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The blue ice around it was so clear

we could see glaciers 50 or 60 miles away.

— Richard E Byrd.

To my parents, my sister, and my brother, who helped me to develop many valuable skills for

my life.
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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 SWIs 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

für die Wassernutzung und Prognosen des Meeresspiegelanstiegs wichtig ist. Allerdings ist

es schwierig, die Sublimation für große Gebiete oder bei Schneeverfrachtung zu bestimmen.

In-situ-Messungen liefern nur lokale Informationen und können bei Schneeverfrachtung

fehlerbehaftet sein. Daher sind Modelle wichtig. Großräumige Modelle legen nahe, dass die

Sublimation von Triebschnee ein relevanter Term in der Oberflächenmassenbilanz des ant-

arktischen Eisschildes ist, aber die Unsicherheiten sind groß, weil die zugrunde liegenden

Prozesse stark vereinfacht werden. Dagegen stellen kleinräumige Modelle wie die Large-Eddy-

Simulation (LES) mit Lagrangeschen Partikeln diese Prozesse sehr detailliert dar und liefern

einzigartige Erkenntnisse. Indirekte Informationen zur Sublimation können durch die Mes-

sung stabiler Wasserisotope (SWI) gewonnen werden, da deren relative Häufigkeit durch

Phasenänderungen 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 oberflächennahe

Atmosphäre bei Schneeverfrachtung mithilfe einzigartiger Messungen und LES-Simulationen

besser zu verstehen, (b) die LES-Simulationen zur Verbesserung des Parametrisierungsansat-

zes großräumiger Modelle zu nutzen und (c) die Effekte der Sublimation und anderer Faktoren

auf SWI in Luftmassen besser zu verstehen, die an der Küste der Antarktis beprobt wurden.

Wir vergleichen Sublimationsraten, die auf der Monin-Obukhov-Parametrisierung und Eddy-

Kovarianz-Messungen während eines Triebschneeereignisses am Standort S17 in der Antarktis

beruhen. Für bestimmte Situationen werden die vertikalen Profile der Wasserdampf- und

Wärmeströme mit LES-Simulationen und einem einfachen eindimensionalen Modell simu-

liert, das großräumigen Modellen ähnelt. Es wird gezeigt, dass die Schneeverfrachtung eine

Annahme der Monin-Obukhov-Methode verletzt, was zu einer deutlichen Unterschätzung

der absoluten Wasserdampf- und Wärmeströme führt. Die Eddy-Kovarianz-Methode liefert

zuverlässigere Flüsse, nachdem Triebschnee-Artefakte aus den Rohdaten entfernt wurden.

Zur Verbesserung großräumiger Modelle wird Folgendes empfohlen: (a) eine hohe vertikale

Auflösung nahe der Oberfläche und mindestens eine Gitterebene in den untersten ∼ 0,1 m

der Atmosphäre; (b) prognostische Profile der oberflächennahen Feuchte und Temperatur;

(c) eine empirische Korrektur der Sublimation von Triebschnee in den untersten 0,3 m der

Atmosphäre, die unter anderen Wetterbedingungen weiter validiert werden sollte und (d) er-

höhte Partikelgrößen an der Oberseite der Saltationsschicht, solange die Höhe dieser Schicht

unterschätzt wird. Um SWI-Variationen im Wasserdampf zu erklären, wird ein einfaches
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Zusammenfassung

Modell entwickelt, das die Isotopenzusammensetzung entlang von Rückwärtstrajektorien

berechnet. Neben Ozeanverdunstung und Wolkenbildung kann die Oberflächensublimation

ein wichtiger Faktor für die Isotopenzusammensetzung des Wasserdampfs sein, insbesondere

wenn marine Luftmassen den Eisschild erreichen oder Luftmassen aus der freien Troposphä-

re zur Oberfläche hin absinken. Weitere Studien sind nötig, um z.B. zu klären, wie sich die

Schneeverfrachtung auf SWI auswirkt oder wie verbesserte Parametrisierungen großräumige

Schätzungen der Sublimation beeinflussen.

Schlüsselwörter Rückwärtstrajektorien, Eddy-Kovarianz-Methode, Isotopenfraktionierung,

Large-Eddy-Simulation, Latenter Wärmestrom, Monin–Obukhov-Ähnlichkeitstheorie, 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−1,

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−1) (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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General Introduction

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 (H2
18O and HDO) are preferentially

transferred to the denser phase while the lighter isotopologue (H2
16O) 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

2
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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.

3
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S17
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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.
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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, F., 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.
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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; Stössel 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 (τ) 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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1.2 Methods

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−1. 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 Methods

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 m s−1.

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 = L w ′ρ′
v , (1.1)

where w ′ρ′
v (kg m−2 s−1) is the covariance between the vertical velocity component, w (m s−1),

and water-vapor density, ρv (kg m−3), and L (J kg−1) 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 =−ρ L Cq ū (q̄z − q̄0) , (1.2)

where q̄z and q̄0 (kg kg−1) are average specific humidity at height z (m) and at the surface,

respectively, ū (m s−1) is average wind speed at height z, and ρ (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, Cq , is

given by

Cq = κ2[
ln

(
z

z0q

)
−Ψq ( z

L )
] [

ln
(

z
z0

)
−Ψm( z

L )
] , (1.3)

where κ = 0.4 is the von Kármán constant, z0q and z0 (m) are the roughness lengths for

humidity and momentum, respectively,Ψq andΨm 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).

Based on the friction velocity measured by the ultrasonic anemometer in neutral conditions,

z0 was estimated to be 10−4 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−1. 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 z0 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 z0 < 10−3 m (Smeets and van den Broeke, 2008; Andreas

et al., 2010; Park et al., 2010; Vignon et al., 2017; Liu et al., 2020).

The Monin–Obukhov stability parameter, z L−1, was calculated iteratively, starting with a value

of zero. For stable and neutral conditions (z L−1 ≥ 0), the stability correction of Stearns and

Weidner (1993) was used and for unstable conditions (z L−1 < 0), the stability correction of

Businger et al. (1971) with the modifications of Högström (1988) was used. In the study of

Schlögl 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.
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1.2 Methods

Drifting-Snow Mass Flux

The SPC optically detects snow particles in a volume (width × height × depth) of 25 × 2 ×
0.5 mm3 (Sugiura et al., 1998). The instrument aligns itself with the wind direction by means of

a wind vane. The measurement output includes particle numbers for 64 size classes with mean

diameters from 36 µm to 490 µm 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 µm, 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−1) 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

SN R = 10 log
S

N
= 10 log

∫ vr 2
vr 1

(s(v)− sn)dvr

sn (vr 2 − vr 1)
, (1.4)

where S and N are signal power and noise power, respectively, s is the spectral signal power

of the raw Doppler spectrum, sn is the value for the noise level, and vr 1 and vr 2 are the

radial velocity components limiting the spectral peak. With the tilted MRR configuration, the

horizontal projection of the radial velocity component (m s−1),

uMRR = cos(β) vr , (1.5)

is a measure of the mean velocity of blowing-snow particles, which is close to the wind speed.

Here, β = 7◦ is the elevation angle of the radar beam and vr (m s−1) 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−1) and maximum (48 m s−1)

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
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UTC): (a) Doppler spectrum and horizontal projection of the radial velocity component
(uMRR ), (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 uMRR 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−1. Thus, uMRR values below

3 m s−1 or above 45 m s−1 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 SNR was larger than −10 dB and (ii) the instantaneous uMRR 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 × 18 m2. 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 5×10−5 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 9.16×108 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 ‘NoDrift’. 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):

dmp

dt
=πD dp (ρv,∞−ρv,p (Tp )) Sh , (1.6)
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1.2 Methods
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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 (dp ) at a height of (a) 0.15 m and (b) 0.1 m. The legend specifies the mean
(µ) and the standard deviation (σ) of dp for a log-normal fit based on maximum-likelihood
estimation.

ci mp
dTp

dt
= L

dmp

dt
+π k dp (Ta,∞−Tp ) Nu , (1.7)

where mp (kg), dp (m), and Tp (K) are the mass, diameter, and temperature of a spherical snow

particle, respectively; ρv,∞ (kg m−3) and Ta,∞ (K) are the temperature and vapor density of the

surrounding air, respectively; ρv,p (kg m−3) is the vapor density at the particle surface; t (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), Eqs. 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:

LE(z) = 1

Ni

Ni∑
i=1

[
LE(0)− 1

A

Np (z)∑
p=1

(
Lnp

dmp

dt

)]
, (1.8)

H(z) = 1

Ni

Ni∑
i=1

[
H(0)+ 1

A

Np (z)∑
p=1

(
np (Sh1 +Sh2)

)]
, (1.9)

where Ni is the number of output times during the steady-state period, LE(0) (W m−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), Np is the number of particle groups below height z, np is

the number of particles within group p, A (m2) is the area of a horizontal cross-section of

the domain, and Sh1 (W) is the sensible-heat source resulting from convective heat transfer

between a particle and the air:

Sh1 =−π k dp (Ta,∞−Tp ) Nu , (1.10)

where k is the thermal conductivity of air (W m−1 K−1). The variable Sh2 (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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Sh2 =
dmp

dt
cp,v (Ta,∞−Tp ) , (1.11)

where cp,v (J kg−1 K−1) 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, Fr es

(W m−2), and the parameterized subgrid-scale flux, FSGS (W m−2), was computed as

F = Fr es +FSGS , (1.12)

where F (W m−2) represents either LE or H and Fr es is based on the covariance w ′ρ′
v 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 m s−1 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

38 kg m−2 min−1 and 19 kg m−2 min−1 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−2 min−1. 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
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Figure 1.4: Measurements at the S17 site from 10 to 13 January 2019: 10-min averages of (a)
wind speed; (b) horizontal blowing-snow speed (uMRR ) as a function of height (z), where zBS

is the depth of the blowing-snow layer; (c) signal-to-noise ratio for the MRR; (d) horizontal flux
of drifting and blowing snow based on the SPCs (grey-shaded in all panels if noise is exceeded);
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Fig. 1.6 and B.4.
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which are compared with simulations in Fig. 1.6 and B.4. The grey shading indicates blowing
snow as in Fig. 1.4.

latent heat through vapor deposition at the surface (Yamanouchi and Kawaguchi, 1985; Palm

et al., 2018).

When the maximum sublimation rate was reached, the MRR device began to detect a blowing-

snow layer with a depth varying between 12 m and 39 m during the subsequent 18 h, which

represents the most intense phase of the storm (Fig. 1.4b, c). During this phase, the SPC

at the micrometeorological station measured a mass flux close to zero while the SPC at the

MRR site measured high mass fluxes apart from the beginning of the phase (Fig. 1.4d). In

the field, it was observed that drifting-snow particles can form a thin ice layer on the optical

windows of the SPCs, especially in warm conditions. This problem likely explains the very

low mass fluxes measured by one or both SPCs while blowing snow was evident from the

MRR data and from spikes in the EC data (Fig. 1.4b–e). At the MRR site, the ice layer was

manually removed from the SPC windows from time to time but this could not be performed

at the micrometeorological station because of its remoteness under such conditions. Apart
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from this problem, very intense drifting-snow events can result in a saturation of the SPC

measurements, i.e., an individual detection of particles is not possible because the particle

concentration or velocity is too high.

During the most intense phase of the storm, relative humidity reached a value of 100% at

a height of 1 m and the EC method yielded a downward LE, suggesting considerable vapor

deposition below the measurement height of 1.9 m (Fig. 1.4f and 1.5a). After measuring

a minimum LE of −120 W m−2, the EC method failed during the highest wind speeds (>
15 m s−1) due to data gaps and many artifacts. When the wind speed decreased again, the EC-

based LE values still indicate considerable vapor deposition with values increasing gradually

from −70 W m−2 to 0 W m−2. For a few data points, the quality-control tests indicate an

intermediate or bad quality, mainly due to a large fraction of missing data. Because the

depth of the blowing-snow layer was much higher than the sensor heights for the in situ

measurements, it is expected that the vapor deposition in the near-surface atmosphere was

offset or outweighed by blowing-snow sublimation in a potentially unsaturated upper part of

the blowing-snow layer. In contrast to the EC method, the MOST parameterization does not

suggest vapor deposition but a weak upward or zero LE flux while the air was saturated (Fig.

1.5a).

In the morning of 12 January 2019, the storm ceased for a short time and neither the MRR, nor

the SPCs, nor the spike-removal algorithm indicate drifting snow (Fig. 1.4a–e). At the same

time, the relative humidity dropped to 94% (Fig. 1.4f). Subsequently, the wind speed increased

again and stayed at 11 m s−1 for many hours, resulting in drifting and blowing snow. During

this phase, relative humidity slowly increased and reached 100% after a few hours. The EC

method and the MOST parameterization indicated similar sublimation rates during this phase.

The only exception is a short period around 12 January 2019, 20:00 UTC, when considerable

vapor deposition with an absolute magnitude of up to 70 W m−2 was measured by the EC

method while the MOST-based estimate is approximately zero. This mismatch coincides with

peaks in the wind speed (15 m s−1), in the depth of the blowing-snow layer (36 m), in the

drifting-snow mass flux at a height of 0.1 m (30 kg m−2 min−1), and in the spike percentage in

the sonic data (6%).

Similar to the LE flux, the H values differed significantly between the measurement methods

during most of the time with a considerable amount of drifting and blowing snow (Fig. 1.5c).

In contrast, both methods agree well with respect to the momentum flux during the entire

investigation period (Fig. 1.5d). The quality-control tests for the EC method suggest that the

requirements for steady state and well-developed turbulence are fulfilled most of the time.

The discrepancy between the two estimates for LE and H indicates that drifting and blowing

snow can cause significant errors for at least one of the methods. Uncertainties in the MOST-

based estimates mainly arise from (i) instrument uncertainties and (ii) heat and moisture

sources or sinks above the surface, violating the assumption of height-constant turbulent

fluxes. Here, effect (i) is discussed whereas effect (ii) is discussed later. The relative error
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Table 1.3: Instrument-induced uncertainties for some measurements and for the resulting
Monin–Obukhov bulk fluxes in a situation with a high wind speed (11 January 2019, 00:40 to
00:50 UTC) and a situation with a low wind speed (12 January 2019 05:40 to 05:50 UTC).

Variable Units Standard uncertainty
11/01/2019 00:45 12/01/2019 05:45

Air temperature ◦C 0.9 0.9
Surface temperature ◦C 0.2 0.2
Relative humidity % 4 6a

Wind speed m s−1 0.3 0.3
Latent heat flux (bulk) W m−2 14 5
Sensible heat flux (bulk) W m−2 21 6
Momentum flux (bulk) N m−2 0.015 0.003

a Increased uncertainty due to a relative humidity > 90%

caused by effect (i) increases with the wind speed because strong turbulent mixing results

in relatively small vertical differences in temperature and humidity, compared with their

instrument uncertainties. Instrument-induced uncertainties in the fluxes were estimated

by means of uncertainty propagation for two example situations with high and low wind

speeds, respectively (dashed green lines in Fig. 1.4 and 1.5) (Joint Committee for Guides in

Metrology, 2008). This estimation accounts for instrument uncertainties in air and surface

temperatures, relative humidity, and wind speed, while uncertainties in other parameters such

as roughness length and Obukhov length are assumed to be negligible. For the fluxes LE and H,

the combined standard uncertainties are considerable, mostly due to large uncertainties in air

temperature and relative humidity, whereas the momentum flux is little affected by instrument

uncertainties (Table 1.3, Fig. 1.5a, c, d). In the example situation with a high wind speed and

significant snow transport, the instrument uncertainties only explain approximately half of

the difference between the measurement methods for LE and H, which suggests that other

sources of uncertainty are important as well. In the example situation with a low wind speed

and without snow transport, the instrument-induced uncertainty in LE is larger than the

difference between the measurement methods and the instrument-induced uncertainty in H

accounts for 68% of the difference between the methods.

For the EC method, the largest problems and uncertainties arise from data gaps and spikes

in the high-frequency data during periods with very high wind speeds. The choice of the

threshold in the spike-removal algorithm remains subjective and an influence of undetected,

less obvious spikes cannot be excluded. However, as long as the mass flux of blowing snow is

rather weak at the height of the EC instruments, enough valid data records are obtained and

the EC method is expected to be more reliable than the MOST parameterization.
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1.3.2 Comparing Measurements and Simulations in a Case with Saltation-Dominated
Snow Transport

The LES–LSM set-ups named Drift_1 and Drift_2 are used to gain further insights into the

example situation on 11 January 2019, 00:40 to 00:50 UTC, indicated by a vertical dashed

green line in Fig. 1.4 and 1.5. At that time, both SPCs measured plausible snow mass fluxes

of an intermediate magnitude (Fig. 1.4d). The layer of drifting and blowing snow was too

shallow to be detected by the MRR (Fig. 1.4b, c). Almost no spikes were detected in the

EC data, which suggests that the vast majority of snow particles was transported below the

measurement height of 1.9 m (Fig. 1.4e). Thus, the EC measurements are deemed reliable.

The main purpose of the simulations was to evaluate whether the simulated sublimation rates

are in good agreement with the EC measurements, thereby increasing the confidence in both

the measurements and the simulations. Additionally, the simulations are used to investigate

the vertical thermodynamic structure of the near-surface atmosphere and to estimate the

error of the MOST parameterization without the influence of instrument uncertainties.

The simulations reproduced the measured wind speeds well (Fig. 1.6a). Most of the simulated

snow transport occurred in the saltation layer (approximately the lowest 0.1 m) and the

simulated horizontal snow mass flux was almost zero above a height of 0.2 m (Fig. 1.6e).

Compared with the SPC measurements, the snow mass flux is somewhat underestimated.

Possible reasons for this underestimation are shortcomings in the simulation, uncertainties in

the SPC height due to spatial and temporal variations in surface elevation, uncertainties in

the measured particle numbers, and uncertainties in the assumed particle density and shape.

Figure 1.6e only shows an estimate for the uncertainty in the SPC height (dashed vertical bars)

because the other uncertainties are difficult to quantify. For example, a non-spherical particle,

especially if it is strongly anisotropic, can contribute to an overestimation or underestimation

of the mass flux depending on the particle’s orientation because the projected area can be

larger or smaller than for a spherical particle of the same mass. Whether this effect leads to an

overestimation or underestimation of the average mass of many particles, may depend on the

shape of the particles.

In the Drift_1 simulation, air temperature, specific humidity, and relative humidity are very

close to the values measured at a height of 1 m (Fig. 1.6b–d). In this case, the specific humidity

is at a maximum at the height of the first grid node above the surface (0.0075 m) due to drifting-

snow sublimation, resulting in a negative value of LE at the surface (−2 W m−2), i.e., vapor

deposition (Fig. 1.6c, g). The vertical profiles shown in Fig. 1.6f, g (solid lines) represent the

cumulative sensible and latent heat exchange described in Sect. 1.2.3. Sublimation of drifting

and blowing snow cause a significant increase in LE with height, at least in the lowest 0.1 m

of the domain (Fig. 1.6g). Above, LE = 19 W m−2 for the Drift_1 simulation, which is higher

than the measured MOST-based flux (2 W m−2 ±14 W m−2) and lower than the measured EC

flux (35 W m−2). Here, the uncertainty of 14 W m−2 only accounts for instrument-induced

uncertainties of the measured MOST-based flux, whereas the theory-related error is discussed

later. The uncertainty of the measured EC flux is not known but rather small because snow

24



1.3 Results and Discussion

0 2 4 6 8 12

0
1

2
3

4
5

6

u (m s
-1)

z
 (

m
)

Drift_1 simulation

Drift_2 simulation

Measurement

with uncertainty

(a)

-5.5 -4.5 -3.5

T (°
C)

(b)

2.1 2.3 2.5

q (g kg
-1)

(c)

RH (%)

70 80 90 100

(d)

0 20 40 60 80

0
.0

0
0

.1
0

0
.2

0
0

.3
0

z
 (

m
)

Flux (kg m
-2

 min
-1)

(e)

-60 -40 -20 0

H (W m
-2)

(f)

0 10 20 30 40

LE (W m
-2)

(g)
Drift_1 simulation

MOST bulk flux using

Drift_1 (z = 0 m, 1 m)
Drift_2 simulation

MOST bulk flux using

Drift_2 (z = 0 m, 1 m)
Mismatch between MOST

bulk method and simulation

Measured MOST bulk flux
(z = 0 m, 1 m)
Measured EC flux
(z = 1.9 m)
EC flux using Drift_1

(z = 1.9 m)
EC flux using Drift_2

(z = 1.9 m)
Measurement with
uncertainty

Figure 1.6: Average vertical profiles for a quasi-stationary 10-min period in two LES–LSM
set-ups (Drift_1, Drift_2) with a different humidity gradient at the upper boundary: (a) Wind
speed, (b) temperature, (c) specific humidity, (d) relative humidity with respect to ice, (e)
horizontal snow mass flux, (f) cumulative sensible heat exchange, (g) cumulative latent heat
exchange. For comparison, 10-min averaged measurements from the S17 site (11 January
2019, 00:40 to 00:50 UTC) are shown with instrument-specific standard uncertainties (dashed
if estimated). Note that (e)–(g) only show the lowest 0.3 m of the profile.

transport was negligible at the sensor height. Additionally, the quality-control tests indicate

good data quality and the assumptions about advection are expected to be largely fulfilled

due to the almost flat and homogeneous terrain. The simulated H is directed downward with

a value of −53 W m−2 above a height of 0.1 m and weakens when approaching the surface

because of the heat sink associated with drifting-snow sublimation (Fig. 1.6f). The simulated

H value is between the measured values and a bit closer to the EC (−65 W m−2) than the

MOST-based measurements (−25±21 W m−2).

To crosscheck the theory of the EC method and the consistency of the simulation, the LE and

H values based on the simulated covariances and subgrid-scale fluxes at the height of the

EC instruments are also shown in Fig. 1.6f, g (open triangles). As expected, these values are

very close to the cumulative exchange of latent and sensible heat, respectively. This finding

confirms that the theory of the EC method is applicable to conditions of drifting and blowing

snow.

The Drift_2 set-up was used to study the sensitivity of LE with respect to a more negative
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gradient in specific humidity at the upper domain boundary. Although this condition results in

a much lower specific humidity, a lower relative humidity, and slightly lower air temperatures,

these quantities are still within the uncertainty range (Fig. 1.6b–d). In the Drift_2 simulation,

the surface exhibits the maximum specific humidity and the surface value of LE is positive

(5 W m−2) (Fig. 1.6c, g). With a value of 46 W m−2 above a height of 0.1 m, the LE flux is

significantly higher than in the Drift_1 simulation and higher than the measured EC flux

(Fig. 1.6g). The value of H is approximately the same for both simulations (Fig. 1.6f), and

is underestimated compared with the EC measurements, which could be due to a potential

underestimation of the real air temperature and the snow mass flux.

The model-measurement comparison is further complicated by the small dimensions of the

model domain, which limit the size of the turbulence structures. Therefore, the simulations are

expected to underestimate the turbulent fluxes present in the field. To better understand this

effect, the turbulence cospectrum for the vertical wind velocity component and water-vapor

density was computed from time series of the Drift_1 simulation. These time series were

sampled at a grid point in the horizontal centre of the domain at the same height and sampling

frequency as the EC measurements. In contrast to the field measurements, the simulated time

series exhibit wave-like trends that are strongly correlated between the variables (Fig. B.1 in

Appendix B). These trends are due to the fact that large-scale coherent structures are artificially

locked in their position in the crosswise direction of the mean flow as a result of periodic

horizontal boundary conditions and a short domain length (Munters et al., 2016). This effect is

evident from streamwise-oriented bands of increased and reduced wind velocity components,

air temperatures, specific humidities, etc. in a time-averaged horizontal cross-section of the

domain (Fig. B.2). In the simulation, the location of the large-scale coherent structures varies

very slowly in the crosswise direction of the mean flow, resulting in an artificial wave-like

trend in the time series (Fig. B.3). In the field, the structures are also expected to be present

but they change their crosswise location more quickly than in the simulation. Nevertheless,

horizontally and temporally averaged quantities in the simulation can still be considered

realistic (Munters et al., 2016).

The trend in the simulated time series would strongly influence the turbulence cospectrum at

the lowest frequencies, implying that very large turbulence structures contribute much more

to the magnitude of LE than in the field. Therefore, the trend was removed using a running

mean with a time window of 150 s before computing the cospectrum (Fig. B.1). Figure 1.7

compares the cospectrum of the vertical wind velocity component and water-vapor density

between the Drift_1 simulation and the field measurements. Although the measured time

series does not show a pronounced trend, the same running-mean procedure was applied

before computing the cospectrum for the field measurements. For frequencies larger than

0.55 Hz, the spectral density is similar between the simulation results and the field data,

indicating a good representation of moisture transport by rather small turbulence structures.

However, smaller frequencies between 0.01 Hz and 0.55 Hz are much less pronounced in the

simulation compared with the field.
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Figure 1.7: Turbulence cospectra of the vertical wind velocity component (w) and molar
density of water vapor (H2O) for the Drift_1 simulation set-up and the field measurements
(11 January 2019, 00:41 to 00:48 UTC). Gaps in the bin-averaged spectral density, S, are due
to negative values, which cannot be represented on the logarithmic scale. The dashed grey
line shows the slope of S that is typical for the inertial subrange (Sw H2O ∝ f −7/3). The ogive,
Og , is the integral of spectral density between the considered frequency, f , and the Nyquist
frequency (10 Hz). The plot is based on time series with 213 records, from which a trend was
removed. The simulated time series were sampled at a grid point with the same height and at
the same frequency as in the field.

Figure 1.7 also shows the ogive, which is the integral of the cospectrum between the consid-

ered frequency and the Nyquist frequency. In other words, the ogive shows the cumulative

contribution of the frequencies to the covariance of the time series. It is important to note

that the measured covariance corresponds to the sublimation rate whereas the covariance

from one grid point of the simulation domain does not. The reason for the latter is the artifi-

cial locking of large-scale coherent structures, resulting in significant vertical advection at a

single grid point although the horizontal average of vertical advection is negligible in the Drift

simulations. Due to the same effect, the covariance at a single grid point may differ from the

horizontally averaged covariance. Nevertheless, the effect of the limited domain size on the

shape of the ogive is expected to be independent from the choice of the sampling point.

For the field, the ogive strongly increases with decreasing frequency from 10 Hz to 0.03 Hz.

Consequently, turbulence structures with a wide range in size contribute to the latent heat

flux. In contrast, the ogive for the simulation is almost constant for frequencies below 0.55 Hz,

indicating that the contribution of this frequency range to the latent heat flux is missing in the

simulation. Using Taylor’s frozen-turbulence hypothesis, a frequency of f = 0.55 Hz can be

translated into a length scale of a turbulence structure of

d = ū

f
= 22 m , (1.13)

where ū = 12.1 m s−1. This length scale is approximately equal to the domain length (18 m).
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Therefore, turbulent transport associated with larger length scales or smaller frequencies is

underestimated in the simulations. At f = 0.55 Hz, the ogive for the measurements attains

53% of its maximum, suggesting that the conditions to be reproduced may result in a latent

heat flux that is roughly twice as large as suggested by the Drift_1 and Drift_2 simulations.

This effect is another possible reason for the fact that the latent and sensible heat fluxes in the

Drift_1 simulation have lower absolute magnitudes than those based on the EC measurements.

Although a larger model domain is desirable, the computational effort makes it currently im-

possible because the high spatial and temporal resolutions need to be maintained to properly

represent saltation dynamics. Given these considerations, the high sensitivity of the simulated

LE values to the upper boundary condition for humidity, and the measurement uncertainties,

the simulated LE and H values are in reasonable agreement with the EC measurements.

Apart from that, the simulations demonstrate that the overall latent and sensible heat exchange

can be strongly dominated by the contribution of transported snow particles while the surface

exchange accounts for a rather small fraction (−11% to 12% for LE and 18% to 29% for H in

the analyzed situation, Fig. 1.6f, g). Similar to the results of Wang et al. (2019), sublimation of

drifting and blowing snow is strongest in the air layer of the first grid nodes above the surface

(lowest 0.015 m) despite a high relative humidity of 97.1% and 95.6% for the Drift_1 and Drift_2

set-ups, respectively.

1.3.3 Theory-Related Error in the Monin–Obukhov Bulk Parameterization

By applying the MOST parameterization to the simulated humidity and temperature differ-

ences between the surface and a height of 1 m and comparing it with the simulated turbulent

fluxes, the theory-related error of the MOST-based measurements can be estimated without

an influence of instrument uncertainties. For the Drift_1 and Drift_2 set-ups, the simulation-

based Monin–Obukhov bulk flux underestimates the simulated LE values by 17 W m−2 and

32 W m−2 , respectively, corresponding to high relative errors of 87% and 70% (grey arrows

in Fig. 1.6g). For H, the mismatch between the simulation-based Monin–Obukhov bulk flux

and the simulated flux is 30 W m−2 and 35 W m−2 based on the Drift_1 and Drift_2 set-ups,

respectively, corresponding to relative errors of 57% and 66% (Fig. 1.6f).

