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Abstract

Sublimation influences the water storage in snow covers and glaciers, which is important for
water use and projections of the sea level rise. Yet, it is challenging to quantify sublimation
for large areas or in conditions of snow transport. In-situ measurements only provide local
information and can be affected by errors in conditions of snow transport. Therefore, models
are crucial. Large-scale models suggest that sublimation of drifting and blowing snow is a rele-
vant term in the surface mass balance of the Antarctic Ice Sheet but the uncertainties are large
because the underlying processes are strongly simplified. On the contrary, small-scale models
such as large-eddy simulation (LES) with Lagrangian particles represent these processes with
a high level of detail and provide unique insights. Indirect information on sublimation can be
obtained by measuring stable water isotopes (SWIs) as their relative abundance is influenced
by phase changes. Yet, SWIs have so far only provided qualitative insights in the sublimation
process because the effects of snow processes on SWIis are still incompletely understood. The
goals of this work are to (a) better understand the moisture transport through the near-surface
atmosphere in conditions of snow transport using unique measurements and LES simulations,
(b) leverage the LES simulations to improve the parameterization approach of large-scale
models, and (c) better understand the effect of sublimation and other drivers on SWIs in air
masses sampled at the coast of Antarctica. We compare sublimation assessments based on
the Monin-Obukhov bulk parameterization and eddy-covariance measurements during a
snow transport event at the S17 site, Antarctica. For specific situations, the vertical profiles of
the vapor and heat fluxes are modeled using LES simulations and a simple one-dimensional
model inspired by large-scale models. It is shown that snow transport violates an assumption
of the Monin—-Obukhov bulk measurements, leading to a significant underestimation of the
vapor and heat fluxes in absolute magnitude. More reliable fluxes are obtained with the eddy-
covariance technique after removing blowing-snow-induced artifacts from the raw data. To
improve large-scale models, we propose to use (a) a high vertical resolution near the surface
with at least one grid level in the lowest ~ 0.1 m of the atmosphere; (b) prognostic profiles of
near-surface humidity and temperature; (c) an empirical correction for the sublimation of
drifting and blowing snow in the lowest 0.3 m of the atmosphere, which should be further
validated in other weather conditions; and (d) increased particle sizes at the top of the saltation
layer as long as the height of this layer is underestimated. To explain SWI variations in water
vapor, we develop a simple model for the isotopic composition along backward trajectories.
Apart from ocean evaporation and isotopic distillation during cloud formation, sublimation
of surface snow can be an important driver of the vapor isotopic composition, especially
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Abstract

for marine air masses arriving at the ice sheet or free-tropospheric air masses descending
towards the surface. Further work is needed to address remaining questions concerning for
example the effect of snow transport on SWIs or the impact of improved parameterizations on
large-scale estimates of sublimation.

Keywords Backward trajectories, Eddy-covariance technique, Isotopic fractionation, Large-

eddy simulations, Latent heat flux, Monin—-Obukhov similarity theory, Snow transport, Stable
water isotopes.
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Zusammenfassung

Die Sublimation beeinflusst die Wasserspeicherung in Schneedecken und Gletschern, die
fiir die Wassernutzung und Prognosen des Meeresspiegelanstiegs wichtig ist. Allerdings ist
es schwierig, die Sublimation fiir grof3e Gebiete oder bei Schneeverfrachtung zu bestimmen.
In-situ-Messungen liefern nur lokale Informationen und kénnen bei Schneeverfrachtung
fehlerbehaftet sein. Daher sind Modelle wichtig. GrofSraumige Modelle legen nahe, dass die
Sublimation von Triebschnee ein relevanter Term in der Oberflaichenmassenbilanz des ant-
arktischen Eisschildes ist, aber die Unsicherheiten sind grof3, weil die zugrunde liegenden
Prozesse stark vereinfacht werden. Dagegen stellen kleinrdumige Modelle wie die Large-Eddy-
Simulation (LES) mit Lagrangeschen Partikeln diese Prozesse sehr detailliert dar und liefern
einzigartige Erkenntnisse. Indirekte Informationen zur Sublimation kénnen durch die Mes-
sung stabiler Wasserisotope (SWI) gewonnen werden, da deren relative Haufigkeit durch
Phasendnderungen beeinflusst wird. Allerdings haben SWI bisher nur qualitative Erkenntnisse
zur Sublimation geliefert, da die Effekte von Schneeprozessen auf SWI nur teilweise verstan-
den sind. Diese Arbeit hat zum Ziel (a) den Feuchtetransport durch die oberflichennahe
Atmosphaére bei Schneeverfrachtung mithilfe einzigartiger Messungen und LES-Simulationen
besser zu verstehen, (b) die LES-Simulationen zur Verbesserung des Parametrisierungsansat-
zes grolraumiger Modelle zu nutzen und (c) die Effekte der Sublimation und anderer Faktoren
auf SWI in Luftmassen besser zu verstehen, die an der Kiiste der Antarktis beprobt wurden.
Wir vergleichen Sublimationsraten, die auf der Monin-Obukhov-Parametrisierung und Eddy-
Kovarianz-Messungen wéhrend eines Triebschneeereignisses am Standort S17 in der Antarktis
beruhen. Fiir bestimmte Situationen werden die vertikalen Profile der Wasserdampf- und
Warmestrome mit LES-Simulationen und einem einfachen eindimensionalen Modell simu-
liert, das groBraumigen Modellen @hnelt. Es wird gezeigt, dass die Schneeverfrachtung eine
Annahme der Monin-Obukhov-Methode verletzt, was zu einer deutlichen Unterschitzung
der absoluten Wasserdampf- und Warmestrome fiihrt. Die Eddy-Kovarianz-Methode liefert
zuverldssigere Fliisse, nachdem Triebschnee-Artefakte aus den Rohdaten entfernt wurden.
Zur Verbesserung gro8rdumiger Modelle wird Folgendes empfohlen: (a) eine hohe vertikale
Auflosung nahe der Oberflache und mindestens eine Gitterebene in den untersten ~ 0,1 m
der Atmosphdre; (b) prognostische Profile der oberflichennahen Feuchte und Temperatur;
(c) eine empirische Korrektur der Sublimation von Triebschnee in den untersten 0,3 m der
Atmosphare, die unter anderen Wetterbedingungen weiter validiert werden sollte und (d) er-
hohte Partikelgrof3en an der Oberseite der Saltationsschicht, solange die Hohe dieser Schicht
unterschitzt wird. Um SWI-Variationen im Wasserdampf zu erkldaren, wird ein einfaches



