundary conditions for such features may therefore not
exist within the driving dataset. However, because lakes can
have a strong influence on regional air temperature and pre-
cipitation (Scott and Huff 1996; Anyah and Semazzi 2004;
Notaro et al. 2013; Wright et al. 2013), this information may be
critical when simulating weather and climate.

When water surfaces such as oceans and lakes are resolved
within the driving dataset, regional climate models, including
the Weather Research and Forecasting (WRF) Model, apply
their temperatures to the corresponding water points in the
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the erroneous temperatures introduced with the former setting
produced large-scale artifacts such as thermally induced waves.
The impacts on simulated precipitation and temperature were
thus not limited to the immediate Great Lakes region, but
instead extended across much of the eastern half of the
United States.

An alternative method provided in the WRF Preprocessing
System (WPS) allows the user to assign temporally averaged
2-m air temperatures from collocated land points to the un-
derlying lake surfaces [see Wang et al. (2017) and Mallard et al.
(2015) for detailed descriptions of this method]. When em-
ploying this alternative LST method, the user must define
the interval over which temperatures are averaged, and if
desired, a time lag may be introduced to account for differ-
ences in thermal inertia. Bullock et al. (2014) concluded that
this method did not produce realistic temperatures or ice cover,
and that when available, higher-resolution GCM or reanalysis
data should instead be used. Because both these methods
assign lower boundary conditions for LSTs that do not allow
for physically realistic responses to regional and spatial atmo-
spheric changes, the lakes do not come into equilibrium with
the overlying atmosphere throughout the model simulation
(Spero et al. 2016).

For historical simulations, observed lake temperature data
may be assimilated, but LST values can vary greatly from
one data source to the next. For example, Zhao et al. (2012)
identified differences between satellite-derived and reanalysis
wintertime Great Lakes surface temperatures in excess of 8°C.
For model simulations completed during future time periods,
LST observations do not exist, so the simplest approach may be
to assume steady-state values obtained from higher-resolution
climatological data (Mallard et al. 2015). Great Lakes surface
temperatures, however, are highly variable in space and time,
as is ice cover extent during the cold season (Wang et al. 2012).
Interannual surface temperature changes for individual lakes
can approach 10°C (Zhong et al. 2016), the seasonal cycle
typically produces a LST range of 20°C, and daily lake-to-lake
temperature differences average more than 5°C (see Tables S1
and S2 in the online supplemental material).

Another complicating factor for estimating LSTs is the in-
crease in surface temperatures of the North American Great
Lakes over the past few decades (Zhong et al. 2016). This is
consistent with the warming of lakes worldwide under anthro-
pogenic global warming, particularly at mid- to high latitudes
(Schneider and Hook 2010; O’Reilly et al. 2015). The observed
rate of water temperature increase is generally larger than that
of the surrounding air, resulting in increasing evaporative losses
(Hunter et al. 2015), and modified precipitation in nearby re-
gions (Hayhoe et al. 2010; Gula and Peltier 2012; Zhao et al.
2012; Wright et al. 2013). Great Lakes surface temperatures
are likely to continue increasing into the future, particularly
during the warm season. Because this accelerated warming
may be driven by decreasing wintertime ice cover, such trends
will continue at least for another few decades until the lakes
become ice-free year-round, at which time the lakes are ex-
pected to warm at a rate more consistent with the regional
atmosphere (Austin and Colman 2007). Observed real-world
impacts of disproportionate LST trends underscore the need
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to ensure their accuracy when simulating regional weather and
climatology.

Coincident with the timing of recent elevated evaporative
losses from the Great Lakes (Hanrahan et al. 2010; Hunter
et al. 2015), annual precipitation and associated cloud cover
have been increasing in the northeastern United States in re-
cent decades (Guilbert et al. 2015; Hoerling et al. 2016; Huang
et al. 2017), particularly during the warm season (Easterling
et al. 2017; Hanrahan et al. 2017). While the closest New
England state is more than 200 km from the Great Lakes, the
surface area of the lakes is approximately 30% larger than
the combined land area of New England. Given that annual
evaporative losses from some of the lakes can approach depths
of 100 cm (Hunter et al. 2015), which is comparable to annual
precipitation totals in the northeastern United States (Huang
et al. 2017), changes in LST values and subsequent evaporative
losses have the potential to substantially modify precipitation
in this downwind region, purely from a water balance perspec-
tive. Therefore, as modeling studies seek to understand the un-
derlying causes for precipitation trends, and to provide accurate
long-term forecasts in New England under anthropogenic cli-
mate change, it is important to examine whether LST accuracy
is a critical factor when simulating weather in this region.