If these mismatches are only due to the theory-related error of the MOST parameterization,

they would only exist in conditions of drifting and blowing snow. This hypothesis was tested

using the NoDrift simulation set-ups, which reproduced the field conditions observed at the

S17 site on 12 January between 05:40 UTC and 05:50 UTC. During this period, the average

wind speed was 2.8 m s−1 at a height of 1.9 m and the measured snow mass fluxes were

below the noise threshold (< 0.005 kg m−2 min−1). In the corresponding simulations, drifting

snow was still enabled but few particles are transported and their effect on the turbulent

fluxes is negligible. Average vertical profiles for the NoDrift set-ups and a comparison with

the field measurements are presented in Fig. B.4 in Appendix B. The simulated LE values

are 8.1 W m−2 and 2.0 W m−2 for the NoDrift_1 and NoDrift_2 set-ups, respectively. The
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MOST-based estimates computed from the simulated humidity and temperature differences

between the surface and a height of 1 m underestimate this flux by 16% and 20%, respectively.

For the sensible heat flux, a similar underestimation of 15% is found for the NoDrift_1 set-up.

In the NoDrift_2 simulation, a difference in the sensible heat fluxes is not expected due to an

isothermal temperature profile.

The NoDrift simulations show that the theory-related error of the MOST parameterization

associated with snow transport is not the only cause for the mismatch between the simulation-

based Monin–Obukhov bulk flux and the simulated flux. Another cause may be uncertainties

in the simulation. However, the relative underestimation of the fluxes by the MOST param-

eterization is significantly larger for the Drift set-ups than the NoDrift set-ups. Therefore, a

large part of this underestimation can be attributed to the fact that the assumption of height-

constant turbulent fluxes is violated in the lowest 0.1 m of the atmosphere due to drifting snow

(theory-related error in the MOST parameterization). The moisture sources and heat sinks

associated with sublimation of drifting and blowing snow modify the relationship between

the temperature and moisture gradients and the turbulent flux, at least in the layer of drifting

and blowing snow. For both LE and H, the sum of the theory-related error and the instrument-

induced uncertainty is large enough to explain the difference between the MOST-based and

the EC measurements in the investigated case.

In principle, the theory-related error should not occur if MOST was applied to a constant-flux

layer above the layer of drifting and blowing snow, i.e., if turbulent fluxes were measured using

the profile method. However, Barral et al. (2014) showed that this method is highly sensitive

to instrument uncertainties in high wind speeds due to small vertical gradients at typical

measurement heights.

Additionally, the LES–LSM results reveal that the MOST parametrization is not a good esti-

mate for surface fluxes during snow-transport events. As expected, the simulation-based

Monin–Obukhov bulk estimates are significantly higher than the simulated surface fluxes

(Fig. 1.6f, g): the surface LE values are overestimated by 217% and 156% based on the Drift_1

and Drift_2 set-ups, respectively, while the absolute magnitudes of the surface H are overesti-

mated by respectively 47% and 95%. The analysis confirms the expectation that the MOST

parameterization significantly overestimates the surface fluxes and underestimates the overall

latent and sensible heat exchange in typical conditions of drifting and blowing snow. This

finding suggests that previous studies such as Thiery et al. (2012) overestimated annual surface

sublimation by using MOST-based measurements in both the presence and absence of drifting

and blowing snow.

1.4 Conclusions

The present study aimed at better understanding the effect of drifting and blowing snow

on the reliability of turbulent-flux estimations, especially LE, measured using the MOST

parameterization or the EC method. Three days of comprehensive measurements from
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the S17 site, Antarctica, were discussed and a 10-min interval with saltation-dominated

snow transport was reproduced by the LES–LSM model. For the MOST parameterization,

the instrument-induced uncertainties of the fluxes LE and H were quantified using error

propagation and the theory-related errors were estimated from the simulation output. The

findings verify the hypothesis that the MOST parameterization can be affected by a significant

theory-related error in conditions of drifting and blowing snow because the false assumption

of height-constant fluxes results in an underestimation of the total latent and sensible heat

exchange (surface and drifting/blowing snow) and in an overestimation of the absolute surface

fluxes. This error may severely affect estimates of the surface energy and mass balance in

experimental and modeling studies employing the MOST parameterization. While the error

can be large for instantaneous fluxes, the effect on monthly or yearly averages remains to

be explored because an underestimation of both upward and downward fluxes reduces the

effect on the average flux. In contrast to the LE and H fluxes, the momentum flux measured

by the Monin–Obukhov bulk method remains in good agreement with the EC measurements

in conditions of drifting and blowing snow. To measure LE and H fluxes, the EC method is

preferable over the MOST parameterization as long as intense blowing-snow fluxes do not

reach the sensor height and result in data gaps. In the case of a shallow layer of drifting and

blowing snow, the LE and H fluxes based on the EC measurements are of the same order of

magnitude as the simulated ones although the simulated LE values are sensitive with respect to

the upper boundary condition for specific humidity. To improve future model-measurement

comparisons, a more accurate sensor for air temperature and relative humidity should be

used, which would help to constrain the range of possible upper boundary conditions and

simulated fluxes. The plausibility of the EC method is indirectly supported by the fact that

the difference between the measurement methods is entirely explained by the errors of the

MOST parameterization in the case study with a shallow layer of drifting and blowing snow.

However, if blowing snow extends up to the sensor height, it remains unclear whether the

removal of spikes from the EC raw data is complete and prevents significant uncertainties.

A reliable determination of the moisture exchange between the snow and the atmosphere

is not only important for quantifying the surface mass balance but also for understanding

changes in the isotopic composition of surface snow. Isotopic fractionation associated with

strong sublimation and vapor deposition in a layer of drifting and blowing snow is expected

to change the abundance of stable water isotopes in the snow particles and the surface snow.

Future studies could investigate a potential effect of these processes on the isotopic signature

of ice cores and temperature reconstructions.

Open Research

The measurement and simulation data is published in the EnviDat repository at https://www.

doi.org/10.16904/envidat.237 (Sigmund et al., 2021).
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2 Parameterizing Snow Sublimation in
Conditions of Drifting and Blowing
Snow

This chapter corresponds to the draft of an article to be submitted to Journal of Geophysical

Research: Atmospheres with the following author list and title:

Sigmund, A., Melo, D. B., and Lehning, M.: Parameterizing Snow Sublimation in Conditions of

Drifting and Blowing Snow.

To improve the readability of this thesis, we sometimes replace citations of the article presented

in Chapter 1 by direct references of the respective sections. AS co-designed the simulations,

performed the data analysis, and wrote the draft of the article.

Key Points

• A good representation of sublimation feedbacks requires a prognostic calculation of

humidity and temperature close to the surface.

• An empirical correction term in the formula of Thorpe and Mason improves the param-

eterization near the surface in near-saturated conditions.

• The mass and number mixing ratios of drifting/blowing snow are difficult to parameter-

ize as current saltation schemes are inaccurate.

Abstract

Snow transport favors strong sublimation and may therefore have an important effect on

the surface mass balance of polar and high-mountain regions. Recently, small-scale models

such as large-eddy simulation (LES) with Lagrangian snow particles have improved the under-

standing of snow transport processes and revealed shortcomings in the parameterizations

of large-scale models. This study leverages LES simulations to assess and improve current

parameterizations of sublimation and snow transport. Measurements from the S17 site, East

Antarctica, are used to define realistic model parameters and boundary conditions and verify
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the plausibility of the simulations. Various parameterization options are tested in a simple

one-dimensional model inspired by the large-scale model CRYOWRF. When parameterizing

the moisture and heat fluxes for given mixing ratios of drifting and blowing snow, three im-

provements lead to a good agreement with the LES simulations: (a) At least one grid level

in the saltation layer, (b) prognostic profiles of near-surface humidity and temperature, and

(c) a correction term in the sublimation formula of Thorpe and Mason. The correction term

accounts empirically for transient particle temperatures in the lowest 0.3 m of the atmosphere

but may only be valid for a limited range of weather conditions. When parameterized, the

mixing ratios of blowing snow are generally overestimated due to discretization errors and an

underestimated saltation layer height. Although this overestimation can be mitigated with

stretched grid levels and increased particle diameters at the saltation layer height, a more

accurate parameterization of the saltation layer would benefit large-scale assessments of snow

transport effects.

Plain Language Summary

In snow-covered regions, strong winds often lift snow particles from the surface and cause

drifting and blowing snow events, typically associated with intense sublimation. Although the

process understanding has recently improved due to small-scale models, it is still challenging

to model sublimation for large areas and assess its relevance for mass changes of snow covers

and ice sheets. In this study, insights from small-scale simulations of turbulence and snow

transport are used to assess and improve the parameterization approach of a large-scale model.

The simulation parameters and boundary conditions are based on measurements from an

Antarctic site. When parameterizing the sublimation rate for given mixing ratios of drifting and

blowing snow, a good agreement with the small-scale simulations is achieved after improving

the representation of humidity, air temperature, and particle temperatures close to the snow

surface. The parameterization of the particle mixing ratios remains challenging although a

substantial overestimation of the mixing ratios can be avoided by using stretched grid levels

with a high resolution near the surface and assuming increased particle diameters at the lower

boundary. Further work is needed to analyze the impact of the proposed improvements on

large-scale assessments of drifting and blowing snow effects.

2.1 Introduction

Quantifying the surface mass balance of regions covered by snow and ice is important for

assessing changes in the water storage of ice sheets, mountain glaciers, and snow covers.

These changes influence, for example, the sea level rise, water availability in rivers and ecosys-

tems, and winter tourism in mountains. While in-situ measurements can provide accurate

information at specific sites, models play a critical role in estimating the surface mass balance

on large spatial and temporal scales, including projections for the future. For example, large-

scale models such as MAR, RACMO, and CRYOWRF can simulate atmospheric and surface
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processes for the entire ice sheet of Antarctica using a horizontal grid spacing of approximately

30 km (Agosta et al., 2019; Hofer et al., 2021; Van Wessem et al., 2018; Van Dalum et al., 2022;

Sharma et al., 2023). When modelling the Greenland ice sheet or a part of Antarctica, smaller

horizontal grid spacings of approximately 5 to 11 km are feasible (Noël et al., 2018; Amory

et al., 2021; Le Toumelin et al., 2021).

One of the critical challenges in large-scale models is the representation of drifting and blowing

snow and the associated sublimation or vapor deposition. It is difficult to simulate snow

transport as its magnitude depends on the interaction between the wind field and the local

topography and on variable properties of surface snow such as grain diameter and interparticle

cohesion (Melo et al., 2022). Sublimation of drifting and blowing snow is additionally driven

by the vertical profiles of air temperature and specific humidity, which are difficult to resolve

close to the surface due to the computational effort and thermodynamic feedback effects of

sublimation. In recent MAR simulations, the lowest atmospheric grid level is situated at 2 m

above the surface (Hofer et al., 2021). The RACMO and CRYOWRF models typically place the

lowest level for general atmospheric processes at a height of O (10 m) while additional levels

for snow transport processes are located closer to the surface (Lenaerts et al., 2012; Sharma

et al., 2023). For the Antarctic Ice Sheet, estimates of sublimation of drifting and blowing snow

range from approximately 100 Gt yr−1 in the RACMO and CRYOWRF models to 393 ± 196

Gt yr−1 in an assessment based on satellite remote sensing of deep blowing snow layers and

reanalysis data (Van Wessem et al., 2018; Gerber et al., 2023; Palm et al., 2017). These values

suggest that sublimation of drifting and blowing snow is a relevant but highly uncertain term

in the surface mass balance of Antarctica.

To model snow transport and sublimation over high-alpine terrain, a high horizontal resolution

is required. Therefore, simulations of an entire winter season in the Alps have only been

performed for small domains of the size of a catchment. Depending on the model used,

sublimation of drifting and blowing snow has been estimated to correspond on average to

0.1%–4.1% of the precipitation in a winter season for areas in the Swiss and German Alps

(Strasser et al., 2008; Bernhardt et al., 2012; Groot Zwaaftink et al., 2013). The simulations

suggest that sublimation of drifting and blowing snow plays an important role at mountain

crests but has a minor impact on the regional surface mass balance in the Alps. However, the

simulations simplify important aspects such as the wind field and particle size distribution of

drifting and blowing snow. Over the last decade, atmospheric models with a more advanced

treatment of snow transport and short time steps of O (1 s) or O (1 min) have been developed

but these models have only been applied to single events of snow transport in high-alpine

areas and the validation of simulated sublimation rates remains challenging (Vionnet et al.,

2014; Sharma et al., 2023).

Drifting snow processes in the saltation layer are particularly simplified in the above-mentioned

models. In this layer, sublimation is either neglected or highly parameterized for a single

vertical level using the same approach as at higher levels. Sublimation of drifting and blowing

snow is calculated by integrating the formula of Thorpe and Mason (1966) over the particle size
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distribution, assuming spherical snow particles. This principle is used in all state-of-the-art

large-scale models although different assumptions for particle density, size distribution, and

ventilation effects are used (Sharma et al., 2023; Amory et al., 2021; Lin et al., 1983; Lenaerts

et al., 2012; Déry and Yau, 1999). The formula of Thorpe and Mason (1966), henceforth called

TM formula, assumes that the exchanges of latent and sensible heat between a particle and

the atmosphere balance each other such that the particle temperature is stationary. While

this assumption is reasonable for particles in suspension, it can lead to significant errors in

the saltation layer where most of the particles do not stay long enough in the atmosphere to

reach a thermal equilibrium (Sharma et al., 2018). This problem was revealed by large-eddy

simulations coupled to a Lagrangian stochastic model for snow transport (LES-LSM).

Small-scale models such as LES-LSM are able to resolve the turbulent exchange of moisture

and heat between individual particles of drifting/blowing snow and the atmosphere without

assuming a stationary particle temperature. However, these models require a long computa-

tion time, limiting the domain dimensions and simulation period to values of O (10 m) and

O (10 min), respectively (Sharma et al., 2018; Wang et al., 2019; Sigmund et al., 2022). LES-LSM

simulations have demonstrated, that most of the sublimation of drifting and blowing snow

can take place in the saltation layer despite high values of relative humidity, at least for rather

shallow layers of snow transport. As snow saltation occurs very frequently, it may strongly

contribute to the overall moisture exchange between the snow and atmosphere. Even if the

saltation layer becomes oversaturated for deep blowing snow layers, it may play an impor-

tant role because the high particle concentration close to the surface facilitates strong vapor

deposition.

Therefore, the error of sublimation rates simulated in large-scale models needs to be assessed,

especially in the saltation layer. This assessment is challenging because measurements of the

moisture flux suffer from increased uncertainties in conditions of snow transport and cannot

distinguish between flux contributions from the surface, saltation layer, and suspension layer

(Sigmund et al., 2022). As an alternative to measurements, accurate small-scale models can

serve as a reference and help to improve the parameterizations used in large-scale models. The

goals of this study are to (a) compare LES-LSM simulations and measurements at the S17 site,

coastal East Antarctica, with respect to fluxes of water vapor, sensible heat, and snow particles

in various humidity and temperature conditions; (b) compare the LES-LSM simulations with

a simple one-dimensional (1D) model, resembling the large-scale model CRYOWRF in terms

of the snow transport and sublimation parameterizations; and (c) propose improvements

in these parameterizations, mainly concerning the interactions between the near-surface

specific humidity, air temperature, and sublimation of drifting and blowing snow. We also

illustrate errors and sensitivities of the parameterized particle mixing ratios although major

improvements in this regard are beyond the scope of this paper.
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2.2 Methods and Data

2.2.1 Measurements in Antarctica

We use in-situ measurements from a field campaign at the S17 site (69◦01’28”S, 40◦05’14”E,

600 m a.s.l.) near Syowa Station, East Antarctica, in austral summer 2018/2019. The site is

permanently snow-covered and located in nearly flat and homogeneous terrain. Details on the

site, instrumentation, and data processing are described in Chapter 1 and in the published data

set (Sigmund et al., 2021). Here, we use the measured surface temperature, air temperature

and relative humidity at a height of z = 1 m above the snow surface, wind speed at heights of 1,

1.9, and 3 m, latent and sensible heat fluxes from an eddy-covariance (EC) system at z = 1.9

m, and horizontal snow mass fluxes and particle number size distributions from two snow

particle counters (SPCs) at z = 0.1 m and z = 0.15 m.

We focus on three 10-min intervals during a strong snow transport event. The intervals

beginning at 11 January 2019 00:40 UTC, 11 January 2019 21:40 UTC, and 12 January 2019 11:00

UTC are referred to as Cases 1, 3, and 2, respectively. Local time at the S17 site corresponds to

UTC + 3 h. The three cases cover various conditions with wind speeds between 13.1 and 16.4

m s−1, relative humidity values between 90% and 100 %, air temperatures between −4.6 and

−3.4 ◦C, and EC-based latent heat fluxes between −28 and +35 W m−2 (Fig. C.1 of Appendix

C). The cases were selected considering the following criteria: (a) In all cases, EC fluxes with a

good data quality must be available, which excludes some hours with the highest wind speeds;

(b) Case 1 is part of the initial phase of the event because in this phase, both SPCs measure

plausible and considerable snow mass fluxes and the relative humidity is rather low; (c) Cases

2 and 3 refer to situations with a considerable snow mass flux (at least for one of the SPCs)

and a relative humidity of approximately 100% while the EC method suggests sublimation

(positive flux) in Case 2 and vapor deposition (negative flux) in Case 3.

2.2.2 Large-Eddy Simulations with Lagrangian Particles

The LES-LSM simulations solve the Navier-Stokes equations for incompressible flows and

advection-diffusion equations for air temperature and specific humidity (Albertson and Par-

lange, 1999). Snow transport is represented by Lagrangian particles, which are entrained from

the surface into the flow due to aerodynamic lift or particle splash (Comola and Lehning, 2017;

Sharma et al., 2018; Melo et al., 2022). To save computation time, each Lagrangian particle

represents a group of snow particles with the same properties such as location, diameter, and

temperature. In the simulations performed, the average number of snow particles represented

by a Lagrangian particle is approximately 54000. The model assumes the snow particles to

have a spherical shape and the same density as ice (918.4 kg m−3).

When particles are entrained, their diameter is taken from a log-normal distribution, which is

motivated by Colbeck (1986). While moving through the atmosphere, the particles of drifting

and blowing snow gradually change their size due to the vapor exchange with the atmosphere
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while mechanical fragmentation of the particles is neglected. The simulated and measured

particle diameters at heights of 0.1 and 0.15 m agree to a satisfactory extent (Sect. C.1 and Fig.

C.2 of Appendix C). When particles hit the surface, the splash process is modelled considering

momentum and energy conservation and assuming a typical cohesion energy of 10−10 J for

surface snow (Comola and Lehning, 2017). The particles of drifting and blowing snow interact

with the surrounding atmosphere by exchanging momentum, heat, and water vapor. These

exchanges depend on the local differences in velocity, temperature and vapor density between

each particle and the air (Eqs. 1.6, 1.7, and 1.10 in Chapter 1, Sect. C.2 in Appendix C). The

temperature of each particle is initially equal to the surface temperature and then modelled

explicitly considering the particle energy balance with terms for sensible and latent heat

exchanges while neglecting radiation fluxes. When the diameters of particles reach a value

below 10 µm, the model stops accounting for the momentum, heat and vapor exchanges of

these particles; we neglect the small remaining mass of these particles and remove them from

the data set during post-processing.

The lower boundary of the model domain is a flat and homogeneous snow surface with a

constant temperature. The fluxes of latent and sensible heat at the lower boundary, here-

after called surface fluxes, are computed using common bulk parameterizations for neutral

stratification and considering the difference in temperature or specific humidity between

the surface and the next higher model level at z = 0.0075 m (Eqs. 1.2 and 1.3 in Chapter 1).

The assumption of neutral stratification is appropriate here because of the proximity to the

surface and the fact that roughness elements at the surface are not resolved. The quantities at

z = 0.0075 m are horizontally smoothed using a spectral cutoff filter before inserting them in

the bulk parameterizations because we use instantaneous values although these parameteri-

zations have been developed for averaged quantities. To compute the surface fluxes, we use an

aerodynamic roughness length of z0 = 10−4 m, derived from the measured EC-based friction

velocity in neutral conditions. The thermal and humidity roughness lengths are parameterized

as functions of z0 and the imposed friction velocity according to Andreas (1987). At the top of

the domain, we define Neumann-type boundary conditions for temperature and humidity by

testing several values until the simulated steady state agrees satisfactorily with the measured

air temperature and humidity at z = 1 m. Unrealistically strong temperature and humidity

gradients are needed at the upper boundary where the vertical wind velocity component is set

to zero and the vertical transport of vapor and heat is solely represented by the subgrid-scale

fluxes. Nevertheless, this approach leads to realistic temperature and humidity profiles in the

lower half of the domain.

Four simulations were performed to reproduce the three cases observed at the S17 site. The

simulations are named according to the case. To represent Case 3, we performed two simula-

tions (Case 3a and Case 3b), which differ in the upper boundary condition for temperature and

humidity and therefore in the direction of the latent and sensible heat fluxes. Both simulations

are plausible as Case 3a achieves a better agreement with the measured air temperature and

specific humidity while Case 3b is consistent with the direction of the measured EC fluxes.

Important parameters of the LES-LSM simulations are specified in Table C.1 in Appendix C.

36



2.2 Methods and Data

The simulation approach corresponds to that described in more detail in Sect. 1.2.3 of Chapter

1 apart from the following modifications. We increased the domain size (now 38.4 × 19.2 ×
18.3 m3 for stream-wise × cross-wise × vertical dimensions) to represent a larger range of

eddy sizes, contributing significantly to the turbulent fluxes. To maintain acceptable compu-

tation times, the parallelization of the software was improved and two other modifications

were implemented: (a) The horizontal grid spacing was increased from 0.1 m to 0.3 m while

maintaining the stretched vertical grid spacing, yielding a total of 128 × 64 × 192 grid points;

and (b) the time step for the particle dynamics was increased, now amounting to the four-fold

time step used for the fluid dynamics. The fluid time step remained unchanged (∆t = 5×10−5

s), except in Case 1 where a slightly higher value (∆t = 6×10−5 s) still guaranteed numerical

stability.

As expected, the larger model domain leads to latent and sensible heat fluxes with a higher

absolute magnitude (5% and 10% higher, respectively, in Case 1), compared with the smaller

domain in Chapter 1. A model-measurement comparison of turbulence cospectra and ogives

shows that the increased domain size allows us to represent the range of frequencies or eddy

length scales that are responsible for 71% and 74% of the measured latent and sensible heat

fluxes in the field, respectively (Sect. C.3 and Fig. C.3 of Appendix C). An even larger domain

would be necessary to account for the largest eddies involved but further improvements in this

regard are currently not feasible due to the computational limitations. We also checked the

sensitivity of the simulation with respect to the increased horizontal grid spacing and particle

time step, at least in a small domain. These sensitivity tests only showed minor changes in the

rates of snow transport and sublimation, compared to the previous model set-up.

Each simulation begins with an initial period of 25 s, in which steady-state turbulence develops

before snow transport is allowed to develop. The final steady state is approached after a total

time of approximately 250 s. For Case 1, the simulation continues until a total time of t = 850 s.

The results suggest that an averaging interval of 400 s is sufficient to characterize the steady

state. Therefore, the simulations of Cases 2, 3a, and 3b already end at t = 650 s. For the analysis,

we compute vertical profiles of simulated quantities by averaging temporally and horizontally

the data of the last 400 s of each simulation.

2.2.3 Existing Parameterizations in the CRYOWRF Model

Inspired by the snow transport scheme of the CRYOWRF model, we developed a simple 1D

model, which can be compared more easily to the LES-LSM simulations. Before describing

the 1D model, we summarize the existing parameterization approach. The snow transport

scheme of the CRYOWRF model is a modified version of the scheme implemented in the Meso-

NH/Crocus model (Vionnet et al., 2014; Sharma et al., 2023). Like in other large-scale models,

general atmospheric processes are computed on a coarse-resolution mesh, which does not

resolve the lowest few meters above the surface. The snow transport scheme adds a fine-

resolution mesh between the surface and the next higher level of the coarse-resolution mesh
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to better capture the strong vertical gradients of the particle concentration near the surface.

The lowest prognostic level of the fine-resolution mesh is at z = 0.5 m in the CRYOWRF model.

Currently, the mass and number mixing ratios of blowing snow are the only variables solved

prognostically on the fine-resolution mesh while other variables such as air temperature,

specific humidity, and the turbulent diffusion coefficient are determined diagnostically on

this mesh. The diagnostic vertical profiles are based on the Monin-Obukhov bulk formulae

or, in the case of the diffusion coefficient, on linear interpolation. The Monin-Obukhov

bulk formulae are also used to compute the surface fluxes, considering the differences in

wind speed, humidity, and temperature between the surface and the first level of the coarse-

resolution mesh.

Sublimation of blowing snow is calculated at each level of the fine-resolution and coarse-

resolution meshes. This calculation is based on the integral of the TM formula over the particle

size distribution. The model assumes that the particles are spherical and their diameters follow

a gamma distribution with a prescribed shape parameter of α= 3. Under these assumptions,

the exact size distribution can be deduced from the mass and number mixing ratios of drifting

and blowing snow. The total sublimation of blowing snow in the fine-resolution mesh exerts

a feedback effect on the specific humidity and temperature at the first level of the coarse

mesh. The effect on temperature can be expressed as a sensible heat sink (source), which is

equal to the latent heat source (sink) caused by sublimation of (deposition on) blowing snow.

This equivalence is rooted in the assumption of the TM formula that the energy balance of

each particle is solely determined by a balance between the latent and sensible heat transfers,

implying a stationary particle temperature.

The mass and number mixing ratios of blowing snow are computed using advection-diffusion

equations including a sink or source term for sublimation or vapor deposition. The lower

boundary conditions for the mass and number mixing ratios are specified at the top of the

saltation layer estimated as (Pomeroy and Male, 1992)

hsal t = 0.084 u1.27
∗ , (2.1)

where u∗ (m s−1) is friction velocity. To estimate these boundary conditions, the CRYOWRF

model uses the parameterization of the saltation transport rate of Sørensen (2004) in the

modified version of Vionnet et al. (2014) and assumes an exponential profile of the mass

mixing ratio below hsal t according to Nishimura and Hunt (2000). Further details on the snow

transport scheme of the CRYOWRF model can be found in Sharma et al. (2023).

An important shortcoming of the parameterization approach is the fact that the model neglects

the part of sublimation of drifting and blowing snow taking place below the lowest grid layer

of the fine-resolution mesh, that is, approximately below z = 0.3 m. Another shortcoming is

associated with an error of the Monin-Obukhov bulk formulae in conditions of snow transport

because the assumption of height-constant fluxes is no longer valid (Chapter 1). This error is

expected to increase with the vertical distance considered in the bulk formulae, corresponding
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Figure 2.1: Schematic illustration of the vertical levels in the 1D model. In most model set-ups,
the lowest fine level is placed at a height of z = 0.15 m above the snow surface and the height
of the uppermost saltation level, ĥsal t , corresponds to the rounded outcome of Eq. 2.1.

to the height of the first level of the coarse-resolution mesh.

2.2.4 One-Dimensional Model

The 1D model builds on the parameterizations of the CRYOWRF model and aims to reproduce

the steady state of each LES-LSM simulation. The evolution of specific humidity, tempera-

ture, and sublimation is computed as a function of time and height in a domain from the

snow surface to z = 9 m. The domain height is approximately half of that in the LES-LSM

simulations because this choice allows us to define realistic upper boundary conditions for

specific humidity and temperature, which are consistent with the LES-LSM simulations. These

boundary conditions are of Dirichlet type and correspond to the average specific humidity

and temperature at z = 9 m in the LES-LSM simulations (Table C.2 of Appendix C). At greater

heights, the LES-LSM-based profiles deviate from the expected logarithmic shape due to

boundary effects (Sect. 2.2.2). The lower boundary conditions for specific humidity and

temperature are identical to those in the LES-LSM simulations.

