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Abstract: Extratropical cyclones develop in regions of enhanced baroclinicity and progress along
climatological storm tracks. Numerous studies have noted an influence of terrestrial snow cover on
atmospheric baroclinicity. However, these studies have less typically examined the role that conti-
nental snow cover extent and changes anticipated with anthropogenic climate change have on cy-
clones’ intensities, trajectories, and precipitation characteristics. Here, we examined how projected
future poleward shifts in North American snow extent influence extratropical cyclones. We imposed
10th, 50th, and 90th percentile values of snow retreat between the late 20th and 21st centuries as
projected by 14 Coupled Model Intercomparison Project Phase Five (CMIP5) models to alter snow
extent underlying 15 historical cold-season cyclones that tracked over the North American Great
Plains and were faithfully reproduced in control model cases, providing a comprehensive set of
model runs to evaluate hypotheses. Simulations by the Advanced Research version of the Weather
Research and Forecast Model (WRF-ARW) were initialized at four days prior to cyclogenesis. Cy-
clone trajectories moved on average poleward (p = 27 +/- 0 = 17 km) in response to reduced snow
extent while the maximum sea-level pressure deepened (i =-0.48 +/- 0 = 0.8 hPa) with greater snow
removed. A significant linear correlation was observed between the area of snow removed and mean
trajectory deviation (r? = 0.23), especially in mid-winter (r2= 0.59), as well as a similar relationship
for maximum change in sea-level pressure (r2= 0.17). Across all simulations, 82% of the perturbed
simulation cyclones decreased in average central sea-level pressure (SLP) compared to the corre-
sponding control simulation. Near-surface wind speed increased, as did precipitation, in 86% of
cases with a preferred phase change from the solid to liquid state due to warming, although the
trends did not correlate with the snow retreat magnitude. Our results, consistent with prior studies
noting some role for the enhanced baroclinity of the snow line in modulating storm track and in-
tensity, provide a benchmark to evaluate future snow cover retreat impacts on mid-latitude weather
systems.
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1. Introduction

Northern hemisphere snow cover is, at its seasonal maximum, the largest component
of the terrestrial cryosphere and exerts considerable influence on the mid-latitude atmos-
pheric circulation through a diverse set of mechanisms [1,2]. Snow cover depresses near-
surface air temperature due to increased albedo during the day and greater radiational
cooling at night [3]. Its properties lead to an effective sink of sensible and latent heat [4],
contributing to an increase in static stability [5,6] and a reduction in moisture flux into the
atmosphere [7]. This inhibition of upward moisture flux may be responsible for the nega-
tive correlation between snow cover and precipitation observations [8] and models [9,10].
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Studies have also shown that the total extent of continental snow cover is sometimes
responsible for modulating upper-level circulation [9-15], and that accurately initializing
snow cover can considerably improve sub-seasonal forecast skill [16,17]. It is because of
this apparent relationship between snow cover and atmospheric circulation that the de-
termination of the regional dependence and the temporal scales at which snow cover
drives responses in the atmosphere is of fundamental importance to both short- and long-
term forecasting.

Observations and hypotheses about the influence of established snow cover extent
on the characteristics of ensuing synoptic weather systems may have begun with Lamb
[18]. However, one of the first analyses of this relationship was provided by Namias [11],
who hypothesized that the abnormally extensive North American snow cover of the win-
ter of 1960 had contributed to the more frequent and intense cyclone development ob-
served along the Atlantic coast by enhancing the baroclinicity between the continent and
the much warmer ocean. Dickson and Namias [19] subsequently showed that periods of
great continental warmth or cold in the American Southeast had a direct influence on the
strength of the baroclinic zone near the coast and would affect the average frequency and
positions of extratropical cyclones, drawing them further south when the region was
colder. Likewise, Heim and Dewey [20] showed that extensive North American snow
cover contributed to a greater frequency of cyclones in the southern Great Plains and
Southeast and a reduction in the frequency of cyclones tracking further north due to dis-
placement of storm track. From 1979-2010 in North America, cold-season mid-latitude
cyclones were more frequently observed in a region 50-350 km south of the southern snow
extent boundary (snow line) [21]. That study also noted a similar distribution of low-level
baroclinicity around the snow line. Similarly, Carleton [22] noted a relationship between
sea ice or snow cover and enhanced cyclogenesis from satellite infrared imagery.

Modeling studies have indicated a similar relationship between snow extent and ex-
tratropical cyclone statistics. Ross and Walsh [23] studied the influence of the snow line
on 100 observed North American cyclone cases that progressed approximately parallel to
the baroclinic zone within 500-600 km of the snow line. By measuring forecast error from
a barotropic model, they determined that baroclinicity associated with the snow boundary
was an important factor in cyclone steering and intensity. Wallace and Simmonds [9] per-
formed global climate model (GCM) experiments with forced anomalously high and low
extents of realistic snow cover distributions, ultimately finding a reduction in North
American cyclone frequency when snow cover was more extensive with cyclones fre-
quently occurring further south, similar to the observations of Heim and Dewey [20], ow-
ing to changes in baroclinicity induced by meridional temperature gradients. Alexander
et al. [14] conducted GCM studies demonstrating that reduced snow cover led to greater
absorbed solar radiation and increased latent, sensible, and longwave fluxes from the sur-
face, leading to continental scale warming, especially in fall and spring.