For this work, we use an approach of systematically in-
creasing and decreasing Great Lakes temperatures to examine
how this may influence simulated precipitation downwind of
the lakes during a recent 5-yr period. Our study region is New
England, which includes the states of Maine, Vermont, New
Hampshire, Massachusetts, Connecticut, and Rhode Island
(Fig. 1, outlined in blue). In section 2, we describe the RCM
configuration, identify the driving datasets, and discuss how the
LSTs were modified. We then examine precipitation depen-
dence within New England, and atmospheric dynamics over
the larger northeastern U.S. region, on these LST changes in
section 3, and the results are discussed in section 4.

2. Methods and data

The Advanced Research version of the Weather Research
and Forecasting Model (WRF-ARW), version 3.9.1 (Skamarock
et al. 2019), was used to simulate precipitation over the northeastern
United States during 2010-14. Two one-way nests were used
with an outer-domain (D1) resolution of 36 km and an inner-
domain (D2) resolution of 12km (Fig. 1). The domain config-
uration used here is similar to those used in other modeling
studies that examine climate in the New England region, with
respect to location and resolution (e.g., Gao et al. 2012; Trail
et al. 2013; Burakowski et al. 2016; Komurcu et al. 2018).

Initial and lateral boundary conditions were obtained
from European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim, which has an approximate spatial
resolution of 80 km (Dee et al. 2011). Physics options for both
domains are identified in Table 1. Radiation, cumulus, micro-
physics, and boundary layer schemes were selected on the basis
of optimal model performance in this region as discussed in
Huang et al. (2020).

Information about some of the Great Lakes is included in
the ERA-Interim dataset, but there are substantial regions
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FIG. 1. WRF Model domains (black outlines) and region of interest (blue outlines).

where LST data do not exist (Fig. 2). We thus replaced existing
values, and filled in missing LSTs, with daily averaged lake
temperatures from ECMWE’s latest global reanalysis, ERAS
(Copernicus Climate Change Service 2017) using the nearest-
neighbor approach. This was done prior to the WRF simulation
by modifying WPS met_em files, which contain preprocessed
horizontally interpolated meteorological data as required for
WREF simulations. Because ERAS data are available at a res-
olution of 30 km, which is comparable to our D1 resolution of
36 km, this produced a more complete picture of the Great
Lakes temperatures (Fig. 2). In addition to replacing LST values,
all ice information was removed, resulting in zero ice cover for all
of the lakes. Instead of interpolating lake ice cover from the
driving dataset, a freezing temperature threshold was set at —1°C
(272K) in WRF. A surface grid cell situated over the lakes is
therefore treated as ice when the water temperature drops just
below freezing. We opted for an ice threshold slightly below
the freshwater freezing point to avoid erroneous freezing of
ocean waters, which have a lower freezing temperature threshold.

Once the LSTs were replaced with the baseline ERAS data
for each day during 2010-14, 10 additional directories were
created that contained identical WPS files. LSTs were then
perturbed by increasing or decreasing values uniformly across
all Great Lakes grid cells (Figs. 3 and 4). The temperature
perturbations were AT = *=1°,2° 4°, 8°, and 10°C, with a lower
bound temperature of 7= —2°C. While observed LSTs do not
fall below 0°C, this lower bound was selected to allow ice for-
mation on the lakes, which was set to occur when temperatures
drop below the —1°C threshold. Note that the imposition of
a lower bound lessens the extent to which some LSTs are ac-
tually reduced when the baseline temperature is already rela-
tively cold, thus resulting in identical LSTs for some of the
negative-perturbation simulations during the cold months. The
span of 20°C was chosen to encompass spatial and temporal
LST variability (Zhong et al. 2016), the magnitude of errors
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that may be introduced through various methods of LST ap-
proximation (Zhao et al. 2012; Mallard et al. 2015), and the
observed range of temperature increases over the past few
decades (Hanrahan et al. 2010; Schneider and Hook 2010;
Hunter et al. 2015; O’Reilly et al. 2015; Zhong et al. 2016;
Easterling et al. 2017).

