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Key Points:

e Over northern and central Minnesota, winters and summers may be up to
6°C and 4°C warmer, respectively, at the end of the 215¢ century.

« Spring precipitation may increase by more than 1 mm d-! over northern
Minnesota.

¢ Snow height may decrease by more than 0.5 meters. Number of snow days
per year may decrease by up to 60.
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Abstract

Minnesota is the U.S. state with the strongest winter warming in the contigu-
ous United States. We performed regional climate projections at 10 km hori-
zontal resolution using the WRF model forced by an ensemble of eight CMIP5
GCMs. The selected GCMs have previously been found to be in relatively good
agreement with observations compared to other members of the CMIP5 model
ensemble. Our projections suggest ongoing warming in all seasons, especially in
winter, as well as shallower snow cover and fewer days with snow cover. On the
other hand, we expect significant increases in spring and early summer heavy
precipitation events. Our comparisons between different time slices and two
different emission scenarios indicate a climate for the state of Minnesota at the
end of the 21st century that is significantly different from what has been ob-
served by the end of the 20th century. Winters and summers are expected to be
up to 6°C and 4°C warmer, respectively, over northern and central Minnesota
and spring precipitation may increase by more than 1 mm d-! over northern
Minnesota. Especially over the central part of the state, winter snow height is
suggested to decrease by more than 0.5 meters and the number of days per year



with snow height of more than 0.0254 meters (one inch) is expected to decrease
by up to 60.

Plain Language Summary

Minnesota is the U.S. state with the strongest winter warming in the contigu-
ous United States. We performed regional projections of the climate over the
counties of Minnesota for the middle and end of the 215 century. For this, we
selected the results from eight recent global climate model projections to cal-
culate climate data over 10 km by 10 km areas with a regional climate model.
Our comparisons indicate that the future climate for the state of Minnesota
is significantly different from what has been observed by the end of the 20"
century. Especially over northern and central Minnesota, winters and summers
are expected to be up to 6°C and 4°C warmer, respectively, at the end of the
215% century. Spring precipitation may increase by more than 1 mm d-! over
northern Minnesota. Over the central part of the state, winter snow height is
suggested to decrease by more than 0.5 meters. The number of days per year
with snow height of more than 0.0254 meters (one inch) is expected to decrease
by up to 60. These results are expected to influence regional decision-making
related to agriculture, infrastructure, water resources, and other sectors.

1. Introduction

For almost a century, surface warming has had its largest amplitude in the higher
latitudes of the Northern Hemisphere (Callendar 1938). Over the last several
decades, the Arctic region has on average warmed at twice the rate as the rest of
the planet, and with anthropogenic climate change, it may warm an additional
4-8°C by the end of this century (IPCC 2013). The U.S. state of Minnesota is
strongly affected by this Arctic warming, particularly during winter, when the
influence of Arctic air is most dominant and when reduced snow cover reduces
albedo. Minnesota’s winter warming is the strongest among the 48 contiguous
United States (NCEI 2021). Future projections indicate ongoing warming as well
as significant increases in spring and early summer heavy precipitation events
over the north-central U.S. by the end of this century (Harding and Snyder
2014).

Despite the clear signals of increased temperature and precipitation in models
of future climate, the large-scale outputs of general circulation models (GCM)
are difficult to integrate into regional, state, and local planning, where climate
information is required by decision makers over smaller areas such as individual
watersheds and counties. GCMs typically have resolutions coarser than 100 km,
which is insufficient for these applications (Zorita and von Storch 1999; Boé et
al. 2007). Differentiating the impacts of climate change at finer spatial scales is
particularly important and challenging in Minnesota, where many days of snow
cover and many small-scale open water sources, such as lakes and rivers all
contribute to variation on the ground. In order to provide reasonable climate
projections over Minnesota on the regional scale, we dynamically downscaled
GCM projections from an eight-model ensemble to a higher spatial resolution



by nesting a finer scale regional climate model (RCM) (Giorgi and Gutowski
2015) .