The most extensive study to date is the one of Elguindi et al. [10], who used a 25 km-
resolution nested domain over a portion of the Great Plains in the Penn State National
Center for Atmospheric Research (NCAR) Mesoscale Model (MM5) and simulated eight
well-developed cyclone cases with snow cover added throughout the domain, initializing
48 h prior to each cyclone’s arrival to the inner domain. All perturbed cyclone case simu-
lations underwent an increase in central pressure and decrease in total precipitation with
slight shifts in the cyclone trajectory that were highly variable and inconsistent but related
to a reduction in surface temperature and moisture gradients at the surface and across
fronts. However, this study was limited to one control and one perturbed run per case.
Further, the perturbed cases were an extreme scenario of adding snow to the entirety of
the inner domain rather than altering the position of continental snow cover extent, which
we hypothesize here to have a larger impact on storm dynamics through changes in low-
level baroclinicity in the storm track region. Here, we seek to address these deficiencies in
prior studies with a focus on realistic snow cover retreat experiments across multiple per-
turbations and a larger number of cases.
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Snow retreat is of relevance given the ongoing and projected changes in snow cover
under anthropogenic climate change including over North America [24-28]. All studies
point to reductions in North American persistent snow cover extent duration. However,
there are also areas of increased snow cover and varying sensitivities depending on both
temperature and precipitation trends.

Typically, simulations of projected future climate states are implemented with global
climate models, which are limited by expansive resolutions over a global domain and
large timesteps that do not allow the models to simulate phenomena such as cyclone-as-
sociated precipitation and its diurnal cycle as accurately as regional weather models. Har-
ding et al. [29] demonstrated that dynamically downscaling Coupled Model Intercompar-
ison Project Phase Five (CMIP5) simulations to 30 km resolution in the NCAR WRF model
improved the simulation of precipitation, especially extreme precipitation events, in the
central U.S. Many modeling studies have applied global and regional climate models to
study the projected behavior of extratropical cyclones in the late 21st century [30,31], but
few if any have examined the contribution made solely by the projected changes in snow
cover extent.

In North America, the net effects of snow cover are nowhere more pronounced than
the Great Plains region, which has the highest local maximum of snow albedo [32,33] and
is where the strongest correlation between snow cover and negative temperature anoma-
lies has been observed [20,34]. In the Great Plains region exists one of the largest dispari-
ties between local maximum snow albedo and background land surface albedo on the
continent, suggesting the greatest albedo gradient across a snow line (Figure 1). The land
surface is characterized by high inter- and intra-annual snow cover variability [35] and
low surface roughness. Winter cyclones track over the Great Plains with high frequency
due in part to areas of enhanced cyclogenesis in the lee of the Rocky Mountains [36-38].
The two most prolific cyclogenetic zones over the North American landmass account for
the two types of cyclone tracks studied here: the Alberta Clipper track, which typically
begins in Alberta, Canada and proceeds to the southeast [39], and the Colorado Low track,
which starts near southeast Colorado and often proceeds northeastward towards the
Great Lakes region [37]. Because of their spatial extent and frequency in the region, extra-
tropical cyclones contribute substantially to the hydrology of the Great Plains, accounting
for greater than 80% of the total winter (December through February) precipitation
throughout much of the region [40].
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Figure 1. Difference between grid point maximum snow albedo and background surface albedo
calculated by the WRF Preprocessing System with input from the WRF vegetation parameter lookup
table. In principle, these values represent the maximum albedo gradient across a hypothetical local
snow line. The large region of enhanced albedo difference in the center of the continent represents
the Great Plains study area. While large snow albedo gradients are also found in the desert South-
west and Mexico, it is rare for snow to persist in most locations there.
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Prior modeling studies relied on drastic reductions or increases in snow cover, limit-
ing our ability to tease out the effect of the enhanced low-level baroclinicity within the
storm track. While the pronounced effects of snow cover in the Great Plains have long
been well understood and while regional modeling with snow forcing has been applied
to the area [10], regional climate studies in the Great Plains focusing on projected snow
extent retreat have not been performed. To address that gap, here we seek to determine
whether the retreat in underlying snow cover across the Great Plains, in line with expected
changes in anthropogenic climate change, results in a consistent, discernable influence on
cyclone steering, intensity, and precipitation. We explored this question by conducting a
broad survey of cyclone simulations with snow cover perturbed 4 days prior to cyclogen-
esis. Unlike prior studies, here snow cover was perturbed with multiple degrees of areal
extent reductions to determine if there was any spatial or temporal relationship between
snow cover perturbation and changes in cyclone intensity or track. The analysis attempted
to broadly define what direct effect, if any, North American snow cover reductions due to
future climate change will have on extratropical cyclone events. A greater in-depth inves-
tigation of mechanisms within two simulations from this study is presented in Breeden et
al. [6].

We hypothesize that, because cyclones preferentially track along the margin of snow
extent [21-23], cyclone trajectories in simulations with poleward-shifted snow lines will
deviate poleward in kind. Because a significant proportion of moisture in extratropical
cyclones can be obtained by surface evaporation, even in winter [41] and local precipita-
tion recycling has been shown to be significant in the Great Plains [42], it is also expected
that the removal of snow from the domain will alter hydrological cycling [43], leading to
increases in cyclone-associated precipitation.

