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Abstract. Surface hoar formation is a critical snow metamor-
phism process that influences the surface roughness, radar-
scattering properties, albedo, and avalanche risk of snow-
packs. Despite its importance, surface hoar mechanisms and
climate sensitivity remain poorly constrained, creating un-
certainties in remote sensing of snow properties and infras-
tructure hazard forecasting. To address these gaps, we use
observations from the Surface Atmosphere Integrated Field
Lab (SAIL) alongside the Structure for Understanding Mul-
tiple Modeling Alternatives (SUMMA) physics-based model
to investigate contemporary and future surface hoar dynam-
ics in a representative mid-latitude snow environment in the
Colorado Rockies. Modeling and observations are centered
around seven high-quality manual measurements of surface
hoar mass during February 2023. We confirm that surface
hoar is favored on clear nights with snow surfaces that are
~10°C colder than the near-surface air, leading to a fa-
vorable humidity gradient for water vapor deposition from
the atmosphere onto the snowpack. Nocturnal clouds ex-
ert a 30—40 W m~? radiative forcing that inhibits the snow-
pack from cooling, thereby limiting deposition. We evaluate
stability correction parameterizations and surface roughness
parameters for the SUMMA model using co-located verti-
cal gradients and eddy-covariance observed fluxes, finding
that models must use an appropriate stability correction for
the highly stable surface layers characteristic of surface hoar
(bulk Richardson number > 0.2) to model deposition rates
sufficient to explain observed surface hoar mass. After tak-
ing these factors into account, both SUMMA and observa-
tions agree that deposition fluxes are favored when overnight
air temperatures are less than —8 to —10°C and horizon-
tal wind speed is less than 2 to 3ms~!. Sensitivity exper-
iments demonstrate that surface hoar is favored for low-
density snowpacks via a thermal conduction mechanism. Us-

ing SUMMA forced by an ensemble of 9 downscaled GCMs
shows that, at the annual timescale, the total wintertime noc-
turnal water vapor flux onto the snowpack decreases in mag-
nitude at a rate of 6.1 gm~2 per degree of warming, yielding
an 81 % decrease by the end-of-century under the SSP3-7.0
emission scenario. This decline is driven by a 14 % decrease
in nightly surface hoar events per winter and an overall in-
crease in the size and frequency of nocturnal sublimation
events. Additional work reconciling observed and modeled
amounts of surface hoar mass, turbulent exchanges of wa-
ter vapor during high stability, and relationships to katabatic
winds in complex terrain is warranted in order to improve
the understanding of this fundamental snow metamorphosis
process.

1 Introduction

Surface hoar (or hoar frost) are ice crystals that grow on snow
surfaces under clear nighttime skies (Colbeck, 1988; Stossel
et al., 2010; Feick et al., 2007) that may persist in the snow-
pack for multiple days (Lang et al., 1984). Like other snow
metamorphism processes, surface hoar may impact albedo
(Warren, 1982; Horton and Jamieson, 2017), surface rough-
ness and turbulent exchange (Andreas, 2002), emissivity
(Hori et al., 2006), radar-scattering properties of the snow-
pack (Snehmani et al., 2015; Shi and Dozier, 1995), and the
specific surface area of the snowpack (Libois et al., 2015). If
buried by subsequent snowfall, surface hoar can create weak
layers that act as initiation points for slab avalanches, which
are the most destructive category (Jamieson and Schweizer,
2000; Schweizer et al., 2003; Bergfeld et al., 2023; Mayer
et al., 2024). Birkeland (1998) found that 31 % of avalanches
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reported in Montana during the mid-1990s were associated
with buried surface hoar layers.

Observations and climate projections point towards dras-
tic ongoing and anticipated cryospheric changes in bulk snow
properties such as snow-covered area and snow water equiva-
lent (Notarnicola, 2020; Siirila-Woodburn et al., 2021). How-
ever, changes in snow microstructure are more difficult to
quantify (Beniston et al., 2018), with implications for un-
derstanding avalanche hazards and associated economic im-
pacts (Eckert et al., 2024). Some uncertainty arises due to
scale mismatches between macroscale climate trends and mi-
croscale phenomenon responsible for snow grain metamor-
phosis, including surface hoar. For instance, even high reso-
lution climate models use simplified representations of snow
with a limited number of model-layers (Cristea et al., 2022),
complicating their use for interpreting microscale exchanges
such as surface hoar.

Multiple pathways may result in near-surface ice crystal
growth phenomena (Style and Worster, 2009), but it is gen-
erally accepted that surface hoar forms by atmospheric wa-
ter vapor deposition (Hachikubo and Akitaya, 1997) — the
opposite mechanism of sublimation (Sexstone et al., 2018;
Lundquist et al., 2024; Schwat et al., 2025). Molecular dif-
fusion alone of atmospheric water vapor through the vis-
cous sublayer onto snow grains is too slow to explain sur-
face hoar accumulation, so turbulent exchange is necessary
(Colbeck, 1988). The significance of turbulence exchange
for surface hoar growth/inhibition is well recognized (Col-
beck, 1988; Hachikubo and Akitaya, 1997; Fohn, 2001; Fe-
ick et al., 2007; Stossel et al., 2010; Slaughter et al., 2011),
but reveals a paradox — turbulent exchange is required for
surface hoar to form, but all qualitative observations suggest
that windy (i.e., turbulent) nights typically preclude surface
hoar formation. Explanations to resolve this paradox differ.
Hachikubo and Akitaya (1997) postulates an ideal threshold
wind speed (1-2 m s~ 1) for surface hoar growth, above which
sensible heat flux warms the snow, limiting the snow-to-
atmosphere temperature and humidity gradient. In this vein,
Colbeck (1988) suggested that light katabatic winds inter-
spersed with unsteady bursts of turbulence provide the ideal
mixing necessary for surface hoar formation. Alternatively,
Feick et al. (2007) proposed the opposite, stating that kata-
batic winds “dry out the air” and inhibit surface hoar forma-
tion.

The tension in the literature underscores the limited un-
derstanding of surface hoar formation mechanisms, and con-
sequently constraints on the climate sensitivity of this funda-
mental snow metamorphism process. To confront these ques-
tions, we use data from the Surface Atmosphere Integrated
Field Laboratory (SAIL; Feldman et al., 2023), Study of Pre-
cipitation, the Lower Atmosphere and Surface for Hydrome-
teorology (SPLASH; de Boer et al., 2023), and Sublimation
of Snow (SOS; Lundquist et al., 2024) field campaigns, lo-
cated in the East River Watershed (ERW) near Crested Butte,
Colorado. Together, the “S3” field campaigns collected si-
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multaneous observations of the atmospheric energy budget
(Rudisill et al., 2025; Sedlar et al., 2024; Adler et al., 2023),
snow thermodynamic state, wind circulations, turbulent char-
acteristics of the surface layer, and manual observations of
surface hoar (Lundquist et al., 2024) during the winter of
2022 and 2023. Together, these observations enable a de-
tailed analysis of the conditions that lead to surface hoar
development in a representative, mid-latitude high elevation
snowpack.

The goals of the study are twofold — (1) to critically eval-
vate the canonical model of surface hoar formation by in-
terrogating the surface energy balance, humidity gradients,
antecedent snow conditions, and turbulence in the surface
layer for a representative mid-latitude continental snow cli-
mate (2) use these insights to estimate the climate sensitivity
of, and projected changes in, surface hoar formation using
the physics-based Structure for Unifying Multiple Modeling
Alternatives (SUMMA) hydrology and snow model (Clark
et al., 2015) forced with hourly downscaled climate projec-
tion data from the WUS-D3 dataset under the SSP3-7.0 sce-
nario (Rahimi et al., 2023).

The paper is structured as follows. Section 2.1 overviews
the relevant equations and theory that describe the snow en-
ergy balance and surface hoar formation process, Sect. 2.3
describes the observational data used in this study, and
Sect. 2.4 describes modeling experiments and forcing data.
Then, Sect. 3.1-3.3.2 investigate S3 measurements collected
during the winter of 2023 and are used to inform turbu-
lent exchange parameterization selection for SUMMA. Sec-
tion 3.4 verifies SUMMA output against observations. Sec-
tion 3.5 evaluates the climate sensitivity of surface hoar us-
ing SUMMA forced by the downscaled GCMs. The insights
from this study will improve capacities to model and fore-
cast surface hoar, with direct implications for avalanche haz-
ard mitigation, the potential to improve radar retrievals of
snowpack properties (e.g., Meloche et al., 2025), and snow
albedo parameterizations (Flanner and Zender, 2006) in-so
far as modeling this fundamental snow metamorphism mech-
anism is improved.