Zusammenfassung

Modell entwickelt, das die Isotopenzusammensetzung entlang von Riickwirtstrajektorien
berechnet. Neben Ozeanverdunstung und Wolkenbildung kann die Oberflichensublimation
ein wichtiger Faktor fiir die Isotopenzusammensetzung des Wasserdampfs sein, insbesondere
wenn marine Luftmassen den Eisschild erreichen oder Luftmassen aus der freien Troposphé-
re zur Oberfldche hin absinken. Weitere Studien sind notig, um z.B. zu klédren, wie sich die
Schneeverfrachtung auf SWI auswirkt oder wie verbesserte Parametrisierungen groBrdumige
Schétzungen der Sublimation beeinflussen.

Schliisselworter Riickwértstrajektorien, Eddy-Kovarianz-Methode, Isotopenfraktionierung,
Large-Eddy-Simulation, Latenter Warmestrom, Monin-Obukhov-Ahnlichkeitstheorie, Schnee-
verfrachtung, Stabile Wasserisotope.
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General Introduction

Motivation and Current State of Research

The mass balance of ice sheets and mountain glaciers controls the sea level and influences the
water availability in many areas of the world. Global warming is generally reducing the water
storage in the ice sheets, glaciers, and snow covers with increasingly severe consequences
for people living in coastal areas or benefiting from meltwater in mountains. Current and
future assessments of the mass balance of snow and ice are challenging because this balance
is the net effect of multiple processes, which depend on each other through feedback effects
and are difficult to model for large areas. Apart from glacier movement and calving, it is
important to quantify the surface mass balance (SMB), which represents the net mass change
due to snowfall, sublimation, erosion by wind, deposition of drifting and blowing snow, and
meltwater run-off (e.g., Agosta et al., 2019). In SMB studies, the sublimation term typically
refers to the net effect of sublimation and vapor deposition. This term can be divided into the
contributions of surface snow and particles of drifting and blowing snow. Additionally, falling
snowflakes can be affected by sublimation, which reduces the amount of snowfall reaching
the ground (Grazioli et al., 2017). The term drifting snow is typically used for wind-induced
particle transport near the surface while blowing snow refers to particles transported above a
certain height. In this study, drifting snow refers to the saltation layer, i.e., approximately the
lowest 0.1 m of the atmosphere where the particles move along ballistic trajectories. We define
blowing snow as particles lifted from the snow surface and transported in suspension. The
sum of drifting and blowing snow is called snow transport.

For the whole Antarctic Ice Sheet, current large-scale atmospheric models suggest that sub-
limation of drifting and blowing snow amounts on average to approximately 100 Gt yr™!,
corresponding to 3.7%-4.6% of the SMB depending on the model (Van Wessem et al., 2018;
Gerber et al., 2023). This amount is relevant because it is comparable to the average total mass
balance of the Antarctic Ice Sheet between 1992 and 2017 (109 +£56 Gt yr‘l) (The IMBIE team,
2018). It is unclear whether large-scale estimates of the sublimation of drifting and blowing
snow are reliable as large-scale models strongly simplify particle-atmosphere interactions and
require assumptions on uncertain parameters such as the surface roughness, interparticle
cohesion of surface snow, and size and temperature of the snow particles. Additionally, current
large-scale models yield conflicting results with respect to the relative importance of surface
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sublimation and drifting/blowing snow sublimation (Van Wessem et al., 2018; Gerber et al.,
2023).

While surface sublimation is a bit better understood, at least in the absence of snow transport,
it is difficult to quantify sublimation in conditions of snow transport. This challenge is related
to the fact that in-situ measurements suffer from increased uncertainties in these conditions
and cannot resolve the vertical divergence of the moisture flux induced by sublimation of
drifting and blowing snow. Intense blowing snow events are expected to cause measurement
errors for both the eddy-covariance technique and the Monin—Obukhov bulk parameterization.
While the former method can be affected by technical limitations (LI-COR, 2004; Campbell
Scientific, 2017), the latter method is affected by a theory-related error because the turbulent
moisture flux is incorrectly assumed to remain constant with height (Monin and Obukhov,
1954; Bintanja, 2001b). So far, it has not been possible to quantify these errors.

More detailed insights in the particle-atmosphere exchange can be obtained with large-eddy
simulations coupled to a Lagrangian stochastic model (LES-LSM), representing turbulence
effects and particle trajectories with high temporal and spatial resolutions. Yet, these simu-
lations still require some assumptions, which are not fully realistic or difficult to verify. For
example, the snow particles are modeled as spherical particles with the density of ice and the
surface fluxes of moisture and heat have so far been neglected in the simulations (Sharma
et al., 2018; Wang et al., 2019). Moreover, the high computational effort of LES-LSM simu-
lations necessitates small model domains and short periods. In the present work, we use
a combination of measurements and LES-LSM simulations to constrain moisture fluxes in
conditions of snow transport.

As both measurements and simulations of drifting/blowing snow sublimation are challenging,
it may be useful to explore further methods, which provide additional information about the
sublimation process. Measurements of stable water isotopes (SWIs) seem to be a promising
approach because phase changes of water are associated with isotopic fractionation (e.g. Beria
et al., 2018). In other words, the heavy isotopologues (H,'80 and HDO) are preferentially
transferred to the denser phase while the lighter isotopologue (H,'60) is preferentially trans-
ferred to the less dense phase. Consequently, SWI data offer the potential to draw conclusions
about phase changes in the hydrologic cycle, which have influenced a water sample most
recently (e.g. Kurita et al., 2016a; Thurnherr et al., 2020b).