The 1D model contains two levels of the coarse-resolution mesh (Fig. 2.1). The lower coarse

level is situated at z = 2.25 m. The levels of the fine-resolution mesh are placed at lower heights,

compared to the CRYOWRF model, to better represent strong near-surface gradients. In most

set-ups of the 1D model, the fine-resolution mesh comprises stretched grid levels with equal

spacing on a logarithmic scale (z = 0.15, 0.23, 0.35, 0.54, 0.83, 1.27, 1.96 m). In a sensitivity

analysis, we use another model set-up, in which the fine levels are equally spaced (z = 0.5,

0.86, 1.21, 1.57, 1.92 m) like in a typical CRYOWRF set-up. For the simulated conditions, the

LES-LSM model suggests that almost all the sublimation of drifting and blowing snow occurs

in the lowest 0.2 m of the atmosphere. Therefore, a good representation of this layer is crucial

and we improve the parameterization by adding either one or a few levels in the saltation

layer. When using one saltation level only, this level is placed at z = 0.0075 m. Otherwise,
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further saltation levels are situated above with a spacing of 0.015 m, corresponding to the

near-surface spacing in the LES-LSM simulations. Unless modified in sensitivity tests, the

uppermost saltation level is the level that follows this spacing and is closest to the outcome of

Equation 2.1.

The 1D model assumes a constant air density of 1.18 kg m−3 like the LES-LSM simulations. In

most model set-ups, u∗ is set to the same value that is imposed in the corresponding LES-LSM

simulation. Only in a sensitivity analysis, u∗ is computed using the Monin-Obukhov bulk

formula with prescribed values for the aerodynamic roughness length and the wind speed

at the lowest coarse level. At the coarse levels, specific humidity and temperature are solved

prognostically considering turbulent diffusion and particle-air interactions. The respective

equations are similar to those in Bintanja (2001a) and explained in Sect. C.4. At the fine and

saltation levels, we test two options for computing specific humidity and temperature: (a)

diagnostic profiles based on the Monin-Obukhov bulk formulae like in the CRYOWRF model

and (b) prognostic profiles based on the same equations used at the coarse levels. To initialize

specific humidity and temperature, we use the steady-state LES-LSM output for the coarse

levels and the Monin-Obukhov bulk formulae for the other levels.

The surface fluxes of latent and sensible heat are calculated using the Monin-Obukhov bulk

formulae and considering the lowest prognostic temperature and humidity level above the

surface (either z = 2.25 m or z = 0.0075 m). In contrast to the CRYOWRF model, we take

into account that the friction velocity is lower close to the surface than at greater heights

because drifting and blowing snow extracts momentum from the airflow. In the main analysis,

the friction velocity considered in the calculation of the surface fluxes are identical to those

obtained at the surface in the LES-LSM simulations. The thermal and humidity roughness

lengths are set to the same values as in the LES-LSM simulations. To compute the exchanges

of latent and sensible heat between drifting/blowing snow and the atmosphere, the 1D model

uses the integrated version of the TM formula (like in the CRYOWRF model), at least at z > 0.3

m. Below this height, we test two options: (a) the same TM-based formula, assuming stationary

particle temperatures and (b) a modified version of this formula, which accounts for transient

particle temperatures. The latter incorporates an empirical function for the temporal change

of the temperature of a particle of drifting or blowing snow close to the surface,

dTp

dt
= sgn(∆T )

∣∣∣∣dTp

dt

∣∣∣∣ (2.2)

dTp

dt
= sgn(∆T ) ( 0.193+0.138�|∆T |−0.070�√zp +0.055 �∆RH +0.045

�√
dp

+ 0.014û∗−0.051�√zp �|∆T |+0.033
�√

dp �|∆T |−0.029�√zp �∆RH

+ 0.018
�√

dp �∆RH +0.017
�√

dp
�√zp ) , (2.3)

where the hat symbol indicates that the respective variable has been standardized by subtract-

ing the mean and dividing by the standard deviation such that the absolute magnitude of each
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coefficient reflects the importance of the variable; ∆RH = sgn(∆T )(RH1 −100%) represents

a measure of the undersaturation of the air, where RH1 is relative humidity at z = 0.0075 m

(lowest saltation level); ∆T = T1 −T0 is the difference between air temperature at z = 0.0075 m

and surface temperature; Tp is particle temperature, t is time, zp is the height of the particle

above the surface; and dp is particle diameter. The expression for the absolute magnitude of

dTp /dt was derived from the time-averaged LES-LSM results in the lowest 0.3 m above the

snow surface using multiple linear regression with weighted least squares. The regression was

applied to the absolute magnitude of dTp /dt because the influences of zp , dp , and u∗ are

expected to be independent of the sign of dTp /dt . The training data set covers a limited range

of values: |∆T | ∈ [0.08,0.52] K, u∗ ∈ [0.52, 0.86] m s−1, RH1 ∈ [96.8, 100.0] %, dp ∈ [90, 700] µm,

zp ∈ [0, 0.3] m. For values outside this range, Equation 2.3 may not be accurate. Additionally,

this equation is based on the assumption that the vertical gradient of air temperature in

combination with thermal inertia of the particle is a more important driver of dTp /dt than the

undersaturation of the atmosphere and its effect on the latent heat exchange. Therefore, the

sign of the parameterized dTp /dt values is mainly determined by the sign of ∆T although the

sign of ∆RH also plays a role. If the atmosphere is strongly undersaturated and the vertical

temperature gradient is approximately zero, the sign of some terms in Equation 2.3 such

as the term containing u∗ may no longer be appropriate. In this case, however, dTp /dt is

expected to play a minor role because the sublimation rate of the particle is rather driven by

the strong undersaturation than the transient particle temperature (first versus second term

in the numerator of Eq. C.7 in Appendix C). Details about the regression and the complete

formula for sublimation of drifting and blowing snow can be found in Sect. C.5.

The grid layer containing the uppermost saltation level requires a special treatment in the

sublimation calculations because the grid spacing increases abruptly at this height. We divide

this grid layer in a lower part and an upper part. The lower part has a thickness of 0.015 m

and is characterized by the quantities modelled at the uppermost saltation level. The upper

part is called interpolation zone as it contains an auxiliary model level in its center where

all relevant quantities are interpolated (Fig. 2.1). At this auxiliary level, air temperature and

specific humidity are computed assuming logarithmic functions of height,

x = a ln(z)+b , (2.4)

where x is air temperature or specific humidity and the coefficients a and b are constrained by

the requirement that the function is consistent with the x values at the two neighboring levels.

Measurements and model calculations reported in Gordon et al. (2009) suggest that the mixing

ratio of drifting and blowing snow follows an exponential profile in the saltation layer and a

power law profile in the suspension layer. These profiles are in line with the LES-LSM results,

which indicate a transition between both profiles at approximately z = 0.13 m to z = 0.2 m,

depending on the friction velocity and particle size distribution. As the lowest fine level is

placed at z = 0.15 m in the main analysis, the mass and number mixing ratios of drifting and

blowing snow are interpolated at the auxiliary level assuming an exponential profile between
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the two neighboring levels,

xbs = a exp(−b z) , (2.5)

where xbs is the mass or number mixing ratio of drifting and blowing snow and a and b are

coefficients. The shape parameter of the particle size distribution is estimated at the auxiliary

level using linear interpolation. We compute the particle-air interactions at the uppermost

saltation level using a weighted average of the source terms for the lower and upper part of the

grid layer,

S = ∆z1 S1 +∆z2 S2

∆z1 +∆z2
, (2.6)

where S1 and S2 are the source terms for temperature or humidity at the uppermost saltation

level and auxiliary level, respectively, and ∆z1 (m) and ∆z2 (m) are the thicknesses of the lower

and upper parts of the layer, respectively.

We distinguish two configurations of the 1D model. In the first configuration, the mixing

ratios of drifting and blowing snow are prescribed consistently with the steady-state LES-LSM

output. The second configuration uses additional parameterizations to compute the mixing

ratios and size distribution of blowing snow in a similar way as in the CRYOWRF model.

Configuration With Prescribed Mixing Ratios of Drifting and Blowing Snow

To focus on sublimation errors due to inaccurate temperature and humidity values and the

assumptions of the TM formula, we prescribe the mass mixing ratio of drifting and blowing

snow, mean particle diameter, and shape parameter of the particle size distribution at each

vertical level, using the LES-LSM data. The shape parameter is derived by fitting a gamma

distribution to the LES-LSM data, using maximum likelihood estimation. From the afore-

mentioned variables, we infer the number mixing ratio of drifting and blowing snow, which is

approximately equal to that in the LES-LSM data; small deviations exist if the LES-LSM-based

size distribution is poorly approximated by a gamma distribution.

In this configuration, different set-ups of the 1D model are named according to the proposed

improvements of the sublimation parameterization. In Table 2.1, we assign a label to each

improvement. A combination of these labels constitutes the name of a model set-up. For

example, set-up ABC includes all improvements concerning the vertical discretization, near-

surface temperature and humidity, and particle temperature.

Configuration With Parameterized Mixing Ratios of Drifting or Blowing Snow

In the model configuration with parameterized mixing ratios of drifting or blowing snow,

three different set-ups are used to disentangle different sources of error (Table 2.2). In the

suspension set-up, we only parameterize the mixing ratios at the fine and coarse levels whereas

the transport set-up parameterizes additionally the mixing ratios at the saltation levels. The

default setup is associated with the highest degree of parameterization because the friction
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Chapter 2. Parameterizing Snow Sublimation in Conditions of Drifting and Blowing Snow

velocity is not prescribed directly as in the other set-ups but estimated from the prescribed

wind speed and roughness lengths. In this case, the wind speed equals the mean value

simulated by the LES-LSM model at z = 2.25 m (Table C.2 in Appendix C). The roughness

lengths are set to the default value of the CRYOWRF model (0.002 m), which is 20 times

higher than the aerodynamic roughness length in the LES-LSM simulations. Although snow

transport increases the effective roughness length (Raupach, 1991), the friction velocity is still

overestimated in the default set-up.

In all three set-ups, the 1D model solves prognostic equations for the number and mass

mixing ratios of blowing snow at the fine and coarse levels. We consider turbulent diffusion,

sedimentation, and sublimation or vapor deposition as in the CRYOWRF model but neglect

horizontal advection. In the CRYOWRF model, these equations are solved using a semi-

implicit numerical method because larger time steps are needed, compared to the 1D model.

The current CRYOWRF version discretizes the sedimentation term using the forward finite

difference,
∂

∂z
(xbs V ) = xbs,i+1 Vi+1 −xbs,i Vi

zi+0.5 − zi−0.5
, (2.7)

where the mass-weighted or number-weighted terminal fall velocity, V (m s−1), is expressed

explicitly as a function of the particle size distribution and the subscripts i and i +1 refer to

the model level of interest and the next higher level, respectively. We refer to this discretization

method as the forward option. To compute the particle size distribution in the 1D model, the

shape parameter of the gamma distribution is either determined from a fit to the LES-LSM

data at each model level or set to α= 3. In a sensitivity test on the influence of the vertical

resolution, we set the height of the lowest fine level to 0.5 m as in the CRYOWRF model; the

resulting method is called the low-resolution forward option.

Additionally, we test the central option using the central finite difference,

∂

∂z
(xbs V ) = xbs,i+0.5 Vi+0.5 −xbs,i−0.5 Vi−0.5

zi+0.5 − zi−0.5
, (2.8)

where the mass and number mixing ratios of blowing snow have to be interpolated at the

midpoints between the model levels. This interpolation assumes an exponential profile

between consecutive model levels if the midpoint is situated below z = 0.2 m, which is the

case for the lowest midpoint under consideration (Eq. 2.5). At greater heights (z ≥ 0.2 m), this

interpolation is based on a power law profile between consecutive levels,

xbs = a z−b , (2.9)

where a and b are coefficients. The central option is more accurate than the forward option

but the former cannot be applied to the semi-implicit solver required in the CRYOWRF model

because the mixing ratios need to be known to perform the interpolation. The 1D model uses

an explicit solver, which avoids this problem but requires a small time step of 0.002 s to achieve

44
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numerical stability. We test another option,

∂

∂z
(xbs V ) = xbs,i+1 Vi −xbs,i Vi−1

zi+0.5 − zi−0.5
. (2.10)

which we call the semi-forward option because the concept of the forward finite difference

is applied to the mixing ratios while the concept of the backward finite difference is applied

to the terminal fall velocities. This option can be applied to the semi-implicit solver. Other

discretization options are not presented as they do not perform satisfactorily.

At the saltation levels, the mass mixing ratios of drifting snow are taken from the LES-LSM

output (suspension set-up) or parameterized diagnostically (transport and default set-ups,

Sect. C.4 of Appendix C). The number mixing ratio of drifting snow is derived using a prescribed

mean particle diameter, which is taken from the LES-LSM output at each saltation level or

assumed to increase linearly from 200 µm at the lowest saltation level to a maximum at the

uppermost saltation level. After testing a few values for this maximum, we choose a value

leading to a good agreement between the LES-LSM-based mixing ratios and parameterized

mixing ratios in the suspension layer (390 µm, 250 µm, 300 µm, and 300 µm in Cases 1, 2, 3a,

and 3b, respectively). The mean particle diameter at the uppermost saltation level influences

the terminal fall velocity and number mixing ratio of the snow particles and therefore the

sedimentation flux at the lower boundary of the suspension parameterization.

In the LES-LSM simulations, the mean particle diameter decreases strongly with height at

around z = 0.15 m, which is in line with measurements and reflects the transition from

saltation to suspension (Gordon and Taylor, 2009). At the same height, the standard deviation

of the particle diameter reaches its maximum and a bi-modal particle size distribution is seen

in the LES-LSM simulations (Fig. C.2b,c). It is likely that the small particles belonging to the

first mode are transported in suspension while the large particles comprising the second mode

are transported in saltation. Therefore, the height of the maximum standard deviation of the

diameter in the LES-LSM data is a suitable estimate for the interface between the saltation

and suspension layers. This estimate of hsal t is 3 to 5 times higher than the outcome of Eq.

2.1 and used in sensitivity tests with the 1D model. If hsal t is situated above the lowest fine

level (z = 0.15 m), the fine mesh begins at the next higher level. Different versions of the

suspension set-up are named Xh-Yd-Zα, where (X, Y, Z) ∈ {L, P} indicate whether the saltation

layer height (here h), the mean particle diameter at the saltation levels (here d), and the shape

parameter of the particle size distribution (α) are based on the LES-LSM data (L) or simple

parameterizations (P).

In saltation parameterizations, the vertically integrated saltation mass flux depends on the

surface friction velocity, which is approximated by the friction velocity of the fluid threshold

or impact threshold, i.e., the minimum value at which saltation is initiated or sustained,

respectively (e.g., Kok et al., 2012). Additionally, the horizontal particle speed in the saltation

layer is typically expressed as a function of the threshold friction velocity (Sect. C.4). In the 1D

model, we set the threshold friction velocity to the surface friction velocity obtained in the
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Chapter 2. Parameterizing Snow Sublimation in Conditions of Drifting and Blowing Snow

LES-LSM simulations instead of estimating it from assumptions on the snow properties. This

setting leads to higher mass and number mixing ratios at hsal t , compared to the LES-LSM

simulations. To understand whether this difference is rather due to the slopes or vertically

integrated values of the profiles of mass mixing ratio, we test two versions of the transport

set-up. The first version uses a complete saltation parameterization based on the prescribed

surface friction velocity and is named u∗0-Transport. The second version prescribes the

vertically integrated mass mixing ratio of drifting snow while parameterizing the slope of

the profile according to Nishimura and Hunt (2000) and is termed Csal t -Transport. For this

version, the integrated mass mixing ratio is estimated from the LES-LSM results by fitting

an exponential profile to the mass mixing ratios between heights of 0.01 and 0.15 m and

integrating the profile from z = 0 to z =∞.

The upper boundary conditions for the mass and number mixing ratios of blowing snow are of

Dirichlet type and defined at z = 11.25 m, corresponding to the model level just above the 1D

domain. These boundary conditions are taken from the LES-LSM output. The initial mixing

ratios of blowing snow are set to zero in the 1D domain. After 40 s or less, the mixing ratios

reach stationary values. In all set-ups with parameterized mixing ratios of drifting and blowing

snow, the vapor and heat fluxes are computed using all improvements listed in Table 2.1 (ABC

option). We analyze the steady-state results obtained at the end of the simulated 100-s period.

2.3 Results and Discussion

2.3.1 Comparison Between Large-Eddy Simulations and Measurements

The LES-LSM simulations aim to represent realistic conditions including plausible fluxes of

snow transport, latent heat, and sensible heat. In all four simulated cases, the wind speed,

temperature, and humidity conditions agree well with the in-situ measurements although

large instrument uncertainties for air temperature and relative humidity complicate the

comparison (Fig. 2.2a–d). In the simulations of Cases 2 and 3, specific humidity changes

monotonically with height whereas in the Case 1 simulation, specific humidity exhibits a

maximum at the first model level above the snow surface (Fig. 2.2c). This maximum is related

to the fact that relative humidity is rather low in Case 1 (RH = 90% at z = 1 m), favoring strong

sublimation of drifting and blowing snow.

Figure 2.2e presents the horizontal mass flux of snow transport in a semi-logarithmic plot.

The nearly straight lines in the lowest 0.2 m of the atmosphere indicate that the mass flux

decreases exponentially with height close to the surface, which is typical for the saltation

layer (Sugiura et al., 1998; Sato et al., 2001; Nishimura and Nemoto, 2005). In Case 1, the

simulation underestimates the measured mass fluxes by a factor of 2.2 and 2.9 at z = 0.1

m and z = 0.15 m, respectively, but the slope of the exponential decrease is similar for the

simulation and SPC measurements. However, this validation of the snow transport flux is

strongly influenced by uncertainties in the sensor height, which is difficult to determine due to
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Figure 2.2: Measured and simulated quantities as a function of height (z) in the lowest 9 m
(a–d) or 0.3 m (e–g) of the atmosphere: (a) Wind speed, (b) temperature, (c) specific humidity,
(d) relative humidity with respect to ice, (e) horizontal snow mass flux, (f) cumulative sensible
heat exchange, (g) cumulative latent heat exchange. We show 10-min averaged measurements
with instrument-specific standard uncertainties (dashed if estimated) for three cases with
snow transport at S17, Antarctica. For the snow mass flux, the uncertainty is not known but
uncertainties of the sensor height are indicated; data of the upper sensor is only presented
for Case 1 due to artifacts in Cases 2 and 3. The LES-LSM simulation data are horizontally
and temporally averaged and characterize a steady state. For comparison, we show simple
estimates of the sensible and latent heat fluxes based on Monin–Obukhov similarity theory
(MOST, dotted lines) using the simulated vertical differences between heights of 0 and 1 m.
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the surface roughness. For Cases 2 and 3, we only show the measurements from the lower SPC

sensor in the figure because the upper SPC sensor measured zero or negligible mass fluxes

for many hours, likely due to an obstructed laser path (Sigmund et al., 2022). In Case 2, the

simulation underestimates the measured mass flux, similarly to Case 1. On the contrary, the

simulations of Cases 3a and 3b overestimate the measured mass flux by a factor of 1.7. This

overestimation can be partly explained by an overestimation of the size of the snow particles

(Fig. C.2). Another reason for the model-measurement mismatch may be an error in the

cohesion energy assumed for surface snow. A lower (moderately higher) cohesion energy is

expected to decrease (increase) significantly the mass flux at the height of the SPC sensors

(Melo et al., 2022).

Figure 2.2f,g illustrate the sensible and latent heat fluxes; the simulated profiles are com-

puted by vertically cumulating the heat or vapor sources associated with snow transport and

beginning with the fluxes at the snow surface. The sensible and latent heat fluxes increase

in absolute magnitude with height in the lowest 0.1 m to 0.2 m of the atmosphere. Above

this layer, the fluxes stay approximately constant with height because the concentration of

blowing snow is very small as indicated by mass fluxes of blowing snow below 50 g m−2 s−1.

The measured sensible and latent heat fluxes included in the figure are obtained from an

eddy-covariance system at z = 1.9 m. In Cases 1, 2, and 3b, the sign of the latent heat flux is

consistent between the measurements and simulations although the magnitude differs with a

ratio of simulated-to-measured latent heat fluxes of 0.4 to 1.3. The simulation of Case 3a yields

a latent heat flux with the opposite sign and a significantly lower magnitude, compared to the

measurements. The same is true for the sensible heat flux in the same simulation. However,

this simulation agrees better with the measured air temperature and specific humidity than

the simulation of Case 3b. The measured sensible heat fluxes are reproduced reasonably well

by the simulations of Cases 1 and 3b but in the other two cases, the sensible heat fluxes differ

clearly in both the sign and absolute magnitude between the measurements and simulations.

In Case 3a, there are three possible explanations for the model-measurement mismatch

with respect to the sign of the latent and sensible heat fluxes. First, the measured vertical

differences of specific humidity and temperature are clearly smaller than the instrument

uncertainties. Therefore, the sign of these vertical differences may be incorrect and the

simulation of Case 3b may be more realistic than that of Case 3a. Second, the simulations

neglect the influence of radiation fluxes on the energy balance of the particles of drifting

and blowing snow, which will cause errors if the radiation balance of the particles differs

significantly from zero. Case 3 represents conditions at around midnight when radiative

cooling can occur, especially for clear-sky conditions. Although the small daily amplitude

of the temperature measurements points to cloudy conditions (Fig. C.1), some influence of

radiative cooling cannot be ruled out. This cooling may be stronger for drifting snow than

the surface and may lead to minima of air temperature and specific humidity in the saltation

layer, potentially reconciling the measured fluxes and vertical differences of temperature and

humidity. Third, the eddy-covariance measurements may be affected by artifacts caused by

blowing snow or non-stationary conditions. However, this explanation is less likely because
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spikes were removed from the high-frequency data and the data quality was good according

to quality control tests including the steady-state test of Foken et al. (2004).

Case 2 describes an afternoon situation, in which solar radiation might dominate the radiation

balance of the particles of drifting and blowing snow. However, if solar radiation was significant

and taken into account in the simulation of Case 2, the latent and sensible heat fluxes would

increase and deviate more strongly from the measurements. Therefore, other factors are

expected to have a stronger impact on the model-measurement comparison in this case. As

demonstrated in Sect. 1.3.2 of Chapter 1, the simulated latent heat flux is sensitive with respect

to the specific humidity gradient prescribed at the upper boundary of the domain. Similarly,

we expect the simulated sensible heat flux to be sensitive with respect to the temperature

gradient at the upper boundary of the domain. By modifying these boundary conditions,

it would be possible to achieve a better model-measurement agreement for the latent and

sensible heat fluxes while the air temperature and humidity would remain in the uncertainty

range of the measurements. Additionally, the accuracy of the latent and sensible heat fluxes

depends on the accuracy of the snow mass flux in the simulations. This effect likely plays a

role in the Case 1 simulation, in which both the snow mass flux and the latent and sensible

heat fluxes are underestimated in absolute magnitude.

Considering the significant uncertainties of the temperature and humidity measurements

and model parameters such as interparticle cohesion of surface snow, the agreement between

the measured and simulated fluxes of latent and sensible heat is reasonable. In the follow-

ing, we consider the LES-LSM model as a realistic reference for validating and improving

parameterizations of sublimation and snow transport. Although this method is associated

with limitations in clear-sky conditions with a significant influence of radiation, it can help to

improve sublimation estimates in cloudy conditions when the radiation balance of the snow

particles is expected to play a minor role.

The LES-LSM simulations can be used to estimate the theory-related error of the Monin–

Obukhov bulk parameterization caused by the assumption of height-constant turbulent fluxes

as demonstrated for Case 1 in Sect. 1.3.3 of Chapter 1. The simulations of Cases 2, 3a, and 3b

provide additional data to assess this error in other conditions. For this purpose, we consider

vertical differences between the surface and z = 1 m in the bulk parameterization. In all four

cases, this parameterization underestimates the total fluxes of latent and sensible heat in

absolute magnitude while overestimating the surface fluxes in absolute magnitude (dotted

lines in Fig. 2.2). However, the mismatch between the bulk parameterization and LES-LSM

simulations is less pronounced in Cases 2, 3a, and 3b than in Case 1 because of higher relative

humidity values and reduced exchanges of latent and sensible heat between drifting/blowing

snow and the atmosphere. In Cases 2, 3a, and 3b, the relative error of the bulk parameterization

amounts, on average, to 45% and 40% for the fluxes of latent and sensible heat, respectively,

while in Case 1, this error amounts to 90% and 57%, respectively. Nevertheless, this analysis

confirms that the Monin–Obukhov bulk parameterization is not suitable for calculating the

latent and sensible heat fluxes in conditions of snow transport. For this purpose, a more
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Figure 2.3: Cumulative latent heat exchange (LE ) as a function of height (z) in the steady state
of the LES-LSM simulations and 1D model set-ups with prescribed mixing ratios of drifting
and blowing snow in (a) Case 1, (b) Case 2, (c) Case 3a, and (d) Case 3b. Point markers are
drawn at the midpoints between model levels to show the total exchange below the respective
height.

sophisticated parameterization approach is necessary.

2.3.2 Performance of the One-Dimensional Model With Prescribed Mixing Ratios
of Drifting and Blowing Snow

In the following, we compare the latent and sensible heat fluxes between the 1D model and

the LES-LSM simulations to identify the most suitable parameterization set-up with respect

to the interactions between humidity, temperature, latent heat exchange and sensible heat

exchange. For this purpose, we assess the importance of a small grid spacing in the saltation

layer (improvement A), prognostic temperature and specific humidity values at the fine and

saltation levels (improvement B), and transient particle temperatures in the lowest 0.3 m of the

atmosphere (improvement C). Figure 2.3 gives an overview of the parameterized steady-state

profiles of the latent heat flux in each of the four simulated cases. Corresponding profiles of

the sensible heat flux are illustrated in Appendix C (Fig. C.8). The primary goal is to reproduce

the total fluxes, that is, to achieve a good agreement with the LES-LSM simulations at the top

of the presented profiles.
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In all four cases, the ÃBC and ABC set-ups of the 1D model perform best while the simplest

set-ups, Ã and A, perform poorly. The AB set-up captures the latent heat flux reasonably well

in Case 1 (Fig. 2.3a) but clearly underestimates the absolute magnitude of the total latent heat

flux in the other cases (Fig. 2.3b–d). The flux contribution of the snow surface is reasonably

well reproduced by all set-ups (lowest point in the figures). However, the flux contribution of

drifting and blowing snow differs substantially among the set-ups of the 1D model. In Case

3b, the snow particles experience vapor deposition according to the ABC and ÃBC set-ups

(latent heat flux decreases with height), which is consistent with the LES-LSM simulation; on

the contrary, the other model set-ups lead to sublimation of drifting and blowing snow (latent

heat flux increases with height). Similarly, the sign of the sensible heat exchange associated

with snow transport differs among the model set-ups in Cases 2 and 3a (Fig. C.8b,c).

In Case 1, the prognostic calculation of temperature and specific humidity at the fine and

saltation levels (AB, ÃBC, and ABC set-ups) presents a clear advantage over the diagnostic

calculation based on the Monin-Obukhov bulk formulae (Ã and A set-ups). The diagnostic

calculation cannot reproduce the non-monotonic profile of specific humidity seen in the

LES-LSM simulation of Case 1 (Fig. C.9b). As the model set-ups with the diagnostic option

underestimate specific humidity close to the surface in this case, they overestimate signifi-

cantly the specific humidity difference between the drifting/blowing snow particles and the

atmosphere, which scales with the associated latent heat exchange. In Cases 2, 3a, and 3b, the

specific humidity and temperature profiles change monotonically with height in the LES-LSM

simulations and they are better approximated by diagnostic profiles, compared to Case 1 (Fig.

C.9). Therefore, the choice between prognostic and diagnostic profiles only slightly influences

the model performance in Cases 2, 3a, and 3b.

In Cases 2, 3a, and 3b, it is crucial to account for transient particle temperatures in order to

capture well the magnitude and sign of the flux contribution from drifting and blowing snow.

The effect of transient particle temperatures is most visible in these cases because relative

humidity is high (> 99% at the saltation levels) and the relative error of the TM formula gen-

erally increases when relative humidity approaches 100% (Sharma et al., 2018). Additionally,

Cases 3a and 3b are associated with a high friction velocity, which further enhances the error

of the TM formula, as demonstrated in the aforementioned study. If the air is almost saturated

with vapor, the specific humidity difference between a drifting/blowing snow particle and

the atmosphere will be small and rather driven by the temperature difference between the

particle and the atmosphere than the relative humidity. According to the TM formula, the

sublimation of drifting and blowing snow and its cooling effect will vanish if relative humidity

approaches 100% and vapor will only be deposited on the particles if relative humidity exceeds

100%. Yet, if the particles are colder than the air because they originate from a relatively cold

snow surface, the saturation specific humidity at the particle temperature can be lower than

the specific humidity of unsaturated air, which implies vapor deposition at relative humidity

values slightly below 100%. This relationship explains why vapor deposition in Case 3b is only

reproduced by the ÃBC and ABC set-ups (Fig. 2.3d).
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The sensible heat exchange between drifting/blowing snow and the atmosphere is driven

by the temperature difference between the particles and the atmosphere. The TM formula

assumes that the thermal energy required for sublimation (released by deposition) is supplied

by (transferred to) the air. Consequently, the air will always be cooled by particles experiencing

sublimation in the Ã, A, and AB set-ups. However, if transient particle temperatures are

taken into account, snow transport can have a net warming effect on the atmosphere despite

sublimation of drifting and blowing snow, as demonstrated by the ÃBC and ABC set-ups

in Cases 2 and 3a (fluxes increase with height in Fig. 2.3b,c and C.8b,c). In these cases,

the particles are on average warmer than the air as they are lifted from a relatively warm

snow surface; sublimation of drifting and blowing snow still requires energy and cools the

particles but they remain warmer than the air. This fact implies that the energy consumed by

sublimation is taken from the heat stored inside the particles, which is supplied by the warm

snow surface.