2 Methods
2.1 Governing equations

Understanding the mechanisms responsible for surface hoar
formation necessitates considering both the energy and mass
budgets of the snow surface, which are coupled through the
latent heat flux. The following sections provide the relevant
physical background for describing these relationships. Sym-
bols and acronyms mentioned in this paper are summarized
in Appendix Al and A2.
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2.1.1 The Snow surface energy balance

Using meteorological sign conventions for turbulent fluxes,
the energy budget of a non-melting snow surface (s.) of
height () under non-precipitating conditions with volumet-
ric ice-fraction vj is given by:

. 0T, aT
pivik - ¢, e s _Hs — H
P 3t 9z [,
— ‘—— ——Turbulent Fluxes
Snow Temp. Change Conduction
+LW | —eo Ty, +SW | (1 —a) 1
Radiation

where cip is the specific heat capacity of ice, Tt is the tem-
perature of the topmost snow layer of height A, p; is the
density of ice, k% is the conductive heat flux from/out of
the top snow layer to lower layers (z is positive upward
from the snow ground interface), A is thermal conductiv-
ity of the snow layer interface, H is the sensible heat flux,
H, is the latent heat flux, LW | is the incoming longwave
radiation from the atmosphere (3.5-50um), €o TS‘%C is the
outgoing longwave emission (LW 1) from the snow surface
where € is emissivity and o is the Stefan-Boltzmann con-
stant (5.67 x 1078 Wm—2K~4), SW | (1 — «) is the net ab-
sorbed shortwave (solar) radiation where « is the snow sur-
face albedo (Lundquist et al., 2024). For non-melting con-
ditions, H] is the energy associated with vapor sublimating
(+H)) or depositing (— Hj) onto the snowpack. At nighttime
and in the absence of precipitation, H, is balanced by Hg, the
LW, budget, cooling of the uppermost snow layer (c;‘,s 35—;“ ,
and the conduction of heat into/out of lower layers of the
snowpack (—X %). From the perspective of observing LW 4
emitted by the snowpack, the depth & for which Eq. (1) is de-
fined is small since LW 1 is primarily emitted from the snow
crystals very near the surface of the snow (Morstad et al.,
2007).

2.1.2 Turbulent fluxes

According to most prevailing theories, surface hoar forms via
the deposition of water vapor from the atmosphere onto the
snow surface (Hachikubo and Akitaya, 1997; Stossel et al.,
2010). The sensible, latent, and momentum fluxes between
the snow surface and atmosphere (Lee, 2023) are given by:

I Hi = pw'q’ = pCqulrg )
¢, Hy = pw'T' = pChuAT (3)
= u% = Cyu? 4)

where the rightmost term represents the bulk approximation
for the flux (Armstrong and Brun, 2008; Andreas, 2002), Ag
and AT are stand-ins for the air-snow specific humidity (g)
and temperature differences (gstc — qair and Tyge — Tir), W’
is the deviation from the mean vertical wind velocity, u is
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the horizontal wind speed (wspq) at the height z, C; and Cy
are the bulk transfer coefficients terms for ¢ and T respec-
tively, Cq4 is the bulk transfer coefficient for momentum, p
is the air density, and 7p~! is the surface shear stress. /g
and c, are the latent heat of sublimation (2838 kJ kg~!) and
specific heat capacity of dry air (1.006kJ kg~! K) which are
treated as constants. The small temperature dependency of
¢p is not considered in this study. Since we are ultimately
concerned with surface hoar mass, we let Fy, =1 I'H as a
stand-in for the left hand term of Eq. (2), which expresses
water vapor flux (units of mass per unit area per time). While
not a primary focus of the paper, the friction velocity u, is
important for understanding turbulent exchange during sur-
face hoar events.

Most land and snow models use some form of the bulk
approximation to estimate fluxes (rightmost terms of Egs. 2—
4). Eddy-covariance (EC) instruments on the other hand can
estimate fluxes by measuring gair, Tair, and wind velocity
components at a high temporal frequency (middle terms of
Egs. 2-4). Monin-Obukov (MO) theory is typically invoked
to determine bulk transfer coefficients, which depend on both
the characteristics of the surface and the thermodynamic sta-
bility of the near-surface air which can enhance (unstable) or
suppress (stable) turbulent eddies through buoyancy forces
(Foken, 2006). In the SUMMA model, bulk transfer coeffi-
cients for momentum, moisture, and heat are expressed as,

k2
C, = - f(RI), 5
= TnzjzoinGrzp] &Y ®)
k2
Chp= - f(RID), 6
b= in/zoiinG/zn ! K ©
k2
c, (7)

= nGzyzp K

where z is the measurement height, zo, z4, and zj, are the
roughness lengths for momentum, moisture, and heat respec-
tively, k is the von-Karman constant (0.4), and f(Ri) is the
stability correction function. The bulk Richardson number
(Ri) is given by:

_ 79.81 (Tair — Tste)
0.5(Tyir + Tsfc)l'i2 ’

Positive Ri values indicate stable conditions and negative
values indicate unstable conditions. For simplicity and in
keeping with many land models, z,, z;, zo are assumed to be
equivalent, but z, may in principle be significantly less than
zo (Andreas, 2002). Given that we are concerned with night-
time winter processes, we test several stability correction
functions implemented in the SUMMA model (described in
Sect. 2.4) for stable conditions (Table 1). The a, € and Ri,
parameters in Table 1 are tunable coefficients. For each func-
tion, f(Ri) approaches unity at neutral conditions (Ri ~ 0).
The Ri. parameter in the standard model is commonly as-
sumed to be 0.2, beyond which turbulent exchange is effec-
tively zero.

Ri (¥
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Table 1. Stability correction formulations for stable conditions, as implemented in the SUMMA model for bulk transfer coefficients.

Function Name  f(Ri) Description
Mahrt e € Ri Exponential decay stability correction (Mahrt, 1987).
Louis a +bl R Louis-type stability correction.
1— R Ri <Ri
Standard Ric’ ¢ Piecewise linear correction with cutoff at Ri, = 0.2.

1079, Ri > Ri,

2.1.3 Snow surface temperature and humidity

The humidity of the snow surface (gs.) is saturated with re-
spect to ice, and thus depends solely on Ty, and Pparo. The
radiative surface temperature is commonly used to repre-
sent Ty in Eq. (3) (Mahrt and Vickers, 2005), and can be
found by rearranging the Stefan-Boltzmann law expressed in
Eq. (1) (Raleigh et al., 2013).

We assume that snow emissivity (€g) is 0.98 (Huang et al.,
2016). For air and the snow surface, g is computed by:

0622
" Poaro — 0.378¢

where e is the vapor pressure (in hPa) and Py, is the baro-
metric air pressure. For snow, e is computed using the sat-
uration vapor pressure formula for ice (Huang, 2018) using
the radiative Tig retrieved from LW 1 measured by down-
looking pyrgeometers.

q &)

2.1.4 Decomposing nightly surface hoar amounts

Together, the snow energy budget (Eq. 1), flux formula
(Eq. 2), and gsf relationship to Tyt provide the governing
equations that explain the sign and magnitude of F,, which
is sensitive to meteorological conditions and snowpack prop-
erties. In this study, we examine instantaneous 30 min fluxes
as well as nightly and yearly averages of the integrated night-
time F, between the snow and atmosphere. The overnight
amount of modeled or observed integrated water vapor flux
is simply the cumulative sum multiplied by the timestep, here
denoted by X F;;. A night with a negative X F is considered
a deposition (or, surface hoar event) and a night where X F,
is positive is considered a sublimation event. To express the
ramifications of climate change on the changing character of
the overnight integrated water vapor flux, we define:

1
Foooo=—1J" XFy+
K ——

avg. nightly subl.

+n.  TF,_ (10)
——
avg. nightly depo.

where Fy (o is the annual average amount of the integrated
nightly vapor flux taking into account both sublimation and
deposition, K is the number of eligible winter nights per year,
n is the number of winter deposition events, j is the num-
ber of winter sublimation events, and X F, - is the aver-
age nightly amount of all deposition and sublimation events,
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respectively. To account for a potentially reduced snowpack
with warming, we only consider nights where snow height
(Snowy,) is greater than 0.1 m. For a non-leap year when this
condition is always met, there are K =121 DJFM winter
nights considered in the annual averages in Eq. (10).

2.2 Study area

The ERW (38.95° N, 106.99° W) is located in the Upper Col-
orado River Basin and contains elevations ranging between
2440 to 4350 ma.s.l. Upper elevations of the ERW receive
over 800 mm of annual precipitation, mostly as snowfall (Ru-
disill et al., 2023b). Overnight T;;; are as low as —35 °C dur-
ing winter nights (de Boer et al., 2023). Average cold-season
cloud fractions are roughly 0.5 for both day and nighttime.
Clear-sky periods are characterized by high pressure ridg-
ing across the western USA and upper level winds from the
northwest (Rudisill et al., 2025).

Two main observing locations separated by roughly 2 km
were used in this study — the main SAIL site at M1, and SOS
and SPLASH sites located Kettle Ponds (KP) (Fig. 1a). Each
site is located on flat terrain at the bottom of the ERW valley
and contain low shrubs that are completely buried by snow
mid-winter (Fig. 1b). The KP site is far away from build-
ings and trees and has a clear upwind fetch of at least 1 km
(Lundquist et al., 2024). Figures (Fig. 1c—d) provide an ex-
ample of a surface hoar crystal observed at the M1 site on
14 January 2023 and an example of surface hoar covering a
hillslope, respectively.