In the interior of the ice sheets, the isotopic composition of snowfall is largely driven by
isotopic distillation, i.e., the preferential removal of heavy isotopologues from the vapor phase
with progressing cloud formation. As the extent of cloud formation is determined by the
cooling of an air mass, the isotopic composition stored in ice cores can be used to reconstruct
the temperature evolution for the past ~ 700,000 years (e.g. EPICA community members,
2004). In recent years, progress has been made in understanding the influence of weather
conditions on short-term SWI variations in water vapor and snow (e.g., Bréant et al., 2019;
Akers et al., 2020; Wahl et al., 2022; Aemisegger et al., 2022). This progress was, to a large
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degree, possible due to advances in measurement technology, allowing for a continuous
monitoring of the isotopic composition of water vapor with a high temporal resolution. Yet,
the knowledge on isotopic fractionation in the process of snow sublimation is still limited.
Although measurements provide empirical evidence of isotopic fractionation as a result of
sublimation (e.g., Hughes et al., 2021; Wahl et al., 2021), debate continues about the theoretical
explanation and appropriate representation in models. Additionally, the literature has not yet
addressed the question of how sublimation of drifting and blowing snow affects the isotopic
composition. Therefore, SWI analyses can currently not play an important role in quantitative
assessments of snow sublimation. Nevertheless, ongoing research efforts may on the long
term make it possible to leverage SWI data to improve models of the water cycle and SMB in
snow-covered regions.

To harness the full potential of vapor isotopic measurements, it is necessary to develop a
complete understanding of all relevant drivers. The present work contributes towards this
goal by explaining a vapor isotopic time series measured at the outlet of the Mertz glacier, East
Antarctica, which is difficult to reproduce with current isotope-enabled atmospheric models.
While similar previous studies have largely focused on the influences of ocean evaporation
and cloud formation (Helsen et al., 2006; Thurnherr et al., 2021), we pay special attention to
the effect of surface snow sublimation on the isotopic composition of air masses.

Objectives and Structure of the Thesis

This work is part of the SNSF-funded project From Cloud to Ground: Snow Accumulation in
Extreme Environments, which aims to improve the basic understanding and model repre-
sentation of the SMB terms in extreme environments, especially the effects caused by snow
transport. In this thesis, we focus on the sublimation component. The first goal is to assess
the reliability and plausibility of sublimation measurements based on the Monin—-Obukhov
bulk parameterization and the eddy-covariance technique in conditions of snow transport. In
particular, we aim to estimate the theory-related error of the Monin-Obukhov bulk parameter-
ization induced by snow transport. For this purpose, we need insights in the vertical profile of
the moisture flux, which can be obtained from LES-LSM simulations. Chapter 1 addresses this
first goal and presents an analysis of a snow transport event at the S17 site, Queen Maud Land,
coastal East Antarctica, in austral summer 2019 (Fig. 1).

The second goal is to verify the plausibility of a few LES-LSM simulations using sublimation
measurements from an eddy-covariance system and snow transport measurements from snow
particle counters during the same event at the S17 site. The third goal is to use the insights
from these LES-LSM simulations to propose an improved parameterization approach for
sublimation and snow transport in large-scale models. Both goals are addressed in Chapter
2. Various parameterization options are tested in a simple one-dimensional model, which
resembles the snow transport scheme of the CRYOWRF model and can easily be compared to
the LES-LSM simulations.
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Figure 1: Map of Antarctica with sites studied in this thesis.

The fourth goal is to contribute to a better understandiong of SWI variations in water vapor
by assessing the role of surface sublimation and other drivers in shaping the vapor isotopic
composition measured on a ship at the outlet of the Mertz glacier, East Antarctica. This assess-
ment is presented in Chapter 3. For this case study, we develop a simple model computing the
isotopic composition of air parcels along backward trajectories under the influences of cloud
formation and moisture fluxes at the Earth’s surface. An important component of the model is
the isotopic composition of surface snow, which is validated against measurements at Dome
C, East Antarctica (Fig. 1).

The thesis is based on two published articles (Chapters 1 and 3) and one article draft (Chapter
2). The manuscript has been slightly modified, compared to the published articles, to harmo-
nize the spelling and present important definitions in the general introduction instead of the
first section of each chapter. The work published as supplementary material is included in the
appendix.



1] Evidence of Strong Flux Underesti-
mation by Bulk Parameterizations
During Drifting and Blowing Snow

This chapter corresponds to the postprint version of the article published as

Sigmund, A., Dujardin, J., Comola, E, Sharma, V., Huwald, H., Melo, D. B., Hirasawa, N.,
Nishimura, K., and Lehning, M.: Evidence of Strong Flux Underestimation by Bulk Parametriza-
tions During Drifting and Blowing Snow, Boundary-Layer Meteorology, 182, 119-146, https:
//doi.org/10.1007/s10546-021-00653-x, 2022,

under the CC BY 4.0 license available at https://creativecommons.org/licenses/by/4.0/(.)
As drifting snow and blowing snow are defined in the general introduction chapter, this
definition is omitted in the introduction of the current chapter. AS co-designed the simulations,
performed the data analysis, and wrote the first draft of the article.

Abstract

The influence of drifting and blowing snow on surface mass and energy exchange is difficult
to quantify due to limitations in both measurements and models, but is still potentially very
important over large areas with seasonal or perennial snow cover. We present a unique
set of measurements that make possible the calculation of turbulent moisture, heat, and
momentum fluxes during conditions of drifting and blowing snow. From the data, Monin-
Obukhov estimation of bulk fluxes is compared to eddy-covariance-derived fluxes. In addition,
large-eddy simulations with sublimating particles are used to more completely understand
the vertical profiles of the fluxes. For a storm period at the Syowa S17 station in East Antarctica,
the bulk parameterization severely underestimates near-surface heat and moisture fluxes.
The large-eddy simulations agree with the eddy-covariance fluxes when the measurements
are minimally disturbed by the snow particles. We conclude that overall exchange over snow
surfaces is much more intense than current models suggest, which has implications for the
total mass balance of the Antarctic ice sheet and the cryosphere.


https://doi.org/10.1007/s10546-021-00653-x
https://doi.org/10.1007/s10546-021-00653-x
https://creativecommons.org/licenses/by/4.0/

Chapter 1. Evidence of Strong Flux Underestimation by Bulk Parameterizations During
Drifting and Blowing Snow

1.1 Introduction

Sublimation of snow and ice is a significant component of the surface mass balance of the
Antarctic ice sheet, which is an important driver of sea-level rise. However, current sublimation
estimates from large-scale atmospheric models are uncertain because snow transport by wind
can strongly amplify sublimation rates, and this effect is not or inaccurately represented in
large-scale models (Van Wessem et al., 2018; Agosta et al., 2019).