Theoretically, the ABC set-up is expected to perform better than the other set-ups of the 1D

model as it includes all proposed improvements. However, this set-up slightly underestimates

the total fluxes of latent and sensible heat in absolute magnitude, compared with the LES-

LSM results. In Cases 1 and 2, the ÃBC set-up with one saltation level performs best. In the

ÃBC set-up, a large part of the flux contribution of drifting and blowing snow happens in

the interpolation zone, where the mixing ratios of the particles, air temperature, and specific

humidity are interpolated and therefore more uncertain than in the other grid cells. It is

likely that an overestimation of the mixing ratios of blowing snow in the interpolation zone

compensates for other errors in the ÃBC set-up. We expect three other important error sources

in the ÃBC and ABC set-ups: (a) While the LES-LSM simulations consider individual particles

and instantaneous, turbulent fields of air temperature, humidity, and wind velocity, the 1D

model only considers time-averaged data and assumes that all particles in a grid layer are

exposed to the same temperature and humidity conditions; (b) we assume in the derivation

of the sublimation formula that the temperature difference between the particles and the

atmosphere is small enough to neglect second and higher order terms in a Taylor series (Thorpe

and Mason, 1966); (c) we approximate the temporal change of particle temperature using an

empirical formula. Additionally, small errors in the 1D model may arise from the assumption

of a gamma distribution of the particle diameter, the parameterization of turbulent diffusion

of temperature and humidity, and uncertainties of the temperature and humidity values at

the upper boundary of the 1D domain. These upper boundary conditions are taken from

the LES-LSM output at the middle height of the LES-LSM domain where the temperature

and humidity profiles begin to deviate from the expected logarithmic shape due to boundary

effects at the top of the domain (Sect. 2.2.2).

To summarize the overall performance of the 1D model, we show in Fig. 2.4 the mean absolute

error (MAE) of each set-up with respect to the total latent heat flux (LE ) and total sensible heat

flux (H ), where the four simulated cases are equally weighted. For both fluxes, the lowest MAE

values are achieved by the ÃBC set-up (0.8 W m−2 and 1.8 W m−2 for LE and H , respectively)

while the highest MAE values are associated with the Ã set-up (14.3 W m−2 and 13.6 W m−2 for
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Figure 2.4: Mean absolute error (MAE) of the total latent heat flux (LE ) and total sensible heat
flux (H) for the 1D model set-ups with prescribed mixing ratios of drifting and blowing snow.
The fluxes in the four LES-LSM simulations are considered as true reference values.

LE and H , respectively). The MAE values of the ABC set-up are slightly higher than those of

the ÃBC set-up. Nevertheless, both the ÃBC and ABC set-ups represent suitable candidates

for a future use in large-scale models because it is not guaranteed that the errors of the ÃBC

set-up largely compensate each other in all possible conditions.

It is important to note that the ABC and ÃBC set-ups express the effect of transient particle

temperatures using an empirical formula that is based on a limited training data set. Due

to the large computational effort of the LES-LSM simulations and a cumbersome process of

finding suitable boundary conditions for temperature, humidity, and particle size distribution,

the same data set is used here to evaluate the performance of the 1D model. Therefore, further

work is necessary to validate the empirical formula more rigorously using independent data,

i.e., further LES-LSM simulations covering other temperature, humidity, and wind conditions.

As this study focuses on summertime conditions and the saturation vapor pressure depends

non-linearly on air temperature, it is unclear whether the empirical formula is applicable to

low temperatures and very strong vertical gradients of temperature, which are typical for the

winter season and the Antarctic plateau. Moreover, radiation fluxes and non-spherical shapes

of drifting and blowing snow particles may influence the particle temperatures and these

effects are not taken into account by the LES-LSM simulations and the empirical formula.

Therefore, it remains challenging to realistically represent the effect of transient particle

temperatures for a wide range of conditions.

Furthermore, the 1D model is expected to somewhat overestimate the error of the param-

eterization options because the domain height is small and the temperature and humidity

prescribed at the upper boundary are only appropriate as long as the total latent and sensible

heat fluxes are similar to those in the LES-LSM simulations. For example, if sublimation is

much stronger in the 1D model than in the LES-LSM simulations, the fixed upper boundary

condition will to some degree prevent specific humidity from increasing; as a result, the

self-limiting feedback effect of sublimation will be underestimated.

The representativeness of the investigated cases is difficult to assess because the weather
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conditions vary strongly in space and time. We hypothesize that a non-monotonic profile of

specific humidity, as seen in Case 1, will develop if specific humidity only changes slightly with

height while strong sublimation of drifting and blowing snow is favored by rather low values of

relative humidity, which are related to a temperature increase with height (Fig. 2.2b-d). These

conditions persist for several hours in the initial phase of the snow transport event analyzed

in this study (Fig. C.1b,c). After this phase, specific humidity changes more strongly with

height or the sublimation of drifting and blowing snow is reduced due to saturated conditions.

Although the prognostic calculation of near-surface humidity and temperature may only

benefit the parameterization in the case of a non-monotonic humidity profile, this option is

recommended because sublimation is typically significant in these conditions. The effect of

transient particle temperatures will play a relevant role if relative humidity is close to 100%, as

seen in Cases 2, 3a, and 3b. Although the sublimation rate tends to decrease with increasing

relative humidity, near-saturated conditions can account for a considerable fraction of the

time with snow transport. At the D17 site, East Antarctica, saturation has been observed at

z ≈ 0.4 m for approximately one third of the time with snow transport in the year of 2013

(Amory et al., 2021). Measurements at Halley Station on the Brunt Ice Shelf, Antarctica, in

austral winter also show frequent near-saturated conditions accompanied by snow transport

(Mann et al., 2000). Therefore, the effect of transient particle temperatures may be relevant for

large-scale estimates of sublimation.

2.3.3 The Effect of Parameterized Mixing Ratios of Drifting or Blowing Snow

In the following analysis, we use the method of the ABC set-up, henceforth called ABC_ref, and

parameterize additionally the mixing ratios of drifting or blowing snow in the 1D model. The

goal is to understand differences between the LES-LSM simulations and the 1D model with

respect to snow transport and its effect on the latent heat flux. We first assess the suspension

parameterization while prescribing the mass mixing ratio of drifting snow at the saltation

levels according to the LES-LSM data. Later, we also parameterize the mass mixing ratios at

the saltation levels and the friction velocity to understand additional sensitivities.

The Effect of the Suspension Parameterization

Considering a balance between turbulent diffusion and sedimentation, the mass mixing ratio

for a given particle diameter is expected to follow a power-law profile, qbs ∝ z−γ, where the

exponent γ depends on the particle diameter and friction velocity (e.g., Gordon et al., 2009). As

the mean particle diameter decreases strongly with height in the lowest part of the suspension

layer, γ is expected to be relatively high in the lowest ∼ 0.15 m of the suspension layer and

relatively low at greater heights according to the aforementioned article. This relationship is

visible in the LES-LSM data shown in Fig. C.10 of Appendix C. In the LES-LSM simulations,

both the mass mixing ratio and the mean particle diameter decrease strongly with height

between hsal t and z ≈ 0.3 m and less strongly between z ≈ 0.3 m and z ≈ 5 m (Fig. C.10a,c). At

greater heights, the mass mixing ratio begins again to decrease more strongly with height in
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the LES-LSM simulations, which is likely an artifact related to the upper boundary condition

for the vertical wind component (w = 0), leading to an underestimation of turbulence in the

upper part of the LES-LSM domain. The number mixing ratio derived from the LES-LSM data

exhibits a similar profile as the mass mixing ratio although the number mixing ratio decreases

more slightly with height in the lowest part of the suspension layer due to the changing mean

particle diameter (Fig. C.10b). The mean and standard deviation of the particle diameter in the

LES-LSM simulations decrease strongly with height in the lowest part of the suspension layer

and reach nearly constant values at z > 1 m, which is in line with measurements (Nishimura

and Nemoto, 2005).

In the 1D model, errors can arise from the relatively low vertical resolution, compared to the

LES-LSM simulations. This fact is illustrated with a sensitivity analysis in Appendix C (Sect. C.6,

Fig. C.10). Our results confirm the finding of Vionnet et al. (2014) that a high vertical resolution

is necessary in the lowest part of the suspension layer to avoid a significant overestimation of

the mixing ratios of blowing snow. Therefore, the fine levels of the 1D model are stretched and

the lowest fine level is placed at z = 0.15 m. The current grid spacing of this set-up represents

a reasonable compromise between computational efficiency and accuracy. The same grid

spacing between the fine levels could be used in a typical CRYOWRF simulation without

increasing the number of fine levels. If the sedimentation flux is discretized using central

finite differences (central option), the blowing snow profiles of the LES-LSM simulations are

generally best reproduced by the 1D model. As the central option cannot be applied to the

semi-implicit solver required in the CRYOWRF model (Sect. 2.2.4), the semi-forward option is

used in the remaining analysis. With this option, the 1D model can achieve number mixing

ratios of blowing snow similar to those in the LES-LSM simulations although the mass mixing

ratios are somewhat overestimated.

Figure 2.5 illustrates the effects of hsal t , mean particle diameter at hsal t , and shape parameter

of the size distribution on the suspension parameterization in Cases 1 and 2. Corresponding

plots for Cases 3a and 3b are presented in Appendix C (Fig. C.11). The Lh-Ld-Lα set-up of the

1D model is characterized by the lowest degree of parameterization as it prescribes the above-

mentioned parameters in accordance with the LES-LSM data. If hsal t is parameterized using

Eq. 2.1 as in the CRYOWRF model while the other two parameters are taken from the LES-LSM

data (Ph-Ld-Lα set-up), both the mass mixing ratios and number mixing ratios of blowing

snow are clearly overestimated in the suspension layer, compared to the LES-LSM simulations

and the Lh-Ld-Lα set-up (Figs. 2.5a,b,e,f and C.11a,b,e,f). The clear overestimation is related

to the fact that hsal t is placed at a small height of 0.0375 to 0.0675 m, depending on the friction

velocity of the considered case. As the distance between hsal t and the next higher model

level is larger in the Ph-Ld-Lα set-up than in the Lh-Ld-Lα set-up, the above-mentioned

discretization errors are more critical. Another reason for the overestimation is the fact that

the LES-LSM simulations show an exponential profile of the mixing ratios below z = 0.13 m to

z = 0.2 m while the suspension parameterization can only generate mixing ratios close to a

power-law profile.
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Figure 2.5: The effects of the saltation layer height (hsal t ), mean particle diameter at hsal t , and
shape parameter of the size distribution on snow transport and sublimation in the suspension
set-up of the 1D model in (a–d) Case 1 and (e–h) Case 2: Steady-state (a,e) mass mixing ratio;
(b,f) number mixing ratio; (c,g) mean particle diameter; and (d,h) cumulative latent heat
exchange as a function of height (z) near the surface. For comparison, we include the results of
the LES-LSM simulations and the reference set-up (ABC_ref), which prescribes the properties
of drifting and blowing snow based on the LES-LSM data. The Lh-Ld-Lα set-up prescribes
hsal t as the height with the highest standard deviation of the diameter in the LES-LSM data
(dash-dotted line) while the other set-ups parameterize hsal t (dotted line). The markers
slightly below panels d and h indicate the latent heat exchange at the snow surface.
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These results highlight the need for an accurate parameterization of hsal t , describing the

saltation-suspension interface as a function of the friction velocity and surface snow properties

such as grain size and interparticle cohesion. Yet, this parameterization is currently lacking and

its benefit may be limited if the mixing ratio profile in the saltation layer is poorly represented

in large-scale models. Therefore, we continue using the underestimated value of hsal t and

explore the sensitivity of the 1D model with respect to the mean particle diameter assumed at

the saltation levels. If the mean diameter is assumed to increase linearly from 200 µm at the

lowest saltation level to a relatively high value at hsal t (Ph-Pd-Lα set-up), the representation

of the mixing ratios can be improved in the suspension layer. In Cases 1 and 2, for example,

the mean particle diameter at hsal t needs to be 390 and 250 µm, respectively, to obtain mixing

ratios close to those in the Lh-Ld-Lα set-up (Figs. 2.5a-c,e-g and C.11a-c,e-g). In particular,

the number mixing ratios in the suspension layer are well represented by the Ph-Pd-Lα set-up

because the increased mean particle diameter at hsal t leads to a reduced number mixing

ratio at this height and an increased terminal fall velocity, changing the slope of the mixing

ratio profiles in the suspension layer. If the 1D model additionally assumes a height-constant

shape parameter of α= 3 (Ph-Pd-Pα set-up), the mixing ratios decrease slightly and the mean

particle diameter is less strongly overestimated, at least above z = 0.4 m, compared to the

Ph-Pd-Lα set-up. According to the LES-LSM simulations, the shape parameter increases with

height, at least for z > 0.2 m, and reaches values of approximately 6 to 23 at z = 10 m, which is

in line with the literature (Schmidt, 1982; Nishimura and Nemoto, 2005). Nevertheless, the

assumption of a constant value ofα= 3 seems to be a suitable simplification, rather improving

than compromising the model performance.

In summary, the results reveal a strong sensitivity of the suspension parameterization with

respect to the mean particle diameter at hsal t , reflecting the fact that small particles reach

more easily great heights than large particles due to the lower terminal fall velocity. This

relationship also explains why the LES-LSM simulation of Case 2 yields higher mass mixing

ratios of blowing snow at z > 0.4 m than the simulation of Case 1 despite a lower friction

velocity. In Case 2, a lower mean particle diameter is prescribed at the snow surface and

therefore, a larger number of small particles is available and transported to heights above

0.4 m. This finding indicates that the LES-LSM simulations must accurately represent the

particle size distribution to obtain realistic mixing ratios in the suspension layer that are

representative for the conditions observed in the field. A comparison between measured

and simulated particle size distributions at z = 0.1 m shows that the LES-LSM simulation of

Case 2 reproduces well the measured size distribution while the LES-LSM simulations of the

other cases overestimate on average the particle diameters (Fig. C.2). Therefore, we expect

the LES-LSM-based mixing ratios of blowing snow to be more realistic in Case 2 than in the

other cases. Nevertheless, the LES-LSM simulation of Case 2 seems to underestimate the

mixing ratios of drifting and blowing snow because the simulated mass flux is lower than the

measured one (Fig. 2.2e).

In Case 2, the Ph-Pd-Pα set-up of the 1D model agrees reasonably well with the LES-LSM

simulations if the mean diameter at hsal t is set to 250 µm, which is higher than the value
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used in the CRYOWRF model (200 µm). Taking additionally into account the lower vertical

resolution in a typical CRYOWRF set-up, it is likely that the current CRYOWRF version over-

estimates the mixing ratios of blowing snow, at least in the conditions found at the S17 site.

However, the properties of surface snow and therefore the mean diameter at hsal t are expected

to vary in space and time. Hence, it remains unclear to which extent blowing snow is currently

overrepresented over large areas.

Increased mixing ratios of blowing snow in the suspension layer can substantially influence the

latent heat exchange, which is evident in Cases 1 and 2 (Fig. 2.5d,h). For the Ph-Ld-Lα set-up,

the total latent heat exchange is substantially higher than for the ABC_ref set-up, especially

in Case 1 (32 versus 19 W m−2). Due to high mixing ratios of blowing snow, the Ph-Ld-Lα

set-up suggests that a considerable fraction of the total latent heat exchange happens in the

layer above z = 0.3 m (38% in Case 1), for which the LES-LSM simulations predict a negligible

flux contribution (1.3% in Case 1). The other versions of the suspension set-up yield similar

latent heat fluxes as the ABC_ref set-up because the number mixing ratios of drifting and

blowing snow are in the same order of magnitude for all of these set-ups. The number mixing

ratio influences directly the magnitude of sublimation of drifting and blowing snow while the

mass mixing ratio has a smaller, indirect influence through its effect on the parameterized size

distribution (Eq. C.23 in Appendix C). Therefore, it is sufficient to accurately represent the

number mixing ratio, even if the mass mixing ratio is overestimated by one order of magnitude.

In Cases 3a and 3b, the differences between the set-ups in terms of the mixing ratios of blowing

snow only have a minor impact on the latent heat exchange (Fig. C.11d,h). This fact is largely

explained by the very high relative humidity throughout the 1D domain, limiting the vapor

exchange, especially at model levels above z = 0.3 m where the TM formula is used.

The Effects of Parameterizations of Saltation and Friction Velocity

This section compares the transport and default set-ups of the 1D model with the Ph-Pd-

Pα version of the suspension set-up and the LES-LSM simulations to examine sensitivities

associated with parameterized mass mixing ratios of drifting snow at the saltation levels. The

transport and default set-ups adopt the parameter settings of the Ph-Pd-Pα set-up, including

an underestimated hsal t value. Here, we show vertical profiles for Cases 1 and 2 (Fig. 2.6) while

corresponding profiles for Cases 3a and 3b can be found in Appendix C (Fig. C.12).

The u∗0-Transport set-up results in a higher mass mixing ratio of drifting snow at hsal t , com-

pared to the LES-LSM simulations (Figs. 2.6a,d and C.12a,d). The increased mass mixing

ratio at hsal t is related to the fact that (a) the vertically integrated mass mixing ratio of drifting

snow is higher and (b) the mass mixing ratio decreases more slowly with height, compared

to the LES-LSM simulations. Due to the lack of measurements in the lowest few centimeters

of the atmosphere, it is difficult to assess whether the LES-LSM simulations or the 1D model

represent more accurately the vertically integrated mass mixing ratio of drifting snow at the

field site. On one hand, we have more confidence in the LES-LSM simulations because they

describe the saltation process in much more detail, compared to the 1D model. On the other
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Figure 2.6: The effects of the saltation parameterization and an estimated friction velocity on
snow transport and sublimation in the 1D model in (a–c) Case 1 and (d–f) Case 2: Steady-state
(a,d) mass mixing ratio, (b,e) number mixing ratio, and (c,f) cumulative latent heat exchange as
a function of height (z) close to the surface. For comparison, we show results of the suspension
set-up (Ph-Pd-Pα), reference set-up (ABC_ref), and LES-LSM simulations. For the default
set-up, the saltation layer height is slightly higher (dash-dotted line) than for the other set-ups
(dotted line) due to a higher friction velocity. The markers slightly below panels c and f indicate
the latent heat exchange at the snow surface.
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hand, some parameters of the LES-LSM simulations such as the cohesion energy of surface

snow are difficult to verify and the comparison with the SPC measurements at z = 0.1 m and

z = 0.15 m points to an underestimation of the snow mass flux, at least in Cases 1 and 2 (Fig.

2.2e). Regarding the slope of the mixing ratio profile in the saltation layer, the difference

between the LES-LSM simulations and the transport set-up is at least partly explained by the

unrealistic assumption of the transport set-up that the horizontal particle speed is constant

with height throughout the saltation layer. If the parameterization assumed the particle speed

to increase with height, the mixing ratio would decrease more strongly with height for a given

mass flux profile.

The saltation parameterization provides the lower boundary condition for the suspension

parameterization. Therefore, the u∗0-Transport set-up yields higher mixing ratios in the

suspension layer with a stronger contribution to the total latent heat fluxes, compared to the

Ph-Pd-Pα set-up. In Case 2, for example, these effects lead to a total latent heat flux of 29 W

m−2 in the u∗0-Transport set-up while the Ph-Pd-Pα set-up only yields a flux of 21 W m−2.

If the vertically integrated mass mixing ratio of drifting snow is prescribed according to the

LES-LSM results (Csal t -Transport set-up), the mixing ratios at hsal t and higher levels are

almost identical to those for the Ph-Pd-Pα set-up although the slope of the mixing ratio

profiles differs at the saltation levels. The difference in this slope affects the abundance and

sublimation of drifting snow at the lowest saltation level but has a small impact on the total

latent heat exchange because the reduced latent heat exchange at the lowest saltation level is

partly compensated by a feedback effect on the surface flux (lowest point in Fig. 2.6c,f and

C.12c,f). This finding suggests that the vertically integrated mass mixing ratio of drifting snow

is a crucial quantity in the parameterization. On the contrary, the shape of the exponential

profile of the mass mixing ratio in the saltation layer is less critical as long as hsal t is rather low

and close to the height where exponential profiles with different shapes intersect.

Another relevant quantity is the friction velocity, which is directly imposed in the set-ups of the

1D model discussed so far to guarantee that the wind conditions are comparable to the LES-

LSM simulations. In the default set-up, however, the friction velocity is estimated, considering

a prescribed wind speed. Apart from that, the default set-up uses the same parameter settings

as the u∗0-Transport set-up. The assumption of a high roughness length of 0.002 m leads to an

overestimation of the friction velocity in the default set-up, causing a slightly higher hsal t value,

a higher value of the vertically integrated mass mixing ratio of drifting snow, and a slightly

different slope of the mixing ratio profiles, compared to the u∗0-Transport set-up. These

differences contribute to an increased total latent heat flux in the default set-up, amounting

to 38 W m−2 in Case 2. Not only the sublimation of drifting and blowing snow but also the

surface sublimation is overestimated in absolute magnitude by the default set-up because

the thermal and humidity roughness lengths are higher than in the LES-LSM simulations and

the u∗0-Transport set-up. The strong latent heat flux in the default set-up is to some degree

exaggerated because the specific humidity and temperature at the upper boundary cannot

react to the increased flux.

60



2.4 Conclusions

2.4 Conclusions

In this study, latent and sensible heat fluxes were simulated in conditions of snow transport

observed at the S17 site, Antarctica. The main goal was to use insights from detailed LES-

LSM simulations to propose and assess improvements in the parameterization approach

employed by large-scale models, especially the CRYOWRF and Meso-NH/Crocus models. Four

LES-LSM simulations were performed and the simulated steady states were found to agree

reasonably well with the measurements in terms of the snow mass flux, latent heat lux, and

sensible heat flux; yet, some discrepancy was visible, likely due to large uncertainties of the

measured air temperature and humidity, uncertain model parameters such as the interparticle

cohesion and size distribution of surface snow, and the neglect of radiation fluxes in the

simulations. The LES-LSM-based fluxes of latent and sensible heat were dominated by the

contribution of drifting and blowing snow in the lowest 0.2 m of the atmosphere while the

contribution at greater heights was limited by low mixing ratios of blowing snow. Hence,

parameterizations should account for the sublimation of drifting snow in the saltation layer.

As demonstrated with a simple 1D model, the parameterization approach of the CRYOWRF

model can be modified such that it agrees well with the LES-LSM simulations, at least if the

mixing ratios of drifting and blowing snow are known. To obtain realistic results in various

humidity and temperature conditions, the parameterization should (a) consider at least

one model level in the saltation layer, (b) compute specific humidity and air temperature

prognostically at all model levels to take into account the local feedback effects associated

with snow transport, and (c) account for transient particle temperatures in the lowest 0.3

m of the atmosphere by applying a modified version of the formula of Thorpe and Mason

(1966). Recommendations a and b are expected to improve large-scale simulations even in

weather conditions that are not covered in this study. Recommendation c, however, requires

an empirical expression of the temporal change of particle temperature, which is based on the

LES-LSM results for a limited range of temperature conditions, friction velocities, and relative

humidity values in summer. Regarding relative humidity, the training data set covers the most

relevant range of values because the effect of transient particle temperatures on sublimation

is most important in near-saturated conditions. However, additional LES-LSM simulations

with lower air temperatures are needed to assess whether the empirical expression can be

generalized and applied to colder conditions. Apart from that, it remains unclear to which

extent the radiation balance of drifting and blowing snow influences the particle temperatures

and sublimation rate. This effect could be studied in the future by implementing a radiation

scheme in the LES-LSM simulations. Furthermore, the parameterization of the mixing ratios

of drifting and blowing snow remains challenging. We strongly recommend to use stretched

grid levels with a high vertical resolution in the lowest part of the suspension layer to avoid a

significant overestimation of the mixing ratios of blowing snow due to discretization errors. Our

analysis also reveals shortcomings in current parameterizations of snow saltation, affecting

the abundance of blowing snow in the suspension layer and its contribution to the latent and

sensible heat fluxes. Major improvements in this regard would be achieved if the saltation

layer height and the exponential profile of the mass mixing ratio in the saltation layer were
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parameterized more realistically, taking into account the properties of the surface snow. As

long as these improvements are lacking, it is advisable to assume an increased mean particle

diameter (e.g., 250 µm instead of 200 µm in the CRYOWRF model) at the top of the saltation

layer; this modification will reduce the abundance of blowing snow, counteracting the effects

of an underestimated height of the saltation layer and discretization errors. Furthermore,

the parameterized snow transport is sensitive with respect to the roughness length, which

is difficult to estimate for large areas. In large-scale models, it remains to be tested whether

the lowest grid level of the snow transport scheme can be placed very close to the surface

(z = 0.0075 m) because the increased vertical resolution may require a reduced time step to

achieve numerical stability. Moreover, it is still unclear whether the improvements of large-

scale models proposed in this study will increase or decrease the annual sublimation over

the Antarctic Ice Sheet. On one hand, the improvements are expected to reduce the particle

mixing ratios in the suspension layer and therefore the sublimation of blowing snow. On

the other hand, the improvements favor a stronger contribution of the saltation layer to the

moisture exchange, compared to current large-scale models; the saltation layer sometimes

experiences net sublimation and at other times net vapor deposition, depending mainly on

the undersaturation and the vertical gradient of air temperature. Future simulations with

an improved snow transport scheme will shed light on potential implications for large-scale

estimates of the surface mass balance in polar regions.

Open Research

The measurement data is stored in the EnviDat repository at https://www.doi.org/10.16904/

envidat.237 (Sigmund et al., 2021). The Fortran code of the LES-LSM simulations is main-

tained in the institutional GitLab repository at https://gitlabext.wsl.ch/atmospheric-models/

les-lsm(.) The exact code of the LES-LSM simulations used in this study, the post-processed

output of the LES-LSM simulations and 1D model, the R code of the 1D model, and the R

code used to post-process and visualize the model results will be published in the EnviDat

repository after acceptance.
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3 A Case Study on Drivers of the Iso-
topic Composition of Water Vapor at
the Coast of East Antarctica

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

Sigmund, A., Chaar, R., Ebner, P. P., and Lehning, M.: A case study on drivers of the isotopic

composition of water vapor at the coast of East Antarctica, Journal of Geophysical Research:

Earth Surface, 128, e2023JF007062, https://doi.org/10.1029/2023JF007062, 2023,

under the CC BY 4.0 license available at https://creativecommons.org/licenses/by/4.0/(.) AS

and RC contributed equally to the work presented in this chapter. AS improved significantly

the model originally developed by RC. AS changed the focus of the analysis and rewrote

the original version of the article, which had mainly been designed by RC. AS performed all

revisions requested by the reviewers of the rewritten article.

Key Points

• Direct air mass advection from the ice sheet leads to strongly depleted vapor isotopic

compositions at a ship close to the Mertz glacier.

• Both isotopic distillation due to cloud formation and sublimation of surface snow drive

the vapor isotopic composition over the ice sheet.

• Ocean evaporation can quickly overwrite the isotopic signature of air masses shortly

before arrival at the ship.

Abstract

Stable water isotopes (SWIs) contain valuable information on the past climate and phase

changes in the hydrologic cycle. Recently, vapor measurements in the polar regions have

provided new insights into the effects of snow-related and atmospheric processes on SWIs.

The purpose of this study is to elucidate the drivers of the particularly depleted vapor iso-

topic composition measured on a ship close to the East Antarctic coast during the Antarctic
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Circumnavigation Expedition in 2017. Reanalysis data and backward trajectories are used

to model the isotopic composition of air parcels arriving in the atmospheric boundary layer

(ABL) above the ship. A simple model is developed to account for moisture exchanges with

the snow surface. The model generally reproduces the observed trend with strongly depleted

vapor δ18O values in the middle of the 6-day study period. This depletion is caused by direct

air mass advection from the ice sheet where the vapor is more depleted in heavy SWIs due

to distillation during cloud formation. The time spent by the air masses in the marine ABL

shortly before arrival at the ship is crucial as ocean evaporation typically leads to an abrupt

change in the isotopic signature. Snow sublimation is another important driver when the

isotopic composition of the sublimation flux differs substantially from that of the advected

air mass, e.g., marine air arriving at the coast or free-tropospheric air descending from high

altitudes. Despite strong simplifications, our model is a useful and computationally efficient

method for understanding SWI dynamics at polar sites.