2.3 Observations

Data used in this study are described in Table 2. SAIL was
a deployment of the U.S. Department of Energy’s Second
Atmospheric Radiation Measurement (ARM) Mobile Facil-
ity and measured of clouds, radiation, wind, and atmospheric
state using both passive and active ground based remote sens-
ing. The ARM program produces derived and best-estimate
data products from the raw data streams (Mather and Voyles,
2013). Nocturnal cloud presence/absence is measured us-
ing the ARM ARSCL data product (Clothiaux et al., 2000)
which merges data from a Ka-Band radar, ceilometer, mi-
cropulse lidar, microwave radiometer, and surface instru-
ments to measure cloud properties. Cloud fraction (Cpryc)
is estimated temporally from this product using the same

https://doi.org/10.5194/tc-20-5585-2026
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Figure 1. Overview of ERW study site: (a) A digital elevation model of the ERW with Kettle Ponds (KP) and SAIL M1 sites labeled. UTM
Eastings and Northings are used for reference, and the colorbar depicts terrain elevation in m a.s.l. (b) The SAIL study site in winter, looking
towards M1. (¢) A surface hoar crystal observed during the SOS field campaign in the vicinity of the M1 site (photo credit: Danny Hogan,
University of Washington). (d) Surface hoar crystals on a sloping snowpack, and (e) the location of the ERW in the context of the North

American continent.

data from Rudisill et al. (2025). For visualization purposes,
backscatter from the Ka-band vertically pointing radar is also
shown for qualitative analysis in Sect. 2.3. Twice daily ver-
tical profiles of atmospheric humidity and temperature were
measured by balloon sondes launched at the M1 site at ap-
proximately 05:00 am and 05:00 pm local time. A weighing-
bucket type precipitation gauge with a wind shield measured
snowfall (Bartholomew, 2020).

The SOS campaign deployed a 20 m tower hosting mea-
surements of T,; and RH (in addition to EC; Sect. 2.3.1)
spaced at every meter of the tower. For this reason, we
use meteorological variables from this site for evaluating
SUMMA. Data at the lowest meter were commonly buried
by snow and are not used in this study. RH is converted to
Gair using Tyir and Pparo (Wallace and Hobbs, 2006). The
stated accuracies of the sensors yield a roughly 2 % error,
or 0.03 gkg ™! of ¢, at representative mid-winter conditions
(Table 2). SAIL pyrgeometers at M1 are used to measure
LW and pyranometers measured SW | for all analyses. Ra-
diation data are QA/QC’d using methodologies developed by
the ARM program (Long and Shi, 2006) and had a high data
retention rate (Feldman et al., 2023). At the KP site, down-
looking SPLASH pyrgeometers are used to retrieve Tyt and
gste (Cox et al., 2025).

Near-surface meteorological data (T, wspd, RH) from
M1 (Table 2) is only used in one instance to examine diurnal
composites of the snow energy balance (Sect. 3.2) in order to
take advantage of the two-full winters of measurement (2022
and 2023), as opposed to the one winter of observations at
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KP (2023 only). The data platform is described in Kyrouac
et al. (2021). All other uses of these variables come from KP.

2.3.1 Flux measurements

In addition to low frequency measurements of Ty;; and RH,
the SOS tower at KP hosted pairs of sonic anemometers
and gas analyzers to measure EC fluxes. Data from the 3m
heights are analyzed in this study. NSF-NCAR/EOL-ISFS
(2024) provides 5 min flux estimates and higher-order mo-
ments computed from the high frequency data after applying
a planar fit tilt-correction (Wilczak et al., 2001). The 5 min
fluxes were recomputed for a 30 min averaging timescale,
and additional Webb and sonic temperature corrections were
applied. EC measurements can be problematic in stable sur-
face layers with weak turbulence, so additional tests to ensure
data quality were employed (Mauder et al., 2013). Flux data
were discarded if any of the gas analyzer or anemometer flags
were signaled. The commonly applied stationarity tests from
Foken and Wichura (1996) were also calculated. Between
December and April of the SOS observation period, 62 %
of the 30 min timesteps contained valid observations based
on sensor flags for the sensors at 3m, 35 % pass the least
stringent stationarity criteria, and 16 % pass the most strin-
gent stationarity criteria for heat flux. These criteria likely
reject periods when overnight frost forms on the infrared hy-
grometers that interfere with flux measurements, but a full
accounting of the prevalence of this phenomenon is beyond
the scope of this article.

The Cryosphere, 20, 5585-5607, 2026
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Table 2. Symbol names, locations, measurement heights, and stated or estimated accuracies of observations used in this study. The accuracies
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from the instrument manufacturers, if available, are reported. The accuracy of KP LW 1 data are reported by Cox et al. (2025).

Variable Unit Symbol  Site  Height Instrument Accuracy
Air Temp. °C Tair M1 0-10km Vaisala RS41 +0.3°C

KP 3-20m Sensiron SHT85 +0.1°C
Relative Humidity % RH M1 0-10km Vaisala RS41 +3%

KP  3-20m Sensiron SHTS8S +1.5%
Barometric Pressure hPa Poaro M1 0-10km Vaisala RS41 +1.0

KP 10,20m  Paroscientific -
Wind Speed ms~! Wgpd KP  3-20m Campbell CSAT3 -

KP  10,20m Paroscientific -
Wind Direction ° Wdir KP  3-20m Campbell CSAT3 +0.7at 1ms~!
Longwave Radiation Wm=2 Lw] Ml 2m Eppley PIR +2.0Wm 2 or2%

LW1 KP 3m Hukseflux IR20 +1.0Wm™2
Shortwave Radiation wWm=2 SwW| Ml 2m Eppley +10Wm—2o0r3%
Latent heat flux Wm—2 H; KP 3,5m Campbell CSAT3 -
C100/EC150

Sensible heat flux Wm2 Hy KP 3,5m -
Snow Temperature °C Ts KP 0-1.8m  Thermistors -
Precipitation mm - \Y DR Ott Hydromet Pluvio2 -
Cloud fraction None Crac Ml 0-6km Multiple -
Derived Quantities Input
Specific Humidity g kg_1 Gair KP  Multiple  Tair, Ppharo» RH +2% or0.03 g kg_1
Snow Surface Humidity g kg,f1 qsfc KP - Tsics Pparo -
Snow Surface Temp. °C Tstc KP LW ¢ -

The measurement height between the snow and sensor is
important for interpreting observed fluxes and bulk calcula-
tions. A lidar system measured the height of the snowpack in
the vicinity of the towers and is used to compute the absolute
height difference between the snow surface and tower mea-
surement height. Snowy, reached a peak of approximately 2 m
above the ground level (Lundquist et al., 2024).

Several considerations are important for comparing
SUMMA to EC flux observations. For fair comparison
against the model, EC fluxes are only considered when the
second-most stringent stationarity criteria are met and the ab-
solute value of Hy is greater than 1 W m~2. Countergradient
fluxes are also ignored, since these conditions cannot be sim-
ulated by SUMMA.

2.3.2 Stossel Box measurements
The SOS campaign manually measured surface hoar during
2023 using weighing boxes similar to Stossel et al. (2010)

and Hachikubo and Akitaya (1997) referred to as “Stossel
boxes” by the SOS campaign. On nine evenings in Febru-
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ary 2023 when surface hoar was deemed likely, two snow
samples were removed, weighed, and replaced in the snow-
pack at a location approximately a half kilometer up-valley
from the M1 site. The samples were removed and reweighed
the following morning. On a few occasions, a thin layer of
frost was found on the underside of the box and removed
prior to weighing the boxes. In the absence of disturbance,
the mass difference of the snow sample between the morning
and preceding evening is a measure of the cumulative de-
posited and/or sublimated mass of water vapor between the
snow and atmosphere. Dividing the mass difference by the
area of the sample yields the integrated flux (X Fy) in units
of mass per area.

Six observations showed appreciable water vapor deposi-
tion where the redundant observations agreed within 40 %,
with values ranging between 40-180 gm~2. The morning
of the 12 showed that both observations agreed on a near-
zero amount of surface hoar. It is worth noting that even
the largest deposition amounts represent a small compo-
nent of the mass addition to the snowpack. We caution that
the Stossel box measurements were not directly co-located

https://doi.org/10.5194/tc-20-5585-2026
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with instrumentation at M1 or KP, but nevertheless provide
confirmation that surface hoar occurred for each evening,
and a plausible order-of-magnitude expectation for surface
hoar mass. Thirty-three additional Stdssel box measurements
were collected after the end of the S3 campaigns during
the winter of 2024 (Billy Barr, Rocky Mountain Biologi-
cal Laboratory, personal communication). The twenty-nine
measurements showed overnight deposition with an aver-
age mass of 140 gm~2 and three measurements exceeding
200 gm~2. Since these measurements did not overlap with S3
instrumentation, we primarily use the data as an additional
check on the modelled distributions of surface hoar mass in
Sect. 3.5. In addition to data from S3 campaigns, we also use
data digitized from Hachikubo and Akitaya (1997) to evalu-
ate Cy coefficients and Ri, hereafter referred to as H97.