Even on a local scale, drifting and blowing snow can make the quantification of sublimation
challenging. In situ measurements of sublimation and evaporation often apply the eddy-
covariance (EC) method or the bulk parameterization of Monin-Obukhov similarity theory
(MOST). These measurements are not able to capture the part of blowing-snow sublimation
that occurs above the measurement height during intense storms. Additionally, snow trans-
port increases the uncertainties of the EC method and the MOST parameterization due to
technical and theoretical limitations, respectively. The EC method is affected by advected or
falling snow particles or rain droplets which pass through the measurement volume of open-
path instruments perturbing the measurement signal (Pomeroy and Essery, 1999; Bintanja,
2001a; LI-COR, 2004; Campbell Scientific, 2017). This problem is typically visible from spikes
in the raw data and sometimes indicated by diagnostic values provided by the instruments.
During intense blowing-snow or precipitation periods, the transducer pathways of the sonic
anemometer may become obscured, resulting in spurious data or data gaps. While a couple
studies used the EC method at snow-covered sites for validating sublimation estimates or
associated parameters (e.g., King and Anderson, 1994; Box and Steffen, 2001; Stossel et al.,
2010; Reba et al., 2012), a few studies discussed the limitations of this technique associated
with blowing-snow events. For example, Pomeroy and Essery (1999) mentioned that precipita-
tion and blowing-snow particles near sensor heads perturb the measurements of the sonic
anemometer. Nevertheless, they trusted the EC method because the diagnostic values of the
sonic anemometer were acceptable. Bintanja (2001a) presented EC measurements during a
storm at Svea Station, Drauning Maud Land, Antarctica. Although the diagnostic value of the
sonic anemometer frequently indicated a reduced data quality, turbulence characteristics and
spectra were in line with standard surface-layer theory and averaged measurement values
were consistent with reference measurements. High sublimation rates with a maximum of
100 W m~2 were measured at a height of 2 m during the storm. Nowadays, statistical spike
removal is used to minimize the influence of data records affected by precipitation or blowing
snow (Vickers and Mahrt, 1997; Mauder et al., 2013).

Furthermore, the accuracy of the EC method depends on the validity of a few general assump-
tions. The method yields the vertical turbulent flux at the measurement height. This flux is
only equal to the sum of all sources and sinks of the considered quantity in a representative
volume of air between the surface and the measurement height if (i) the mean vertical velocity
component is zero (i.e., vertical advection is negligible), (ii) the divergence of horizontal ad-
vection of moisture, heat, etc. is zero, (iii) the divergence of the horizontal turbulent flux is
zero, and (iv) the conditions are stationary during the averaging period. These assumptions
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generally require flat and horizontally homogeneous terrain to be fulfilled (Mauder et al., 2010).
A violation of these assumptions can lead to a bias in the surface exchange. In sloped terrain,
cold-air drainage can result in significant horizontal and vertical advection terms (Leuning
et al., 2008). Several studies have indirectly evaluated the assumptions of the EC method by
checking the closure of the surface energy balance using additional measurements of the
radiation fluxes, the ground heat flux, and changes in heat storage in the volume between
the surface and the height of the EC measurements. Wilson et al. (2002) found a general lack
of energy-balance closure at many sites in different climates. The terrain at these sites was
flat to hilly and, on average, the EC-based exchange of sensible and latent heat was approx-
imately 20% lower than the available energy, i.e., net radiation minus ground heat flux and
change in heat storage. Although the imbalance can also be influenced by uncertainties in
the radiation fluxes and the ground heat flux or by a mismatch between the footprint areas of
different energy fluxes, the frequent lack of energy-balance closure at many sites has caused
some concerns regarding limitations of the EC method. For a flat and heterogeneous site,
Mauder et al. (2010) identified buoyancy-driven quasi-stationary circulations as a likely reason
for an energy imbalance during daytime. In mountainous terrain, a strong violation of the
assumptions of the EC method is expected and a pronounced lack of energy-balance closure
can be observed (Stiperski and Rotach, 2016). Additionally, the EC fluxes can be affected by a
loss of high-frequency and low-frequency contributions, although correction procedures exist
(Massman, 2000; Moncrieff et al., 2004).

The MOST parameterization is based on the same assumptions and additionally assumes
that turbulent fluxes are constant with height in the surface layer of the atmosphere (Monin
and Obukhov, 1954). The latter implies that the exchange of moisture, heat, and momentum
between the air and solid or liquid media only occurs at the surface and not within the atmo-
sphere. Snow transport violates this assumption because a significant part of the exchange
happens at the surface of drifting/blowing-snow particles. For example, the latent heat flux
(LE) increases with height in the layer of drifting and blowing snow if the snow particles are net
moisture sources at all heights of this layer. In these conditions, the MOST parameterization is
expected to underestimate the sum of surface and drifting/blowing-snow sublimation because
the parameterization does not account for the large surface area and the strong ventilation of
the particle-air interface (Schmidt, 1982).

Thiery et al. (2012) and Barral et al. (2014) investigated snow sublimation at Antarctic sites and
assumed that the MOST parameterization is still a good estimate of surface sublimation only
(i.e., the part of the phase change that happens at the snowpack surface) during periods of
drifting snow. However, the MOST parameterization may overestimate surface sublimation
but underestimate total sublimation during drifting-snow events if drifting snow represents
a net moisture source and a net momentum sink. The former reduces the vertical humidity
gradient at the surface and the latter reduces turbulence near the surface, resulting in lower
rates of surface sublimation. To properly account for these effects, the local gradients at the
surface would be needed, but these are typically not available. If turbulent fluxes vary with
height, the result of the MOST parameterization depends on the upper measurement height.
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In drifting-snow conditions, the MOST parameterization rather reflects a case without drifting
snow and with the same humidity and wind velocity values at the considered heights as in the
real drifting-snow case, at least if a constant roughness length is used.