2. Materials and Methods
2.1. Experimental Design and Data

To test the effect of snow line position on extratropical cyclones, 20 cold-season North
American cyclones (Figure 2) observed between 1986-2005 were simulated using the Ad-
vanced Research core of the NCAR Weather Research and Forecasting model (WRF-ARW)
version 4.0.3 [44] with snow cover extent perturbations made consistent with future snow
cover extents projected in climate models. To provide a sufficient number of cases well-
distributed across seasons while balancing overall computational resource availability,
four well-developed Colorado Low or Alberta clipper cyclone cases were selected from
each of the months from November through March based on the observational evaluation
of all mid-latitude cyclones identified by low-pressure centers through this period in daily
surface and upper-level weather charts from National Oceanic and Atmospheric Admin-
istration (NOAA). The criteria of selected cases required storm trajectories over or adjacent
to the Great Plains study area (bounded roughly by 35-50° N latitude, 95-105° W longi-
tude) that resembled either the Alberta Clipper track or that of the Colorado Low with
lifetimes of at least 2 days, determined by the presence of a well-defined central minimum
pressure. Cases were chosen until a sufficient variety of differences in the lifetime mini-
mum sea-level pressure (SLP) and magnitude of upper-level forcings in the form of 500
hPa vorticity advection by the thermal wind were found.
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Figure 2. Observed cyclone trajectories for the 15 cases tested in this study. Coloring refers to the
mean central minimum sea-level pressure (SLP) value during each 3 h segment of the cyclone tra-
jectory. Map is clipped to inner domain of WREF run.

These 20 cases were then simulated with observed initial conditions and validated
against sea-level pressure observations using the 32 km-spatial-resolution North Ameri-
can Regional Reanalysis (NARR) [45] to ensure that WRF could accurately simulate tra-
jectory and intensity of each control case within a reasonable tolerance (trajectory of low-
pressure center within ~200 km through the interior of Great Plains model domain). Of
the original 20 selected cases, this qualitative validation criteria led us to select 15 of those
cases (Table 1).

Table 1. Dates of cyclone cases and assignment to season for analysis in this study. Date noted as
first day of cyclone crossing study domain. Alberta clipper track systems noted with asterisk.

Season Case Number Date of Cyclone Entering Domain Clipper Storm?

1 15 November 1986 Yes
2 7 December 1989 No

Early 3 17 December 1998 No
4 11 December 2004 Yes
5 8 November 2005 No
6 7 February 1987 Yes
7 10 January 1990 Yes

Mid 8 18 February 1994 Yes
9 25 January 1996
10 15 February 2000
11 6 March 1987 Yes
12 22 March 1994

Late 13 21 February 2001 Yes
14 12 March 2002 Yes

6 March 2005 Yes

—_
Q1
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Alterations to the snow cover extent of each case were made by applying average
poleward snow line retreat from the 20-year periods of 19862005 (historical) to 2080-2099
(projected) for each of the five months examined in this study at the start of the simulation
(for cases analyzed in the results, four days prior to mid-latitude cyclone). Projected snow
line retreat was determined by examining the grid cell snow mass change in 11 CMIP5
[46] models wherein daily snow mass data were available, and experiments were con-
ducted with two Representative Concentration Pathway forcings: RCP4.5 and RCP8.5 [47]
(Table 2). Grid cells were identified as snow-covered if their simulated snow mass was at
least 5 kg m=, which corresponds to typically 5 cm of snow depth (assuming a 10:1 snow
to water ratio), sufficient to cover the surface. We did test other thresholds and did not
find a strong sensitivity to this choice in the projected snow cover maps. The southernmost
grid cells were considered to comprise the snow line if the 5-degree span to the north of a
cell had an average snow mass exceeding that threshold. This threshold was employed in
order to exclude outlying southern patches of snow. To limit artifacts that arose from
small-scale variability in snow cover, a 600 km moving-window average was then applied
to all derived southern extents of snow cover, hereafter referred to as the “snow line”.

Table 2. CMIP5 models used in this study and their attributes.

Horizonal Res. No. Vertical

Modeling Center (or Group) Institute ID Model Name (lon x °lat) Levels

Commonwealth Scientific and Industrial

Research Organization (CSIRO) and Bureau CSIRO-BOM ACCESS1.0 1.875 x 1.25 38

of Meteorology (BOM), Australia

National Center for Atmospheric Research NCAR CC5M4 1.25x1.0 26

Centre National de Recherches

Meteorologlque/C.entre EuroPeen de Re-  CNRM-CERFACS CNRM-CM5 1dx14 31

cherche et Formation Avancée en Calcul Sci-

entific

Commonwealth Scientific and Industrial

Research Organization in collaboration with

Queensland Climate Change Centre of Ex- CSIRO-QCCCE CSIRO-ME3.6.0 1818 18

cellence

NASA Goddard Institute for Space Studies NASA GISS GISS—EEZ ;_11{ GISS- 25x20 40
. HadGEM2-CC,