All five simulation years were completed simultaneously
and initialized on 1 December of the previous year, allowing
for a 1-month spinup period. Analyses included here consider
only data from 1 January to 31 December of the simulation
year. For our seasonal analysis, winter is defined as January,
February, and December of the same calendar year, and for the
remaining seasons, the usual meteorological definitions are
used (spring = March-May, summer = June-August, and
fall = September—November). While winter as it is defined
here deviates from the usual December—February convention,
the subsequent analysis considers only seasonal statistics. Thus,
the replacement of simulated data for December 2009 with
December 2014, only 1 of the 15 total months for winter, is an
acceptable substitution in lieu of eliminating data for the 2010
winter altogether.

A total of 55 simulations were completed, consisting of 11
LST perturbations (AT = 0 and *1°, 2°, 4°, 8°, and 10°C) for

TABLE 1. WREF configuration for both model domains.

Microphysics

Radiation physics
(long- and shortwave)

Surface layer physics

WSM6 (Hong and Lim 2006)
RRTMG (Tacono et al. 2008)

Revised MM5 Monin-Obukhov
(Jiménez et al. 2012)

Thermal diffusion scheme

YSU scheme (Hong and Lim 2006)

New simplified Arakawa—Schubert
scheme

Land surface physics
Boundary layer physics
Cumulus parameterization
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FI1G. 2. Lake temperature data (shaded regions) available within WRF domains. The (left) raw temperature field
provided by the ERA-Interim reanalysis is replaced by (right) the higher-resolution ERAS5 reanalysis.

each of the five years, hereinafter referred to as LST 19,
LST % LST™* LST 2 LST !, LST’, LST*!, LST*2, LST™*,
LST*®, and LST"'°. We applied a threshold to the simulated
precipitation data of 1 mm. Grid cells where daily precipi-
tation met or exceeded 1 mm were thus defined as wet days,
while grid cells with precipitation of less than 1 mm were
defined as dry days and the values were replaced with zero
(Frich et al. 2002).

3. Results
a. Simulated evaporation and ice cover

Simulated annual area-averaged evaporative losses from the
Great Lakes average 2.7 mm day ! for the baseline simulation,
LST?, ranging from 0.7 mm day ' during spring to 4.2 mm day !
during fall (Fig. 5a). These values are similar in magnitude to
recent overlake evaporation estimates in the NOAA/Great
Lakes Environmental Research Laboratory monthly hydro-
meteorological database (Fig. 10 in Hunter et al. 2015) of

approximately 0.8mm day ! during the month of April and
4.0mmday ! during October-December. Simulated evapo-
rative losses approach 18 mm day ' during summer and fall for
LST"!% and decrease to nearly zero for all seasons in LST1°,

Simulated area-averaged ice cover for the lakes is zero
during summer and fall, 7.5% during winter, and 11% during
spring, for the baseline simulation (Fig. 5b). These values are
less than the observed 2010-14 average of 16.6% in winter
and 12.7% in spring but are within the observed range during
this period of 3.8%-40.2% and 1.1%-43.9% (see Table S3 in
the online supplemental material). We note that an increase of
ice cover from winter to spring is atypical based on the ob-
served data and we speculate that this discrepancy results from
the overly simplified relationship of ice formation whenever
the water temperature drops below —1°C in WREF. As illus-
trated in Fig. 4, simulated LSTs decreased until January—
February and remained at the lowest annual temperatures
throughout the spring months coincident with the timing of the
highest simulated ice cover. Despite this result, an increase in
ice cover from winter to spring does occur in the real world (as

AT =-10°C

AT =0°C

+10°C

Winter Spring Summer Fall
25
o
00 L
o
=]
©
115 8
£
i
110 §
=
>
@
5 £
(0]
-l
0
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FIG. 3. Averaged seasonal lake-surface temperatures during 2010-14 as provided by ERAS with (top) AT = —10°C, (middle) AT = 0°C,
and (bottom) AT = +10°C.
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FIG. 4. Spatially and temporally averaged daily lake-surface temperatures during 2010-14 as provided by ERAS5 (gray lines) and
AT = +1°,2°,4°,8° and 10°C (blue and red lines). Averages are computed over D1 for lakes outside D2 and over D2 for lakes included in

this region.