2.4 SUMMA and downscaled GCM forcings

In addition to observations, we use the SUMMA model
(Clark et al., 2015) to investigate nocturnal water vapor
fluxes and the sensitivity to a changing climate. The model
was configured by modifying the test-cases provided by
Clark et al. (2015). SUMMA provides multiple options for
modeling stability corrections for turbulent fluxes, options
for simulating snow thermodynamic processes, and snow-
layering schemes (Cristea et al., 2022). We use the “Jordan”
snow-layering option in SUMMA that allows for up to 100
snow layers. The conduction of heat between snow layers
is modelled as 1D vertical heat diffusion equation. The Jor-
dan snow thermal conductivity parameterization was used,
which treats A as a non-linearly increasing function of snow
density. Two modifications were made to the SUMMA For-
tran code. The code was modified to account for the differ-
ence in gy between ice and liquid water (Huang, 2018) for
any situation where the ground (or snow) temperature is be-
low freezing. The hardcoded value for p was also adjusted to
account for elevation and average T,i;. Model input files are
configured so the land cover type matches that of the KP site,
with no tree canopy present. Meteorological data from S3 are
used to run and evaluate the model against S3 observations.
SUMMA does not explicitly track the prognostic evolution
of snow grain types as some snow models do (e.g., Lehning
et al., 2002; Lafaysse et al., 2026) but nevertheless fits our
purposes for investigating nocturnal water vapor fluxes.

To investigate SUMMA stability correction parameteriza-
tions (Table 1), we compute bulk coefficients for momentum
(Cp), heat (Cp), and moisture (C,) by rearranging Egs. (2)-
(4) using data from the SOS tower at KP. Bulk transport co-
efficients depend on the measurement height, so only winter
data when the snow was between 0.6 and 1.2 m high is con-
sidered. Only 30 min fluxes meeting the most stringent sta-
tionarity criteria are retained for analysis (Sect. 2.3.1). Mea-
surement errors can produce spurious results, so bin-averages
are computed for intervals of Ri to highlight the underly-
ing behavior. Only stable conditions without countergradient
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fluxes considered in this analysis (Lapo et al., 2019). In ad-
dition to computing C, using EC fluxes, we also compare
C, estimates using the X F;, values measured by the Stossel
boxes and also digitized data from H97 for comparison. To
do so, we assume that surface hoar accumulated during the
nighttime only and at a uniform rate.

2.4.1 Sensitivity to thermal conductivity

Examining Eq. (1) suggests that surface hoar formation may
be sensitive to the thermal conductivity (A) value and there-
fore the density of the snow layer, since the conductivity is
strongly influenced by it (Sturm et al., 1997). To isolate the
effect of snow density via thermal conductivity on surface
hoar, we conduct sensitivity experiments by prescribing a
constant value of A for all layer interfaces of the snowpack
representative of a low (A =0.1), medium (A =0.3), and
high (A = 0.5) density snowpack (Sturm et al., 1997). This
is achieved by using the “smnv2000” snow thermal conduc-
tivity option in SUMMA for these experiments. The model
is then run for a single 36 h period encompassing a single
surface hoar event and the effects on fluxes, surface energy
balance, and surface hoar accumulation are quantified.

2.4.2 Sensitivity to future warming

We use data from the WUS-D3 dataset (Rahimi et al.,
2023) to represent the effects of changing climate under the
SSP3-7.0 emission scenario in the ERW. WUS-D3 uses the
Weather Research and Forecasting model (Powers et al.,
2017) to dynamically downscale (Hall et al., 2024) coarse
CMIP6 (Eyring et al., 2016) model data to a 9 km horizontal
grid spacing across the western United States. WUS-D3
downscaled an ensemble of CMIP6 models. We select 9
of the downscaled models to force SUMMA. Specifically
these are access-cm2_rSilplfl, cesm2_rllilplfl, ec-
earth3_rlilplfl, fgoals-g3_rlilplfl, ukesm1-0-11_r2ilp1f2,
canesm5_rlilp2fl, cnrm-esm2-1_rlilplf2, ec-earth3-
veg_rlilplflm, and mpi-esml-2-Ir_r7ilplfl  model
configurations (where the text following the underscore is
the model realization description).

Dynamical downscaling by WUS-D3 preserves much of
the warming and wetting/drying trends from the parent
GCMs (Rahimi et al., 2023) but accounts for local hetero-
geneity related to orography and land-atmosphere feedbacks
(Walton et al., 2017). The SSP3-7.0 scenario is a moder-
ately high radiative forcing scenario driven by “business as
usual” emissions (Hausfather, 2019; Shiogama et al., 2023).
WUS-D3 is extensively vetted in other snow climate studies
(Cowherd et al., 2024; Marshall et al., 2024) and in addition,
various configurations of the WRF model have been tested in
the ERW (Xu et al., 2023; Rudisill et al., 2023a, b) demon-
strating skill simulating the regional snow climate.

Hourly surface meteorological data (wind speed, down-
welling shortwave radiation, downwelling longwave radia-
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tion, barometric pressure, and precipitation) from the 9 mod-
els are used to force SUMMA, yielding a total of 9 SUMMA
runs from 1980 to 2100 with hourly output of surface hoar
relevant quantities. Prior to doing so, two additional bias cor-
rections to the WUS-D3 data were applied. The wgpq output
from the model was bias-corrected using CDF-matching onto
observed wgpq at the KP location. This method was chosen
since, given the 9 km grid spacing, nocturnal drainage flows
may not be well represented as the model topography is rel-
atively coarse. In addition, a (~ 1 °C) small cold bias of the
average early century Ty, (relative to S3) observations was
found and removed. Such biases are common in dynamically
downscaled output over mountain regions (Rudisill et al.,
2024). Other meteorological fields were not adjusted.

In order to evaluate climate change effects on surface hoar,
the ensemble of SUMMA GCM-forced experiments are eval-
uated using Eq. (10) for cold-season (DJFM) nocturnal con-
ditions only, which, for simplicity are defined as between
08:00pm to 08:00am local time. To account for natural
year-to-year variability, surface hoar relevant quantities are
grouped by 20-year blocks and averaged across time. For fair
comparison and to avoid including snow-free conditions into
the averages, only timesteps where the Snowy, is > 0.1 m are
considered. Given the cold baseline climate and significant
snowfall in this location, these criteria reject relatively few
timesteps among the models, even at the end-of-century. To
report changes, we define the beginning-of-century as 1980-
2020 (BOC), the middle-of-century as 2020-2080 (MOC),
and the end-of-century as 2080-2100 (EOC). In addition,
data are also grouped by the average annual warming for
each model year relative to the GCM’s average beginning-
of-century temperature (e.g., the “warming level”) in order
to more clearly isolate the effects of warming from interan-
nual variability. The statistical significance of the change in
ensemble mean between the EOC and BOC periods for dif-
ferent surface hoar relevant variables is quantified using the
Welch’s two-sided ¢-test.

To a large extent, Ty, is correlated with many other fea-
tures of the snow surface energy balance (Ohmura, 2001) and
rising Tyir is the most basic and robust prediction for climate
change. The extent to which models and observations agree
with the proposed wspq thresholds for surface hoar formation
also merits consideration, and the failure by models to do so
would decrease confidence in projected changes in surface
hoar. Therefore, we also evaluate model and observed sen-
sitivities for surface hoar relevant quantities to wspg and Ty
prior to evaluating the GCM-forced SUMMA experiments.
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3 Results

3.1 Atmospheric conditions during the February 2023
surface hoar observation period

To set the stage for subsequent investigation, meteorologi-
cal conditions encompassing the February 2023 Stossel box
observation period (Fig. 2a—f) are examined at the SOS KP
site. Snow;, was approximately 1 m for the duration of this
timeperiod.

Alternating periods of cloudy weather disturbances (low
pressure) and clear skies (high pressure) have a clear impact
on the near-surface energy budget and snowpack (Fig. 2a,
b). The coldest T occurs on clear-sky, high pressure nights
(e.g., 7-8, 16-17 February) immediately following the pas-
sage of a front when wspq values are low (Fig. 2c, d). RH is
inversely related to Tj;; to some degree, reaching a maximum
at night, and rarely approaching saturation even during peri-
ods of snowfall (Fig. 2e). T,i is warmer than Tg. in almost all
cases, except for clear-sky periods near solar noon when Ty,
is briefly warmer than the air. However, since the snow sur-
face is by definition 100 % RH (and atmospheric RH may be
as low as 20 %), gsfc exceeds g,ir during daytime hours (fa-
voring sublimation), but reverses on clear nights (gsfc < Gair),
favoring water vapor deposition onto the snowpack (Fig. 2e).

The snow surface is continuously cooling via LWye; on
both clear days and nights (the outgoing LW 1 exceeds the
incoming LW |) (Fig. 2f). During periods with sufficiently
thick clouds, however, LW, is close to zero and there is no
Ruet driven cooling of the snow surface (e.g., 27-31 January).
This effect occurs, in part, because clouds radiate as a gray-
body with an emissivity approaching unity.

Tt 1s significantly colder than the snowpack temperature
(Tsnow) measured at 90 cm height (approximately 10 cm be-
low the snow surface) for most clear-sky conditions, favor-
ing thermal conduction of heat from within the snowpack
towards the snow surface (Eq. 1). Tshow at 40 cm height re-
mains nearly constant at —4 to —5 °C. Ty is warmer than
the lower levels of the snowpack in only a few limited cases
(e.g., the afternoon of 5 February).