Met Office Hadley Centre MOHC HadGEM2-ES 1.8 x1.25 60

Institute for Numerical Mathematics INM INM-CM4 20x15 21

Atmosphere and Ocean Research Institute

(The University of Tokyo), National Insti-

tute for Environmental Studies, and Japan MIROC MIROC5 14x1.4 40

Agency for Marine-Earth Science and Tech-

nology

Max Planck Institute for Meteorology MPI-M MPI-ESM-LR 1.9x1.9 47

Meteorological Research Institute MRI MRI-CGCM3 1.1x1.1 48
. ) NorESM1-M,

Norwegian Climate Centre NCC NorESM1-ME 25x19 26

Using these criteria, then for each month, the 20-year average snow line of the histor-

ical and projected periods was calculated, and the amount of projected snow line retreat
was calculated from west to east in discreet bins across North America. As cases take place
on a 30 km-horizontal-resolution model grid, each 30 km zonal coordinate was assigned
values of poleward snow retreat from the averaged, derived values for each month and
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perturbation condition. Since each GCM experiment has differing numbers of realizations,
initializations, and physics options, we combined these in a “one model, one vote” scheme
for calculating snow retreat. With snow line retreat calculated for both RCP forcings for
each of the 14 models, each month then contained 28 poleward snow line retreat values
from which the 10th, 50th, and 90th percentiles were extracted (Table 3, Supplemental
Figures S1-53).

Table 3. Models and RCP experiments that were used to determine 10th, 50th, and 90th percentile
values for late twentieth to late twenty-first century snow line retreat in eastern North America.

Month P1o Pso Poo

Nov GISS-E2-R, RCP4.5 CNRM-CM5, RCP4.5 ACCESS1.0, RCP8.5
Dec INM-CM4, RCP4.5 HadGEM2-ES, RCP4.5 CSIRO-MKk3.6.0, RCP8.5
Jan GISS-E2-R, RCP4.5 MIROCS5, RCP4.5 MIROCS5, RCP8.5
Feb MRI-CGCM3, RCP8.5 ACCESS1.0, RCP4.5 ACCESS1.0, RCP8.5
Mar MRI-CGCM3, RCP8.5 CNRM-CM5, RCP8.5 MIROCS5, RCP8.5

The modeling effort involved simulating each of the 15 validated mid-latitude cy-
clone cases with a control case (observed snow cover as initialized in North American
Regional Reanalysis boundary condition) and three snow line perturbation boundary con-
ditions (10th, 50th, and 90th percentile, P, Pso, Pw), at four days prior to cyclogenesis,
where liquid snow cover on the ground was reduced to zero. We also conducted simula-
tions with initialization times from 0-3 days prior to cyclogenesis to evaluate consistency
and internal variability, but here we focus on the results of four days prior to allow for
atmospheric adjustment while still allowing for examples where the model realistically
captures cyclone trajectory in the control cases (Supplemental Figure S4). An additional
set of simulations with all snow removed was also performed as a test response case and
archived in the model output repository, but not directly analyzed here (except in the tests
of initialization times).

Control simulations were run for all 15 cases. The remaining runs imposed the three
projected snow line changes to determine the degree to which the position of the snow
line alone influences cyclone behavior. Snow lines for perturbed simulations were deter-
mined by applying values of snow line retreat to corresponding 30 km bins of the snow
lines, as determined by the method above, for each case and removing all snow south of
the new snow line except at altitudes greater than 2000 m, where snowpack may persist
even in warmer climates, as concluded by Rhoades et al. [48]. It should be noted that the
removal of all snow south of the assigned snow line creates a discontinuous step change
in snow depth, a hard margin that is not necessarily characteristic of real snow extent
boundaries.

2.2. WRF Model Configuration

WRF-ARW simulations were executed in a domain comprising the continental
United States (CONUS), central and southern Canada, northern Mexico, and much of the
surrounding oceans. The WRF-ARW has previously been shown to be reliable in simulat-
ing seasonal temperature and precipitation dynamics over the United States [49], with
biases in line with other mesoscale numerical weather models [50]. We ran WRF-ARW
with a 30 km horizontal resolution, a 150 km buffer zone on each side, and 45 vertical
levels (Figure 3). Initial and lateral boundary conditions were derived from 3 h NARR
data provided by NOAA at https://www.esrl.noaa.gov/psd/ (accessed on 10 April 2023).
Version 4.0 of WREF offers a
“CONUS” suite of physics options, which was used in this experiment and appears to
accurately reproduce large-scale circulations [51]. The Noah Land Surface Model (Noah
LSM) [52] was altered to reduce surface snow accumulation to zero during simulations in
order to avoid new snow accumulation prior to the arrival of the cyclone of interest into
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the area without removing precipitation in the atmosphere. The Noah LSM uses a single-
layer snow model and calculates snow albedo according to the method developed by
Livneh et al. [53], which calculates the albedo of the snow-covered portion of a grid cell
as

Asnow = amaxAtB 1)
where amaxis the maximum albedo for fresh snow in the given grid cell (established by
data from Robinson and Kukla [24]), t is the age of the snow in days, and A and B are
coefficients which are, respectively, 0.94 and 0.58 for periods of accumulation and 0.82 and
0.46 for periods of ablation. Coefficients A and B were set to the accumulation phase for
simulations in every month, except for March, when the snow was considered to be ablat-
ing, consistent with Livneh et al. [53].
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Figure 3. Distributions of average late twentieth to late twenty-first century poleward snow line
retreat (in km) east of the Rocky Mountains for each month as determined by 14 CMIP5 models
(Table 3). Values for RCP4.5 experiment are plotted in blue and RCP8.5 values are shown in red.
Solid black horizontal bars indicate the median value, while dotted bars indicate the 10th and 90th
percentile values. RCP4.5 and RCP8.5 retreat values are significantly distinct from each other in each
month (p <0.01).