1. Methods

We use a dynamical downscaling approach based on nesting GCM input data
with the Weather Research and Forecasting (WRF) RCM (Skamarock et al.
2008) coupled to the Community Land Model (CLM) (Dai et al. 2003) with
a dynamic crop module. This model version, also known as WRF-CLM4crop,
has previously been described by Lu et al. (2015) and Harding et al. (2016).
From more than 40 available GCMs, we selected eight that provide all necessary
prognostic variables and that show reliable large-scale results over the Midwest-
ern USA (Table 1; Harding et al. 2013). Boundary conditions include 6-hourly
prognostic variables such as temperature, wind speed and direction, specific
humidity, and geopotential height from the Coupled Model Intercomparison
Project 5 (CMIP5) GCM archive (Taylor et al. 2012) at the Earth System Grid
(Williams et al. 2009). Vegetation, soil, and other land surface parameters over
the WRF domains are taken from the annual cycle of the Moderate-resolution
Imaging Spectroradiometer (MODIS) satellite product at 30-second horizontal
resolution (Zhang et al. 2006) and kept consistent between all simulations.

Our downscaling approach is based on one-way nesting between the global and
regional domains, and two-way nesting between the two regional domains, so our
RCM results cannot modify the global domain. Our regional domains comprise
an outer nest over a large portion of North America at 50 km grid-cell horizontal
resolution and an inner nest over Minnesota and adjacent areas at 10 km grid-
cell horizontal resolution (Fig. 1). These two nests are connected via two-
way nesting and thus influence one other. We compute downscaled regional
climate projections for the historical period of 1980-1999; from the RCP4.5
scenario, which assumes a moderate amount of mitigation of GHG emissions
(van Vuuren et al. 2011) for two 20-year periods of the 21st century (2040-2059
and 2080-2099); and from the RCP8.5 scenario, which assumes only a minimum
of mitigation, for the 2080-2099 period (Riahi et al. 2011). For the state of
Minnesota and surrounding regions, we use WRF to generate hourly averages
of the following surface variables: 2-m air temperature, 2-m humidity, and 10-m
wind speed and direction, precipitation, downward solar radiation, net radiation,
latent, sensible, and ground heat fluxes, snow height, and soil temperature and
moisture content at 10 layers to a depth of 2.5 m.

We perform a simple linear-scaling bias-correction (Teutschbein and Seibert
2012) to surface air temperature and precipitation as described in equations
1-4 in Shrestha et al. (2017) using monthly mean observations as reported
by the PRISM group (Daly et al. 2017) . We compare observations and WRF-
simulated values from runs forced with each GCM for each monthly average (i.e.,
the average temperature difference over every January from 1980-1999 is calcu-
lated to receive one offset value for January at each grid point). Precipitation
values are scaled by dividing monthly model values by observational averages
for 1981-2000. The 2-m air temperature and precipitation error corrections are



then applied to data from each WRF run for each future scenario. Variables
other than air temperature and precipitation are not corrected because of lack
of available observations. The prognostic variables for CCSM4 and CMCC-CM
were previously bias-corrected, so their historical multi-year monthly means
match reanalysis data, as described in Bruyere et al. (2014). We apply the
same bias correction to the prognostic variables of all future scenarios for these
two models.

In addition to analyzing WREF results forced from each GCM, we analyze the
multi-model ensemble (MME) of each variable averaged over all WRF-forced
runs from all GCMs. Individual years of the simulations are treated as individual
ensemble members in analyses, which allows a robust statistical analysis with
160 ensemble members per scenario. The advantage of this approach is that an
MME with eight downscaled models should be considered as more reliable than
individual model results, as previously demonstrated by Pincus et al. (2008).

1. Results and Discussion
(a) Statewide area averages

The statewide area averages are computed by averaging over all grid cells with
more than 50% of their area inside the state. The seasonal cycle of these values,
especially precipitation, is generally improved by physical downscaling (Mendez
et al. 2020). Bias correction based on linear scaling retains the interannual
variability (the gray lines in Fig. 2) but forces each multi-year monthly average
for each GCM-forced WRF run in the historical simulations to equal the PRISM
observations. Linear scaling assumes that this offset carries through to the
climate simulations of the future, so the simulations will now diverge in their
calculations of these variables, and the variability increases for simulations of
future climate (Figs. 2 & 3).

MME 2-m temperature increases in each scenario compared to the historical pe-
riod, particularly in winter (Fig. 2). WRF simulates less future warming than
the MME when forced with MRI-CGCM3 and GFDL-ESM2M, and generally
stronger warming when forced with MIROC5 and IPSL-CM5A-LR. Simulated
warming forced with bee-csml1-1, CCSM4, CMCC-CM, and CNRM-CMS5 is rel-
atively close to the MME.