Plain Language Summary

Stable water isotopes are useful to reconstruct historical temperature conditions from ice

cores. This method is possible because phase changes of water alter the isotopic composition.

For example, if an air mass cools down, forms clouds, and produces rain or snowfall, the water

vapor preferentially loses heavy water molecules. This study aims to explain a remarkable

vapor isotopic signal measured on a ship close to the East Antarctic coast during six days

in 2017. We model the isotopic composition of air parcels along their pathways to the ship

and develop a novel approach to represent moisture exchange with the snow surface. The

modeled vapor isotopic composition at the ship reaches a distinct minimum, similar to the

measurements, when the air parcels move directly from the ice sheet to the ship. As expected,

the vapor isotopic composition is lower over the ice sheet than over the ocean, largely due to

cloud formation. However, moisture uptake from the snow surface and from the ocean shortly

before arrival at the ship can strongly and abruptly influence the isotopic signature of the air

masses. Although our model is not perfect, it helps to improve the interpretation of isotope

measurements at polar sites.

3.1 Introduction

Stable water isotopes (SWIs) are widely used as both tracers in the global hydrologic cycle

(Koeniger et al., 2010; Elliot, 2014) and as climate proxies in ice cores (Lorius et al., 1979;

Grootes et al., 1994; EPICA community members, 2004). The isotopic composition (δ18O

or δD) describes the abundance of a heavy water isotopologue (H2
18O or HD16O) in a water

sample, in relation to a standard as defined in Sect. D.1 of Appendix D. The heavy isotopologues

contain stronger molecular bonds than the light isotopologue, H2
16O, which leads to slight

differences in the saturation vapor pressure of the isotopologues (e.g., Matsuo and Matsubaya,

1969; Jancso et al., 1970). Therefore, the solid phase is generally more enriched in SWIs than
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the liquid phase and, to a stronger degree, than the vapor phase. This effect is known as

equilibrium fractionation. Phase changes in natural conditions such as ocean evaporation

can additionally be associated with kinetic fractionation, resulting from the fact that the heavy

isotopologues have lower molecular diffusivities in air than the light isotopologue (e.g., Jouzel

and Merlivat, 1984). Kinetic fractionation will play a relevant role if the phase change occurs

at a fast rate. This will be the case if a strong vertical humidity gradient enhances ocean

evaporation, which is typical in the cold sector of extratropical cyclones (Thurnherr et al.,

2021).

The isotopic compositions of water vapor and snow are affected by several processes, starting

from ocean evaporation in the moisture source region (Craig and Gordon, 1965; Merlivat and

Jouzel, 1979), transport processes in the atmosphere (Helsen et al., 2006), cloud formation

and precipitation (Jouzel and Merlivat, 1984; Ciais and Jouzel, 1994), and postdepositional

processes at and below the snow surface (Cuffey and Steig, 1998; Johnsen et al., 2001; Jouzel

et al., 2003; Krinner and Werner, 2003; Helsen et al., 2005, 2007). When an air mass experiences

more and more cloud formation, the fractionation effects give rise to isotopic distillation of

atmospheric vapor. As a result, snowfall and surface snow on the Antarctic Ice Sheet generally

become more depleted in heavy SWIs with increasing distance from the coast and elevation

(Masson-Delmotte et al., 2008).

Isotopic fractionation also plays an important role in phase changes at the Earth’s surface.

These phase changes influence air masses transported in the atmospheric boundary layer

(ABL) as this layer is typically well mixed by turbulence and thus affected by surface-atmosphere

interactions. While the fractionation effects are well understood in the case of ocean evapo-

ration, they are subject of current research in the case of snow sublimation. Traditionally, it

was assumed that sublimation occurs layer by layer without fractionation (Friedman et al.,

1991; Neumann and Waddington, 2004; Town et al., 2008). More precisely, it was argued that

self-diffusion in ice is slow enough such that the snow layer affected by sublimation would

transform completely into vapor before being mixed with the snow layer underneath. Con-

sequently, the average isotopic composition of the sublimation flux would equal the initial

isotopic composition of the sublimating snow layer. However, recent experimental studies

found evidence of fractionation during sublimation. For example, Hughes et al. (2021) sam-

pled near-surface vapor and snow in northeast Greenland with a high temporal resolution

on clear-sky summer days and compared the isotope dynamics with sublimation measure-

ments. These observations demonstrated that alternating periods of sublimation and vapor

deposition can lead to clear diurnal cycles in the vapor isotopic composition, which are con-

sistent with changes in the snow isotopic composition. Similar diurnal cycles in the vapor

isotopic composition were reported for Dome C on the Antarctic plateau and explained by

local sublimation and vapor deposition (Casado et al., 2016). These findings are supported by

controlled experiments in cold laboratories, showing that snow-vapor exchange at the surface

and in the pore space alters the isotopic compositions of snow and vapor (e.g., Sokratov and

Golubev, 2009; Ebner et al., 2017). Equilibrium fractionation explains a large part of these

SWI dynamics although the measurements indicate some influence of kinetic fractionation
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(Casado et al., 2016; Hughes et al., 2021; Wahl et al., 2021).

The influence of kinetic fractionation is often assessed using deuterium excess, also called

d-excess and defined as δD−8δ18O (Dansgaard, 1964). This definition is motivated by the fact

that most precipitation samples from across the world lie, on average, on a line with a slope of

8 in the δD-δ18O diagram, which agrees approximately with the classic Rayleigh distillation

model for an air mass cooling from 20 ◦C to −20 ◦C with an initial vapor isotopic composition

in equilibrium with ocean water. This model describes condensation assuming equilibrium

fractionation and an immediate removal of the liquid or solid water phase. While kinetic

fractionation changes the d-excess value, equilibrium fractionation is generally expected to

have a negligible effect on this value. However, Dansgaard (1964) notes that the δD-δ18O

relationship for a specific precipitation event depends on several parameters, including the

initial vapor isotopic composition, initial temperature, and condensation temperature. These

dependencies imply that equilibrium fractionation can influence d-excess in certain condi-

tions. For example, the classic Rayleigh distillation model predicts the d-excess of snowfall

to increase significantly when reaching very low temperatures and very depleted isotopic

compositions, which are typical for the Antarctic plateau (e.g., Touzeau et al., 2016; Dütsch

et al., 2017).

The isotopic composition of atmospheric vapor observed at a specific polar site is influenced

by weather changes on different time scales. At Thule Air Base, coastal northwest Greenland,

Akers et al. (2020) observed a strong seasonal cycle in vapor isotopic composition controlled

by shifts in sea-ice extent, which define the distance to marine moisture sources. Synoptic

weather events led to variations over multiple days, superimposed on the seasonal cycle. At

Syowa station, coastal East Antarctica, Kurita et al. (2016a) also found a strong influence of

synoptic weather systems, causing advection of marine or glacial air masses with distinct

isotopic signatures. At other coastal polar sites, shifts between these air masses manifest them-

selves in pronounced diurnal cycles in the vapor isotopic composition, at least in summertime

high-pressure periods. An example is Dumont d’Urville, coastal East Antarctica, where strong

katabatic winds advect dry air with strongly depleted δ18O values from the interior of the ice

sheet during the coldest hours of the day (Bréant et al., 2019). Similar diurnal cycles can be

observed at Kangerlussuaq, southwest Greenland, where an ice-free strip of land alternatingly

experiences katabatic winds and a see breeze (Kopec et al., 2014).

Apart from measurements, models are an important tool for understanding the dynamics of

SWIs in the atmosphere and the driving processes. There are two modeling approaches: (1)

Lagrangian models which simulate moist processes and isotopic fractionation along air parcel

trajectories (Jouzel and Merlivat, 1984; Ciais and Jouzel, 1994; Helsen et al., 2006; Sinclair

et al., 2011; Christner et al., 2017); and (2) Eulerian models, such as general circulation models

(GCMs), which consider the temporal change on a fixed three-dimensional grid (e.g., Jous-

saume et al., 1984; Pfahl et al., 2012). Eulerian models provide a more accurate representation

of the spatial variability of the isotopic composition of water vapor across the hydrologic

cycle by accounting for the mixing of air masses of different origins and the highly variable
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pathways water vapor may take between evaporation and condensation. For example, GCMs

are able to satisfactorily reproduce the global and seasonal variations in the isotopic compo-

sition of precipitation (Noone and Sturm, 2010; Hoffmann et al., 2000). However, it is more

difficult to discern the effect of individual processes on isotopic variability using Eulerian

models as these processes can be isolated less easily, compared to the computationally more

efficient Lagrangian models (Dütsch et al., 2018). Thurnherr et al. (2021) used a combina-

tion of both approaches to better understand vapor isotopic measurements along the ship

route of the Antarctic Circumnavigation Expedition (ACE). The output of the Eulerian model

COSMOiso was analyzed along backward trajectories starting at the position of the ship. This

method demonstrated that the cold and warm sectors of extratropical cyclones, associated

with evaporation and dew formation, respectively, were important drivers of the vapor isotopic

composition over the open ocean.

The ACE campaign also provided insights into meridional SWI variations in the atmospheric

boundary layer (ABL) of the Atlantic and the Southern Ocean (Thurnherr et al., 2020b). From

November 2016 to April 2017, continuous SWI time series were recorded on the ship as it

traveled from Germany via South Africa to Antarctica and back. The vapor was generally

more depleted in heavy SWIs with distance from the tropics, reflecting average patterns in

temperature and specific humidity and their influence on the fractionation processes.

In the present study, we develop a Lagrangian model to explain the vapor isotopic signal

of a specific event during the ACE campaign. We investigate in detail a 6-day period in

January 2017, in which the ship stayed close to the Mertz glacier, East Antarctica, and the

values of vapor δ18O reached a pronounced minimum. The objectives are to (i) reproduce

the δ18O values of water vapor observed at the Mertz glacier using a Lagrangian model with

simple isotope dynamics and (ii) better understand the influences of air mass origin and

isotopic fractionation during moisture exchange with the Earth’s surface and during cloud

formation. Our model accounts for equilibrium fractionation but neglects kinetic effects

during all phase changes apart from ocean evaporation. As some other models still neglect

isotopic fractionation during snow sublimation, we analyze how sensitive the modeled vapor

δ18O is with respect to the assumptions that snow sublimation is or is not associated with

equilibrium fractionation. Although our model represents some processes less accurately than

the COSMOiso-based modeling framework of Thurnherr et al. (2021), we are able to directly

distinguish the effects of individual processes with a lower computational effort. The main

novelty of our isotope model is the fact that the isotopic composition of sublimating surface

snow is computed by accounting for the history of snowfall and surface-atmosphere exchange.

This computation represents the first modeling step, which is performed in an Eulerian frame

of reference, considering a multi-layer snowpack. The last aspect is an advantage over the

COSMOiso model, which treats the snowpack as a single homogeneous layer. As sublimation

and vapor deposition affect primarily the uppermost few centimeters of the snowpack and

sustained sublimation may uncover deeper snow layers, a realistic description of the isotopic

composition of snow may require the approach of a multi-layer snowpack.
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3.2 Data and Methods

3.2.1 Water Vapor Measurements at the Mertz Glacier

The ACE expedition involved many research projects in multiple disciplines such as atmo-

spheric chemistry and physics (e.g., Schmale et al., 2019) and oceanography (e.g., Sieber et al.,

2019). The vapor isotopic measurements were performed on the ship at heights of approxi-

mately 8 m and 13.5 m a.s.l. using PICARRO cavity ring-down laser spectrometers with a high

temporal resolution of 1 s (Thurnherr et al., 2020b). Most of the time, the isotopic composition

was slightly more depleted at the upper height, compared with the lower height, and a strong

correlation was found between both heights. We follow the aforementioned authors and focus

on the measurements at the upper height, which are less influenced by sea spray. More details

and an overview of the measured time series can be found in the aforementioned article.

The ship track around Antarctica can be divided into three legs (Fig. 3.1). Here, we focus

on a small section of leg 2 in the proximity of the outlet of the Mertz glacier, East Antarctica,

corresponding to the 6-day period from 27 January to 1 February 2017. This period includes

two consecutive days with exceptionally depleted values of δ18O and δD, compared with the

remaining time series. The event coincided with low values of specific humidity and high

values of d-excess (Fig. 5 in Thurnherr et al., 2020b), typical of continental Antarctic interior

air masses (e.g., Bréant et al., 2019).

Figure 3.1: Map showing the three legs of the ship track (solid lines) of the Antarctic Circum-
navigation Expedition (ACE), average sea-ice cover (blue colors) in the period from 17 January
2017 to 1 February 2017, initial locations of the modeled air parcels (dots), and location of
Dome C (yellow cross). The red rectangle highlights the ship track in the study period (close to
the Mertz glacier).
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3.2.2 Modeling Approach

We developed a model, which considers the most common three SWIs (H2
16O, H2

18O, HD16O).

The model consists of two parts: (i) Model Sublimation uses an Eulerian frame of reference to

compute the isotopic composition of surface snow, which determines that of the sublimation

flux; (ii) Model Air Parcel uses a Lagrangian frame of reference to quantify the vapor isotopic

composition along air parcel trajectories, considering vapor exchange with the snow or ocean

surface and vapor removal due to cloud formation (Fig. 3.2). First, Model Sublimation is

run with a spin-up period of approximately six months to allow for the development of

realistic snow isotopic compositions. Subsequently, the output of Model Sublimation is

used in Model Air Parcel when the air parcel takes up water vapor from the snow surface,

that is, when the parcel is located in the ABL and the snow is sublimating. For the phase

changes of sublimation, vapor deposition, and condensation, we only consider equilibrium

fractionation as a first-order approximation and use temperature-dependent formulas for the

fractionation factors from Merlivat and Nief (1967), Majoube (1970), and Majoube (1971). To

evaluate the importance of fractionation during sublimation, we compare two simulations,

which assume that snow sublimation is associated with equilibrium fractionation (Run E)

or not associated with any fractionation (Run N). In both simulations, kinetic fractionation

is only taken into account in the process of ocean evaporation by applying the widely-used

Craig-Gordon formula in its original form (Craig and Gordon, 1965; Horita et al., 2008).

The next sections explain the input data and main characteristics of the two model parts while

further methodological details and equations can be found in Sect. D.1 to D.3 of Appendix D.

Important model constants and parameters are listed in Table D.1. For brevity, we refer to the

surface water vapor flux as the surface flux from here on. All time information in this paper is

given in UTC time while local time at the outlet of the Mertz glacier corresponds to UTC+10 h.

Input Data

The model uses ERA5 reanalysis data produced by the European Centre for Medium-Range

Weather Forecasts (ECMWF) with spatial and temporal resolutions of 0.25◦×0.25◦ and 1 h,

respectively (Hersbach et al., 2018). The following variables were retrieved: land-sea mask,

mean evaporation rate, air temperature and dew point temperature at 2 m height, surface

temperature, atmospheric pressure, snowfall rate, and sea-ice cover. The mean evaporation

rate characterizes both ocean evaporation and snow sublimation and is based on the common

Monin–Obukhov bulk parameterization, assuming constant roughness lengths on the ice

sheet (z0m = 0.0013 m, z0T = z0q = 0.00013 m) and dynamic roughness lengths for the ocean

depending on a wave model (ECMWF, 2016). In addition to the snow surface, drifting and

blowing snow particles contribute to the sublimation flux (Chapters 1 and 2) and consequently

they may change their isotopic composition. However, drifting and blowing snow is not

represented in the ERA5 reanalysis and there is little knowledge about isotopic effects of this

process. In the main analysis, we use data for latitudes south of 30◦ S from July 2016 to February

2017. The first six months serve as a spin-up period to reduce uncertainties arising from the
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Figure 3.2: Schematic illustration of the modeling approach. The net accumulation of snow
mass in one time step (∆t ), denoted by ∆m, may be positive or negative.

initialization of the snow isotopic composition. For purposes of validation, we compare results

of Model Sublimation with isotope measurements at Dome C, East Antarctica, published by

Casado et al. (2016, 2018). To this end, ERA5 data for the grid cell including Dome C (75◦ S,

123.25◦ E) and the period from January 2013 to January 2016 are used.

Model Air Parcel additionally assimilates 10-day backward air parcel trajectories taken from

Thurnherr et al. (2020c). These trajectories were calculated with the Lagrangian analysis tool

LAGRANTO (Wernli and Davies, 1997; Sprenger and Wernli, 2015) using the 3D-wind fields

from the ECMWF operational analyses. Every hour, a set of trajectories was launched from

up to 56 vertical levels between 0 and 500 hPa above sea level along the ACE cruise track. For

each trajectory, the time step was 3 h. In this study, the following variables were extracted for

trajectories arriving in the ABL above the ship in the period from 27 January to 1 February 2017:

air pressure at heights of the air parcel and the ABL, specific humidity, and air temperature.

Model Sublimation

The isotopic composition of the sublimation flux depends on that of the surface snow (e.g.,

Wahl et al., 2021). The latter is initialized with typical values for snowfall depending on the

temperature and then computed prognostically. The effects of snowfall, sublimation, and

vapor deposition on the snow isotopic composition are simulated with time in each grid cell,

which is considered as snow-covered land (land fraction > 50% and latitude south of 60◦ S).

Model Sublimation uses a time step of 1 h and simulates the period from 1 July 2016 to 1

February 2017 in the main analysis.
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The snowfall δ18O is parameterized as a linear function of the daily running mean air temper-

ature because in the literature, this relationship is derived from daily mean values. We apply

the same linear function to snowfall over the whole Antarctic continent although different

δ18O-temperature slopes have been measured at different sites. In our baseline simulation,

the function for snowfall δ18O is taken from Stenni et al. (2016) and characterized by an in-

termediate slope of 0.45‰ K−1. Sensitivity tests are performed using functions from Landais

et al. (2012) and Fujita and Abe (2006) with low and high slopes of 0.35‰ K−1 and 0.78‰ K−1,

respectively (Sect. D.2, D.4, and D.5 of Appendix D). The δD value of snowfall is always derived

using the δD-δ18O relationship of Masson-Delmotte et al. (2008) based on mean isotopic

compositions of snow, firn, or ice at many Antarctic sites (Eq. D.10).

The snowpack is modeled as a series of 100 layers, each with the same thickness and a constant

density of 350 kg m−3. This density does not account for the natural spatiotemporal variability

but represents a typical average value for the uppermost tens of centimeters of the snowpack

(e.g., Wever et al., 2022). For the location of Dome C, we tested three values for the snow layer

thickness (0.1 cm, 1 cm, and 2 cm) and compared the surface snow δ18O with measurements of

Casado et al. (2018). A thickness of 1 cm led to a good agreement and was therefore selected for

the remaining analysis (Sect. D.4 and Fig. D.1 of Appendix D). We assume that the snowpack

always exists on the Antarctic Ice Sheet, that is, in grid cells south of 60◦ S with a land fraction

greater than 50%. If the snowfall and surface fluxes add or remove snow mass at the surface,

a simple mixing mechanism will guarantee that the thickness and mass of the snow layers

remain constant. More precisely, a part of each layer is mixed with an adjacent layer to

compensate for the mass gain or loss at the surface (Fig. 3.2). We neglect changes in snow

density and assume that snow added by snowfall or vapor deposition has the same density

as the snowpack. The mixing mechanism is a vastly simplified version of a realistic vapor

transport mechanism (Jafari et al., 2020). In reality, the interplay between ventilation, isotope

diffusion within the snowpack, and recrystallization can cause a continuous replacement of

the interstitial water vapor in the surface snow layer. However, it is still an open question how

the combination of these processes can quantitatively change the isotopic compositions of

snow and water vapor in the ABL. Therefore, our model is based on the following assumptions:

(1) no isotope diffusion within the snow layers; (2) no impact of snow metamorphism on

the isotopic profile; (3) fractionation only at the uppermost snow layer because of its direct

contact with the atmosphere; and (4) no ventilation within the snow layer.

The deposition flux forms surface hoar with an isotopic composition that depends on the

isotopic composition of the atmospheric vapor. Model Sublimation estimates the isotopic

composition of the atmospheric vapor as the mean of two hypothetical values, describing two

idealized situations. In the first situation, the vapor is formed by local snow sublimation and

thus characterized by the isotopic composition of the sublimation flux, which differs between

Runs E and N. In the second situation, the vapor originates from a non-local source region

and has undergone isotopic distillation. This effect is expressed by assuming the vapor to be

in isotopic equilibrium with snowfall. We apply this parametrization regardless of whether

snowfall occurs at the location and time of interest or not. The snowfall isotopic composition
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is estimated as a simple function of the daily running mean air temperature, as described

above.

The highly parametrized estimate of the vapor isotopic composition is only used to compute

the effect of a limited amount of vapor deposition in Model Sublimation and to initialize

some air parcels in Model Air Parcel. In reality, however, the relative importance of local and

non-local vapor origins is expected to vary depending on the weather conditions. Locally

sourced vapor is typically abundant in clear-sky conditions in austral summer because solar

radiation enhances sublimation by heating the snow surface. On the contrary, surface cooling

in austral winter or in the coldest hours of the day can cause vapor deposition although the

intensity of this flux is generally lower than that of the sublimation flux. Additionally, marine

air intrusions in coastal areas can lead to events of vapor deposition as warm and moist air is

cooled by the snow surface. Nevertheless, vapor deposition at the snow surface plays a limited

role in our main analysis because the total mass removed from all modeled air parcels due

to vapor deposition is 46 times lower than the total mass taken up by all parcels due to snow

sublimation. On the contrary, vapor deposition is relevant in a validation and sensitivity study

with Model Sublimation at Dome C (Sect. D.4 in Appendix D). This site is located in the interior

of the Antarctic Ice Sheet where the particularly cold atmosphere can only take up a small

amount of water vapor, limiting sublimation and increasing the relative importance of vapor

deposition. The ERA5 data suggests that vapor deposition outweighs sublimation at Dome C

with a net surface flux of 2.7 kg m−2 yr−1 in the years of 2013 to 2015. Figure D.2b shows that,

if using Run E, the highly parametrized estimate for vapor δ18O reproduces the mean value

measured by Casado et al. (2016) at Dome C in a 24-d period in austral summer 2014/2015

(mean bias error of −0.2‰) although the temporal variability is strongly underestimated. This

comparison suggests that Run E uses a reasonable first-order approximation of the vapor

isotopic composition with uncertainties of a few ‰ for δ18O. On the contrary, Run N leads to

vapor δ18O values, which are clearly more enriched than the measurements (mean bias error

of 10.8‰).

Model Air Parcel

We consider air parcels with a constant volume of 1×1×1 m3, travelling along the trajectories

that are located in the ABL when reaching the position of the ship. This criterion is met if the

air pressure is higher at the location of the trajectory than at the top of the boundary layer.

The pressure at the top of the ABL is taken from the trajectory data set and based on ECMWF

operational forecasts. As a result, we select 6 to 24 trajectories per arrival time (13 trajectories

on average). The surface of each grid cell is represented by one of four surface types: (i) ice-free

ocean if the land fraction is ≤ 50% and the sea-ice cover is ≤ 90%, (ii) snow-covered sea ice if

the land fraction is ≤ 50% and the sea-ice cover is higher than 90%, (iii) snow-covered land if

the land fraction is higher than 50% and the latitude is south of 60◦ S, and (iv) snow-free land

if the land fraction is higher than 50% and the latitude is north of 60◦ S.

The somewhat arbitrary threshold for sea ice is rather high (90%) because the ocean water
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is typically warmer and contributes more strongly to the surface flux, compared to a snow

surface of the same area. On the contrary, the threshold for the land-sea boundary is set to

50% to be consistent with the modeling approach of the ERA5 data set. A more sophisticated

treatment of sea ice could theoretically be implemented by dividing the evaporation flux into

contributions from the ice-free ocean and snow-covered sea ice. Yet, the relative contributions

do not correspond to the fractions of surface area. As any assumption on the relationship

between the flux contribution and area fraction would be arbitrary, we choose the simple

threshold approach to account for areas with the strongest impact of sea ice.

The air parcels are not always initialized 10 days before arriving at the ship. Instead, the time

of initialization equals the first time at which the trajectory is located in the ABL and the

following two restrictions are respected: (1) Over the ice-free ocean, evaporation must occur

at the time and location of initialization; (2) the air parcels are not allowed to travel through

the ABL over snow-free land because there, the isotopic composition of the surface flux is not

known. If these restrictions prevent the initialization, the model will select the next possible

time, meeting the criteria. Restriction (1) allows us to estimate the initial isotopic composition

of the parcel using the Craig-Gordon formula simplified with the global closure assumption

(e.g., Dar et al., 2020). Under this assumption, the isotopic composition of atmospheric vapor

over the ocean equals that of the evaporation flux.

If the initialization occurs over snow-covered land or sea ice, the isotopic composition of the

parcel will be initialized as a function of the isotopic compositions of surface snow and snowfall

(same assumption as used in Model Sublimation for atmospheric vapor). It is challenging

to model the isotopic composition of snow on top of sea ice, especially because it can be

influenced by sea spray (Bonne et al., 2019). Apart from that, Model Sublimation is not

applicable to snow-covered sea ice because a spin-up period of several months will not make

sense if the sea-ice area changes with time. As a first-order approximation, Model Air Parcel

assumes that the isotopic composition of surface snow above sea ice equals that of the nearest

grid cell with snow-covered land at any time of the simulation. An overview of the locations of

initialization and the position of the ship is given in Fig. 3.1. On average, the air parcels are

initialized 5.3 days before arriving at the ship. The specific humidity of the parcel is initially

taken from the trajectory data set and then modeled prognostically.

Along the trajectory, the specific humidity and isotopic composition of the parcel can increase

or decrease due to the surface flux and decrease due to cloud formation. If the air parcel moves

above the ABL, only cloud formation may influence the isotopic composition of the parcel (Fig.

3.2). As soon as the parcel enters the ABL again, the model considers both cloud formation

and the surface flux. Assuming a well-mixed ABL with a height-constant vapor density, the

moisture flux into or out of the parcel (Ja) due to the surface flux (J ) is computed as

Ja = J
da

dABL
, (3.1)

where da = 1 m and dABL are the depths of the air parcel and ABL, respectively. The specific
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humidity in Model Air Parcel agrees approximately with that in the trajectory data set (Fig.

D.3 of Appendix D). Considering all data points from the initialization of the air parcels to the

arrival at the ship, the specific humidity in Model Air Parcel is characterized by a RMSE of 0.6

g kg−1 and a correlation coefficient of ρ = 0.94 when compared with the trajectory data set.

Comparing only the values at the final position of the air parcels (i.e., at the ship) with the

trajectory data set, specific humidity tends to be underestimated with RMSE = 0.9 g kg−1 and

ρ = 0.45 .

The isotopic composition of the sublimation flux is taken from Model Sublimation whereas

the isotopic composition of the deposition flux is assumed to be in isotopic equilibrium

with the air parcel. Consequently, the isotopic composition of the deposition flux can differ

between Model Air Parcel and Model Sublimation as the latter uses a simpler estimate based on

idealized vapor origins. In the case of vapor deposition, condensation, or ocean evaporation,

the isotopic composition of the vapor exchanged between the surface and the air parcel

depends and feeds back on the air parcel’s isotopic composition (Sect. D.3). To guarantee

an accurate feedback, the time step needs to be small enough, especially if the vapor mass

taken up or removed from the air parcel is in the same order of magnitude as the vapor mass

contained in the parcel. Therefore, the effects of ocean evaporation, condensation, or vapor

deposition are computed stepwise by dividing each 3-h time step into 32 subintervals of

equal length. This value was justified using an example situation, for which the number of

subintervals was continuously increased by a factor of two until the isotopic composition of

the parcel at the end of the 3-h step changed by less than 1%. An uncertainty in the order of 1%

due to the temporal discretization is acceptable, considering that other model assumptions,

for example about the snowfall isotopic composition in Model Sublimation, lead to higher

uncertainties.

Cloud formation occurs as soon as the specific humidity of the air parcel exceeds its saturation

value. Isotopic fractionation during cloud formation is calculated using the classic Rayleigh

distillation model with equilibrium fractionation (Jouzel and Merlivat, 1984; Sinclair et al.,

2011). In this model, the cloud water precipitates immediately. In reality, the air is super-

saturated in mixed-phase clouds and therefore, kinetic fractionation is expected to occur.