We did not incorporate ensemble simulations as might be needed in global general
circulation model experiments (e.g., Hawcroth et al. [54]), as natural variability in a re-
gional climate model is partly constrained by nudging at lateral boundaries. We did not
apply any spectral nudging to the large-scale fields aloft beyond the nudging along the
lateral boundary conditions. This approach allows the model to fully generate atmos-
pheric feedback responses to modified snow experiments without being nudged back to
the reanalysis state. Our analysis of cases with earlier initialization times showed con-
sistency in key statistics (e.g., cyclone trajectory deviation and maximum pressure change)
after 2 days of initialization (Supplemental Figure S4), so we focused our results here on
4 days of initialization. We used a single physics parameterization, WRF CONUS convec-
tion-permitting physics suite, https://www2.mmm.ucar.edu/wrf/users/physics/ncar_con-
vection_suite.php (accessed on 25 April 2023) that reasonably replicated the observed
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storm trajectory in each of the control cases. These are the same physics parameters as the
National Weather Service (NWS) uses to create their United States national forecasts.

2.3. Analytical Methods

Several tracking methods have been proposed for cyclones, as reviewed in Rydzik
and Desai [21]. Here, cyclones were tracked by defining the center as the local SLP mini-
mum and following it as the cyclone proceeds. Recording changes in storm trajectory be-
tween two simulations of the same cyclone case was performed by calculating the mean
meridional trajectory deviation (MTD), which is the sum of the absolute north—south de-
viation distance between the two storm centers (perturbed/control) at each corresponding
time step divided by the number of time steps. Because each model time step was 3 h, the
MTD was expressed in km 3 h1.

The examination of precipitation amount and type involved isolating storm-associ-
ated precipitation using the method introduced by Hawcroft et al. [54]. For each time step,
it is assumed that precipitation attributable to any cold-season cyclone simulation occurs
within a 12° radial cap of the storm center, as indicated by Hawcroft et al. [54] for the cold
season. Analyzing the precipitation quantity of a cyclone’s lifetime required determining
precipitation amounts and types from within the radial cap at each time step and disre-
garding those values outside of it. Precipitation quantities per grid cell were then summed
across the radius and all the time steps in terms of units of total meters of enhancement.

To study broad changes in wind speed, we determined the integrated kinetic energy
of each simulated cyclone using a variant of the method first proposed by Powell and
Reinhold [55]. Integrated Kinetic Energy (IKE) is determined by integration of volume (V)
of the bottom model layer (approximately 900 hPa) based on wind speeds (U) and assum-
ing a constant air density (p) of 1 kg m=3,

1
IKE = f —pU2dv )
, 2

As with storm-associated precipitation, IKE is only calculated within a 12° radius of
the storms’ pressure minima. AIKE then represents the normalized ratio of control to cor-
responding perturbed simulations.

3. Results
3.1. Snow Cover Trends

Before snow extent changes could be applied to the model initialization data for per-
turbation experiments, a survey was conducted of the selected CMIP5 models to deter-
mine the mean poleward snow line retreat from the 1986-2005 period to 20802099 in the
span east of the Rocky Mountains and west of the Atlantic coast of North America (105°
West to 55° West). The mean retreat of both RCP experiments for each of the models is
shown for each of the cold-season months in Figure 3, with case-specific results in Sup-
plemental Figures S1-S3. Snow retreat differences among the models were large, although
some trends were clear. All models for both experiments in all months showed a projected
poleward shift in snow cover extent, with a minimum average retreat in January of 51 km
and a maximum in November of 1025 km. The models showed that the shoulder months
of November, December and March experienced greater retreat than the mid-winter
months of January and February.

Generally, simulations of the RCP8.5 experiment yielded significantly greater snow
line retreat than RCP4.5 (p < 0.01). February had the lowest standard deviation of snow
line retreat across the models over both RCP experiments at 175 km, which was compara-
ble to January and March with 185 km and 183 km, respectively. The early winter months
had higher across-model standard deviations at 219 km and 210 km for December and
November, respectively, implying less consistent agreement among the models for snow
line retreat in autumn over mid-winter.
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3.2. Cyclone Trajectory

As noted, in 15 of the 20 cases, the control run faithfully reproduced the observed
cyclone trajectory, which is generally true for the more well-defined cyclones. The pertur-
bation cases were then compared to these control runs (Figures 4-6). Cyclone track shifts
in response to imposed snow cover extent shifts, expressed as mean trajectory deviation
(MTD), were quite small, often less than the domain grid spacing of 30 km (71% of the
time), and only infrequently did they exceed two entire grid spaces, indicating that cy-
clones in the perturbed simulations faithfully followed their control counterparts with
only minor exceptions (Figure 7). The MTD reflects an average deviation, but as the fig-
ures show, the actual track at any one time step may deviate much more. The difference
in cyclone track was also not related to cyclone type (e.g., Alberta Clipper and Colorado
Low cyclone). Although the simulated responses of these cyclones to reductions in snow
extent may be regarded as small, they were not always devoid of significance. The largest
trajectory deviations occurred in the late-season Clipper system (6 March 1987) case with
50th percentile snow removal (Figure 6b). Deepest pressure changes also occurred in the
late-season Rocky Mountain Low (22 March 1994) but with 90t percentile snow removal
(Figure 6f). This case had the greatest absolute pressure deepening among all the other
cases for all levels of snow removal (Figure 7).
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Figure 4. Maps comparing the control (blue) and perturbed (red) cyclone tracks as a function of
percentile snow removal (10th for (a,b,g,j,m); 50th for (b,e h k,n); 90th for (c,£,i,1,0)) for the five early-
season cases. Also shown is the original snow cover (solid black line) and perturbed snow cover
(dashed black line).
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10th percentile 50th percentile 90th percentile