3.2 Diurnal cycles of humidity, temperature and
energy in the snow-air interface

Building off of Sect. 3.1, the impacts of Cf,c On the average
diurnal cycles of humidity, temperature, Rpe(, and turbulent
fluxes are quantified by isolating fully clear and fully cloudy
24 h periods using a temporal Cgye threshold of 0.25 and
0.95 respectively (i.e., vertically pointing cloud detections
found that < 25 % or > 95 % of timesteps recorded a cloud
within each 24 h period). For this analysis, we use two win-
ters of data from the SAIL M1 site encompassing fully snow-
covered periods from December through the end of March
for each year, yielding n = 61 periods meeting the clear-sky
criteria and n = 70 meeting the fully cloudy criteria. Fluxes
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Figure 2. A time series view of the atmospheric and snowpack conditions from 25 January to 20 February 2023 during the surface hoar
observation period: (a) Backscatter reflectivity from the vertically pointing Ka-band radar and hourly precipitation rates, (b) Cgrac and Ppyros
(©) wgpd and wir, (d) Tajr, Tsfe, and Tsnow at 40 and 90 cm above the ground level, (€) Gair, gsic, () LW 1 and LW |. Gray shading denotes
daytime periods and the solar elevation angle (the units of which are not shown). Purple V markers denote mornings when surface hoar was
measured, and the red o denotes the morning of the 12 when no surface hoar was found. Please note that the y-axis of (d) is inverted.

are estimated using the bulk method as implemented in the
SUMMA model (described in subsequent sections) with ob-
served Ag and AT as inputs.

Agq is relatively constant during cloudy periods compared
to clear-sky conditions (Fig. 3a). During clear-sky periods,
however, overnight T and Ty;r drop rapidly overnight, with
Tstc reaching a minima of less than —24 °C shortly before
sunrise (Fig. 3b). As a consequence, gsf. drops rapidly on
clear nights creating conditions that favor surface hoar for-
mation (Fig. 3a). The overnight decline in T is driven, to
a large extent, by negative Rye; overnight with counteract-
ing heating from turbulent fluxes. Clouds reduce LW cool-
ing by 30—40 W m~2 overnight (a measure of cloud radiative
forcing consistent with Rudisill et al., 2025), acknowledging
that heat-advection by snowfall may also be a component of
the difference between composites.
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The negative Ry is partially compensated by Hj directed
towards the snow surface, which is approximately 1.5x
stronger during clear-sky conditions compared to cloudy pe-
riods (Fig. 3c, d), as well as a small component of latent
heating from water vapor deposition (Hj) on the order of 1-
2'W m~2 during clear-sky nights. Sublimation, on the other
hand, cools the snow during the daytime for both regimes and
exceeds 20 W m~2 during clear skies just after solar noon.

The most important takeway from Fig. 3a—d is that
water vapor deposition is favored, not just intermittently,
but on average during clear nights (Agq values of —0.5
to —1.0gkg™"), but not on cloudy nights. Sublimation is
favored during the daytime regardless of sky conditions,
switching from a water vapor deposition regime to a subli-
mation regime around 10:00 a.m. local time (Fig. 3a, d).
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Figure 3. Composites of the diurnal evolution of observed (a) g, (b) T, (¢) Rpet and LWpet, and (d) turbulent fluxes (Hs, H)) estimated from
the bulk method under cloudy (dark blue) and clear (dark yellow) conditions from two winters at the M1 site. The additive inverse of H and
Hj are depicted for convenience; positive values indicate the snowpack gains heat, and negative values the opposite. In panels (a) and (b),
the dashed, dotted, and solid lines denote the snow surface, atmospheric, and snow-atmosphere difference (A) for 7 and ¢ respectively. The
vertical dashed line marks local noon and the solar elevation angle is depicted by the unfilled white region.

3.3 Vertical snow-through-atmosphere profiles of
temperature and humidity

AT and Aq values are not only influenced by conditions near
the snow, but also atmospheric circulations and properties of
the airmass above the snowpack. To interrogate the snow-
through-atmosphere continuum in the vertical direction, we
examine profiles of Tyi; and ggir throughout the snowpack,
surface layer, and troposphere using the SOS tower measure-
ments, SAIL sondes, radiative temperature measurements,
and thermistor arrays buried within the snowpack (Table 2).
The balloon sondes were launched at 05:00 am local time,
which is approximately the time of the T minima at this
site during winter (Fig. 3b).

Figure 4a—g shows data from seven mornings coincid-
ing with Stossel box measurements. A temperature inversion
(temperature increasing with height) is present each morn-
ing when surface hoar was observed. The inversion is the
weakest on the morning of the 12 when surface hoar was
not observed (Fig. 2), and temperatures throughout the val-
ley were also the warmest of those examined. In all cases,
Tt is colder than the atmospheric temperature well above
the 800 m depth of the valley (Fig. 4a, c). The nights of the
13 and 17 were significantly colder than the other observed
surface hoar nights, with T, values 100 m above the sur-
face ranging between —15 to —10°C (Fig. 4a). The top of
the snow surface is likewise warmer than the lower levels of
the snowpack, and again favor thermal conduction upwards
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(—)Lc(‘i—z; Eq. 1) from the warm snow near the ground towards
the snow surface actively cooling via LWy at night.

The humidity of the interstitial air within the snowpack
(gsnow) 1s estimated using Typow as measured by buried ther-
mistor arrays (Sturm and Benson, 1997). gsow at the base
of the snowpack near the ground surface, where Tghow ap-
proaches 0 °C, exceeds the humidity of the atmosphere at any
observed level by the sondes (reaching a maximum value of
> 4 gkg~!, which is outside the limit of the plots in (Fig. 4)).
gstc 1s drier than the atmosphere well above the height of the
surrounding valley. The exception is the morning of the 4,
when low-level humidity leads to a scenario where the air is
supersaturated with respect to g only up to 100 m above
the snow surface, compared to a supersaturation height of
over 2.5 km on the 10 (Fig. 4h).

These findings demonstrate that the observed negative
nighttime Agq (Figs. 2, 3) are not a merely near-surface phe-
nomenon confined to shallow heights above the snowpack,
but in fact extend throughout the planetary boundary layer
and well into the troposphere.

3.3.1 Wind profiles and nighttime katabatic winds

As we have shown, favorable conditions for surface hoar tend
to occur on clear, cold nights with weak synoptic forcing
(Fig. 2). These conditions naturally lead to downslope kata-
batic flows in mountain terrain (Oldroyd et al., 2014; White-
man, 2000; Whiteman and Barr, 1986). We already see ev-
idence of this, given the reversal in wgqj, from generally up-
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Figure 4. (a—g) 05:00 a.m. local time profiles of T, and g,j; throughout the snow-atmosphere continuum as measured by SOS towers,
balloon sondes, down-looking radiometers (7 ), and buried snow thermistor arrays. Note the log scale y-axis. Units are heights in meters
with respect to the snow surface height, defined as 0. (h, i) Barplots on the top-right depict the lowest atmospheric height level at which T
and ggf. exceeds the respective value in the atmosphere for each night. The panels are ordered by the size of the surface hoar event in the

same order as (Fig. 8).

valley (from the southwest) during daytime hours to gener-
ally down-valley (from the northwest) at sunset (Fig. 2c; see
also Adler et al., 2025).

Using the SOS tower data from the winter of 2023 and sep-
arating nights again into clear and cloudy periods shows that
clear nights are typified by stronger stability as measured by
Ri (Fig. 5a), wgir almost exclusively from the down-valley
direction, and shallow katabatic flows. Normalizing the ver-
tical profile of wgpq by the tower averaged wspq highlights the
shape of the katabatic flow regime (Fig. 5d), which peaks at
around 5 m above the ground level (approximately 4 m above
the snow surface in the mid-winter). The strength of the jet
is relatively weak, and on average is roughly 10 % higher
than the mean wygpq across the entire 20 m tower. While the
average maxima is found at 5 m, in many cases on clear-sky
nights, the wgpg maxima is found at the lowest available mea-
surement height. Disturbed, cloudy periods, however, have
a higher average wgpq and both up and down-valley direc-
tions and a more commonly unstable or weakly stable sur-
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face layer. In these conditions, wspq versus height follows the
standard log-linear profile of increasing wspg with height.

3.3.2 Evaluating turbulent exchange parameterizations
and surface roughness

Previous sections have investigated Ag and AT, but quan-
titative estimates of turbulent exchange require taking the
buoyant suppression of turbulence and surface roughness
into account. Finally, f(Ri) functions from SUMMA (Ta-
ble 1) are compared against the bin-averages (Fig. 6). Gen-
erally speaking, the assumption of a zo =2 x 10™*m sur-
face roughness for momentum, heat, and moisture leads to a
reasonable approximation of bulk transfer coefficients. This
is found by noting the intersection of the f(Ri) functions
at near-neutral (Ri = 0) conditions with the observed bin-
averages (Fig. 6.) The effect of a higher or lower zgp value
can be visualized by recomputing (Egs. 7-6) which has the
effect of translating the f(Ri) curves up/down along the y-
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axis. C, is perhaps slightly less than theoretical estimates,
which is consistent with evidence suggesting that z, < zo
during certain condition over ice (Andreas, 2002).