Although this kinetic effect may be relevant for reproducing measurements of d-excess (Jouzel

and Merlivat, 1984), we neglect this effect because the supersaturation ratio is a poorly con-

strained parameter and our analysis focuses on the less sensitive δ18O values. The equilibrium

fractionation factors used in the Rayleigh model are computed as in Sinclair et al. (2011),

accounting for mixed-phase clouds with a gradual, linear shift from the vapor-liquid to the

vapor-ice transition as the air temperature decreases from 0◦ C to −20◦ C. Changes in air

density along the trajectory influence the vapor mass contained in the parcel as they imply

exchange of air with the surrounding atmosphere. The model assumes that this exchange of

air does not have a direct effect on the isotopic composition of the parcel.
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3.2.3 Data From the COSMOiso Model

Thurnherr et al. (2020a) published regional high-resolution simulations with the isotope-

enabled general circulation model COSMOiso, covering parts of the Southern Ocean and

Antarctic Ice Sheet during the ACE expedition. We compare vapor isotopic data from one of

these simulations with the results of Model Air Parcel. While methodological details of the

COMOiso simulation are described by the aforementioned authors and Thurnherr et al. (2021),

we summarize the features that are most important for our comparison. The horizontal grid

spacing (0.125◦) is half of that for the ERA5 data and the model includes 40 vertical levels.

Isotopic fractionation during ocean evaporation is modeled using the Craig-Gordon formula

with a simple parameterization of the kinetic fractionation factor according to Pfahl and

Wernli (2009). The snowpack is represented by a one-layer surface snow model. For snow

sublimation, the COSMOiso model considers equilibrium fractionation.

From the COSMOiso simulation called leg2_run1, we extract specific humidity and the specific

water vapor contents of H2
18O and HD16O at the lowest model level in the grid cell containing

the position of the ship. This model level corresponds approximately to the measurement

height. The vapor isotopic compositions for the COSMOiso simulation are computed as

δi = qi

q
−1 (3.2)

and expressed in ‰, where q is specific humidity and qi is the specific water vapor content of

a heavy water isotopologue divided by the isotopic ratio of the Vienna Standard Mean Ocean

Water.

3.3 Results and Discussion

As expected, the simulated dynamics of δ18O and δD are very similar. Therefore, we only

present results for δ18O and briefly discuss d-excess.

3.3.1 Comparison of Modeled and Measured Vapor Isotopic Compositions

Figure 3.3 compares the ensemble averaged vapor δ18O and d-excess of the air parcels with

the measurements on the ship close to the Mertz glacier. We show the baseline simulations

using the relationship of Stenni et al. (2016) to parameterize the snowfall isotopic composition

in Model Sublimation. For comparison, the figure includes results from the Eulerian model

COSMOiso, published by Thurnherr et al. (2020a).

Similar to the measurements, our model predicts vapor δ18O values at the ship of approx-

imately −15‰ in the beginning and at the end of the investigated 6-day period and a pro-

nounced minimum in the middle of the period. In the simulation considering equilibrium

fractionation (Run E), this minimum is more pronounced (δ18O =−40‰), compared to the
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simulation neglecting fractionation during snow sublimation (Run N, δ18O =−34‰). Differ-

ences between both model runs are mainly visible in the middle of the study period. Overall,

both runs achieve a similar agreement with the measurements with root-mean-square errors

(RMSE) of 4.4‰ and 4.2‰ and Pearson correlation coefficients of 0.77 and 0.75 for Run E and

Run N, respectively.
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Figure 3.3: Modeled and measured (a) δ18O and (b) d-excess of atmospheric water vapor at
the ship close to the Mertz glacier from 27 January to 1 February 2017. We show the modeled
ensemble averages and standard deviations for multiple air parcels in the baseline simulations.
The measurements represent 1-h mean values and standard deviations. In the legend, root-
mean-square errors (RMSE) and Pearson correlation coefficients (ρ) are specified for the
model-measurement comparison. The yellow shading indicates times when the ship was
located in a grid cell modeled as snow-covered land; at the other times, the ship was in a grid
cell treated as ice-free ocean. The vertical grey dashed lines indicate times analyzed in Fig. 3.5.

In a few short periods, we observe strong deviations of up to ±15‰ between the modeled and

measured δ18O values. Run E predicts clearly too depleted vapor isotopic compositions on 28

January around 03:00 and in the earliest and latest hours of 30 January. On the contrary, the

modeled isotopic composition is clearly too enriched on 29 January around 12:00. As will be
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shown later, the cases with too depleted isotopic compositions occur at times when the air

parcels have experienced a substantial influence of snow sublimation along their trajectories,

which is also visible from the noticable difference between Run E and Run N. Therefore, it

is likely that the isotopic composition of the surface snow is biased, at least in certain areas.

This problem can arise from uncertainties in the δ-temperature relationship for snowfall,

applied in Model Sublimation. Figure D.4 and Sect. D.5 of Appendix D show that the lowest

δ18O values at the ship are sensitive with respect to the δ-temperature relationship. With

the relationships of Fujita and Abe (2006) and Landais et al. (2012), the lowest vapor δ18O

values are approximately 5‰ higher and lower, respectively, compared to the baseline simu-

lation. Therefore, the generalization of a site-specific, empirical δ-temperature relationship

for snowfall is a strong simplification in the model and contributes to deviations between

the model and the measurements. All three δ-temperature relationships tested in this study

characterize high-elevation sites on the Antarctic plateau where the temperatures are low

and the distillation effect drives the isotopic composition of the snowfall. In coastal areas,

however, the snowfall isotopic composition is expected to depend additionally on the humid-

ity conditions in the vapor source region (Touzeau et al., 2016), which is neglected in Model

Sublimation. Furthermore, the δ-temperature relationships become more uncertain when

applied to temperatures outside the range observed at the high-elevation sites.

Another important source of uncertainty is the simplified representation of sea ice. Air parcels

taking up moisture from the surface of grid cells with a sea ice cover below the applied

threshold of 90% only experience the effect of ocean evaporation in the model while in reality,

a part of the moisture uptake is caused by sublimation of snow or ice with a depleted isotopic

composition, compared to the liquid ocean water. Additionally, the isotopic composition of

sublimating snow on top of sea ice may be influenced by sea spray, which is neglected in the

model.

Moreover, the coarse spatial resolution may contribute substantially to the model-measurement

deviations as the coastline is not accurately represented. The model may overestimate or

underestimate the time spent by the air parcels in the marine ABL shortly before arriving at the

ship, depending on whether the ship is located in a grid cell treated as ice-free ocean or snow

surface (yellow shading in Fig. 3.3). If an air parcel with a strongly depleted δ18O value reaches

the coast and takes up moisture from the ice-free ocean, the isotopic signature of the parcel

can change abruptly as the evaporation flux is much more enriched in heavy SWIs than the air

parcel. This effect is particularly strong due to kinetic fractionation, which is driven by the

vertical gradients of the water isotopologues above the ocean surface. For an air mass with a

very depleted δ18O value, the abundance of the heavy isotopologue will decrease strongly with

height above the ocean surface, which enhances the evaporation of the heavy isotopologue.

In extreme cases, this kinetic effect can outweigh the effect of equilibrium fractionation such

that the evaporation flux can be more enriched in SWIs than the ice-free ocean (Eq. D.13).

As the air parcel spends more time in the ABL over the ice-free ocean, the parcel’s isotopic

composition becomes more similar to that of the ocean and the kinetic effect is generally less

pronounced than before.
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Further sources of uncertainty with probably minor impacts on the vapor δ18O values may

be (i) a bias in the initial isotopic composition of air parcels over the ocean due to the global

closure assumption or a bias in the surface water δ18O; (ii) the neglect of kinetic fractiona-

tion during cloud formation; (iii) the neglect of mixing of air masses with different isotopic

compositions, e.g., at weather fronts; (iv) uncertainties of the ABL height provided with the

trajectory data set, influencing the modeled time period and magnitude of moisture exchange

between the air parcels and the surface; and (v) the simple assumption that the vapor mass

exchanged between the atmosphere and the surface is homogeneously distributed between

the surface and the ABL height (Eq. 3.1). This last assumption neglects the fact that, even

in a perfectly mixed ABL, an air parcel located close to the surface would take up slightly

more mass of vapor from the evaporation or sublimation flux than a parcel at a greater height

because the air density decreases with height. The assumption of a perfectly mixed ABL could

be implemented more rigorously by considering the mass ratio instead of the thickness ratio

for the air parcel and the ABL in Eq. 3.1. Yet, this choice only has a minor effect on our analysis

as the ABL height is generally small (780 m on average). Additionally, the air in the ABL is not

always perfectly mixed, especially in a stable ABL.

Although there are some hours with a large model-measurement mismatch, Model Air Parcel

is able to reproduce the general trend and timing of the vapor depletion event on 29 and 30

January 2017. This depletion event is less visible in the δ18O time series extracted from the

COSMOiso simulation, which predicts a minimum δ18O that is 10‰ more enriched, compared

to the measurements (Fig. 3.3a). This mismatch may be related to the fact that the snowpack

is represented as a single layer with vertically homogeneous isotopic compositions in the

COSMOiso model. As demonstrated with a sensitivity analysis for Model Sublimation (Sect.

D.4, Fig. D.1), the seasonal and shorter-term variability of the snow isotopic composition

decreases significantly with increasing thickness of the considered snow layers.

The measured d-excess of water vapor at the ship is mostly close to zero in the first two and

last two days of the study period and exhibits higher values of approximately 13‰ in the

middle of the period when the most depleted isotopic compositions are reached (Fig. 3.3b).

Our model generally overestimates the measured d-excess values, especially for Run E in

the middle of the study period (maximum d-excess: 37‰). Some disagreement between

the modeled and measured d-excess is expected, given the poor representation of kinetic

fractionation. Future work could improve the model by parameterizing kinetic fractionation

during cloud formation using the semi-empirical approach of Jouzel and Merlivat (1984).

Additionally, the d-excess of snowfall in Model Sublimation is uncertain because it is based on

the δD-δ18O relationship derived by Masson-Delmotte et al. (2008) from a variety of samples

including snowfall, snow pits, firn cores, and ice cores, which may partly be influenced by

postdepositional processes such as sublimation. Compared to our model, the COSMOiso

model performs better in reproducing the measured d-excess although the maximum d-excess

is slightly underestimated by the COSMOiso simulation (Fig. 3.3b). Due to the limitations of

our model with respect to d-excess, the remaining analysis focuses on the δ18O signal.
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3.3.2 Drivers of the Vapor Isotopic Composition

Previous studies at other coastal polar sites have found distinct isotopic signatures for air

masses advected from the ocean and those advected from the ice sheet (e.g., Kopec et al.,

2014; Kurita et al., 2016a,b; Bréant et al., 2019). Therefore, it is a plausible hypothesis that

shifts between such air masses largely explain the observed isotope dynamics close to the

Mertz glacier. The more depleted isotopic composition and higher d-excess of vapor over

the ice sheet is generally thought to result from the distillation effect of cloud formation with

contributions from both equilibrium and kinetic fractionation (Jouzel and Merlivat, 1984;

Masson-Delmotte et al., 2008; Kurita et al., 2016a). However, the sublimation and deposition

fluxes including isotopic fractionation also influence the variability of the vapor isotopic

signal. As the ocean is often a strong vapor source, the distance between the ship and the ice

sheet or sea ice may play an important role. In the marine boundary layer, a strong vertical

humidity gradient, typically associated with cold air advection over a relatively warm ocean

surface, leads to strong evaporation with enhanced kinetic fractionation. This effect can cause

differences of several ‰ in the vapor δ18O between cold and warm sectors of extratropical

cyclones but it is unlikely to explain a large decrease of more than 10‰ (Thurnherr et al.,

2021). We now investigate which of the aforementioned drivers play a dominant role in our

case study.

On the first day and during most of the last two days of the study period, the ship moved

towards and away from the ice sheet, respectively (Fig. 3.1). Due to a longer distance to the

ice sheet, it is likely that recent ocean evaporation caused the relatively enriched vapor δ18O

at this time. From 28 January 2017, 02:00, to 31 January 2017, 06:00, the ship stayed in close

proximity to the ice sheet. In this phase, the δ18O remained relatively enriched for one day

and then dropped to very depleted values. The fact that only the most depleted δ18O values

and the highest d-excess values in the time series are sensitive with respect to assumptions in

Model Sublimation (Figs. 3.3 and D.4) is consistent with the hypothesis that processes over the

ocean drove the vapor isotopic composition in the first and last two days of the period while

processes over the Antarctic Ice Sheet influenced the isotopic signature in the middle of the

period.

Moreover, the rather small differences between Runs E and N demonstrate that isotopic

fractionation during snow sublimation can only explain a small part of the minimum in

the δ18O time series. Regarding d-excess, the difference between Runs E and N shows that

equilibrium fractionation during sublimation influences the modeled d-excess. This influence

is caused by the fact that the δD-δ18O slope associated with equilibrium fractionation amounts

to a value lower than 8 at very depleted isotopic compositions and low temperatures (e.g.,

Touzeau et al., 2016; Dütsch et al., 2017). For the same reason, the modeled d-excess is

also influenced by other processes such as vapor deposition and cloud formation, which

are represented assuming equilibrium fractionation. Consequently, the increased d-excess

values in the middle of the study period do not necessarily reflect an influence of kinetic

fractionation.
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The initial isotopic composition of the air parcels can influence the model results, especially

if the time between initialization and arrival at the ship is short. Air parcels initialized over

the ocean start their trajectories with fairly uniform δ18O values between approximately

−17‰ and −11‰ (Fig. 3.4a). These initial values are similar to the final isotopic composition

modeled at the ship during the first two and last two days of the investigation period, sug-

gesting that ocean evaporation is an important driver. As expected, air parcels initialized over

snow have more variable and more depleted initial δ18O values than those initialized over

ocean. Interestingly, there are almost always some air parcels that are initialized over snow and

the range of their initial δ18O values remains similar throughout the period (approximately

−70‰ to −40‰ in Run E). However, when the most depleted δ18O values are observed at the

ship, almost all air parcels are initialized over snow. This fact supports the hypothesis that the

air masses originate from the interior of the ice sheet at this time.

To assess the importance of different moisture exchange processes along the trajectories,

we show in Fig. 3.4b the ensemble-averaged relative contribution of specific processes to

the total absolute exchange of moisture mass between an air parcel and the surrounding.

Moisture uptake from the ocean is relevant throughout the study period and often represents

the process with the strongest contribution to the total moisture exchange. The contribution

of moisture uptake from snow surfaces is variable in time and becomes highest when the

modeled vapor isotopic composition at the ship is most depleted and sometimes significantly

more depleted than the measured values (Figs. 3.3a and 3.4b). In most of these cases, moisture

uptake from the snow surface contributes more than any other process to the total moisture

exchange. Moisture removal due to cloud formation is a relevant process for most of the time

but plays a minor role in the middle of the study period when sublimation is the dominating

process. Overall, the contribution of cloud formation to the total moisture exchange correlates

strongly with the travel time of the air parcels, that is, the time between initialization and

arrival at the ship (Fig. 3.4b,c). This correlation reflects the fact that a longer travel time

increases the probability for air mass lifting and cooling. Vapor removal due to the surface flux

generally represents the smallest term in the moisture budget with a relative contribution of

no more than 5%.

Although the parcels experience little cloud formation in the middle of the period, the distilla-

tion effect of cloud formation may still be responsible for the very depleted δ18O values as this

effect influences indirectly the initial isotopic composition of air parcels, which begin their

trajectory over the interior of the ice sheet. More precisely, the initial isotopic composition of

a parcel over snow depends on the snowfall isotopic composition, which decreases with lower

air temperatures, reflecting more isotopic distillation due to a larger temperature difference

between the ocean (typical vapor source) and the air parcel.

In the middle of the study period, the air parcels spend very little time in the ABL over the

ice-free ocean (at times only in the last time step) while they spend more time in the ABL over

snow-covered land or sea ice (Fig. 3.4c). Overall, Figs. 3.3 and 3.4 show that the air masses

with the most depleted δ18O values and the highest d-excess values originate from the ice
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Figure 3.4: (a) Comparison between initial δ18O of individual air parcels and ensemble-
averaged final δ18O at the ship; (b) Ensemble average of the relative exchange of moisture mass
between an air parcel and the surrounding due to different processes between initialization
and arrival at the ship; the sum of the displayed values is 100% at each time; (c) Average travel
time of the air parcels and average times spent in the boundary layer (ABL) over snow-covered
land or sea ice and the ABL over the ice-free ocean. The vertical grey dashed lines indicate
times analyzed in Fig. 3.5.

sheet and their isotopic signature is influenced by snow sublimation. This isotopic signature

seems to only reach the ship if the air masses spend little time in the ABL over the ice-free

ocean shortly before their arrival such that ocean evaporation cannot overwrite the signature.

To better understand which drivers act in which sections of the air parcel trajectories, we

illustrate the δ18O values along indivual trajectories in space and time for three different

arrival times in Fig. 3.5. The arrival times include situations with relatively enriched and
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depleted δ18O values while the ship is close to the ice sheet, the ensemble averaged travel time

of the air parcels is at least 4 days, and the modeled vapor δ18O only deviates slightly from the

measured one. Figures 3.5a,b show a situation leading to relatively enriched δ18O values at

the ship. In this case, the air parcels travel some distance in the ABL over the ice-free ocean

parallel to the Antarctic coast before moving in the ABL over a snow-covered area in the last

10 h of their travel. Almost half of the air parcels are initialized over the ice sheet and exhibit

strongly depleted δ18O values around −52‰ until they enter the ABL over the ice-free ocean.

Due to ocean evaporation, the δ18O of the air parcels quickly increases and reaches values

comparable to those of parcels initialized over the ocean.

Figures 3.5c,d refer to a situation with one of the most depleted δ18O values measured at the

ship. Four of seven air parcels are initialized over the ice sheet and take a direct and short

route to the ship where they only take up moisture from the ice-free ocean in the last time step.

Their final δ18O values are similar to those of the other three parcels that are initialized over

the ocean and travel over the interior of the ice sheet before taking the same final route as the

parcels initialized over snow. While the parcels are lifted over the ice sheet and above the ABL,

their isotopic composition becomes increasingly depleted due to the distillation effect of cloud

formation and reaches extreme δ18O values of approximately −60‰ to −75‰. After reaching

these extreme values, the air parcels maintain their isotopic composition for approximately

four days because cloud formation stops as soon as the parcels begin to descend and the

surface flux does not affect the free troposphere above the ABL. Only towards the end of the

trajectories as the parcels move over the escarpment zone of the ice sheet, they enter the ABL

over snow. At this time, approximately 20 h before the arrival at the ship, snow sublimation

adds vapor with a relatively enriched δ18O value to the parcels (Fig. 3.5d). The sublimation

flux in the escarpment zone is relatively enriched in heavy SWIs compared to the air parcels

because their isotopic composition was shaped at higher and colder levels over the interior

of the ice sheet. Additionally, the parcel isotopic composition is particularly sensitive with

respect to moisture uptake after most of the initial vapor mass was removed from parcels due

to cloud formation. As a consequence, the moisture uptake in the escarpment zone increases

the isotopic composition of the parcels abruptly. This increase caused by sublimation is

similarly strong as another increase in the last time step, when the parcels reach the ice-free

ocean and take up moisture from the water surface.

The situation shown in Figs. 3.5e,f leads to an intermediate δ18O at the ship. All air parcels

start their trajectories over the ocean and finally travel over the coastal zone of the ice sheet.

Already over the ocean, cloud formation and condensation at the surface begin to decrease

the δ18O of the parcels. As soon as the parcels reach the ice sheet, their δ18O continues to

decrease because snow sublimation adds vapor with a more depleted δ18O value to the air

parcels. In this situation, the sublimation flux is more depleted in heavy SWIs compared to the

parcels because the latter carry the isotopic signature of processes over the ocean.
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Figure 3.5: Vapor δ18O along air parcel trajectories in the baseline simulation of Run E for
three different times of arrival at the ship (grey dashed lines in Figs. 3.3 and 3.4). Each of the
three cases is illustrated with a map (a, c, e) and δ18O-time diagram (b, d, f). The number of
trajectories is denoted by n and areas treated as snow-covered sea ice are colored darkgrey
in the maps. The surface snow and sublimation flux are only shown in b, d, and f when
sublimation affects the air parcel. Trajectories arriving at the ship at a lower height are plotted
on top of others.

3.4 Conclusions

We developed a Lagrangian isotope model with the aim to reproduce and explain the vapor

δ18O time series measured on the ACE ship close to the Mertz glacier in a 6-day period in

austral summer 2017. The vapor mass and isotopic composition of air parcels was modeled

along trajectories between an initial location in the ABL and the final location in the ABL at

the ship. While isotope effects of cloud formation and ocean evaporation were represented
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with common approaches (classic Rayleigh distillation model and Craig-Gordon formula, re-

spectively), the effect of snow sublimation was estimated using a novel approach, considering

changes of the isotopic composition in a multi-layer snowpack due to snowfall, sublimation,

and vapor deposition.

Similar to the measured values, the modeled vapor δ18O at the ship reaches a pronounced

minimum value of −40‰ in the middle of the study period. The RMSE of the baseline simu-

lation amounts to 4.4‰, which is reasonable considering the model limitations such as the

generalization of a site-specific δ18O-temperature relationship for snowfall and the strongly

simplified representation of snow on top of sea ice. Our analysis confirms the hypothesis that

the relatively enriched δ18O values are associated with air masses advected from the ocean

whereas the strongly depleted δ18O values are caused by direct advection of air masses from

the Antarctic Ice Sheet. This result is consistent with similar observations at other coastal

polar sites in the literature. As expected, cloud formation leads to very depleted vapor iso-

topic compositions over the ice sheet. Snow sublimation can also significantly modify the

isotopic composition of the air parcels depending on their origin. For example, air parcels

originating from high levels over the interior of the ice sheet may carry a strongly depleted

isotopic signature to the escarpment zone of the ice sheet and then experience an abrupt and

strong enrichment in heavy SWIs due to a relatively enriched sublimation flux. The model run

considering equilibrium fractionation during snow sublimation leads to a more pronounced

minimum in the vapor isotopic composition at the ship, compared with the model run neglect-

ing fractionation during sublimation. Although the latter model run agrees slightly better with

the measured isotopic composition at the ship, snow sublimation may still be associated with

fractionation as the model-measurement agreement is also influenced by the other model

uncertainties. A critical factor for the vapor δ18O at the ship is the time that the air parcels

spend in the marine ABL shortly before arriving at the ship because ocean evaporation can

quickly overwrite their isotopic signature.

Our modeling approach could be adapted for a study similar to Helsen et al. (2006) to sim-

ulate the vertical isotope profile in snow pits using backward trajectories for events of snow

accumulation at an Antarctic site and deriving the isotopic composition of local snowfall from

that of the air parcels. In contrast to the model of Helsen et al. (2006), our model accounts

for the postdepositional effects of snow sublimation and vapor deposition. However, further

improvements in our model such as the parameterization of kinetic fractionation during cloud

formation and snow-atmosphere exchange as well as a more sophisticated vapor transport

mechanism in the snowpack may be important for this purpose. Moreover, the deposition

of drifting and blowing snow can contribute to snow accumulation and influence the iso-

topic composition of surface snow. To understand the latter effect, fundamental research is

needed as the isotopic composition of drifting and blowing snow particles may be altered by

sublimation, which has not been studied so far.
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3.4 Conclusions

Open Research

Model results were generated using Copernicus Climate Change Service information [2021]

available at https://doi.org/10.24381/cds.adbb2d47 (Hersbach et al., 2018). The air parcel

trajectories were downloaded from https://doi.org/10.5281/zenodo.4031705 (Thurnherr et al.,

2020c). The calibrated isotope maesurements from the ACE campaign were downloaded from

https://doi.org/10.5281/zenodo.3250790 (Thurnherr and Aemisegger, 2020). Simulation data

of the COSMOiso model were downloaded from https://doi.org/10.3929/ethz-b-000445744

under the CC BY 4.0 license available at https://creativecommons.org/licenses/by/4.0/ (Thurn-

herr et al., 2020a). Validation data from the Dome C site containing δ18O of surface snow and

atmospheric vapor were retrieved from https://doi.org/10.5194/tc-12-1745-2018-supplement

and https://doi.org/10.5194/acp-16-8521-2016-supplement, respectively (Casado et al., 2016,

2018). The python programming code and the main model output including the data shown

in the figures are available at https://doi.org/10.16904/envidat.417 (Sigmund et al., 2023). The

figures were made with Matplotlib version 3.5.1, available under the Matplotlib license at

https://matplotlib.org/(.)
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General Conclusions

In this work, we analyzed in-situ measurements, LES-LSM simulations, and a simple 1D model

of sublimation and snow transport to assess the reliability of sublimation measurements

in conditions of snow transport and propose improvements in the parameterizations of

sublimation and snow transport of large-scale models. Additionally, we compared vapor

isotopic measurements with a simple Lagrangian isotope model to better understand the

influence of surface sublimation and other drivers on the vapor isotopic composition observed

at a coastal polar site.

The analysis demonstrates that measurements based on the Monin–Obukhov bulk param-

eterization underestimate significantly the total fluxes of moisture and heat in conditions

of snow transport because of the assumption of height-constant turbulent fluxes between

the surface and a certain measurement height, e.g., z = 1 m. If this measurement height was

reduced, the flux divergence between the considered heights would be smaller and therefore

the above-mentioned theory-related error of the Monin–Obukhov bulk parameterization

would decrease; yet, the sensitivity with respect to instrument uncertainties would increase,

making this measurement approach unsuitable. The theory-related error leads to an underes-

timation of both sublimation and vapor deposition. Therefore, this error is expected to be less

pronounced for fluxes averaged over large temporal and spatial scales, compared to instanta-

neous fluxes at a specific site. Nevertheless, averaged fluxes based on the Monin–Obukhov

bulk parameterization should still be interpreted with care because sublimation generally

outweighs vapor deposition on large scales and similarly, the respective theory-related errors

may not balance each other.

Eddy-covariance measurements can capture the total sublimation below the sensor height as

long as there is little blowing snow or snowfall at the sensor height and spikes are removed

from the high-frequency data. To minimize the effect of artifacts caused by blowing snow,

it is recommended to install the eddy-covariance sensors at a greater height, compared to

the set-up used for this study. A greater sensor height would reduce the number of artifacts,

most notably spikes, because the concentration of blowing snow particles generally decreases

strongly with height. The more spikes are contained in the high-frequency data, the more

careful should the eddy-covariance fluxes be interpreted because an influence of undetected

artifacts cannot be excluded.
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General Conclusions

In models, the Monin–Obukhov bulk parameterization is currently the only reasonable method

to compute the surface fluxes. To minimize the theory-related error of this parameterization

in conditions of snow transport, the lowest model level with prognostic temperature and

humidity values should be close to the snow surface. Regarding the sublimation of drifting

and blowing snow, it is important that the parameterizations of large-scale models represent

the thermodynamic conditions close to the surface as accurate as possible. Similar to current

parameterizations of the mixing ratio of blowing snow, specific humidity and temperature

should be solved prognostically using a surface scheme with a high vertical resolution in the

lowest few meters of the atmosphere. As demonstrated for four situations, it is possible to

parameterize the effect of transient particle temperatures on sublimation in the lowest 0.3

m of the atmosphere by introducing an empirical term in the formula of Thorpe and Mason

(1966), leading to a significantly better agreement with the LES-LSM simulations, at least in

near-saturated conditions. Since the empirical term is based on data for a few situations at

a single site close to the Antarctic coast in summer, we will risk introducing errors in large-

scale simulations if we apply this empirical term to the whole Antarctic Ice Sheet and all

seasons. Therefore, further LES-LSM simulations are needed to validate the empirical term

outside a narrow range of rather warm temperatures and moderate friction velocities and

potentially improve the term. Additionally, the effect of radiation fluxes on the empirical term

and on the sublimation of drifting and blowing snow in general remains to be explored. While

the radiation fluxes may largely balance each other in cloudy conditions or dense and deep

blowing snow layers, radiation may have a relevant effect on shallow blowing snow layers in

clear-sky conditions.

Regarding snow transport, the 1D model shows that current parameterizations of the mixing

ratio of blowing snow are sensitive with respect to (a) the vertical resolution in the lowest

part of the suspension layer and (b) poorly constrained parameters such as the height of

the saltation layer, mean particle diameter at this height, and roughness length. Although

these parameters can be reasonably well defined for specific sites and periods by means of

measurements, it is challenging to estimate the parameters for large areas. Choices concerning

the above-mentioned parameters influence significantly the abundance of blowing snow and

the total sublimation rate, at least if the blowing snow layer is not saturated with respect to

water vapor. In the CRYOWRF and Meso-NH/Crocus models, the saltation layer height seems

to be underestimated. On one hand, this underestimation has the advantage that the mass

and number mixing ratios of drifting snow at the saltation layer height are not sensitive with

respect to an incorrect slope of the vertical profile of the mixing ratios in the saltation layer.