Due to the challenges described above, the current knowledge on the sublimation of blowing
snow is largely based on models. On local scales, large-eddy simulations coupled with a
Lagrangian stochastic model (LES-LSM) have become a valuable tool for studying the thermo-
dynamic interactions between particles and the air and to test assumptions made in simpler
or larger-scale models (Sharma et al., 2018; Wang et al., 2019). A first quantitative comparison
between in situ field measurements and LES-LSM results with respect to the sublimation of
drifting and blowing snow was presented by Wang et al. (2019). However, these simulations
assumed zero surface fluxes of latent and sensible heat at the lower domain boundary and the
comparison did not involve direct turbulence measurements but a parameterization of the
sublimation of drifting and blowing snow based on mean wind speed, humidity, and air tem-
perature measurements at several heights (Bintanja, 2001a). Therefore, further comparisons
between sublimation measurements and state-of-the-art numerical models are necessary to
constrain sublimation rates in conditions of drifting and blowing snow.

The overarching objective of this study is to explain differences between the sublimation rates
measured using two common in situ methods during snow-transport events. The following
hypotheses are tested: (i) the MOST parameterization results in significant errors in turbulent
fluxes during snow-transport events due to the false assumption of height-constant fluxes
(theory-related errors); (ii) the EC method provides more reliable estimates for turbulent
fluxes during snow-transport events, at least if the snow is mainly transported below the
measurement height and snowfall is absent. Although the focus is on the latent heat flux
(LE), the sensible heat flux (H), and the momentum flux (7) are also compared between the
measurement techniques. A drifting/blowing-snow event at the S17 site, Queen Maud Land,
Antarctica, is discussed in detail. Using a case study with saltation-dominated snow transport
and a case study with negligible snow transport, the coherence between the measurements
and LES-LSM results is examined and the uncertainties of the MOST parameterization are
estimated.

1.2 Methods

1.2.1 Measurement Site and Instrumentation

The S17 site (69°01'28"'S, 40°05'14"E, 600 m above sea level) is located near the Japanese
research station Syowa. The surrounding terrain is flat and homogeneous with a slight slope of
less than 2° towards the coast, which is approximately 15 km west of the S17 site. Apart from
some uncovered hills and rocks at the coast, the area is covered by snow throughout the year.
During a field trip in January 2019, the wind direction was dominated by north-easterly to
south-easterly directions with an unobstructed fetch of hundreds of kilometres over a homo-
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Figure 1.1: Measurement set-up at the S17 site: (a) micrometeorological station and (b) the
MRR and SPC devices.

geneous snow surface. This study investigates the period from 10 to 13 January 2019, which
includes an intense blowing-snow event. A micrometeorological station was equipped with a
three-dimensional ultrasonic anemometer, an open-path infrared gas analyzer, a snow particle
counter (SPC), an infrared radiometer for surface-temperature measurements, and standard
meteorological sensors (Fig. 1.1a). Instruments, manufacturers, measurement heights, and
data-acquisition intervals are specified in Table 1.1. Turbulent fluxes were computed using
both the EC method and the MOST parameterization. From the ultrasonic anemometer
(CSAT3, Campbell Scientific, Logan, USA), the digital output was used, which has a higher
resolution than the analogue output.

In addition to the micrometeorological station, a Micro Rain Radar, MRR (MRR-Pro, METEK,
Elmshorn, Germany), was installed at a horizontal distance of approximately 500 m. Although
this instrument is usually deployed as a vertically pointing radar for precipitation measure-
ments (Peters et al., 2002; Maahn and Kollias, 2012), a tilted configuration with an elevation
angle of 7° was tested to observe the blowing-snow layer. Recently, Walter et al. (2020) demon-
strated that a horizontally pointing radar can provide valuable data on blowing snow off a
mountain ridge. In the present study, MRR measurements were used to estimate the depth
of the blowing-snow layer and to assist in data interpretation. The offset parabolic antenna
was installed such that its centre was at a height of 0.8 m and it was facing the dominant wind
direction. With a range-gate length of 10 m, the vertical spacing between the range gates was
1.22 m and the measurements ranged up to a height of 39 m. The Doppler spectrum covered
radial velocity components between 0 and 48 m s~!. The time interval for internal averaging
was initially 32 s and was conditionally reduced to 1 s when snow transport became intense.
At the location of the MRR, an additional SPC was installed at a height of approximately 0.1 m
above the surface.
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1.2.2 Processing of Measurement Data

All measurements were aggregated into 10-min intervals. This time scale was chosen to avoid
a significant influence of non-turbulent motions such as gravity waves on the EC turbulent
fluxes.

Because a naturally ventilated radiation shield was used with the temperature and relative
humidity probe, periods with low wind speeds resulted in an overestimation of the air tem-
perature due to solar heating. This problem was evident from a comparison with the sonic
temperature (not shown). Therefore, the air temperature was discarded if the wind speed was

below 1 ms™L.

Eddy-Covariance Method

The EC method enables a direct quantification of vertical turbulent fluxes by means of high-
frequency measurements of the respective covariance components. For example, the latent
heat flux (W m™2) is given by

LE=Luw'p,, (1.1)

where w’—p’v (kg m~2 s71) is the covariance between the vertical velocity component, w (m s™!),
and water-vapor density, p, (kg m~), and L (J kg™!) is the latent heat of sublimation. A positive
LE indicates an upward flux (sublimation) while a negative LE indicates a downward flux
(vapor deposition). The same sign convention applies to other turbulent fluxes.