C, deviates strongly and consistently from theoretical val-
ues at Ri greater than 0.1 (Fig. 6a). Closer examination
shows that such conditions are almost always characterized
by katabatic flows during clear skies. This is not surprising,
given that the observed wygpq profile during such conditions
does not follow the logarithmic profile required by MO the-
ory. Cy is essentially an expression of turbulent intensity over
the mean wgpg, so a higher than expected value indicates
higher turbulent intensity during katabatic flows than non-
katabatic flows for the same wgpq. Cp is well characterized
at low Ri values and when wspg increases approximately log-
arithmically with height (Fig. 5c).

A crucial finding emerges with relevance for subsequent
modeling — surface hoar events occur at high Ri values
(> 0.2) beyond which the “standard” stability correction pre-
dicts a near-zero flux (Table 1). Recomputed data from H97
also demonstrate that surface hoar measured by their study
occurred at a high Ri number of 0.1. The “Louis” stability
correction with a b parameter set to one better matches ob-
servations of both C,; and Cj, at high Ri values, and these
parameters are used in subsequent sections (as well as in
(Fig. 3)). However, it is important to note that C, values com-
puted using data from Stossel box and H97 data implies that,
for at least five cases, C, values are as much as 3—4x higher
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than the C, implied by EC observations and model parame-
terizations using a z, equivalent to zg.

3.4 SUMMA model validation

To model the sensitivity of surface hoar to present-day
and changing climates, SUMMA model parameters were
selected based on data from the previous section. Prior
to running the model with downscaled GCM projections
(Sect. 3.5), we evaluate SUMMA using meteorological ob-
servations at S3 for winter (DJFM) nighttime conditions.

SUMMA reproduces T and ggg. well, with Pearson cor-
relation coefficients of 0.99 for each (Fig. 7a—d). The mod-
eled and observed fluxes have a lower Pearson correlation
coefficient of 0.75 and 0.94 for Hy and F, respectively, and
R? values of 0.57 and 0.89 (Fig. 7a, c). The model is slightly
warm-biased at the coldest Ty values (Fig. 7b)., however
these errors are somewhat mitigated when transformed to ggf.
due to the non-linear nature of the saturation vapor pressure
curve (Fig. 7d). Overall the SUMMA model Ty, is biased by
0.95°C and gsfc by 0.09 gkg ™.

Comparing SUMMA output to the deposition amounts
from the Stossel box observations is a fundamentally differ-
ent question than evaluating the model against 30 min EC
fluxes, since X F; integrates both overnight deposition and
sublimation fluxes. SUMMA produces between 30-65 gm™>
across the six events, matching the observations on the 13
and 17 well (Fig. 8a—b). However, the model produces sig-
nificantly less surface hoar on the 4 and the 11 than what
was observed. The largest event on the 11 was character-
ized by the strongest observed Ag (—0.6gkg™') and AT
(—12°C) gradients, a significant amount of upper level hu-
midity (Fig. 4), but also the highest Ri value (not shown).

Since there were relatively few high-quality fluxes ob-
served on each surface hoar night, boxplots of the nightly
30 min fluxes are displayed in Fig. 8b. To make a fair compar-
ison, the 30 min fluxes are multiplied by the length-of-night
(assumed to be 12 h) which expresses how much water vapor
could have been deposited or sublimated were the flux con-
sistently that amount throughout the entire night. Even still,
in none of the cases do the observed EC fluxes produce ade-
quate amounts of water vapor deposition compared to Stossel
box observations. This is in keeping with the observation that
C, computed from EC data in (Fig. 6) is lower than the C,
estimated by Stossel box observations. However, the median
flux is negative in most cases, which does indicate that water
vapor was moving in the direction of the snowpack.

No surface hoar was found on the morning of the 12. That
night had moderate scattered Crrae (Fig. 2a), the lowest wgpg
(Fig. 2c), high stability (not shown), and the weakest Ag
(Fig. 2e) compared to the other nights with observed surface
hoar. Encouragingly, the SUMMA model likewise predicted
zero-surface hoar on this night.

Given all of the uncertainties in the Stdssel box, EC ob-
served fluxes, and limited temporal duration of observations,
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(c) Fy, and (d) gstc. 1-to-1 lines (black-dashed lines) are shown for
reference.

we nonetheless conclude that SUMMA is well configured for
the purposes of interrogating the sensitivity of surface hoar
formation to a warming climate. Additional Stossel box mea-
surements collected up-valley from M1 during the winter of
2024 had an average mass of 140 gm~2, which is higher than
all but one of the measurements from February 2023, sug-
gesting that spatial variability within the watershed may be
significant. While SUMMA predicted less surface hoar mass
for the handful of manually collected, observations, examin-
ing histograms from the entire winter shows at least 5 nights
where SUMMA predicted between 120—160 gm™2 of surface
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Figure 8. Validation of SUMMA against Stossel box observations:
(a) histograms of total nightly cumulative deposition amount (% Fy)
for the entire winter of 2023 from SUMMA and (b) barplots of X F
for the 6 confirmed surface hoar events in February 2023 compared
against duplicate Stossel box observations (Box1, Box2). Boxplots
of 30 min EC fluxes observed at 3m are also depicted (multiplied
by the length-of-night in seconds for purposes of comparison). The
no surface hoar observation on the 12 is denoted by gray-shading in
the background and the red open circle. Purple “V”” markers denote
nights with observed surface hoar.

hoar, so typical amounts are within the range of the model’s
output space (Fig. 8a).

3.4.1 Observed and modelled sensitivities to T,;- and
Wspd

To test these sensitivities, 30 min estimates of Ag and F; are
plotted against Ty and wspg and the same criteria for EC
fluxes from the previous section are applied. Data are binned
by 4 °C for Tyir and 1 m s~! for Wspd, and the mean, 25th, and
75th quantile are plotted for each bin (Fig. 9a—d).

The bin-averaged Ag magnitude increases slightly beyond
—24°C but then declines rapidly (becomes closer to zero)
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as Tyir warms (Fig. 9a). Sublimation becomes favored rather
than deposition above —8 °C (Fig. 9a). Encouragingly, the
SUMMA model likewise shows a transition at the same T;;.
F; shows a very similar pattern (Fig. 9b; note that the y-
axis uses a symmetric logarithmic scale, with a linear region
between the blue lines), though the data are noisier and have
a higher inter quartile range than the model values.

The relationship with wgpq is similar (Fig. 9¢, d). F,; and
Agq are slightly stronger for wgpg between 1-2ms~! com-
pared to 0—1 ms~!. Similar to other work, we find a thresh-
old wgpg value of 2-3m s~! that matches both observations
and the SUMMA model, above which sublimation becomes
favored over deposition. The bin mean of Ag at high wgpq
is lesser than that at warm Ty; values, indicating that wgpd
alone may be a less robust predictor for discriminating water
vapor deposition from sublimation than Tyj;.

3.4.2 Modelled sensitivities to snow density vis-a-vis
thermal conductivity

Ultimately Tsfc, gsic and overnight X F, are highly sensi-
tive to the prescribed A value (Fig. 10a—d). During daytime
hours, Tt reaches 0 °C for all simulations. Models diverge
overnight, and the low-density simulation reaches the cold-
est Tgre value (and, the most similar to the observations;
(Fig. 10a)). The overnight average AT values are —6.5°C
for the low-density simulation compared to —5.5 °C for the
high-density simulation (Fig. 10c). This translates into an av-
erage overnight Ag of —0.4 and —0.15gkg™! respectively
(Fig. 10b) Water vapor deposition occurs in all model scenar-
ios, but a combination of the reduced deltas and stability (not
shown) leads to a 54 % reduction in the overnight X F, for
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Figure 10. Sensitivity of surface hoar to prescribed values of snow
thermal conductivity over a 36 h period characteristic of low (A =
0.1), medium (A = 0.3) and high-density (A = 0.5) snow: (a) Evo-
lution of modeled Ti¢. for varying A values, with Ty;; (solid red line)
and observed Tgs. (dotted line) included for comparison. Boxplots
show (b) Ag, (¢) AT, and (d) overnight X Fy (between 08:00 pm
to 08:00 am, depicted by dashed gray lines in a). The line colors in
(a) correspond with the bar colors in (b)—(d).

the high-density scenario relative to the low-density scenario
(Fig. 10d). The open-run model (Fig. 8) yielded an amount
similar to the medium-density scenario.

3.5 Surface hoar in a warming climate

The intermodel average warming for the ERW across the
9 downscaled GCMs is on the order of 3.8 °C between the
BOC and EOC (Fig. 11a), similar to the western USA av-
erage (Rahimi et al., 2023). g, increases across all models
the order of 0.625 gkg™! (Fig. 11b). wspd declines slightly
across most models (Fig. 11c). The annual maximum Snowy,
has the greatest variability amongst the downscaled GCMs
during present-day condition, but yield reasonable values of
1-2 m height for this valley location (Rudisill et al., 2023b).
Maximum Snowy, decreases by 0.3 m on average at the end-
of-century across all models (Fig. 11c), but increases slightly
for one ensemble member.