On the other hand, the underestimated saltation layer height contributes to an overestimation

of the mixing ratios of blowing snow in the suspension layer. The LES-LSM model can be used

in the future to develop improved parameterizations of the height of the saltation layer and

the exponential profile of the mass mixing ratio of drifting snow in this layer. Some progress in

this regard is shown in Melo et al. (2023) and may help to better define the lower boundary

condition for snow suspension in large-scale models. As long as these improvements of the

saltation parameterization are missing, the effect of the underestimated height of the saltation
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layer can be counteracted by increasing the mean particle diameter at this height. Regarding

the roughness length, the available measurement data is not sufficient to characterize the

spatio-temporal variability and it remains unclear whether current large-scale models use an

appropriate average value to define this parameter.

The results of this thesis show that the LES-LSM model is a powerful tool, providing detailed

insights in the vertical profiles of particle-turbulence interactions, which are only partly acces-

sible with measurements. Nevertheless, the LES-LSM simulations performed in this study are

associated with two important limitations and some potential for future improvements. First,

the radiation fluxes are neglected in the energy balance of drifting and blowing snow particles.

This shortcoming could be addressed in the future by implementing a radiation scheme in the

LES-LSM simulations and comparing the results with radiation measurements at different

heights in blowing snow conditions. With this improvement, the LES-LSM simulations may be

able to reproduce the sign of the measured latent and sensible heat fluxes for a larger range

of conditions. Second, the computational effort limits the domain size and prevents us from

representing the influence of the largest eddies contributing to the turbulent moisture flux. We

were able to increase the domain size and represent a large range of eddy sizes by improving

the computational efficiency of the software but further improvements in this regard would

be possible if the parallelization strategy was changed more fundamentally. With a greater

height of the LES domain, it would also be possible to define the upper boundary conditions

of the 1D model at a greater height, which would allow the parameterized specific humidity

and temperature to react more realistically to changes of the moisture and heat fluxes as a

result of certain parameterization options.

Despite some limitations, the findings of this thesis will contribute to improving large-scale

assessments of snow sublimation and surface mass balance in snow-covered environments. It

is planned to implement the proposed improvements of the sublimation parameterization in

the CRYOWRF model to study implications for the surface mass balance of the Antarctic Ice

Sheet in recent years. Comparisons between CRYOWRF simulations with nested domains and

eddy-covariance measurements of sublimation will play an important role in assessing the

reliability of the simulations. For this purpose, suitable measurement data have been acquired

at Princess Elisabeth Station and Davis Station, East Antarctica, in all seasons of recent years.

The proposed improvements of large-scale simulations are expected to reduce on average the

contribution of the suspension layer to the moisture flux while increasing the contribution of

the saltation layer. For the CRYOWRF model, the improvement due to prognostic humidity

profiles very close to the surface is expected to reduce the contribution of the snow surface

to the moisture flux because the theory-related error of the Monin-Obukhov bulk parameter-

ization is mitigated. The net effect of the aforementioned changes is difficult to estimate a

priori and remains to be explored. Apart from that, the technical feasibility of the proposed

improvements remains to be shown. The additional computational effort of computing hu-

midity and temperature prognostically in the lowest few meters of the atmosphere is likely

acceptable because similar calculations for the mass and number mixing ratios of blowing
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snow only account for a minor fraction of the model runtime (Sharma et al., 2023). However,

the increased vertical resolution with the lowest saltation level at a height of 0.0075 m may

require a reduced time step to achieve numerical stability.

Regarding stable water isotopes, our simple Lagrangian model underlines the conclusion of

previous studies that the vapor isotopic composition at coastal polar sites is strongly driven by

shifts between air masses recently influenced by ocean evaporation and air masses advected

from the interior of the ice sheet. The latter air masses are strongly depleted in the heavy

isotopologues because of the distillation effect of cloud formation. Two novel insights in the

isotope dynamics of atmospheric vapor were gained. First, air masses carrying a strongly

depleted isotopic composition from the ice sheet to the marine boundary layer typically lose

their isotopic signature within few hours due to a sudden and strong enrichment under the

influence of ocean evaporation. Second, surface snow sublimation can significantly modify

the isotopic composition of air masses, especially for marine air intrusions over the ice sheet

or air masses descending from the free-troposphere to the boundary layer. Therefore, both

Lagrangian and Eulerian isotope models should carefully represent the isotopic compositions

of the surface snow and sublimation flux.

While our Lagrangian isotope model successfully reproduces the general evolution of the

measured vapor δ18O values in the study period, there are temporarily strong deviations

between the model and measurements. These deviations are likely related to the simplified

representation of the (a) snowfall isotopic composition, (b) areas covered by sea ice, (c) isotopic

composition of sea-ice surfaces, and (d) the uncertainties associated with the exact origin of

an air mass, which is modeled by multiple air parcel trajectories. As general circulation models

can better represent features a to c, it would be interesting to perform a similar analysis using

an isotope-enabled general circulation model after improving and validating the calculation

of the isotopic composition of surface snow in this model.

Moreover, current isotope models may underestimate the effect of sublimation on the vapor

isotopic composition because kinetic fractionation in the sublimation process and the in-

fluence of sublimation of drifting and blowing snow are currently not well understood and

therefore typically neglected. While we focused on modeling the effect of the origin of air

masses, it is necessary to perform in-situ measurements near the snow surface or laboratory

experiments to develop a better process understanding with respect to kinetic fractionation

and snow transport effects. If the process understanding improves in the future, it may even-

tually be possible to represent isotope dynamics in LES-LSM or CRYOWRF simulations and

develop a more comprehensive understanding of the effects of snow-atmosphere exchange

on the vapor and snow isotopic composition.
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A Processing of Eddy-Covariance Data

The initial steps of the post-processing of the EC data aimed at removing artifacts from the

high-frequency data and a bias in the water-vapor density (Fig. A.1). Diagnostic flags and

values from the ultrasonic anemometer and the gas analyzer were only recorded in aggregated

form for each 30-s interval. If the fraction of flags indicating a malfunction of the ultrasonic

anemometer is> 33.3% in the 30-s interval under consideration, the whole interval is discarded

in the anemometer data. This threshold is a trade-off between data quality and availability.

Because a large number of problematic flags is associated with a large number of spikes in the

time series, the remaining artifacts were likely removed later by the spike-removal procedure.

The water-vapor density was discarded during the 30-s interval if more than 1% of the records

were flagged with a malfunction of the gas analyzer (which was not frequent) or the mean

automatic gain control (AGC) value exceeded 60%, indicating some obstruction of the optical

path.

In the next step, lower and upper plausibility limits were applied to the high-frequency records

(Table A.1). The upper plausibility limit for water-vapor density was based on the saturation

value for the upper plausibility limit for sonic temperature, while additionally accounting for a

systematic overestimation of the water-vapor density by the gas analyzer.

This bias was evident from a comparison with low-frequency reference data from a tempera-

ture and relative humidity probe. It can be explained by an instrument drift because a zero

calibration of the gas analyzer had not been performed for a long time due to the remoteness

Table A.1: Plausibility limits for horizontal (u, v) and vertical (w) wind velocity components,
sonic temperature (Tsoni c ), and molar density of water vapor (ρvm)

Type of limit u v w Tsoni c ρvm

(m s−1) (m s−1) (m s−1) (◦C) (mmol m−3)

Lower −40 −40 −10 −19 0
Upper +40 +40 +10 +11 680
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Appendix A. Processing of Eddy-Covariance Data

Figure A.1: Processing of EC data including initial steps, the use of the EddyPro® Software, and
quality control (QC). The flux corrections account for the difference between sonic tempera-
ture (Tsoni c ) and air temperature, for density fluctuations (WPL terms), and for spectral losses
at high and low frequencies.

of the site. Due to a nonlinear calibration curve, a constant bias in the raw absorptance leads

to a slightly varying bias in the vapor density and affects the calculation of vapor fluctuations

and fluxes (Fratini et al., 2014). Similar to Nieberding et al. (2020), a correction procedure

adapted from Fratini et al. (2014) was applied after estimating the bias for each 10-min interval

from the difference between the median vapor densities of the gas analyzer and the reference

sensor. The bias amounted to approximately +40 mmol m−3 and the correction reduced the

magnitude of LE by 5%.

Spikes in the high-frequency time series were removed using a novel algorithm. In contrast to

existing algorithms, it makes use of the observations that (i) the variables measured by the

ultrasonic anemometer often exhibit simultaneous spikes and (ii) the vast majority of spikes

are single-point spikes. The algorithm builds on the spike criterion of Mauder et al. (2013):

|di | > q M AD

0.6745
, (A.1)

where |di | is the absolute difference between an instantaneous value and the 5-min median

of a time series, M AD is median absolute deviation, and q = 7 is an empirical factor. The

denominator in Eq. A.1 relates the M AD with the standard deviation if the instantaneous

values reflect a normal distribution. Instead of |di |, we use a metric for single-point spikes

taking the two neighbouring data points into account:

x̂ = |di |−0.5(|di−1|+ |di+1|) , (A.2)

where the spike metric x̂ becomes positive and large for single-point spikes. In this calculation,

NaN (not a number) values are treated as being equal to the 5-min median. The spike criterion
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for the anemometer variables combines the respective spike metrics as follows:

û

M AD(u)
+ v̂

M AD(v)
+ ŵ

M AD(w)
+ T̂soni c

M AD(Tsoni c )
> qs

0.6745
, (A.3)

where u and v are the horizontal wind velocity components, w is the vertical wind velocity

component, Tsoni c is sonic temperature, and qs = 6 is an empirical factor. The advantage of

this multivariate spike criterion is the detection of artifacts with a less pronounced deviation

from the 5-min median, if visible in several variables.

The gas-analyzer variables (water vapor and carbon dioxide) usually did not exhibit spikes

at the same time. Thus, the spike criterion for water-vapor density was only based on the

water-vapor spike metric:
ρ̂v

M AD(ρv )
> qs

0.6745
, (A.4)

with the same empirical factor of qs = 6. Spikes were replaced by NaN values and the spike

removal was iterated until the last iteration increased the total number of spikes by less than

5% or until a maximum of ten iterations was reached.

The EC data were further processed using the EddyPro® Software while allowing for a maxi-

mum fraction of missing data of 40% per 10-min interval (LI-COR Biosciences, 2019). Potential

time lags between the wind and vapor measurements were corrected by maximizing the

cross-covariance. The median time lag was 0.10 s. In 1% of the cases, this method suggested a

time lag beyond the plausibility limits of ±1.00 s and a default time lag of 0.15 s was assumed.

A double coordinate rotation was applied. Fluctuations were computed using block averaging

without detrending. The flux H was corrected for the difference between sonic and air temper-

ature (Van Dijk et al., 2004). The flux LE was corrected for density fluctuations considering

the so-called WPL terms (Webb et al., 1980). All turbulent fluxes were corrected for spectral

losses at high and low frequencies (Massman, 2000, 2001; Moncrieff et al., 2004). The spectral

correction for high frequencies increased the LE , H , and τ values on average by 6.7%, 1.1%,

and 0.9%, respectively. The quality-control procedure is described in Sect. 1.2.2.
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B Supplementary Material for Chapter 1

B.1 Artificially Locked Large-Scale Coherent Structures in the Simu-

lation

To compare a turbulence cospectrum between the large-eddy simulations coupled with a

Lagrangian stochastic model (LES–LSM) and the field measurements, high-frequency time

series were extracted from a certain grid point of the simulation domain. This grid point is

located at approximately the same height as the eddy-covariance (EC) sensors in the field and

at the horizontal centre of the domain. The time series extracted from the Drift_1 simulation

exhibit wave-like trends (Fig. B.1), which are not visible in the field measurements.

The trends can be explained by the small domain length (18 m) and the periodic horizon-

tal boundary conditions, leading to an artificial locking of large-scale coherent structures

(Munters et al., 2016). These strucures are characterized by streamwise-elongated streaks

with a high wind speed, which are flanked by similar streaks with a low wind speed (Fang and

Porté-Agel, 2015). Due to the limited domain length, the structures cannot freely meander

but they are largely locked in their position in the y direction perpendicular to the mean flow.

This effect is evident from streamwise-oriented bands of increased and reduced wind velocity

components, air temperatures, specific humidities, etc., in time-averaged horizontal cross-

sections of the domain (Fig. B.2). Another important consequence is the fact that the 10-min

averaged vertical wind velocity component can differ significantly from zero at individual grid

points although the horizontal average is zero (Fig. B.2b).

Fig. B.3 shows the time–width cross-sections for the profile indicated by the dashed red line in

Fig. B.2. As the variability of the flow properties is small along the streamwise direction, the

time–width cross-sections are nearly independent of the streamwise location (not shown). The

data shown in Fig. B.3 has a temporal resolution of 5 s and demonstrates that flow structures

with a relatively high streamwise velocity component are associated with a negative vertical

velocity component, a relatively high temperature and a relatively low specific humidity. The

location of these structures on the y-axis varies slowly with time, causing artificial wave-like
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Figure B.1: Simulated time series sampled at a frequency of 20 Hz at a grid point with a
height of 1.97 m in the centre of the domain during the quasi-stationary period of the Drift_1
simulation set-up: (a) wind velocity component (u) along the direction of the mean flow, (b)
vertical wind velocity component (w), (c) air temperature (T ), and (d) specific humidity (q).
The running mean is based on a time window of 150 s and shown for the period, on which the
turbulence cospectrum in Fig. 1.7 of Chapter 1 is based.

trends at the sampling location for the high-frequency time series.

B.2 Simulated Vertical Profiles in a Case with Negligible Snow Trans-

port

The NoDrift simulation set-ups aimed at reproducing the conditions with low wind speeds

measured at the S17 site on 12 January 2019 between 05:40 UTC and 05:50 UTC. At that time,

the snow particle counters measured mass fluxes of drifting snow below the noise threshold

(< 0.005 kg m−2 min−1). Despite the low wind speed in the NoDrift set-ups (2.4 m s−1 at a

height of 1 m, Fig. B.4a), a small amount of drifting snow is simulated very close to the surface

(Fig. B.4e). At the first grid level above the surface, the horizontal mass flux of drifting snow

is three orders of magnitude lower than in the simulations with significant snow transport

(Drift_1, Drift_2). At the heights of the snow particle counters, the mass flux is negligible and

in agreement with the measurements.

In the NoDrift_1 simulation, air temperature, specific humidity and relative humidity are very

close to the measured values at a height of 1 m (Fig. B.4b–d). The NoDrift_2 set-up is used

to study the sensitivity of the sensible and latent heat fluxes with respect to modified upper
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Figure B.2: Time-averaged horizontal cross-sections of (a) the wind velocity component (u)
along the direction of the mean flow (x), (b) the vertical wind velocity component (w), (c) the
air temperature (T ), and (d) the specific humidity (q) at a height of 1.97 m above the surface
for the 10-min quasi-stationary period of the Drift_1 simulation set-up. In the centre of the
cross-sections, the time series of Fig. B.1 were sampled. The red dashed line indicates the
profile, for which the temporal evolution is shown in Fig. B.3.

boundary conditions that result in maximum values for air temperature and specific humidity

within the uncertainty range of the measurements. Fig. B.4f, g show that the exchange of

sensible and latent heat is almost entirely achieved by the surface fluxes while the contribution

from the small amount of drifting snow is negligible. The simulated sensible heat flux (H)

is 6.6 W m−2 and 0.0 W m−2 for the NoDrift_1 and NoDrift_2 set-ups, respectively. These

values are close to the measured H value of 5.1±6 W m−2 based on the bulk parametriza-

tion of the Monin–Obukhov similarity theory (MOST) while the EC measurements suggest

a slightly negative H value (−3.0 W m−2). The simulated latent heat flux (LE) is 8.3 W m−2

and 2.0 W m−2 for the NoDrift_1 and NoDrift_2 set-ups, respectively. Both the MOST-based

measurements (6.5±5 W m−2) and the EC measurements (4.0 W m−2) yielded a LE value

between the simulated ones.

The simulation-based Monin–Obukhov bulk fluxes are a bit lower than the simulated LE and
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Figure B.3: Time-width cross-section for the 10-min quasi-stationary period of the Drift_1
simulation set-up: (a) wind velocity component (u) along the direction of the mean flow, (b)
vertical wind velocity component (w), (c) air temperature (T ), and (d) specific humidity (q).
The variability along the width of the domain (y) is shown for the middle position on the
length axis (x = 8.91 m) at a height of 1.97 m, as indicated by the dashed line in Fig. B.2. The
plot is based on 5-s average values. The solid red line highlights the sampling location for the
time series of Fig. B.1.

H values. Nevertheless, the aggreement is substantially better than for the simulations with

significant snow transport. The simulation-based EC fluxes agree well with the simulated LE

and H values in the NoDrift_2 set-up but not in the NoDrift_1 set-up. This finding can be

explained by the following effect of the artificial locking of large-scale coherent structures. As

the 10-min averaged vertical wind velocity component differs from zero at individual grid

points, only a part of the vertical transport of heat and moisture is represented by the turbulent

flux while the other part results from vertical advection, at least at indivual grid points. In the

NoDrift_1 simulation, the horizontally averaged vertical advection of heat and moisture is in

the same order of magnitude as the simulation-based EC flux. Therefore, the simulation-based

EC fluxes roughly account for half of the exchange of sensible and latent heat (Fig. B.4f, g) in

the NoDrift_1 set-up.
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Figure B.4: Average vertical profiles for a quasi-stationary 10-min period in two LES–LSM
set-ups (NoDrift_1, NoDrift_2) with different temperature and humidity gradients at the
upper boundary: (a) wind speed, (b) temperature, (c) specific humidity, (d) relative humidity
with respect to ice, (e) horizontal snow mass flux, (f) cumulative sensible heat exchange, (g)
cumulative latent heat exchange. For comparison, 10-min averaged measurements based
on the EC method and the MOST parametrization are shown for the S17 site (12 January
2019, 05:40 to 05:50 UTC), including instrument-specific standard uncertainties (dashed if
estimated). Note that (e)–(g) only show the lowest 0.3 m of the profile.
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Figure C.1: Measurements at S17, East Antarctica, from 10th to 13th January 2019: 10-min
averages of (a) wind speed, (b) relative humidity with respect to ice, (c) air and surface temper-
atures, and (d) latent heat flux based on the eddy-covariance technique. The dashed vertical
lines highlight the three cases modelled in this study. The grey shading indicates times at
which at least one of the two snow particle counters at heights of 0.1 m and 0.15 m detected
drifting and blowing snow. Quality-control flags shown in (d) are based on the tests on steady
state (SS test) and well-developed turbulence (ITC test) described by Foken et al. (2004) and a
test on missing data described in Sect. 1.2.2 of Chapter 1. Data gaps in panel d correspond to
intervals with many artifacts, leading to a fraction of missing high-frequency records of ≥ 40%.
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C.1 Measured and Simulated Particle Size Distributions

C.1 Measured and Simulated Particle Size Distributions

Figure C.2 compares the number size distributions of drifting and blowing snow particles

measured and simulated at heights of z = 0.1 m and z = 0.15 m above the snow surface in

the three cases highlighted in the time series of Fig. C.1. In Cases 2 and 3, the distributions

are only shown for z = 0.1 m because the upper snow particle counter (SPC) either detected

no particles or an extremely small number of particles, likely due to an obstructed laser path

(Sect. 1.3.1 of Chapter 1). For the simulated distribution, we consider all particles in a 5-mm

thick layer at the height of the SPC in the last 400 s of each LES-LSM simulation. As large-scale

models typically assume the particle diameter to follow a gamma distribution, Fig. C.2 also

shows gamma distributions fitted to the data using maximum-likelihood estimation.

The simulated size distribution depends on the prescribed log-normal distribution for the

particle diameter at the snow surface. The mean and standard deviation of the diameters at

the surface are prescribed as d̄p = 260 µm and σ = 130 µm in Case 1 and d̄p = 200 µm and

σ= 100 µm in Cases 2 and 3. Additionally, the range of initial diameters is restricted to the

interval from 50 to 2000 µm.

In Case 1, the LES-LSM simulation tends to overestimate the particle sizes at both z = 0.1 m

and z = 0.15 m, compared with the measurements (Fig. C.2a,b). This overestimation seems

to be related to the model sensitivity with respect to the horizontal grid spacing because

a similar simulation shown in Fig. 1.3 of Chapter 1 achieves a better agreement with the

measured size distribution although the simulation set-ups only differ in the domain size and

horizontal grid spacing. With the current simulation set-up, the agreement with the measured

particle sizes could be improved by reducing the prescribed mean and standard deviation of

the initial particle diameter. However, the current agreement is sufficient for the purpose of

this study because the simulated conditions are still realistic in the sense that they can occur

at other locations or times with slightly different surface snow characteristics. Additionally,

other model limitations may introduce similar uncertainties. For example, the model does not

account for the fact that the particle size distribution at the snow surface may change with time

due to fragmentation of drifting snow. Another important limitation is the neglect of eddies

larger than the model domain (Sect. C.3). Moreover, the simulations suggest that the mean

particle diameter depends strongly on height in the lowest 0.3 m of the atmosphere. Therefore,

uncertainties in the measurement height of the SPCs further complicate the assessment of the

simulated particle sizes.

In Case 2, the simulated size distribution is closest to the measured one, compared with

the other cases, although the mean and standard deviation of the distribution are slightly

overestimated (Fig. C.2c). In particular, the large amount of small particles with a diameter

around 100 µm is better represented and large particles are less strongly overrepresented,

compared to the other simulations. This feature is related to the assumption of a rather low

spatial variability of the wind velocity in the shallow layer between the surface and the next

higher grid level, as discussed in Sect. 2.2.2 of Chapter 2. The simulations of Cases 3a and 3b

103



Appendix C. Supplementary Material for Chapter 2
0.

00
0

0.
00

2
0.

00
4

0.
00

6

0 100 200 300 400 500 600 700

D
en

si
ty

 (µ
m

−1
)

Measurement Case 1
Fit to measurement
Simulation Case 1
Fit to simulation

a

0.
00

0
0.

00
4

0.
00

8

0 100 200 300 400 500 600 700

Measurement Case 1
Fit to measurement
Simulation Case 1
Fit to simulation

b

0.
00

0
0.

00
2

0.
00

4
0.

00
6

0.
00

8

0 100 200 300 400 500 600 700

D
en

si
ty

 (µ
m

−1
)

Measurement Case 2
Fit to measurement
Simulation Case 2
Fit to simulation

c

dp (µm)

0.
00

0
0.

00
2

0.
00

4
0.

00
6

0.
00

8

0 100 200 300 400 500 600 700

Measurement Case 3
Fit to measurement
Simulation Case 3a
Fit to simulation

d

dp (µm)

Figure C.2: Particle number size distributions based on measurements of snow particle coun-
ters and LES-LSM simulations: Probability density as a function of particle diameter (dp ) in
(a) Case 1 at a height of z = 0.1 m, (b) Case 1 at z = 0.15 m, (c) Case 2 at z = 0.1 m, (d) Case 3a at
z = 0.1 m. The lines show gamma distributions fitted using maximum likelihood estimation.

only differ in the temperature and humidity conditions and yield almost identical particle

size distributions. Therefore, Fig. C.2d only shows results for the simulation of Case 3a. This

simulation clearly overestimates the particle sizes at z = 0.1 m but is still considered to be

representative of similar situations in the field.

C.2 Details on the Moisture and Heat Exchanges in the Large-Eddy

Simulations With Lagrangian Particles

After simulating all cases, we noticed a small inconsistency in the model, concerning the

particle-flow interaction in the shallow layer between the surface and the next higher grid level.

When interpolating the flow properties (wind velocity, temperature, humidity) in this layer to

estimate these properties at the location of a particle, the model assumed a logarithmic vertical

profile defined by the bulk parameterizations. This profile was computed using local values

at the first grid level above the surface while another module of the model used horizontally

smoothed values as the bulk parameterizations have been developed for averaged quantities.

Therefore, we repeated the simulation of Case 2 considering smoothed quantities in both

modules. Although this modification led to a better agreement with the measured particle

104



C.3 Simulated and Measured Turbulence Cospectra

size distribution, the simulated steady-state snow transport rate and sublimation rate only

changed by 7% and 5%, respectively, which was not enough to justify the computational effort

of repeating the other simulations. In the main analysis, the Case 2 simulation refers to the

simulation with smoothed quantities in both modules.

C.3 Simulated and Measured Turbulence Cospectra

We use turbulence cospectra to understand the contributions of various eddy sizes to the latent

and sensible heat fluxes measured and simulated at a height of 1.9 m above the snow surface

in Case 1 (around 11th January 2019, 00:45 UTC). In the LES-LSM simulations, we imitate

eddy-covariance measurements by extracting the time series of the vertical wind velocity

component, specific humidity, and air temperature from a horizontally centered grid point

using the same sampling frequency (20 Hz) as for the measurements. Due to the periodic

lateral boundary conditions, large-scale coherent structures are largely locked at their position

in the cross-wise direction of the mean flow and meander much more slowly than in reality

(Munters et al., 2016; Sigmund et al., 2022). This effect creates an artificial wave-like trend in

the time series simulated at a single grid point, which depends on the cross-wise location in

the model domain and is not visible in the measurements. Therefore, a model-measurement

comparison of the lowest frequencies in the cospectra would only be useful if we averaged

several cospectra simulated at several grid points with different cross-wise locations. However,

the respective data was only outputted for a single grid point. We therefore remove the wave-

like trend calculated as running mean with a time window of 150 s and focus on frequencies

larger than approximately 150−1 Hz ≈ 0.007 Hz in the cospectra. The measured time series is

treated in the same way by applying the same running mean procedure.

The resulting cospectra and ogives for the vertical transport of water vapor and heat are shown

in Fig. C.3. The cospectra of the simulation are similar to those of the measurements for

frequencies > 0.25 Hz (small eddies) but tend to underestimate those of the measurements

for frequencies < 0.25 Hz (large eddies). The ogives of the simulation exhibit a noticeable

kink at a frequency of 0.25 Hz, illustrating that higher frequencies contribute strongly to the

simulated vapor and heat fluxes while lower frequencies are almost absent in the simulation.

This kink is not visible in the ogives of the measurements. Similar ogives have been presented

in Fig. 1.7 of Chapter 1 for a smaller model domain with approximately half of the length

and one-third of the height used here. In this previous study, the kink in the ogive occurred

at a higher frequency (0.55 Hz) than in our current study and was explained by the fact that

frequencies associated with eddies larger than the domain cannot be represented in the

simulation. This interpretation also applies to our current simulation. The frequency at the

kink ( f = 0.25 Hz) translates into an eddy length scale of d = ū f −1 = 48 m according to Taylor’s

frozen-turbulence hypothesis, where ū = 11.9 m s−1 is the mean wind speed. This length scale

corresponds approximately to the length of the longest diagonal line in the domain (47 m).
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Figure C.3: Turbulence cospectra and ogives for the Case-1 simulation and field measurements
(11th January 2019, 00:41 to 00:48 UTC) with respect to (a) the vertical wind velocity component
(w) and molar density of water vapor (H2O) and (b) w and air temperature (T ). Negative
values of the bin-averaged spectral density (S) cannot be displayed on a logarithmic scale
and appear as gaps. In the inertial subrange, S is expected to be parallel to the dashed grey
line (S ∝ f −7/3). The ogive (Og ) represents the integral of spectral density between a certain
frequency ( f ) and the Nyquist frequency (10 Hz). The plot is based on time series with 213

records, from which the trends were removed. The simulated records were sampled at a single
grid point at the same height and frequency as the measured records.

C.4 Details on the Methods of the One-Dimensional Model

The 1D prognostic equation for air temperature or specific humidity is

dx

dt
= −dw ′x ′

dz
+S (C.1)

= K
d2x

dz2 +S , (C.2)

where x is either mean air temperature, T (K), or mean specific humidity, q (kg kg−1); w ′x ′ (K

m s−1 or kg kg−1 s−1) is the turbulent flux of temperature or humidity; t (s) is time; z (m) is

height; and S is either the source term for air temperature, ST (K s−1), or that for water vapor,

Sv (kg kg−1 s−1), caused by drifting and blowing snow. The turbulent diffusion coefficient K

(m2 s−1) is evaluated at the midpoints between the vertical levels and expressed using the

common mixing length parameterization for the surface layer with neutral stratification,

K = κ z u∗z (C.3)

where κ= 0.4 is the dimensionless von Kármán constant and u∗z is the friction velocity (m

s−1) at height z (m). The profile of u∗z is computed using the analytical expression of Raupach
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Table C.2: Upper boundary conditions and wind forcing in the 1D model: friction velocity (u∗)
and surface friction velocity (u∗0), which are imposed in all set-ups apart from the default
set-up; horizontal wind speed (u), which is only used in the default set-up; air temperature
(Ta); specific humidity (q); and mass and number mixing ratios of blowing snow (qbs and Nbs ,
respectively), which are only used in set-ups with parameterized mixing ratios of drifting or
blowing snow.