The data post-processing included the removal of artifacts and spikes, a bias correction
for vapor density, and common corrections for time lags, for the difference between sonic
temperature and air temperature, for density fluctuations, and for spectral losses. Details
on these procedures are presented in Appendix A. Block averaging was used to calculate the
fluctuations (the ‘prime’ quantities). A large part of the post-processing was performed using
the EddyPro® Software (LI-COR Biosciences, 2019). Finally, a quality-control procedure similar
to that in Mauder et al. (2013) was applied. The EddyPro® output includes quality-control
results of the tests on steady state and well-developed turbulence described by Foken et al.
(2004). Each test yielded a flag of 0, 1, or 2, indicating good, intermediate, or bad quality,
respectively. Additionally, a test on missing data (not a number test, NaN test) was introduced,
yielding a flag of 0, 1, or 2 if the fraction of missing data was < 10%, between 10% and 25%, or
> 25%, respectively. The flags of the three tests were summed and values higher than 2 were
set to 2 to continue the concept of three quality classes. Taking into account that the variables
LE and H depend on each other due to the correction for the difference between the sonic
temperature and air temperature and the correction for density fluctuations, the flag of one of
these fluxes was increased by +1 if the quality of the other flux was bad (Mauder et al., 2013).
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Monin-Obukhov Bulk Parameterization

According to MOST, the latent heat flux (W m~2) can be expressed as (e.g., Monin and Obukhov,
1954; King et al., 2001)
LE=-p LCq 11 (qz—qo), 1.2)

where §, and gy (kgkg™!) are average specific humidity at height z (m) and at the surface,
respectively, & (m s Dis average wind speed at height z, and p (kg m~3) is air density. The spe-
cific humidity at the surface was calculated from the measured surface temperature assuming
saturation. Although the radiometer measurements of surface temperature are influenced
by the temperature of drifting and blowing snow, the resulting bias is expected to be small
because the concentration of particles quickly decreases with height and saltating particles
are not expected to reach a thermal equilibrium with the air due to their short residence time
in the air (Sharma et al., 2018). The dimensionless exchange coefficient for moisture, Cy, is
given by

K?_

q= ’
(&) - ¥ad)] (2] - ¥ui)]
where x = 0.4 is the von Karman constant, zo,; and zo (m) are the roughness lengths for
humidity and momentum, respectively, ¥, and ¥, are the stability corrections for latent heat
and momentum, respectively, z (m) is the sampling height, and L (m) is the Obukhov length.

The momentum and sensible heat fluxes are parameterized using analogue equations (e.g.,
King et al., 2001).

C (1.3)

Based on the friction velocity measured by the ultrasonic anemometer in neutral conditions,
zp was estimated to be 10™* m, a typical value for rather flat snow surfaces. This value was
assumed to remain constant with varying friction velocity. This assumption is supported by
Andreas et al. (2010), at least for friction velocities larger than 0.15 m s~!. Friction velocities
below this value are very rare in the present dataset. The roughness lengths for humidity
and temperature were calculated as a function of the friction velocity and zy according to the
parameterization of Andreas (1987). Although measurement uncertainties make it difficult to
validate this parameterization, a couple of studies support the plausibility of the parameter-
ization at snow-covered sites with zy < 1072 m (Smeets and van den Broeke, 2008; Andreas
etal., 2010; Park et al., 2010; Vignon et al., 2017; Liu et al., 2020).

The Monin-Obukhov stability parameter, z L™, was calculated iteratively, starting with a value
of zero. For stable and neutral conditions (z L™! = 0), the stability correction of Stearns and
Weidner (1993) was used and for unstable conditions (z L™} < 0), the stability correction of
Businger et al. (1971) with the modifications of Hogstrém (1988) was used. In the study of
Schlogl et al. (2017), the MOST parameterization showed a low sensitivity to the choice of the
stability correction functions, when applied to stable conditions at alpine and polar sites.

12
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Drifting-Snow Mass Flux

The SPC optically detects snow particles in a volume (width x height x depth) of 25 x 2 x
0.5 mm? (Sugiura et al., 1998). The instrument aligns itself with the wind direction by means of
awind vane. The measurement output includes particle numbers for 64 size classes with mean
diameters from 36 pm to 490 ym and time intervals of 1 s. The recorded particle diameters are
equivalent diameters based on the assumption of a spherical shape. Because the measurement
volume is limited by a depth of 500 um, particles with larger diameters are assigned to the
largest size class. The SPC cannot distinguish between particles lifted from the surface and
snowfall particles but snowfall can be ruled out if the MRR only detects particles below a
certain height.

Because the measured particle diameters depend on temperature, the SPC also records the
temperature to enable a correction for the difference between the observed temperature
and the reference temperature during factory calibration. This temperature correction was
performed using the post-processing software of the manufacturer and increased the particle
sizes because the observed temperatures were higher than the reference temperature. The
horizontal mass flux of drifting or blowing snow (kg m~2 min~!) was calculated as described
by Sugiura et al. (1998), assuming spherical snow particles with the density of ice, 918.4 kg m~3.

Estimating the Depth of the Blowing-Snow Layer

The depth of the blowing-snow layer was estimated using two standard products provided by
the MRR instrument: the signal-to-noise ratio (SNR) and the radial velocity component. The
signal-to-noise ratio (dB) is defined by

S (s(v) = sp)d,

S
SNR=10log— =101lo , (1.4)
gN & Su(Ur2 — V1)

where S and N are signal power and noise power, respectively, s is the spectral signal power
of the raw Doppler spectrum, s, is the value for the noise level, and v,;; and v,, are the
radial velocity components limiting the spectral peak. With the tilted MRR configuration, the
horizontal projection of the radial velocity component (ms™1),

upmgrr = cos(f) vy, (1.5)

is a measure of the mean velocity of blowing-snow particles, which is close to the wind speed.
Here, 8 = 7° is the elevation angle of the radar beam and v, (ms™!) is the radial velocity
component.

The raw Doppler spectra of the MRR frequently contained artifacts, characterized by a high
spectral signal power at radial speeds close to the minimum (0 m s~!) and maximum (48 m s™!)
values and mainly in the lowest few range gates (Fig. 1.2a). Possible reasons are ground clutter
and enhanced turbulence around the offset parabolic dish resulting in radial speeds around

13
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Figure 1.2: Example raw data of the Micro Rain Radar (2-s averages, 11 January 2019, 13:01
UTC): (a) Doppler spectrum and horizontal projection of the radial velocity component
(uprr), (b) signal-to-noise ratio (SNR) as a function of height (z).

zero, which partly appear at the upper edge of the velocity spectrum because of aliasing. Due
to these artifacts, the first four range gates were discarded. Thus, our estimate of the depth
of the blowing-snow layer only accounts for layers that exceed a height of 5.4 m. Raw data
of both uprr and SNR can be affected by the artifacts, especially at low heights and with an
absent or weak blowing-snow signal. The influence of the artifacts was mostly evident from
implausible radial speeds that are either close to zero or 48 m s~!. Thus, uysrg values below

3m s~! or above 45 m s~! were discarded.