Ultimately, both Ag and AT weaken (i.e., get closer to
0°C) with warming, indicating that overnight T warms at
a greater rate than that of T, (Fig. 12a-b). There is little
change in Ri, which emerges from both the competing ef-
fects of reduced thermodynamic stability (the numerator of
Eq. 8) and declining wgpq (Fig. 12¢). Interestingly and per-
haps counterintuitively, the change in overnight LWy re-
mains approximately the same (within 1 W m~2) on average
across ensembles (and the difference is not statistically sig-
nificant; p > 0.05), though there is significant spread and the
hottest model shows a declining trend (Fig. 12d).
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3.5.1 Changes in surface hoar amount and frequency

The fraction of winter nights with surface hoar (% in Eq. 10)
declines linearly as a function of both time and annual warm-
ing at a rate of 2.5 nights °C~! of warming (p < 0.001, R? =
0.22; Fig. 13a). The EOC experiences 14 % fewer surface
hoar events per winter compared to the BOC (p < 0.001).
The average deposition event, X F,_, averages between 120—
130 gm~2 across all models during the BOC, remarkably
similar to observations (Sect. 2.3).

m increases (becomes less negative) annually at a rate
of 6.1gm™2°C ~! (p <0.001, R?> =0.12). Starting in the
MOC and at a warming level of 3°C, the sign of Fy o,
switches for some models, indicating that sublimation con-
tributes more to the total flux than the deposition of overnight
water vapor. Averaged across all models, the annual magni-
tude of Fy (o decreases by 81 % by the EOC compared to
the BOC (Fig. 13b) (p < 0.001).

The reduction in the magnitude of Fy o is caused by
the following factors. While deposition events increase in
size slightly up until 2 °C of annual warming (Fig. 13c), the
frequency of those events declines. Meanwhile, the size of
the average sublimation event (X F, ) increases with year
and rising Ty and are 15 % larger by the EOC (Fig. 13c.)
(p <0.001). At the same time, the frequency of sublimation
events also increases at the complement of the decreasing
rate of deposition.

4 Discussion

To our knowledge, this is the first time that 1) the full ca-
pabilities of ARM program observations, including the ac-
tive remote sensing of nocturnal clouds (Fig. 2), have been
used to investigate surface hoar mechanisms in a mid-latitude
mountain snow environment and 2) that climate projections
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have been used to evaluate changes in surface hoar amount
and frequency for such a region. Compared with other stud-
ies (e.g., Slaughter et al., 2011; Horton et al., 2015; Stossel
et al., 2010) this work relied on comparatively few surface
hoar observations but used the most detailed set of atmo-
spheric observations to-date. We show that several existing
theories of surface hoar formation are largely confirmed, but
some additional important mechanisms are proposed and nu-
ances of the relationship between climate and surface hoar
are explored more than in previous work.

Colbeck (1988) suggested that katabatic winds enhance
turbulence and promote water vapor exchange, and more re-
cent work has highlighted the importance of shear-driven tur-
bulence in the stable nocturnal surface layer in complex ter-
rain (Sun et al., 2025). We observed stronger u, relative to
wspd (as indicated by the drag coefficient) that exceed MO-
based predictions during katabatic flows (Fig. 5). The con-
nection between turbulence during weak-wind, highly sta-
ble conditions and water vapor exchange merits additional
work, as well as the roles of elevated low-level jets and
other mesoscale flows impacting turbulent exchange near the
snow surface (Andreas et al., 2010). The sometimes order-
of-magnitude larger C, inferred from Stdssel box observa-
tions and Aq (and also found in H97 data) merits additional
investigation, and may be related to the non-MO scaling
of turbulence due to katabatic winds. Additional high accu-
racy measurements of water vapor (Harder et al., 2017) and
frameworks for decomposing terms of the water vapor trans-
port equation (Schwat et al., 2025) could potentially shed
light on the role of water vapor advection during katabatic
flows, which may explain the underestimates of surface hoar
amount by EC fluxes as observed in this study and others
(Stossel et al., 2010). In addition, it is possible that the high
Ri number found at KP was not characteristic of the condi-
tions where the Stossel box observations were taken, causing
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Figure 12. The change in (a) Ag, (b) AT, (¢) Ri, and (d) LWpet, as
a function of year (left column) and warming level (right column)
from the SUMMA model forced by 9 downscaled GCMs under the
SSP3-7.0 scenario. Blue points denote annual values and colored
markers show multi-decadal means for the 9 SUMMA/WUS-D3
model runs. The colors of these values correspond with same colors
in (Fig. 11). Red “x” symbols markers indicate the multi-model
mean. BOC, MOC, and EOC depict the beginning-of-century,
middle-of-century, and end-of-century periods.

the discrepancy in X F, amount between the Stdssel obser-
vations and SUMMA model.

In part because of these complications, several studies
using bulk methods chose to assume neutral stability and
disregard stability corrections entirely (Stossel et al., 2010;
Horton et al., 2014, 2015) in order to better match obser-
vations. We found, however, that choosing an appropriately
long-tailed stability correction function (Mahrt, 2008) per-
mitted reasonable amounts of surface hoar in the model,
which occurs at Ri numbers (> 0.2) beyond which some
parameterizations cut off turbulent exchange entirely (Slater
et al., 2001). In principle, near-surface Ri could change as
a function of warming, though we found that Ri is balanced
by both decreasing buoyant suppression (the numerator of
Eq. 8) and a slight negative trends in wspq (Fig. 11). Model
fluxes are also sensitive to the chosen zg value (Hultstrand
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Figure 13. The same as Fig. 12, but for (a) The fraction of win-
ter nights where the nightly cumulative X Fy; is less than zero (i.e.,
surface hoar) per year, (b) the average mass of nightly total wa-
ter vapor flux (—Fy, 1ot), (¢) the average mass of nightly deposition
events (X Fy ), and (d) the average mass of nightly sublimation
events (X Fg, +).

and Fassnacht, 2018). Our results implicitly confirmed that
avalue of z0 =2 x 10~*m was reasonable for this location,
but also suggest that a lower z,; value is a better fit for the
data derived from EC fluxes and co-located gradients. Rela-
tively few studies have examined the effects of unequal scalar
roughness lengths for snow (Cox et al., 2025). Additional
work to isolate the behavior of z, is needed to further val-
idate parameterizations, such as those proposed by Andreas
(2002), and to test the impacts on water vapor fluxes over
SNOW.

The fact that only low wgpg permit surface hoar accumula-
tion (Hachikubo and Akitaya, 1997) is well characterized by
both the SUMMA model and observations without the need
for invoking additional mechanisms such as the mechanical
destruction of surface hoar crystals by wind. The effect is
described in part by climatology: strong winds greater than
2-3ms~! are often associated with cloudy airmasses; Fig. 5
which increase Hy directed towards the snowpack, destroy-
ing the near-surface inversion and favorable Agq.

We find a more subtle interaction between g,;; and surface
hoar than some previous work, as the relationship between
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¢.ir and surface hoar at climatic timescales is, to some extent,
the opposite from the event-scale (Feick et al., 2007). By def-
inition, surface hoar can only form when the air immediately
above the snow surface is saturated or supersaturated. How-
ever, airmasses 2-3 m above the snowpack were commonly
50% RH-75% RH on nights with surface hoar, whereas
nights with weak Ag gradients commonly exceed 85 % RH
(Fig. 2d). At the same time, the largest observed surface hoar
amount was associated with the strongest Ag and the high-
est amounts of upper level humidity from the 05:00 am bal-
loon sondes, so modest increases in surface hoar amount with
warming may be attributable to increased atmospheric hu-
midity. However, at climatic timescales, g,jr increases across
all models in tandem with Ty, yet the frequency of surface
hoar declines, as well as the total amount of annually de-
posited water vapor. This relationship also makes sense from
a geographic perspective, since at least anecdotally, surface
hoar is more common in dry-continental snowpacks com-
pared to maritime snowpacks such as those in the Sierra
Nevada, and that is also more common in the cold-and-dry
arctic winter than summer (Champollion et al., 2013).

The declines in surface hoar are explained by several in-
teracting surface energy balance mechanisms (Fig. 13). In-
creases in g,j; increase the clear-sky emissivity, yielding
stronger LW | (in conjunction with rising T4i;) following the
Stefan-Boltzmann law (Brutsaert, 1975). The effect is am-
plified in dry-continental climates such as the ERW (Rang-
wala, 2013). The increase in LW | is compensated by an
increase in Tgfe (and Tgnow; Not shown) such that LWy is
approximately constant with warming (Fig. 12d). As a con-
sequence, Tsr. warms at a faster rate than atmospheric Ty,
yielding a weaker Ag and AT (Fig. 12a, b) between the
snow and atmosphere. Warmer, higher density snowpacks
also have a higher A (Sect. 3.4.2) (but a potentially weaker
%—Z, which we have not quantified) and may contribute to
the warming Tt — in essence, lower density snow more ef-
fectively insulates the snow surface from the ground heat
flux and heat gained at lower levels during daytime hours.
While nocturnal water vapor deposition and sublimation are
small from a water balance perspective, these fluxes repre-
sent a non-trivial component of the surface energy balance.
The overnight negative Ry is balanced, in part, by H) as-
sociated with surface hoar formation. For some perspective,
an overnight 100 gm~2 event represents 6.5 W m~2 of heat-
ing of the snow surface (which may be as much as 15 % of
the overnight clear-sky Rpe¢; (Fig. 3)). As the snow warms,
less energy is added to the snowpack via this mechanism,
and the snowpack increasingly sheds energy by sublimation
(Fig. 13d). Other mechanisms may also contribute to the ob-
served declines in surface hoar. Cyac and the radiative forcing
of clouds, which depend on the microphysical characteristics
and atmospheric structure, are likely changing in important
ways, but this analysis is left for future work (Zelinka et al.,
2017).
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Ultimately, many of the snow-atmosphere energy and
mass exchange mechanisms leading to surface hoar forma-
tion are highly correlated with T itself (Ohmura, 2001;
Betts et al., 2014; Arduini et al., 2019), offering lower-order
proxies of surface hoar change that may be applicable to
other regions. Specifically, our S3 observations found that
sublimation was favored when the 30 min Ty;, values exceed
—10 to —8°C (Fig. 9) and wypg exceeds 2-3ms~ 1. At the
annual timescale scale, model results show that the annual
magnitude of nightly water vapor flux F o decreases at a
rate of 6.1 gm~2 per degree of warming. We postulate that
warmer snowpack regions where linear warming results in
a more drastic non-linear decrease in the frequency of —10
to —8 °C nights (Gottlieb and Mankin, 2024) may experi-
ence steeper declines in surface hoar compared to the cold-
continental climate of the ERW. At the same time, SSP3-7.0
may represent an extreme amount of greenhouse gas radia-
tive forcing, so the highest rates of warming presented in this
study may not be realized at the end-of-century (Hausfather,
2025).