Simulated precipitation variability (Fig. 3) increases in spring and summer,
especially in the late 21st century. Early summer MME rainfall increases mid-
century and in RCP8.5 late-century, while fall MME rainfall increases in both
scenarios in late-century. There is a very small increase in winter MME precipi-
tation in all scenarios. The WRF forcing with GFDL-ESM2M and MRI-CGCM3
shows the strongest increases, whereas forcing with MIROC5 shows decreases
from late spring through early fall in all scenarios. WRF-forced simulations
of precipitation from CMCC-CM are notably different from those from other
models, with large increases in fall for both late-21%%-century simulations. As
with temperature, WRF forcing of precipitation from bce-csm1-1, CCSM4, and
CNRM-CMS5 is closest to the MME.



1. Spatial distributions

Twenty-year average winter (Figure 4a) and summer (Figure 5a) MME 2-meter
temperatures illustrate the strong north-south temperature gradient in the state
as seen in the historic period simulation of temperature. Winter (Figure 4b-
d) MME anomalies show that temperature increases are stronger along the
northern border (Figure 4b) in mid-century, throughout much of the northern
half of the state in RCP4.5 by end of century (Figure 4c), and throughout
most of the northern half of the state in RCP8.5 (Figure 4d). This increased
rate of warming in the north is due to both synoptic-scale warming as well as
reduced albedo from reduced snow cover (not shown), which results in increases
in average winter temperature ranging from ~1 °C by mid-century to 6 °C by end
of century in RCP8.5 (Figure 4d). Observations of winter average temperature
across Minnesota show trends in warming (Runkle et al. 2017; their Fig. 1) and
these simulations continue the trend. Increases in summer average temperature
show a more homogeneous increase across the state that ranges from ~1 °C
by mid-century (Figure 5b) to 5 °C by end of century in RCP8.5 (Figure 5d).
These simulated future increases in summer average temperature contrast with
observations of summer average temperature across the state that do not show
a significant trend in the historical record (Runkle et al. 2017; their Fig. 2a).

According to the statewide average analysis (Figure 3), most of the change in
future precipitation occurs in spring and early summer; therefore, we analyze
spring average MME precipitation (rain and snow water equivalent) here. Spring
average MME precipitation across Minnesota shows a gradient with the wettest
areas in the southeast portion of the state and driest in the northwest (Fig.
6a). Simulated precipitation changes by mid-century differs among WRF runs
with some runs showing spring increases (e.g., driven with IPSL) and some
showing decreases (e.g., driven with MIROC5 and GFDL; Figure 3b), which
together result in no significant changes in spring average precipitation across
the state (Figs. 6b). By end of century, spring precipitation is projected to
increase slightly in the far north of the state in RCP4.5 (Figure 6¢) and by up
to 1 mm d! in the northern half of the state as well as the southern portion
of the domain in Towa in RCP8.5 (Figure 6d). Because the greatest increase in
rainfall is projected to occur in the northern part of the state, spring average
rainfall across the state will become more homogeneous. Winter average MME
precipitation is projected to increase slightly though statistically significant by
end of century, by 0.25 mm d! in RCP8.5 (not shown). We adjusted the degrees
of freedom in our statistical tests to account for lag-1 auto-correlation in our
data, according to Wilks (2011).

Average winter MME snow height generally increases with latitude across the
state, however, there is a lobe of lower snow heights stretching northward on
the far western side of the state (Figure 7a). Despite the currently observed
and projected increases in precipitation, snow height is projected to decrease
across the state except in the northernmost region during the 21%* century (Fig.
7b-d) because of increased surface air temperature. Strongest decreases in snow



height are projected to occur in central Minnesota, where average snow height is
expected to decrease by up to 50% by the middle of the 215* century (Figure 7b).
By the end of the 215 century under RCPS8.5, this change is expected to also
cover southern Minnesota and the maximum reduction in snow height reaches
more than 0.5 m. While snow height over the northernmost part of the state
remains unchanged, the simulations show significant decreases in snow height
along the Minnesota North Shore and into much of Wisconsin exceeding 0.5 m.
These regions include part of the U.S. National Forest system and are at risk for
decreasing revenues in winter recreation as well as threats to ecosystem health
from pests that may survive warmer winters (Govindan and Hutchison 2020;
Venette and Hutchison 2021).