Before averaging the data per 10-min intervals, the SNR was converted from dB units to the
dimensionless power ratio. After the averaging, the power ratio was converted back to dB
units. The depth of the blowing-snow layer was estimated to be the height up to which (i) the
average SNRwas larger than —10 dB and (ii) the instantaneous uysrr values were at least partly
between the plausibility limits mentioned above. For several points in time, this estimate was
validated by visually inspecting the raw and the 10-min mean Doppler spectra (Fig. 1.2).

1.2.3 Simulations

The LES-LSM model is able to capture the effect of turbulent variations in space and time on
the interaction between individual drifting/blowing-snow particles and the atmosphere. The
simulation set-up aimed at reproducing the steady-state meteorological conditions measured
during a 10-min interval. With a height of 6 m, the simulation domain comprised the near-
surface atmosphere above a horizontal snow surface with an area of 18 x 18 m?. The domain
contained 96 and 64 grid points along the horizontal and vertical directions, respectively. The
grid spacing was uniform in the horizontal directions (0.1875 m) and stretched in the vertical
direction (from 0.015 m at the surface to 0.172 m at the upper boundary). The domain size
and grid spacing was a trade-off between an acceptable computation time, a high spatial
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resolution, and large (horizontal) dimensions that enable the development of large-scale
coherent structures (Munters et al., 2016). High spatial and temporal resolutions are required
to resolve the motion of drifting/blowing-snow particles in a Lagrangian frame of reference
and the thermodynamic interaction with the air. For this reason, a timestep of 5 x 107 s was
used. A disadvantage of the rather small domain size is the fact that the maximum size of
represented turbulence elements is limited and the contribution of larger turbulence elements
to the turbulent fluxes is missing in the simulations. This limitation is currently unavoidable
because a larger domain size would lead to unacceptably long simulation times.

In the simulations, the flow is driven by a constant large-scale pressure gradient. The turbulent
airflow is simulated by solving the Navier-Stokes equations for incompressible flows while the
fields of air temperature and specific humidity are computed using advection—diffusion equa-
tions. Subgrid-scale turbulent fluxes are taken into account by applying the scale-dependent
Lagrangian dynamic model of Bou-Zeid et al. (2005). Snow transport is simulated consid-
ering drag and gravitational forces. To improve the computation time, the trajectories and
properties of the snow particles are not modeled individually but for groups of identical parti-
cles. Within each group, the particles are assumed to have the same trajectory and identical
properties such as location, diameter, mass, and temperature. The number of particles in a
group can range between 5000 and 250,000 and is determined during aerodynamic or splash
entrainment depending on the local surface shear stress or the impact properties of a group
of particles, respectively. After reaching a steady state, the total number of particles aloft
was approximately 9.16 x 108 and the number of particle groups was approximately 38, 500.
Aerodynamic entrainment, rebound, and ejection of particles at the surface are simulated
through statistical formulas based on conservation principles (Comola and Lehning, 2017;
supplement of Sharma et al., 2018).

A summary of the simulation parameters is presented in Table 1.2. Two cases were simulated:
a case with significant snow transport named ‘Drift’ and another case with negligible snow
transport named ‘NoDirift. For each case, the simulation was repeated once, using modified
values for the upper boundary conditions for humidity and temperature to study the sensitivity
of the modeled sublimation. In the following, the four set-ups are referred to as Drift_1,
Drift_2, NoDrift_1, and NoDrift_2. The initial particle diameter of entrained particles is taken
from a log-normal distribution that results in similar sizes of drifting/blowing-snow particles
compared to the SPC measurements (Fig. 1.3). The choice of a log-normal distribution is
based on the study of Colbeck (1986), which determined a log-normal size distribution in
water-saturated snow. The initial particle temperature is equal to the surface temperature.

The exchange of moisture, heat, and momentum between particles and the atmosphere is
represented by source or sink terms in the advection—-diffusion and Navier-Stokes equations.
To this end, the coupled mass-balance and energy-balance equations for individual snow
particles in turbulent flow are solved, neglecting radiative heat transfer (Sharma et al., 2018):

dmy
?:T[de (pl/,oo_pv,p(Tp)) Sh, (1.6)
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Figure 1.3: Particle size distributions for the Drift_1 simulation set-up and SPC measurements
at the S17 site on 11 January 2019, 00:40 to 00:50 UTC: probability density as a function of
particle diameter (d)) at a height of (a) 0.15 m and (b) 0.1 m. The legend specifies the mean
(u) and the standard deviation (o) of d), for a log-normal fit based on maximum-likelihood
estimation.

dT, dmy,

cimpﬁ:L7+nkdp(Ta_oo—Tp)Nu, 1.7
where m, (kg), d, (m), and T}, (K) are the mass, diameter, and temperature of a spherical snow
particle, respectively; p,00 (kg m™2) and T, (K) are the temperature and vapor density of the
surrounding air, respectively; p,,, (kg m~3) is the vapor density at the particle surface; f (s) is
time; Nu and Sh are the dimensionless Nusselt and Sherwood numbers, respectively; and the
remaining parameters are included and explained in Table 1.2. In contrast to the widely used
formula of Thorpe and Mason (1966), Egs. 1.6 and 1.7 account for the temperature difference
between the particles and the air. This effect is important for an accurate simulation of the
moisture exchange, especially for particles in saltation due to their short residence time in the

atmosphere (Sharma et al., 2018).