Future efforts with co-located EC instrumentation, surface
energy balance data, and additional Stossel box measure-
ments could help reduce EC, model, and manual observa-
tion uncertainties. The strong sensitivity to snow density via
the thermal conduction mechanism (Fig. 10) suggests that,
all else being equal, surface hoar should occur more often on
clear nights following fresh low-density snowfall, though we
are unaware of field observations that confirm this hypothe-
sis. Moreover, it is commonly argued that water vapor depo-
sition alone must be primarily responsible for surface hoar
formation due to the crystal orientation, since surface hoar
grows in the upward direction (Stossel et al., 2010; Fig. 1d).
Yet, the strongest humidity gradients are found immediately
below the snow surface on clear-sky nights rather than be-
tween the atmosphere and snow surface (Fig. 4). Additional,
high vertical resolution profiles of Tyhow near the surface, co-
incident with crystallographic observations, may shed light
on the behavior of water vapor exchanges below the surface
hoar layer and improve capacities for modeling this key snow
metamorphosis process. Stossel et al. (2010) and Hachikubo
and Akitaya (1997) note that surface hoar crystals can be
maintained on the surface even when sublimation dominates
the surface energy balance.

This study has focused solely on overnight water vapor ex-
change, which is a key step towards implementing the prog-
nostic evolution of surface hoar layers and relevant proper-
ties in land/snow models such as SUMMA and others (Lehn-
ing et al., 2002; Lafaysse et al., 2026) for avalanche hazard
forecasting, integration into remote sensing retrievals of ad-
ditional snow properties such as snow water equivalent (Me-
loche et al., 2025), and surface albedo parameterizations. For
such applications, additional work is required to relate de-
posited mass to relevant crystalline properties such as spe-
cific surface area. Surface hoar may increase snow albedo,
serving as a counteracting mechanism to equilibrium crystal
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growth at the surface that tend to increase snow grain size
and decrease albedo (Flanner and Zender, 2006; Armstrong
and Brun, 2008). This effect was not evaluated specifically
in this study, nor is such an effect included in SUMMA, but
this effect may be an important consequence of declining sur-
face hoar for the energy budget of snowpacks and rates of
snowmelt and merits additional work.

5 Conclusions

Snow grains are constantly metamorphosing in response to
temperature and humidity gradients — as the climate warms,
changes in these processes are inevitable, with potential
consequences for infrastructure, human safety, and remote
sensing of snow properties. In this study, we used eddy-
covariance data, surface energy balance, balloon sondes, and
data from a limited number of manual surface hoar observa-
tions (Stossel boxes) to investigate overnight water vapor de-
position — the process considered responsible for the majority
of surface hoar formation — at a single intensively monitored
site in the Colorado Rockies. Nights with surface hoar are
characterized by tropospheric temperature inversions where
the radiative temperature of the snow is both colder and drier
(in terms of specific humidity) than the air well above the
highest point of the surrounding valley (in most cases). This
creates a gradient favoring atmospheric water vapor deposi-
tion onto the snow. Such conditions are favored, on average,
during clear-sky winter nights, but not on nights with cloud
cover, largely because clouds exert a significant overnight ra-
diative forcing (30—40 W m~2) that prevents the snow sur-
face from cooling. These same synoptic conditions lead to
shallow katabatic winds with maxima very near the surface,
likely generating beneficial turbulence for surface hoar for-
mation, though more work is needed to understand the tur-
bulent transport of water vapor in these conditions. We show
that atmospheric water vapor deposition onto the snowpack
can explain a significant amount of surface hoar mass, though
rates observed by manual measurements and EC vary sub-
stantially in magnitude. The SUMMA model underestimated
surface hoar mass in some circumstances, but nevertheless
captured the magnitude and validated well against observa-
tions of the snow thermodynamic state, with biases in T
and gsf. of 0.95°C and 0.09 gkg ™.

Ultimately both observations and the SUMMA model
show that humidity gradients and fluxes switch from favor-
ing deposition to favoring sublimation when overnight Ty; is
warmer than —10 to —8 °C and wgpg greater than 2-3 m s~
Sensitivity experiments demonstrate that surface hoar is fa-
vored for low-density snowpacks via a thermal conduction
mechanism, since low-density snow more effectively insu-
lates the surface from heat at lower levels of the snowpack
overnight. The climate sensitivity of surface hoar was quanti-
fied by forcing the model with a 9-member ensemble of bias-
corrected and dynamically downscaled GCM data between
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1980 to 2100. Despite increasing atmospheric humidity, the
frequency of surface hoar per winter decreases by 14 % and
the total amount of water vapor deposited annually onto the
snowpack (taking into account both sublimation and depo-
sition) decreases by 81 % by the EOC under the SSP3-7.0
emission scenario at a rate of 6.1 gm~2 per degree of warm-
ing. Given the cold-continental climate of this study location,
we consider these modeled declines in surface hoar as possi-
bly low-end estimates compared to warmer snow climates.

Appendix A: List of Symbols and Abbreviations

A1l Meteorological and snowpack related variable
definitions

Symbol/Acronym Description

Tair Near-surface air temperature

Tstc Snow surface (radiative) temperature
Tsnow Snow temperature within the snowpack
Tin Minimum air temperature

Gair Near-surface specific humidity

qsfc Snow surface specific humidity

(saturation w.r.t. ice)

Gsnow Snow interstitial specific humidity

AT Air-to-snow temperature difference
(Tste — Tair)

Agq Air-to-snow specific humidity difference
(gstc — Gair)

Poaro Barometric pressure

Wspd Wind speed

Wiy Wind direction

Cfrac Cloud fraction

Fy, Water vapor flux from the atmosphere
to the snow (gm_2 s_l)

H Latent heat flux (W m~2)

H Sensible heat flux (W m—2)

Cp Specific heat capacity of dry air

Is Latent heat of sublimation

Snowy, Snow height above the ground level

MO Monin-Obukov (similarity theory)

Ri bulk Richardson number

RH Relative humidity

EC Eddy-covariance
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A2 Other acronyms used in this study

Symbol/Acronym Description

SAIL Surface Atmosphere Integrated Field
Laboratory (field campaign)

SOS Sublimation of Snow (field campaign)

SPLASH Study of Precipitation, the Lower
Atmosphere and Surface for
Hydrometeorology (field campaign)

H97 Hachikubo and Akitaya (1997)

ARM Atmospheric Radiation Measurement
(program)

ERW East River Watershed

KP Kettle Ponds measurement site

Ml Main SAIL measurement site

S3 Collective term for the SAIL, SOS,
and SPLASH field campaigns

SSp Shared Socioeconomic Pathway

GCM General Circulation Model

SUMMA Structure for Unifying Multiple Modeling
Alternatives (model)

WUS-D3 Western United States Dynamical
Downscaling dataset

WRF Weather Research and Forecasting Model

BOC Beginning-of-century (1980-2020)

MOC Middle-of-century

EOC End-of-century (2080-2100)

Code and data availability. All of the SAIL datasets used in
this study are publicly available from the ARM discover page
(https://adc.arm.gov/, last access: February 2026), including the
four component radiation data https://doi.org/10.5439/1227214
(Zhang, 2021), ARSCL https://doi.org/10.5439/1393437 (John-
son et al., 2021), sonde data https://doi.org/10.5439/1095316
(Jensen et al, 2021), and surface meteorological data
https://doi.org/10.5439/1786358 (Kyrouac et al., 2021). Data
from the SOS and SPLASH campaigns, including Stossel box
observations, are publicly available and can be accessed by follow-
ing links described in Lundquist et al. (2024), Cox et al. (2025),
and de Boer et al. (2023). WUS-D3 data are publicly available
and access is described in Rahimi et al. (2023). SUMMA model
outputs forced by WUS-D3 data and analysis codes are available on
Zenodo https://doi.org/10.5281/zenodo.18667221 (Rudisill, 2026).
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