was the case in 2014), and the magnitude of cold-season values
overall are reasonable. For LST ™', simulated wintertime ice
cover is 100%, and approximately 10% of the lakes remain
frozen during the warm season, with Lake Superior remaining
at least partly frozen year-round and Lake Ontario completely
ice free for four months of the year (see Table S4 in the online
supplemental material). By LST™* the lakes are virtually ice
free during summer and fall and about 68 % ice covered during
winter and spring, and by LST"!, the lakes remain ice free
year-round.

We conclude that evaporative losses and ice cover extent
as simulated by WRF are sensitive to lake temperatures.
This dependence is expected, with increasing (decreasing)
evaporative losses and decreasing (increasing) ice cover
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with warmer (cooler) lake water. Furthermore, we find that
the simulated evaporation and ice cover values obtained
from the baseline simulations, LST®, are comparable to
observation.

b. Simulated precipitation in New England
1) SPATIALLY AVERAGED PRECIPITATION

Spatially averaged annual and seasonal simulated precipi-
tation within the New England region (Fig. 1, outlined in blue)
is plotted in Fig. 6 for all simulation years, against LST per-
turbations AT = *+1°,2,°4° 8° and 10°C, with lines of best fit.
A limitation of this presentation is that the most negative
perturbations during some months of winter and spring are not
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FIG. 5. Average simulated (a) evaporative losses (mm day ') and (b) ice cover (%) per season for the Great Lakes.
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FIG. 6. Spatially and temporally averaged simulated (a)-(c) annual and (d)—(f) seasonal precipitation (left) totals, (center) intensity, and
(right) frequency, with lines of best fit, within the New England region.

fully realized given the imposition of a lower bound in LST
values. For actual LSTs coinciding with each AT identified
here, the reader is referred to Fig. 4. Precipitation is quantified
as total depth (mm) in Figs. 6a and 6d, average intensity
(mm day !, including only wet days) in Figs. 6b and 6e, and
frequency (number of wet days) in Figs. 6¢ and 6f. Regression
analysis results are shown in Table 2, which includes 7, re-
sults of significance testing at the 5% level (indicated in
boldface font), and slope values (precipitation metric/LST
perturbation).

We find a statistically significant correlation (p < 0.05),
with /? = 0.81, between spatially and temporally averaged
annual total precipitation and Great Lakes temperature
perturbation, with a slope of +1.73 mm of annual precipita-
tion per degree Celsius change in LST (Fig. 6a and Table 2).
The LST '° to LST'° difference of about 30 mm is 3% of
the annual simulated total for the New England region during
this 5-yr period.

When considering individual seasons, we find that more
than one-half of the dependent total precipitation on LST oc-
curs during the summer with a slope of +0.97 mm°C™". The
summertime LST'° to LST*! difference of 20 mm makes up
about 7% the seasonal total precipitation. Most of the re-
maining dependent total precipitation occurs during winter
and spring, with slopes of +0.39 and +0.32mm°C ™!, respec-
tively. Given the combination of relatively small slope values,
and high total precipitation amounts, the LST!° to LST*!°
differences only make up about 2% of the seasons’ total pre-
cipitation. We further conclude that there is no statistical
correlation between LST perturbation and total precipitation
during the fall season.

Regionwide annual average precipitation intensity slightly
decreases with increasing LSTs, particularly during the sum-
mer and fall seasons. While the dependence is statistically
significant during these seasons, the LST'° to LST*'° de-
crease in intensity is only 2%-3% of the seasonal averages,

TABLE 2. Results of regression analysis comparing total area-averaged simulated precipitation in New England with Great Lake
temperature perturbations. Boldface values indicate statistically significant correlations (p < 0.05).