25-Jan-1995 18-Feb-1994 10-Jan-1990 7-Feb-1987

15-Feb-2000

Figure 5. Maps comparing the control (blue) and perturbed (red) cyclone tracks as a function of
percentile snow removal (10th for (a,b,g,j,m); 50th for (b,e,h k,n); 90th for (¢ f,i1,0)) for the five
mid-season cases. Also shown is the original snow cover (solid black line) and perturbed snow
cover (dashed black line).
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10th percentile 50th percentile 90th percentile

12-Mar-2002 21-Feb-2001 22-Mar-1994 6-Mar-1987

6-Mar-2005

Figure 6. Maps comparing the control (blue) and perturbed (red) cyclone tracks as a function of
percentile snow removal (10th for (a,b,g,j,m); 50th for (b,e,h k,n); 90th for (¢ f,i1,0)) for the five
late-season cases. Also shown is the original snow cover (solid black line) and perturbed snow
cover (dashed black line).
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Figure 7. (a) Mean trajectory deviation (MID) in km and (b) maximum pressure deepening of per-
turbed minus control over entire track as a function of 10th, 50th, and 90th percentile snow removal
for early- (purple), mid- (blue), and late-season (brown) cases. While impacts are limited, greater
snow removal leads to greater MTD and pressure deepening, especially in late-season cases.

Plotted together according to total area of snow removed (Figure 8), the MTDs of each
perturbed simulation cyclone presented a significant positive linear relationship (R2=0.23,
p < 0.01, two-tailed t-test) with the area of snow removed. The strength and slope of the
relationship increased when limited to simulations in mid-winter (R? =0.59, p <0.01). Av-
erage MTDs were smallest in early winter (Nov-Dec, average MTD (u) =17.3 km 3 hr),
with larger MTDs in mid-winter (i = 25.2), and the strongest changes in late winter (u =
37.8). The relationships also increased in correlation with simulation lead time, although
only marginally (Supplemental Table S1). Deviations from the snow line were nearly
equally distributed poleward and equatorward.
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Figure 8. Relationship of snow removed in each simulation against (a) MTD and (b) maximum

change in center sea-level pressure, colored by season of the case. Significant (p <0.01) linear corre-
lation by season (line color) or all cases (black line) is shown by lines.
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3.3. Cyclone characteristics

Across all simulations, 82% of the perturbed simulation cyclones decreased in aver-
age central SLP compared to the corresponding control simulation, however slightly, and
every perturbed simulation cyclone experienced a significant difference in central SLP
compared to the control at some point in their lifetime (Supplemental Table 52). Most cen-
tral SLP differences present in perturbed simulations, like those in the analysis of the
MTDs, were small. The magnitude of the mean change in cyclone lifetime central SLP
averaged —0.21 hPa and the average simulation maximum pressure change was —0.48 hPa,
with only two cases where the pressure deepened by at least 2 hPa above the control (Fig-
ure 4b). There was a significant linear relationship between the decrease in minimum SLP
and snow removal extent (r?=0.17, p <0.01). No significant difference in slope was found
by season, but the largest pressure changes were found in late winter. Cyclones in transit
over the region where snow had been removed deepened, on average, 2.5 times as much
as others and nearly 4 times as much as those that remained over snow (p<0.01). The max-
imum pressure decrease was also correlated with the MTD (2= 0.395, p < 0.01).

Most perturbed simulations experienced a positive AIKE over their lifetime com-
pared to the control runs. One exception was for IKE to decrease at the higher snow re-
moval amounts, particularly in the early season. At the 90th percentile of snow cover re-
duction, almost all the early-season storms experienced a mean reduction in IKE of 1-3%.
Simulations in every other season and snow removal scenario intensified by a similar
amount.

Among the perturbed simulations, 86% of cases experienced an increase in cyclone-
associated precipitation (Figure 9a). The mid-season cases had the weakest responses to
the snow cover perturbations with the lowest mean change in domain-integrated precip-
itation. However, there was no significant relationship between snow removal extent and
precipitation change. In many perturbed simulations, the phase of the precipitation
changed from snow to rain in up to 2% of grid cells, in southern latitudes and often near
the original snow line, linked to the increase in air temperature, but again no clear rela-
tionship with snow removal existed among the experiments (Figure 9b). More of the over-
all increase in precipitation across the domain fell as rain than as snow.
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Figure 9. Relationship of snow removal with (a) total storm-associated precipitation and (b) fraction
of frozen precipitation, colored by season. Linear relationships were not significant.
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Changes in the volume of precipitation were regionally dependent. In response to a
poleward retreating snow line, cyclone-associated precipitation increased substantially
across regions where snow was removed and across northern latitude regions down-
stream of the Great Plains. Meanwhile, southern regions experienced decreases in total
precipitation, and the intensity of overall precipitation changes increased with greater
snow removal, even if the average change was unaffected (Figure 10). The locations and
amounts of enhanced precipitation appeared to be largely dependent on whether snow
had been removed in that area, but additional precipitation was also generated over snow
near the perturbed snow line and not as commonly over areas continuing to remain snow-
covered. The “all snow removed” cases were used to quantify the overall effect of snow
removal on precipitation. In those cases, the average increase in precipitation per grid cell
experiencing an increase was 1 mm, while the average decrease in grid cells experiencing
a reduction was 0.05 mm.