Periodic boundary conditions are required in the horizontal directions because of a Fourier-
based pseudo-spectral approach for computing horizontal gradients (Albertson and Parlange,
1999). The lower boundary conditions include constant values for temperature and specific
humidity based on the measured average surface temperature and the assumption of sat-
uration at the surface (Table 1.2). As a result, the surface LE and H values are given by the
subgrid-scale fluxes at the lower boundary, which are calculated by applying the MOST pa-
rameterization to the layer between the surface and the next higher grid level (0.0075 m). The
surface shear stress is computed in a similar way. In these computations, the same rough-
ness lengths for momentum, temperature, and humidity are used as in the calculation of the
measured MOST-based fluxes (Table 1.2). To achieve steady-state humidity and temperature
profiles, constant non-zero gradients of humidity and temperature were prescribed as an
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upper boundary condition. These gradients resulted in moisture and heat transport through
the upper boundary by means of subgrid-scale fluxes while the resolved fluxes were zero
due to the condition of zero vertical velocity component at the upper boundary. Therefore,
unrealistically strong temperature and humidity gradients were needed at the upper boundary.
In an ideal simulation set-up, the domain height would be larger and would correspond to
the boundary-layer height. This was not possible due to long simulation times. Nevertheless,
the analysis focuses on the lowest 2 m of the domain, which is sufficiently far from the upper
boundary to achieve realistic conditions. A few values for the humidity and temperature gradi-
ents at the upper boundary were tested until the resulting quasi-stationary profiles agreed
with the average in situ measurements.

The initial conditions included linear profiles for temperature and specific humidity and a
logarithmic profile for the wind speed. Each simulation covered a period of 850 s. During
the first 25 s of the simulations, a stationary turbulent flow developed while snow transport
was disabled. Subsequently, snow transport was allowed and in the Drift simulations, the
horizontal mass flux reached a steady state after a total of 250 s. At the same time, the vertical
profiles of temperature and specific humidity approximately reached a steady state. The
subsequent 600 s of the simulations were compared with the measurements.

The simulation data was post-processed to obtain the fluxes LE and H as a function of height.
Due to mass and heat conservation, these fluxes are equal to the mean cumulative exchange
of latent and sensible heat between the snow (surface and airborne particles) and the air in
steady-state conditions:

1 N; 1 NP(Z) dmp
LE(z) = ﬁii; LE©) -~ p; (anw) , (1.8)
1 N; Np(z)
H(z)=—) [HO)+~= > (np(Sn+S))|, (1.9)
N; i=1 A p=1

where N; is the number of output times during the steady-state period, LE(0) (Wm~2) and
H(0) (W m~2) are the respective surface fluxes (i.e., the fluxes at a height of 0 m corresponding
to the surface of the snowpack), N, is the number of particle groups below height z, n,, is
the number of particles within group p, A (m?) is the area of a horizontal cross-section of
the domain, and Sj; (W) is the sensible-heat source resulting from convective heat transfer
between a particle and the air:

Sm=-nkdy (Tgeo—Tp) Nu, (1.10)

where k is the thermal conductivity of air (W m~! K1). The variable S n2 (W) is the sensible-
heat source resulting from the temperature change of the vapor exchanged between the
particle and the air:
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dmy,,
Sh2=_dt cpv (Taco—Tp) (1.11)

where ¢y, (J kg~! K1) is the specific heat capacity of vapor.

For the height of the EC measurements (1.9 m), LE and H were additionally calculated from
the simulation data using the EC method. More precisely, the sum of the resolved flux, F
(Wm™2), and the parameterized subgrid-scale flux, Fsgs (W m~2), was computed as

F =Fyes+ Fsgs (1.12)

where F (Wm™2) represents either LE or H and F,; is based on the covariance w’p’, or w'T’
(Eq. 1.1). Here, F was averaged horizontally over all grid nodes at the considered height, and
Fsgs only accounts for 1.5% to 1.8% of the magnitude of F.

1.3 Results and Discussion

1.3.1 Discrepancy Between the Measurement Techniques

From 10 to 13 January 2019, a strong storm with a 10-min averaged wind speed of up to
23 ms~! at a height of 1 m occurred at the S17 site (Fig. 1.4a). During an initial period with
increasing wind speeds, the radial velocity component measured by the MRR was beyond
the plausibility limits and was discarded (Fig. 1.4b). This observation is consistent with low
SNR values for the MRR signal, indicating that blowing snow did not exceed the minimum
detection height of 5.4 m until 11 January 2019, 06:30 UTC (Fig. 1.4c). However, the SPCs
measured drifting snow during that initial period with a maximum horizontal mass flux of
38kgm™2 min~! and 19 kg m~2 min~! at a height of 0.1 m and 0.15 m, respectively (Fig. 1.4d).
Periods in which at least one of the SPCs indicated drifting snow are highlighted by the grey
shading in Fig. 1.4 using a noise threshold of 0.005 kg m~? min~!. As of 11 January, 00:00
UTC, spikes were removed from the data of the ultrasonic anemometer, suggesting that the
blowing-snow layer extended up to a height of 1.9 m or more (Fig. 1.4e).

At a height of 1 m, relative humidity with respect to ice was initially 87% and showed an
increasing trend before reaching 100% in the late morning of 11 January 2019 (Fig. 1.4f).
During the first three hours of the investigation period both the EC method and the MOST
parameterization yield a value of LE close to zero, while the drifting-snow mass flux was
very low (Fig. 1.4d and 1.5a). Subsequently, the EC method indicates an increasing value
of LE of up to 65 W m™2, coinciding with an increasing trend in the drifting-snow mass flux.
Thus, the increase in relative humidity may be largely explained by sublimation of drifting
and blowing snow. The maximum sublimation rate was reached before the near-surface air
became saturated. For the MOST-based estimate, the sublimation rate remains much lower,
with a maximum value of 21 W m~2, three times lower than the EC-based value. Initially, the
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snow surface was cooler than the air, indicating a statically stable stratification (Fig. 1.5b). After
the drifting-snow mass flux reached high values on 11 January 2019, 00:00 UTC, the surface
temperature increased more rapidly than the air temperature, resulting in an approximately
isothermal temperature profile during the rest of the storm event. The strong surface heating
may be explained by a combination of strong turbulent mixing, incoming solar radiation,
enhanced downward longwave radiation due to drifting snow, and, potentially, the release of

25

—— Young,z=3m [
—— Sonic,z=19 m |~
—— Young, z=1m

ulms™)
05 15

z(m)
10 20 30

z(m)

10 20 30

—— SPC,z=0.15m —— SPCatMRR, z=0.1 m =] Any flux > 0.005 kg 