Total precipitation (mm)

Daily intensity (mm day )

Frequency (days)

Slope (mm °C ™) e Slope (mm °C ™) e Slope (days °C™") P
Annual +1.73 0.81 —0.008 0.71 +0.30 0.83
Winter +0.39 0.90 —0.002 0.19 +0.05 0.96
Spring +0.32 0.58 —0.003 0.27 +0.05 0.66
Summer +0.97 0.82 -0.015 0.57 +0.17 0.80
Fall +0.06 0.09 —0.010 0.69 +0.04 0.85
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FIG. 7. Slopes of best-fit regression lines for each modeled grid cell within New England, quantified as change in simulated annual
precipitation (a) totals (mm), (b) intensity (mm), and (c) frequency (days) per LST perturbation (°C). Blue shading indicates wetter
conditions, and red shading indicates drier conditions, with increasing LSTs.

thus only minimally contributing to the seasonal and annual
changes in precipitation totals. Precipitation frequency in-
creases during all seasons with increasing LSTs, with the largest
increase during the summer season of about three days, or
about 10% of the seasonal average.

We conclude that changes in Great Lakes surface tem-
peratures modify area-averaged simulated total precipi-
tation in New England, but only by a small amount relative
to the annual total. More than one-half of the dependent
total precipitation, however, occurs during the summer.
The increase in annual precipitation totals with warmer
LSTs is the result of an increase in the number of wet days
each year, half of which occur during the summer, but is
slightly moderated by decreasing precipitation intensity
on these days.

2) SPATIAL VARIABILITY OF PRECIPITATION

To better understand the dependence of precipitation in
New England on LST perturbations (or lack thereof), we next
examined the spatial structure by plotting slope values of the best-
fit regression lines for each grid cell within the New England re-
gion (Fig. 7). Slopes are defined as precipitation metric divided by
LST perturbation, where the metrics are total precipitation
(Fig. 7a), average intensity (Fig. 7b), and frequency (Fig. 7c).

The dependence of total annual precipitation on LST is
heterogeneous across the region, with the largest positive slope
of about 5mm °C~! occurring across much of Maine (Fig. 7a,
blue regions), and the most negative slope of about 3 mm °C ™"
in isolated regions across the remaining states (Fig. 7a, red
regions). A reduction of average precipitation intensity with
increasing LSTs is evident across much of the region with
the largest decreases of about 0.05mmday™'°C™! occurring
throughout Vermont, northern New Hampshire, and western
Massachusetts (Fig. 7b, red regions), and slight intensity increases
across eastern Maine, southern New Hampshire, and eastern
Connecticut (Fig. 7b, blue regions). There is an increasing number
of wet days with increasing LSTs across most of New England
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(Fig. 7c, blue regions), with the exception of a slight decrease
throughout Connecticut and a few isolated spots in other states
(Fig. 7c, red regions).

This examination of spatial variability reveals that the
precipitation dependence on perturbed Great Lakes surface
temperatures is not uniform across New England. Some
states are disproportionately impacted by changing LSTs,
particularly Maine, with precipitation metric values that are
notably larger than the areawide averages identified in Fig. 6
and Table 2.

c¢. Simulated precipitation beyond New England

To obtain a sense of the synoptic-scale spatial patterns
associated with incremental changes in LSTs, we examined
simulated precipitation across the entire inner domain (D2),
and adjacent regions of the outer domain (D1), for each metric.
For this analysis, total precipitation (Fig. 8), average precipi-
tation intensity (Fig. 9), and precipitation frequency (Fig. 10),
are quantified as differences in metrics between AT = *1°, 4°,
and 10°C simulations and the baseline simulation (AT = 0°C).
For example, the AT = =10°C row includes the precipitation
from the LST*!” simulation minus precipitation from the LST’
simulation as illustrated in the top row. Only means that are
significantly different from the baseline values according to a
two-sided ¢ test (p < 0.05) are shown, with increased values in
blue and decreased values in red.

We find that the general pattern of wetter conditions to the
north and drier conditions to the south for LST™, extends well
beyond the New England region. Seasonal precipitation totals
(Fig. 8) have a large-scale bimodal distribution that is amplified
with increasing magnitude of LST perturbations. In general, as
LSTs increase, total precipitation increases directly over the
Great Lakes, as well as to the north and northeast of this re-
gion. At the same time, total precipitation generally decreases
to the south and southeast. The present area of interest is
located at the intersection of these precipitation modes. Maine
is situated in the wetter region, while the other New England
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Total precipitation (mm)

Total precipitation difference (mm)