The average MME number of days per year when snow height meets or exceeds
a threshold of 0.0254 m (equivalent to one inch) follows a similar pattern as
average MME snow height (Figure 8a). Warmer winters result in fewer days
with snow cover on the ground. Significant decreases in days per year with
snow cover above one inch are found over central and southeast Minnesota and
western Wisconsin of up to 40 days per year by mid-century (Figure 8b). By
end of century with RCP8.5, there are up to 60 fewer days of snow cover in
Minnesota and more than 70 fewer days in central Wisconsin (Figure 8d).

The goal of this study is to develop a dynamically downscaled climate dataset for
Minnesota to be used for impact studies. This dataset will be useful if it provides
value to previously developed, well-tested datasets (i.e., is higher resolution
while broadly agreeing with other projections). While there are differences in
the number of GCMs, time periods, and downscaling methods between our
study and that of the National Climate Assessment (NCA), our results are
consistent in magnitudes and patterns. For example, our statewide average
annual temperature increases (Figure 2.b-d) agree broadly with Midwest average
projected increases for RCP4.5 by mid-century ( 2.3 °C), and for end of century
for RCP4.5 ( 3.1 °C) and RCP8.5 ( 5.3 °C) in Table 6.4 of the NCA (Vose et al.
2017).

The benefits of downscaling are really highlighted for a variable like precipitation
that is strongly variable in space and time and for which variability is projected
to increase in the future. Like our analysis, the NCA found more significant
changes in projected precipitation in winter and spring than in fall and summer
(Easterling et al. 2017). While their analysis shows a homogeneous increase
in winter and spring precipitation for RCP8.5 by the end of the century of
about 20%, we found a smaller though statistically significant increase in winter
precipitation and more spatial variability in projected spring precipitation. Our
projected RCP8.5 end of century spring precipitation ranges from no statistically
significant change in the southern portion of the state to a 12-30% increase in
the central region and a 30-60% increase in the north. While our analysis
provides a more detailed projection of future precipitation than the NCA, we
note that there are limitations to our analysis because of the single model used
to downscale data and the single method of bias correction we employed (Laux



et al. 2021). Future studies will examine alternate methods of bias correction
of this dataset.

The data presented here are immediately useful for impact studies of agricul-
tural, energy, economic, and other ecosystem service sectors of Minnesota, and
will be a baseline for comparison with future downscaling efforts of CMIP6
(Stouffer et al. 2017). Multi-model ensemble values of temperature and precip-
itation are available at a variety of user-defined domains from climate.umn.edu
(The Minnesota Department of Natural Resources Climate Trends Tool) and
raw data are available by request.

1. Conclusions

The present study describes a high-resolution regional climate modeling effort
over the U.S. state of Minnesota that is already providing input for various
projects including improved projections of weather extremes, management of
infrastructure, industry, and water resources (Noe et al. 2019) as well as the
tracking of invasive species (Govindan and Hutchison 2020; Venette and Hutchi-
son 2021). This state-level downscaling effort links climate projections to de-
cision making within regional communities. Snow cover simulations emphasize
the need of detailed modeling efforts of the hydrological cycle especially over
high-latitude climates.
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Fig. 1: The outer (complete map) and inner grid (black frame) used for climate
projections. The state of Minnesota is marked in white.
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Fig. 2: 1980-1999 monthly average 2-meter air temperature averaged over every
grid cell within that state of Minnesota for each WRF-downscaled GCM (colors),
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the multi-model mean (MME; black line), and the PRISM dataset (dashed line).
Also shown are each of the WRF 20-year runs for all GCMS (160 realizations;

gray lines).
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Fig. 3: As Fig. 2, but for precipitation.
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Fig. 4: Average winter (December-February) MME 2-meter air temperature
in °C for (a) historical simulations and (b-d) anomalies of each RCP scenario
compared to the historical period. Shading in (b-d) indicates statistically signif-
icant changes over U.S. land points at the 95% confidence interval. Please note
that there is a different color bar for (a) than for (b-d).
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Fig. 5: As Fig. 4, but for summer (June-August).
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Fig. 6: As Fig. 4, but for precipitation and precipitation anomalies in mm d-!
in spring (March-May). Color bar is valid for all panels.
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Fig. 7: As Fig. 4, but for MME snow height and snow height anomalies (m)
in winter (December-February). Color bar is valid for all panels.
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Fig. 8: As Fig. 4, but for MME days per year and difference in days per year
with snow height above 0.0254 m (one inch). Please note that there is a different
color bar for (a) than for (b-d).
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