APrecip (mm)

Figure 10. Sum total of precipitation difference (perturbation minus control) for all cyclone cases for
(a) 10th, (b) 50th, and (c) 90th percentile snow cover retreat.

4. Discussion

The projected poleward retreat of the southern margin of North American snow ex-
tent, calculated by comparing averages of historical (1986-2005) and late twenty-first cen-
tury (2080-2099) snow lines, is substantial, but in some cases maintains the snow line close
to the storm tracks in our case study. Surprisingly, unlike our observations in Rydzik and
Desai [21], applying the storm retreat in an experimental simulation to historical cyclone
cases often resulted in limited changes to cyclone trajectory or central minimum SLP. It is
possible that our control case selection and validation criteria may have led us to exclude
weaker cyclone cases where cyclone responses to surface forcing may be more pro-
nounced [21]. However, there is evidence that this limited model response is typical and
demonstrates how multiple processes interact to limit the influence of stability and baro-
clinity changes of the surface on mid-latitude cyclone dynamics.

The changes made to underlying snow cover did produce responses to the cyclones’
total kinetic energy and the storm-associated precipitation within a broad radius of the
storm center. These effects are further explored in Breeden et al. [6], where two cases stud-
ied here are diagnosed in further detail. A potential vorticity budget analysis reveals that
snow removal led to lower heights in the center of cyclones, which strengthened the cir-
culation and potentially enhanced moisture advection, particularly from the Gulf of Mex-
ico. However, the snow removal also led to an opposing effect in the responses of stability
and relative vorticity, which muted the overall response of the mid-latitude cyclone deep-
ening and precipitation enhancement. These competing physical mechanisms at least
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partly explain the modest responses of the examined extratropical cyclones in the current
paper to imposed snow line retreat. The work here across multiple cases, seasons, and
storm types suggests that this mechanism is likely common across many cases, requiring
some level of imbalance in these competing mechanisms to allow for snow cover position
to strongly influence cyclone characteristics, as has been observed.

Nonetheless, some common responses were observed across the simulations. Storm-
associated precipitation had the most robust response to snow removal, with the highest
percentage of perturbed simulations yielding greater amounts of either solid or liquid
precipitation. This outcome agrees with many previous studies that found an increase in
precipitation amount and intensity in the Northern hemisphere by the late 21t century
(e.g., [31]). This result is not a reflection of the Clausius—Clapeyron relationship whereby
a warming climate drives increases in evaporation and atmospheric water vapor, but ra-
ther it is due to the removal of snow from the surface and its effect on increasing the lower
atmosphere temperature. This finding supports observations made by previous authors
[10,11] that snow cover has a negative relationship with precipitation from overhead ex-
tratropical cyclones, and agrees with climate model simulations noting increases in pre-
cipitation extremes from extratropical cyclones because of thermodynamic responses to
increased diabatic heating [54,56,57]. The presence of snow cover has been linked to a
reduction in moisture flux [7,28] and an increase in static stability [5,6], thus its removal
promotes evaporation and instability, an effect consistent with our results. This effect is
also consistent with findings of the impact of the Great Lakes on surface turbulent flux
enhancement and SLP decreases in winter [58]. We can therefore presume that the in-
creases in precipitation shown here represent only a portion of the increased precipitation
for which climate change will be responsible and that the poleward migration shown is
likely to be more intense.

The cyclone-integrated kinetic energy (IKE), a measure of boundary-layer wind
speed associated with the storm, also had noteworthy responses to snow removal in our
simulations, an effect not previously evaluated in depth. While the relative magnitude is
small, this effect represents a large total net increase in energy over the storm lifetime. A
large majority of cyclones in the perturbed simulations intensified, related to changes in
the surface energy budget that influence boundary-layer wind profiles. These results are
a consequence of snow removal, but the effect may be mitigated in future climates by
reduced baroclinicity arising from polar amplification [59,60], leading to overall reduc-
tions in extratropical cyclone wind speed by the late 21st century. We hypothesize that the
kinetic energy increases in the absence of cyclone deepening in terms of central pressure
are occurring because of increased anticyclonic development at the peripheries, although
this hypothesis requires further exploration.

Our modeled mean trajectory deviations (MTD) were typically smaller than those
found in observational studies [21]. The MTD measures the amount of deviation from the
control in perturbed simulation cyclone trajectories and averages over the cyclones’ life-
times. Because the majority of cyclones in perturbed simulations did not deviate from the
control for most of their courses, most MTDs were measured as less than the length of the
domain grid spacing of 30 km. However, that length does not preclude that during some
portion of storm trajectory, significant deviations occurred. Rather, over the lifetime of the
storm crossing our perturbation domain, the net deviations averaged to be small. Direc-
tional MTDs considering deflection toward the North Pole or the perturbed snow line
were inconsistent, with few outliers.