FI1G. 8. (top) Total simulated seasonal precipitation, and difference in seasonal average total precipitation between AT = *+1°, 4°, and
10°C simulations and the AT = 0°C simulation. Only means that were significantly different from the baseline simulation according to

a two-sided ¢ test (p < 0.05) are shown.

states are generally within the drier region for LST™. This bi-
modal spatial pattern generally exists during all seasons, with the
strongest signal emerging during summer and fall. While this
wet—dry pattern is most prominent for LST™!® and LST*',
distinct wet and dry regions begin to emerge well outside the
Great Lakes region, including much of southeastern Canada, by
LST™* and LST™. With LST perturbations of LST™'° and
LST"!°, simulated precipitation differences are in excess of
40 mm in some areas as far as 1000 km from the Great Lakes.
To examine how these differences arise, average precipita-
tion intensity is illustrated in Fig. 9 (mm day ') and frequency
is shown in Fig. 10 (number of wet days). The bimodal pattern
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is visible in both precipitation metrics but is more strongly
represented by precipitation frequency. For LST*'°, more
frequent wet days occurred directly over and to the northeast
of the lakes, while fewer wet days occurred in these regions for
LST ' during winter, summer, and spring. The frequency
metric spatial patterns (Fig. 10) thus largely mirror those for
the total precipitation (Fig. 8) with a few exceptions. During
spring, there were more frequent wet days over the lakes and
much of the surrounding area for LST"!, but average intensity
had decreased over most of the lakes, thus lessening the in-
crease in total seasonal precipitation. In addition, during
summer, LST"!? had slightly fewer wet days directly to the
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FIG. 9. As in Fig. 8, but for precipitation intensity (average precipitation per wet day).

north of the upper lakes that was opposed by more intense
precipitation, thus resulting in more total precipitation in
this region.

We note that there are some discontinuities between model
domains, resulting in a few instances of abrupt differences in
precipitation metrics from the outer edge of the inner domain
(D2) and the neighboring grid cells in the outer domain (D1).
However, we conclude that these model artifacts are well
outside the northeastern region and should not hinder the
analyses presented here.

d. Synoptic-scale differences in other atmospheric variables

To understand dynamical drivers behind the differences in
precipitation with increasing and decreasing LSTs, we exam-
ined differences between atmospheric variables for LST™1°
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and LST*'°, by again subtracting out the baseline LST values.
As illustrated in Fig. 11, 2-m temperatures largely mirror the
lake-temperature perturbations, with warmer air tempera-
tures directly over the lakes when LSTs are warm and colder
air temperatures when LSTs are cold. Statistically significant
(p < 0.05) 2-m temperature differences extend to locations
far from the lakes, particularly for LST*!® during fall and
winter. This warm-air temperature perturbation extends up to
700 hPa during winter, summer, and fall, while the cold-air
temperature perturbation extends to about 850 hPa for these
seasons. One notable deviation from this pattern occurs during
the LST'° simulation during spring when 2-m air temper-
atures over three upper Great Lakes is warmer than the
LST® simulation. We hypothesis that this is due to an ex-
tended period of seasonal ice into the spring months. During
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FIG. 10. As in Fig. 8, but for precipitation frequency (average number of wet days).

March—April, Lakes Superior, Michigan, and Huron are vir-
tually 100% frozen, and only Lake Michigan drops below 75%
ice cover during May (see monthly ice cover values in Table S4
of the online supplemental material). As nearby land surfaces
begin to warm this time of year, the presence of ice cover re-
duces the localized cooling that would normally occur as ice
retreats and the water surface is exposed to the overlying at-
mosphere. Only the air temperature over Lake Erie is colder in
this simulation during spring, likely resulting from it being
the first to become ice free during the warm season (only 22%
remained ice covered in May) due to LSTs that warm above
freezing by April (Fig. 4).