The study by Elguindi et al. [10] wherein snow was added to a Great Plains nested
domain two days prior to cyclone arrival generated similar trajectory outcomes, with de-
viations in perturbed cases only rarely exceeding 100 km. The trajectory deviations in
these tests, like our own, varied substantially. It is reasonable to infer that those differences
in trajectories between control and perturbed cyclones included both a forced response
from the change in boundary condition, along with chaotic reactions to considerable en-
ergy disturbances caused by changes in surface conditions over extensive areas in advance
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of the cyclone, obscuring the functional responses to the specific positioning of snow
cover, potentially requiring an ensemble model approach in future work. However, our
approach of averaging across cases and examining sensitivity in multiple cases helps to
distinguish the forced response from natural variability while also maintaining a snow
line where we might expect enhanced low-level baroclinicity. The finding of limited tra-
jectory changes stands in contrast to significant cyclone responses to snow anomalies
found by multiple observational studies (e.g., [19-21] as well as modeling performed by
Ross and Walsh [23] and Walland and Simmonds [9], perhaps owing to the misattribution
of natural variability to a functional response.

Like MTDs, changes to cyclones’ central low SLP due to a retreating snow line were
minimal but consistent in sign. This change, however, differed from the results of Elguindi
et al. [10] who found an average positive difference of 4 hPa in response to expanded snow
cover, a value which only two simulations in this whole study exceeded. Perhaps this can
be attributed to the fact that they added snow as opposed to removing it, or to the physics
of the MM5 model compared to that of WRF-ARW. Additional tests of physics parame-
terizations including of land surface model parameters, boundary-layer scheme, and ra-
diation scheme may help to resolve differences and provide additional insight into the
sensitivity of results to boundary-layer thermodynamics. Even with the disparity in the
magnitude of pressure changes, their discovered trend of central pressure increasing
when snow is added is complemented by the findings of this study where snow removal
generally contributed to a decrease in central pressure, suggesting no hysteresis response.
The deeper central low SLP while in transit over regions where snow had been removed
corroborates the conclusion of Elguindi et al. [10], who noted that snow cover prevents
the deepening of mid-latitude depressions by reducing warm-sector temperature and
moisture gradients and weakening surface convergence and fronts. This finding is also
consistent with climate model projections of increasing cyclone intensity and precipitation
extremes in future warmer climates, especially over land [61,62].

Seasonal differences showed a stronger response in mid- and late season, although
we recognize there were a limited number of cases (5) per season studied (early, mid, late)
to make strong claims. Generally, the responses of most investigated variables were great-
est in mid-season, weaker in late season (with the exception of mean MTD), and weakest
in early season. This is counter-intuitive to the inspection of snow line retreat and incon-
sistent with the argument that albedo feedback is the dominant driver. If anything, there
is an inverse relationship between the amount of mean retreat and the response of cy-
clones to the correspondingly shifted snow lines. However, it has been shown that the
surface temperature effect of snow cover is strongest in late winter, likely a result of
stronger solar radiation enhancing albedo effects [23]. These responses suggest a greater
focus on seasonality, and net albedo change may help refine our understanding of snow
extent on mid-latitude cyclones.

5. Conclusions

Fifteen cold-season extratropical cyclones over or near the North American Great
Plains were examined in a series of simulations with varying percentiles of snow retreat
consistent with 21st century climate model projections and differing model initialization
lead times in order to gauge the dependence of their trajectories, intensities, and associ-
ated precipitation on underlying snow cover and experimental design. When a realistic
retreat of snow cover consistent with climate-warming scenarios [63] was applied to these
cases, with more than two days of lead time, a majority of cyclones experienced a small
decrease in SLP (82%), consistent increases in precipitation (86%), modest increases in ki-
netic energy, and limited changes in overall trajectory (mean of <30 km). These results
were muted compared to the expectations following observational studies such as that of
Namias [11] and Rydzik and Desai [21] but reflect the results of modeling performed by
Elguindi et al. [10], manifesting a continued disagreement among models and observa-
tions. Compared to earlier studies, our study confirmed that the model results are robust
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with respect to the assumptions about varying levels of snow cover retreat, initialization
time, and type of mid-latitude cyclone.

It is yet unknown why the cyclone trajectories did not adhere more closely to the
shifted snow lines, as the findings of observational studies suggest. Weaker responses to
the removal of snow cover at the time of cyclogenesis suggest that the presence or absence
of the snow margin had a minor or counteracting effect, or alternatively, modeled land-
atmosphere feedbacks were weak or constrained by other processes. Trajectory deviation,
pressure change, and precipitation intensified with greater lead time, stabilizing in most
statistics after 2 days of lead time for model initialization and boundary forcing change,
similar to Elgundi et al. [10]. The model fidelity for simulating snow albedo has also been
called into question [64], and new approaches have been developed [65]. The full extent
of the snow margin’s influence cannot be determined until longer case study simulations
with more ensembles are executed across multiple boundary-layer and surface physics
parameterizations.

Lingering questions remain regarding the mechanisms of snow cover SLP, differ-
ences among cases in surface energy balance and radiative properties, and their influence
on cyclone dynamics and upper-level dynamics. Some of these, especially upper-level dy-
namics, are studied in individual cases in detail in a companion paper [6]. Given prior
reported significant snow-atmosphere feedback hotspots in central North America, con-
tinued analysis of its impact on storm tracks is warranted, including over a larger number
of cases [66,67]. The simulation model outputs here provide a rich data set for future eval-
uation and are provided at the archive below for public access [68].

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Observed snow extents, 10th percentile; Figure S2: Observed
snow extents, 50th percentile; Figure S3: Observed snow extents, 90th percentile; Figure S4: Impact
of model lead time; Table S1: Average MTD; Table S2: Pressure decrease.
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