An examination of other atmospheric variables (Fig. 12), in-
cluding sea level pressures, 700-hPa mixing ratios, and 500-hPa
heights, illustrates how differences in moisture and temperature
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transport from the lakes modify synoptic-scale features. Higher
LSTs produced lower sea level pressures and higher upper-
level heights over most of the northeastern United States and
southeastern Canada. This pattern is indicative of higher at-
mospheric thicknesses coinciding with warmer air tempera-
tures in agreement with the hypsometric relationship. There
are two notable exceptions. One is during spring for LST ™',
when no pressure anomalies are present, which agrees with the
behavior of the overlake air temperatures as discussed in the
previous paragraph. The other is during summer for LST*!°
when 500-hPa heights are near the baseline values for the
northern region and slightly below for the southern region.
Atmospheric moisture at 700 hPa is higher for LST*'* during
all seasons, with the strongest signal during summer and fall.
There is a notable decrease in atmospheric moisture for
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F1G. 11. Difference in seasonal average temperature between AT = £10°C simulations and AT = 0°C simulation at various verti-
cal levels. Only means that were significantly different from the baseline simulation according to a two-sided ¢ test (p < 0.05) are shown.

LST ' during summer and fall, but no statistical difference
from baseline values during winter and spring.

4. Discussion

By quantifying how simulated precipitation and other at-
mospheric variables are altered when an RCM is run with
warmer and colder LSTs, we can determine how much error
may be introduced when erroneous LSTs are used as lower
boundary conditions. We find that Great Lakes surface tem-
perature perturbations are statistically correlated with simu-
lated precipitation in New England but that the change in
magnitude of spatially averaged values in this region is rela-
tively small. The impact is largest during the summer, when
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precipitation increases by 7% over the LST'%to LST"'? span.
When considering spatial variability within New England,
however, the annual difference in precipitation approaches
10% in some regions, with wetter conditions throughout
Maine and drier conditions in other isolated regions, with
increasing LSTs.

The impacts of LST changes on simulated precipitation
are considerably larger to the north and south of central
New England, which falls on a wet—dry line of a larger bimodal
distribution. Wetter and drier regions emerged to the north
for LST*!? and LST'°, respectively, with precipitation dif-
ferences in excess of 40% in some areas as far as 1000 km
from the Great Lakes. This pattern arose in all seasons but is
strongest during summer and fall. Differences in seasonal
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FIG. 12. As in Fig. 11 but for other atmospheric variables.

precipitation totals are largely attributed changes in the number
of wet days in the northeastern United States and southeastern
Canada. This is somewhat modified by changes in average
intensity during the warm season, when more intense pre-
cipitation was simulated over the lakes and southeastern
Canada, but less intense over the New England region,
for LST*'C.

We find that the occurrence of more frequent wet days in the
northeastern United States and southeastern Canada during
LST*!% simulations is in part driven by the presence of ther-
mally induced anomalous near-surface low pressure centered
over the Great Lakes. This region is coincident with higher
500-hPa heights (with one exception of near-baseline heights
during the summer), indicating higher atmospheric thicknesses
resulting from warmer air temperatures throughout the
lower atmosphere. In correspondence with the circulation of
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the anomalous low, atmospheric moisture is enhanced over
much of the region for LST*'°, particularly during the warm
season. While some of this additional moisture is likely a
direct consequence of warmer water evaporating more mois-
ture into the overlying atmosphere, which is advected down-
wind, the anomalous low pressure in the region also serves
to transport moisture from the North Atlantic as indicated by
the southerly near-surface geostrophic flow along the New
England coastline.

These results are generally in agreement with Spero et al.
(2016), who compared regional climate variables simulated
by WRF when a lake model was used to estimate LSTs with
simulations using WRF’s nearest-neighbor preprocessing
approach. They identified differences in LSTs between the
simulations of up to 14° and 23°C during July and December,
respectively, with the lake model on the cold side. Such
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differences, however, were highly variable from one lake to the
next and even within single lakes. Our LST '° results are
therefore similar in experimental design, with the exception
that our temperature perturbations were spatially uniform. In
lake regions where the temperature differential was of the
same sign and comparable magnitude, we find commonalities.
For example, Spero et al. (2016) identified higher sea level
pressure over, and slightly downwind of, colder lake surfaces
during summer and winter (their Figs. 6 and 7, respectively),
similar in magnitude to pressure anomalies identified here
(Fig. 12). They also determined that fewer wet days occurred
in the vicinity of colder LSTs during the cold season (their
Fig. 8), in agreement with our findings of less frequent pre-
cipitation for LST™ simulations (Fig. 10). Of interest is that,
although our outer model domain was of the same spatial
resolution as Spero et al. (2016) and encompassed regions
where they observed large-scale pressure and temperature
oscillations (cf. our Fig. 1 with their Figs. 6-8), our LST
perturbations did not produce such features. We hypothesize
that this is due to the homogeneity of our temperature alter-
ations, which is in contrast to one of their simulations that
used WRF-assigned temperatures that were incongruous
across lake surfaces.

5. Summary

Great Lakes surface temperatures are often not provided by
driving GCMs and must therefore be estimated for inclusion
with lower boundary conditions as required by RCMs. The
temperatures can be estimated a number of ways, some of
which have the potential to introduce large errors (Gao et al.
2012; Bullock et al. 2014; Mallard et al. 2015; Spero et al. 2016).
In addition, given that large inland water bodies have been
warming disproportionate to land (Schneider and Hook 2010;
O’Reilly et al. 2015; Zhong et al. 2016)—a trend that is ex-
pected to continue (Austin and Colman 2007), real-world LST
values may not be accurately captured in future climate
simulations.

By running an RCM with substantially warmer and colder
Great Lakes surface temperatures, we investigated how erroneous
values can impact simulated precipitation in New England
and the surrounding region. We used WRF to downscale
ERA-Interim reanalysis data using a one-way, two-domain
model configuration centered over the northeastern portion of
the United States, with the Great Lakes fully encompassed by
the outer domain. Lake surface temperatures from the ERAS
reanalysis dataset were used for a baseline simulation. These
temperatures were then perturbed by up to =10°C over a 5-yr
period and used as lower-boundary conditions for additional
simulations.

As LSTs are warmed above the baseline scenario, the
WREF simulation produces higher evaporative losses from the
Great Lakes and virtually eliminates ice cover year-round. As
LSTs are cooled, evaporative losses systematically decrease
throughout the year and ice cover extent increases. We find
that simulated precipitation in New England is statistically
correlated with LST perturbations, but this region falls on a
wet—dry line of a larger bimodal distribution, with wetter
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conditions to the north and drier conditions to the south with
increasing LSTs. Relatively small LST perturbations (up to
+2°C) only minimally impact spatially averaged precipitation,
but the influence of LSTs becomes larger with increasing
magnitude of perturbations, particularly during the warm
season. To the north of New England, simulated total precip-
itation differs by up to 40% as far as 1000 km from the Great
Lakes with larger LST perturbations. This difference in pre-
cipitation is largely driven by changes in the number of wet
days. Warmer lake surfaces produce anomalously low surface
pressure and high upper-level heights over much of the region.
Near-surface southerly geostrophic flow is enhanced along the
East Coast with warm LSTs, particularly during the summer,
thus transporting Atlantic moisture inland and contributing to
higher precipitation amounts during this season.

This analysis illustrates how erroneous Great Lakes surface
temperatures might influence precipitation statistics generated
by regional climate models, even in regions located far from
the basin. The precipitation differences identified here coin-
cide with large-scale anomalous temperature, pressure, and
moisture patterns. Care must therefore be taken to ensure
reasonably accurate Great Lakes surface temperatures when
simulating precipitation, especially in southeastern Canada,
Maine, and the mid-Atlantic region.

This work of understanding the sensitivity of WRF to
varying LSTs could be enhanced in a few ways. First, because
only one model configuration was used here, other commonly
employed setups should be examined. Some suggested alterations
include the use of higher-resolution domains and relocating or
resizing of the domains over the lakes and surrounding regions.
Different model physics might also be used, such as boundary
layer schemes and cumulus parameterizations. In particular, be-
cause the thermal diffusion scheme used here is a relatively simple
land surface option (Jin et al. 2010), other WRF options could be
explored. In addition, because large-scale oscillations in atmo-
spheric pressure and moisture identified by Spero et al. (2016)
were not observed in the present simulations, additional simula-
tions with abrupt lake-to-lake temperature discontinuities are
worthwhile to confirm that such phenomena are the result of
spatially incongruous temperatures as opposed to drastic, but
spatially uniform, temperature perturbations. Also, because
our simulations incorporated identical temperature perturba-
tions throughout the year, the enhanced warming of Great
Lakes surface water during the summer months (Austin and
Colman 2007) was not represented. An examination of this
dynamic may be worthwhile to better understand how sea-
sonally dependent warming might modify model results.
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