Parameter Unit Height z (m) Case 1 Case 2 Case 3a Case 3b

u∗ m s−1 z →∞ 0.605 0.568 0.795 0.795
u∗0 m s−1 0.00 0.327 0.330 0.298 0.295
u m s−1 2.25 12.1 12.0 16.1 16.1
Ta

◦C 9.00 −3.93 −3.59 −4.64 −4.00
q g kg−1 9.00 2.51 3.01 2.83 2.98
qbs 10−6 kg kg−1 11.25 0.044 1.100 1.985 1.953
Nbs kg−1 11.25 606 8797 11036 11253

(1991) to account for reduced values in the saltation layer,

u∗z = u∗
(
1− (1− u∗0

u∗
) exp

{
− z

hsal t

})
, (C.4)

where u∗ (m s−1) is the imposed friction velocity, which is approached by u∗z with increasing

height; u∗0 (m s−1) is the surface friction velocity, which is prescribed according to the LES-

LSM output (Table C.2); and hsal t (m) is the height of the saltation layer.

When parameterizing the mixing ratios and size distribution of drifting and blowing snow,

the 1D model largely follows the approach of the CRYOWRF model. At the fine and coarse

model levels, we solve prognostic equations for the mass and number mixing ratios of blowing

snow, as described in Sharma et al. (2023). The 1D model assumes horizontal homogeneity

and therefore neglects the term for horizontal advection. At the saltation levels, the mass and

number mixing ratios of drifting snow are computed diagnostically. More precisely, the mass

mixing ratios are estimated using the parameterization of the transport rate for saltation of

Sørensen (2004) in the modified version of Vionnet et al. (2014) and assuming the mass mixing

ratio to follow an exponential profile in the saltation layer (Nishimura and Hunt, 2000; Vionnet

et al., 2014),

qsal t (z) = 1

ρ
Csal t

λsal t g

u∗2 exp{−λsal t zg

u∗2 } , (C.5)

where qsal t (kg kg−1) is the mass mixing ratio of drifting snow at the saltation levels, λsal t =
0.45 is the dimensionless decay coefficient and Csal t (kg m−2) is the vertically integrated

concentration of drifting snow,

Csal t =
Qsal t

up
, (C.6)

where Qsal t (kg m−1 s−1) is the transport rate for saltation and up = 2.8u∗,t (m s−1) is the
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horizontal particle speed, which is expressed as in Pomeroy and Gray (1990) with u∗,t (m s−1)

being the impact threshold friction velocity, which is set to the LES-LSM-based surface friction

velocity. To derive the number mixing ratio of drifting snow at the saltation levels, we prescribe

the mean particle diameter in accordance with the LES-LSM output at each level or assume

that the mean diameter increases linearly from 200 µm at the lowest level to a higher value at

hsal t .

C.5 Modified Parameterization of Mass and Heat Exchange Between

Drifting/Blowing Snow and Air

In the following, we derive the parameterization for sublimation of drifting and blowing snow

that accounts for transient particle temperatures and is used by the 1D model in the lowest 0.3

m of the atmosphere. The derivation begins with Eqs. 1.6 and 1.7 in Chapter 1 for the mass

exchange and energy balance of a single spherical snow particle in a turbulent flow. In contrast

to Thorpe and Mason (1966), Eq. 1.7 does not assume a stationary particle temperature

and includes a term for the change of heat stored inside the particle. Following the other

calculation steps of Thorpe and Mason (1966), we combine Eqs. 1.6 and 1.7 and arrive at the

formula
dmp

dt
= 2πrσ+Ω Nu−1 ci mp dTp /dt

Ω L Nu−1 + (D ρs Sh)−1 , (C.7)

where r (m) is the radius of the snow particle, σ= ρv,∞/ρs −1 is the dimensionless undersatu-

ration of the air, ρs is the saturation vapor density at the temperature of the air, and the term

Ω (W m−1) represents the expression

Ω= 1

kT

(
LM

RT
−1

)
, (C.8)

where M = 18.02×10−3 kg mol−1 is the molar mass of water and R = 8.314 J mol−1 K−1 is the

universal gas constant. If the particle temperature is stationary, Eq. C.7 reduces to the formula

of Thorpe and Mason (1966). Similarly, this formula has been modified by Schmidt (1972) and

Liston and Sturm (1998) to include a term for absorption of shortwave radiation. We neglect

the radiative energy exchange of the snow particle because radiation measurements are not

available at the study site. Additionally, the radiation effects are expected to play a minor role

in cloudy conditions.

The main novelty of our sublimation formula is the empirical expression of dTp /dt for particles

of drifting and blowing snow, presented in Eq. 2.3 in Chapter 2. This expression was derived

from the LES-LSM data, which includes explicitly modelled particle temperatures. The change

in particle temperature reflects the net effect of all energy exchange processes experienced

by a particle. For a particle with a typical ballistic trajectory, dTp /dt is expected to depend

on (i) the mean vertical difference in air temperature, ∆T , driving the temperature difference

between the particle and air and consequently the sensible heat exchange; (ii) the particle
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diameter, dp , because the volume increases more strongly with the diameter than the surface

area, leading to a higher thermal inertia for larger particles; (iii) the height above the surface,

z, which is related to the residence time in the atmosphere and therefore the available period

for approaching a thermal equilibrium; (iv) the mean relative humidity, RH , influencing the

latent heat exchange; and (v) the friction velocity, u∗, influencing the velocity differences

between the particle and airflow and consequently the efficiency of the sensible and latent

heat exchanges. The effect of the friction velocity is expected to be height-dependent because

the particle and wind velocities are typically independent of the friction velocity in the lowest

0.01 m of the atmosphere while they increase with friction velocity at greater heights (Melo

et al., 2022).

We parameterize dTp /dt by estimating its sign from the sign of the vertical temperature

difference and expressing its absolute magnitude as a function of the five aforementioned

variables. Before performing a multiple linear regression, the variables ∆T , RH , z, and dp are

transformed into |∆T | = |T1 −T0|, ∆RH = sgn(∆T )(RH1 −100%),
p

z, and
√

dp , respectively,

where the subscripts 0 and 1 refer to the surface and the lowest saltation level at z = 0.0075

m, respectively. At these heights, temperature and humidity will always be available in the

1D model if there is snow transport. The regression is performed with time-averaged and

bin-averaged dTp /dt values, considering the lowest 0.3 m of the atmosphere with 20 height

bins (0.015 m each) and 70 particle diameter bins (10 µm each) ranging from 90 to 700

µm. Ideally, we would aim to parameterize dTp /dt in a deeper layer because the LES-LSM

simulations suggest that the latent and sensible heat exchanges between the particles and

the atmosphere only balance each other at heights above z = 1.0 m (Fig. C.4). Consequently,

transient particle temperatures are expected in the lowest 1 m of the atmosphere. However,

a regression attempt considering the lowest 1 m did not yield satisfactory results, likely due

to non-linear relationships between the variables. As a compromise, our regression focuses

on the lowest 0.3 m of the atmosphere, where dTp /dt can be approximated by a multi-linear

function and the error of the TM formula is largest.

For the regression, we only use the diameter range from 90 to 700 µm because this range is

responsible for almost the entire latent heat exchange for typical size distributions. To account

for the fact that the lowest centimeters contribute most to the moisture and heat exchanges in

the LES-LSM simulations, we use weighted least squares; the weights decrease linearly from a

value of 1000 for the lowest height bin to a value of 1 for z = 0.3 m. In a first regression attempt,

we encountered singularity problems, i.e., some interaction terms were excluded because they

depended linearly on other terms since variables such as |∆T | and ∆RH only varied among

four values, characterizing the four simulated cases. To avoid these problems, we double the

number of data points by computing 200-s averages instead of 400-s averages. To estimate the

friction velocity, we assume that the mean wind speed is well approximated by a logarithmic

vertical profile for heights from 1 m to 9 m, where small concentrations of blowing snow and

the upper boundary conditions have negligible effects on the shape of the wind profile. Under
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Figure C.4: Dimensionless negative ratio of (a) latent heat exchange, L Sv (W kg−1), to sensible
heat exchange, cp ST (W kg−1), or (b) vice versa between drifting/blowing snow and the
atmosphere as a function of height, z, in the four LES-LSM simulations. Deviations from a
ratio of one indicate transient particle temperatures and the unsuitability of the formula of
Thorpe and Mason (1966). Note the logarithmic height axis.

these assumptions, the friction velocity is

u∗ = κ

a
, (C.9)

where a is the slope of a linear regression line fitted to the 200-s mean wind speeds (u) at z = 1

m, 2 m, . . . , 9 m in a u–ln(z) plot. This calculation yields u∗ values similar to the imposed

friction velocities specified in Table 1.2.

The regression model includes some interaction terms with two variables. These interaction

terms are selected using the best subset approach, which identifies the regression model

with the lowest residual sum of squares for each model size (number of terms) (Miller, 2002).

Increasing the number of interaction terms from 1 to 5 reduces clearly the weighted mean

squared residual while adding further interaction terms leads to a negligible reduction (Figure

C.5a). The Akaike information criterion (Akaike, 1998) decreases similarly with the number

of interaction terms, suggesting an improvement of the model, especially from one to five

interaction terms. We also take into account a cross-validation procedure, in which we fit the

best model of each size three times, each time excluding Case 2, 3a, or 3b from the training

data and using the excluded case for validation. Case 1 is not used for validation because the

other cases do not contain sufficient information to satisfactorily predict the results of Case

1 with any of the tested models. The model with five interaction terms achieves the lowest

weighted mean squared residual in the cross-validation procedure, which supports our choice

of five interaction terms (Figure C.5b).
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Figure C.5: Best subset selection of linear regression models for the absolute temporal change
of particle temperature: (a) Weighted mean squared residual (MSR) and Akaike information
criterion (AIC) when using all four simulated cases as training data and (b) weighted MSR in a
cross-validation procedure using Case 2, 3a, or 3b as validation data and the other three cases
as training data. The standard deviation of the weighted MSR (σ) corresponds to the distance
between the solid and dotted lines. In b, the MSR cannot be determined for 9 or 10 interaction
terms because of rank deficiency.

The Pearson correlation coefficient between the |dTp /dt | values used for the regression and

those predicted by the regression model amounts to 0.68. Figures C.6 and C.7 visualize the

performance of the regression model as a function of particle diameter and height. The

LES-LSM-based |dTp /dt | values are generally well approximated by the regression model,

especially for intermediate particle diameters (250 to 500 µm). For smaller diameters, the

regression model cannot capture the non-linear relationship between |dTp /dt |, diameter and

height but is still close to the LES-LSM data in the lowest height bin at z = 0.0075 m. The

lowest height bin is particularly relevant for the total vapor and heat exchanges because it is

characterized by the highest particle number concentration. At the next higher levels, only

particles at the lower tail of the number size distribution are poorly described by the regression

model, which has a limited effect on the total vapor and heat exchanges because the surface

area of a particle is expected to scale with its contribution to the vapor and heat exchanges.

For particle diameters larger than ∼200 µm and heights greater than ∼0.15 m, the LES-LSM

results of Cases 1 and 2 show very variable |dTp /dt | values with strong deviations from zero.

This variability is likely related to the fact that only few large particles reach heights above 0.15

m and the high number of snow particles represented by one Lagrangian particle reduces the
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robustness of averaged data for certain diameter and height bins.

To obtain a sublimation parameterization for all particles at a specific model level, we perform

an integration with respect to the particle diameter (Sharma et al., 2023),

Sv =−
∫ ∞

0

dmp

dt
Nbs fn(dp ) ddp , (C.10)

where Sv (kg kg−1 s−1) is the vapor source due to sublimation of drifting and blowing snow, Nbs

is the particle number mixing ratio (kg−3), and fn(dp ) (m−1) is the probability density function

for the particle number size distribution, which is represented by a gamma distribution

(Sharma et al., 2023),

fn(dp ) = λα dp
α−1 exp{−dpλ}

Γ(α)
, (C.11)

where α (dimensionless) and λ (m−1) are the shape and inverse-scale parameters, respectively,

and Γ(α) (dimensionless) is the gamma function. Although dmp /dt depends on the regression

model for dTp /dt , which may not be valid for diameters outside the range from 90 to 700 µm,

Eq. C.10 considers the entire range of diameters because typical size distributions lead to a

negligible contribution of very small or very large particles to the entire sublimation.

Before integrating, we rearrange Eq. C.7, insert the regression model for dTp /dt , and assume

that Nu = Sh:

dmp

dt
=
π dp σ Sh +Ω ci ρi

1
6πdp

3 (β1 +β2

√
dp )

Ω L+ (D ρs)−1 . (C.12)

Here, ρi = 918.4 kg m−3 is the density of the snow particle represented by the density of ice

and β1 (K s−1) and β2 (K m−0.5 s−1) are terms in the regression model,

β1 = sgn(∆T ) ( 0.108+0.836|∆T |−0.569
√

zp +0.046∆RH +0.133u∗
−2.23

√
zp |∆T |− 0.164

√
zp∆RH ), (C.13)

β2 = sgn(∆T ) ( −10.1+39.2|∆T |+2.75∆RH +28.5
√

zp ) , (C.14)

where ∆T , zp , u∗, and dp are expressed in SI base units and ∆RH is given in %. Equations

C.13 and C.14 are consistent with Eq. 2.3 in Chapter 2 although the coefficients differ because

here, the input variables are not standardized. The Sherwood number is expressed like in the

CRYOWRF model (Sharma et al., 2023),

Sh = 2 (0.78+0.308Re1/2Sc1/3) (C.15)

where Sc is the dimensionless Schmidt number and Re is the dimensionless particle Reynolds

number expressed as (Mitchell, 1996; Sharma et al., 2023)

Re = am φbm dp
3bm , (C.16)
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Figure C.6: Bin-averaged absolute temporal change of the temperature of drifting and blowing
snow particles (|dTp /dt |) as a function of particle diameter (dp ) from 90 to 700 µm for height
(z) bins centered at (a) 0.0075, (b) 0.0225, (c) 0.0375, (d) 0.0525, (e) 0.1731, (f) 0.2945 m. Each
point marks an average over a 200-s period in one of the four LES-LSM simulations while
the lines represent the regression model. In panel f, 21 data points are not visible because of
exceptionally high |dTp /dt | values.

where φ (m−3) represents the term

φ= 4

3

ρ (ρi −ρ) g

η2 (C.17)

with η (kg m−1 s−1) being dynamic viscosity of air and g (m s−2) being acceleration of gravity.

In Eq. C.16, am and bm are coefficients computed as functions of the dimensionless mean
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Figure C.7: Bin-averaged absolute temporal change of the temperature of drifting and blowing
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best number, X , like in the CRYOWRF model,

am = 0.25×5.832 (Y −1)2

X
bm

, (C.18)

bm =
{

0.5×0.1519
√

X [(Y −1) Y ]−1 if (Y −1) Y ≥ 10−12 ,

1 if (Y −1) Y < 10−12 ,
(C.19)
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with

Y =
√

1+0.1519

√
X , (C.20)

X = φ
Γ(α+3)

Γ(α)

1

λ3 . (C.21)

Inserting Eqs. C.15 and C.16 in Eq. C.12 and substituting B1 = π[Ω L + (D ρs)−1]−1 and

B2 = 0.308Sc1/3am
0.5φ0.5bm , we obtain

dmp

dt
= B1

[
2 dp σ (0.78+B2 dp

1.5bm )+Ω ci ρi
1

6
dp

3
(
β1 +β2

√
dp

)]
. (C.22)

Inserting Eqs. C.11 and C.22 in Eq. C.10 and using the relationships
∫ ∞

0 dp
α−1 exp{−dpλ} ddp =

Γ(α) λ−α and Γ(α+1) =α Γ(α), we arrive at the sublimation formula,

Sv = −B1Nbs

[
2σα

(
0.78

λ
+ B2 Γ(α+1.5bm +1)

λ1.5bm+1 Γ(α+1)

)

+Ω ci ρi
1

6

β1λ
0.5Γ(α+3)+β2Γ(α+3.5)

λ3.5Γ(α)

]
. (C.23)

If stationary particle temperatures are assumed, i.e., if β1 = β2 = 0, Eq. C.23 reduces to the

sublimation formula used in the current CRYOWRF version and at levels above z = 0.3 m in

the 1D model.

In the model configuration with parameterized mixing ratios of drifting or blowing snow, the

vapor exchange influences the abundance of blowing snow. The source/sink term for the mass

mixing ratio of blowing snow, Sq (kg kg−1), corresponds to the negative vapor source/sink

term,

Sq =−Sv , (C.24)

while the source/sink term for the number mixing ratio of blowing snow, SN (kg−1), is esti-

mated using the concept of Morrison and Grabowski (2008):

SN = Sq
Nbs

qbs
, (C.25)

where qbs (kg kg−1) is the mass mixing ratio of blowing snow.

The sensible heat exchange between drifting/blowing snow and the atmosphere is derived

using the same integration approach as in Eq. C.10,

ST =− 1

cp

∫ ∞

0

dQ

dt

∣∣∣∣
conv

Nbs fn(dp ) ddp , (C.26)

where ST (K s−1) is the source term for air temperature and dQ/dt |conv is the sensible heat
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exchange between a particle and the atmosphere. Considering the particle energy balance

(Eq. 1.7 in Chapter 1), we can write

ST = − 1

cp

(∫ ∞

0
ci mp

dTp

dt
Nbs fn(dp ) ddp −

∫ ∞

0
L

dmp

dt
Nbs fn(dp ) ddp

)
= − 1

cp

(
Nbs ci ρi

1

6
π
β1λ

0.5Γ(α+3)+β2Γ(α+3.5)

λ3.5Γ(α)
+L Sv

)
. (C.27)

Again, the formula currently used in the CRYOWRF model is obtained if β1 =β2 = 0.
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Figure C.8: Cumulative sensible heat exchange (H ) as a function of height (z) in the steady state
of the LES-LSM simulations and 1D model set-ups with prescribed mixing ratios of drifting
and blowing snow in (a) Case 1, (b) Case 2, (c) Case 3a, and (d) Case 3b. Point markers are
drawn at the midpoints between model levels to show the total exchange below the respective
height.
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C.6 Discretization Errors of Parameterized Mixing Ratios of Blowing

Snow

We choose Case 2 as an example to illustrate parameterization errors associated with the

vertical resolution and the discretization of the sedimentation flux because the measured

particle size distribution is best reproduced in this case. In the other cases, the blowing snow

profiles are qualitatively similar. Figure C.10 compares the mixing ratios and diameters of

blowing snow particles between the LES-LSM simulations and the Lh-Ld-Lα version of the

suspension set-up of the 1D model. The effect of other factors on this comparison is small

because the parameter settings of the Lh-Ld-Lα set-up are prescribed consistently with the

LES-LSM data in terms of hsal t , the mean particle diameter at hsal t , and the shape parameter

of the size distribution.

The mass mixing ratio is best reproduced by the 1D model if the sedimentation flux is dis-

cretized using the central finite difference and a high vertical resolution (central option).

Nevertheless, this option leads to some overestimation of the mass mixing ratio and some un-

derestimation of the number mixing ratio in the suspension layer, compared to the LES-LSM

simulations. As a result, the mean particle diameter is somewhat overestimated (Fig. C.10c).

Interestingly, all discretization options poorly reproduce the strong decrease of the mean parti-

cle diameter with height between hsal t and z = 0.3 m. Even with the central option, the mean

particle diameter deviates clearly from the profile obtained with the LES-LSM simulation

above the lowest fine level (z = 0.15 m). This deviation can be attributed to an insufficient
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vertical resolution or the fact that the assumed gamma distribution poorly approximates the

bi-modal particle size distribution seen in the LES-LSM results at heights around hsal t (Fig.

C.2). Furthermore, the agreement between the central option and the LES-LSM results may

be influenced by (a) uncertainties of the hsal t parameter, which is difficult to define due to a

gradual transition from saltation to suspension, (b) an underestimation of the mixing ratios

at the upper boundary (z = 11.25 m) due to an underestimation of turbulence in the upper

part of the LES-LSM domain (Sect. 2.3.3), and (d) uncertainties of the turbulent diffusion

coefficient for blowing snow, which is assumed to equal that for momentum and heat in the

1D model. In the literature, there is no consensus on whether blowing snow and other particles

are associated with a lower or higher turbulent diffusion coefficient, compared to momentum

and heat (e.g., Déry et al., 1998; Vionnet et al., 2014).

Currently, the CRYOWRF model applies the low-resolution forward option, which evaluates

the sedimentation flux at slightly too great heights and places the first fine level at z = 0.5 m.

Figure C.10 demonstrates that this option overestimates significantly the mass mixing ratios,

mean particle diameter, and standard deviation of the diameter. Using the forward option

with a higher vertical resolution improves the representation of blowing snow. If the concept

of the backward finite difference is applied to the terminal fall velocity (semi-forward option),

the performance of the 1D model improves further, albeit only slightly. With this option, the

number mixing ratios are close to those of the LES-LSM simulation but the mass mixing ratios

are overestimated by a factor of approximately seven at several model levels.
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Figure C.11: Properties of drifting and blowing snow and latent heat exchange in the suspen-
sion set-up of the 1D model in (a–d) Case 3a and (e–h) Case 3b with the same presentation as
in Fig. 2.5 of Chapter 2.
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D.1 Basic Equations for Stable Water Isotopes

The isotopic composition (δi) throughout this manuscript is formulated in delta notation and

given in ‰ (Craig, 1961):

δi = Ri

Ri,VSMOW
−1 . (D.1)

Here, the subscript i refers to a heavy water isotopologue (H2
18O or HD16O), Ri is the abun-

dance ratio of heavy to light water isotopologues and Ri,VSMOW is the reference isotopic ratio

of the Vienna Standard Mean Ocean Water (VSMOW) listed in Table D.1 together with other

constants and parameters.

The isotopic ratio can be expressed as

Ri = mi

mH2
16O

MH2
16O

Mi
, (D.2)

where mH2
16O is the mass of the light isotopologue in a water sample, mi is the mass of a heavy

isotopologue (H2
18O or HD16O), and MH2

16O and Mi are the respective molecular masses.

For given values of RH2
18O, RHD16O, and the total mass of a water sample (mtot = mH2

16O +
mH2

18O +mHD16O), the masses of the individual isotopologues are known, e.g.:

mH2
18O = mtot

(
1+ MH2

16O +RHD16O MHD16O

RH2
18O MH2

18O

)−1

. (D.3)

The equilibrium fractionation factor (αX−V) is defined as

αX−V = RX

RV
> 1 , (D.4)

where the subscript X refers to the solid (S) or liquid (L) phase and the subscript V refers to
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Table D.1: Important simulation constants and parameters.

Quantity Symbol Value Unit
Molar mass for H2

16O MH2
16O 0.018 kg mol−1

Molar mass for H2
18O MH2

18O 0.020 kg mol−1

Molar mass for HD16O MHD16O 0.019 kg mol−1

Isotopic ratio for VSMOW RH2
18O 2.0052×10−3 –

Isotopic ratio for VSMOW RHD16O 1.5595×10−4 –
Ratio of molecular diffusivities DH2

18O/DH2
16O 0.9727a –

Ratio of molecular diffusivities DHD16O/DH2
16O 0.9757a –

Latent heat of evaporation Le 2.5×106 J kg−1

Number of snow layers nmax 100 –
Snow layer thickness SLT 0.01b m
Snow density ρs 350 kg m−3

Air parcel volume V 1×1×1 m3

a Merlivat (1978)
b Refers to the baseline simulation; other values of 0.001 m and 0.02 m are used in sensitivity
tests

the vapor phase. These factors are computed as a function of surface temperature, which is

taken from the ERA5 reanalysis data. The αS−V factors for H2
18O and HD16O are calculated

according to Majoube (1970) and Merlivat and Nief (1967), respectively. ForαL−V, the formulas

of Majoube (1971) are used.

D.2 Details of Model Sublimation

The isotopic composition of the sublimation flux is computed from that of the surface snow,

either assuming equilibrium fractionation (Run E, Eq. D.4) or neglecting fractionation (Run N).

To simulate changes in the isotopic composition of surface snow with time, Model Sublimation

parameterizes the mass of each water isotopologue in snowfall and in the surface vapor flux.

The model neglects liquid precipitation on the ice sheet, i.e., rain-on-snow events, which are

rare in Antarctica. To represent the case of vapor deposition, Model Sublimation estimates the

isotopic ratio of the atmospheric vapor (Ri,V) as

Ri,V =
 0.5

(
Ri,snow

αS−V(T ) +
Ri,p

αS−V(T a)

)
in Run E,

0.5
(
Ri,snow + Ri,p

αS−V(T a)

)
in Run N,

(D.5)

where T is surface temperature, T a (K) is the daily running mean air temperature at a height

of 2 m, and Ri,snow and Ri,p are the isotopic ratios of surface snow and potential snowfall,

respectively. Assuming equilibrium fractionation and multiplying Eq. D.5 with αS−V(T ) yields
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the isotopic ratio of the deposition flux (Ri,flx):

Ri,flx =
 0.5

(
Ri,snow + αS−V(T )

αS−V(T a)
Ri,p

)
in Run E,

0.5
(
αS−V(T ) Ri,snow + αS−V(T )

αS−V(T a)
Ri,p

)
in Run N,

(D.6)

In the baseline simulation, the isotopic composition of snowfall is parameterized using the

empirical function of Stenni et al. (2016), henceforth referred to as Stenni16:

δ18O = 0.45
(
T a −273.15

)
−31.21 . (D.7)

This function represents a linear fit to local measurement data from Dome C, averaged over

daily intervals, where the air temperatures span the broad range from −80 ◦C to −20 ◦C.

Although Masson-Delmotte et al. (2008) derived δi-temperature relationships from a data

set with many Antarctic sites, these relationships are not suitable for our purpose because

they are based on yearly averages and a variety of snow samples including ice cores, firn

cores, snow pits, and precipitation. In a sensitivity study, we perform simulations with other

local δ18O-temperature relationships for snowfall, namely those for Vostok from Landais et al.

(2012), henceforth Landais12,

δ18O = 0.35
(
T a −273.15

)
−40 , (D.8)

and for Dome Fuji from Fujita and Abe (2006), henceforth FA06,

δ18O = 0.78
(
T a −273.15

)
−18.4 . (D.9)

Equations D.8 and D.9 are based on data in the temperature range from −76 ◦C to −44 ◦C and

from −76 ◦C to −28 ◦C, respectively. For all of these options, δD of the snowfall is derived

using the δD-δ18O relationship from Masson-Delmotte et al. (2008),

δD = (7.75 δ18O)−4.93 . (D.10)

We initialize Model Sublimation by assuming that a large quantity of snowfall has just occurred.

Hence, for a particular location, the initial isotopic composition of all snow layers is the same.

In the surface snow layer, the mass balance for each water isotopologue is

mi|1t = mi|1t−1 + mi,p
∣∣

t + mi,flx
∣∣

t

{
− f mi|1t−1 if ∆m|t ≥ 0 ,

+ f mi|2t−1 if ∆m|t < 0 ,
(D.11)

where, mi|1t and mi|1t−1 are the masses of a specific water isotopologue (i) in the surface snow

layer at time step t and the previous time step (t −1), respectively; mi,p
∣∣

t is the mass added by

precipitation; mi,flx
∣∣

t is the mass added or removed (positive or negative sign, respectively) by

the surface flux; mi|2t−1 is the mass of the water isotopologue in the layer below the surface

snow layer; and f is the absolute ratio between the net mass gain or loss at the surface (∆m|t )
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and the total mass of the snow layer. For layers below the surface snow layer (n > 1), the

balance equation becomes

mi|nt = mi|nt−1 − f mi|nt−1 +
{

f mi|n−1
t−1 if ∆m|t ≥ 0 ,

f mi|n+1
t−1 if ∆m|t < 0 ,

(D.12)

where n is the number of the layer. For the lowest layer (n = 100), the term mi|n+1
t−1 is not known

and assumed to be equal to mi|nt−1.

D.3 Details of Model Air Parcel

For each air parcel, we consider time intervals of 3 h centered around data points from the

trajectory data set. Due to these centered intervals, the first and the last interval are only 1.5 h

long. For each interval, we use ERA5 reanalysis data for the closest grid cell and the hour

beginning at the center of the air parcel interval. The only exception is the last interval, for

which we use ERA5 data in the hour ending at the center of the interval, i.e., in the last hour

before the parcel arrives at the ship.

During ocean evaporation, equilibrium and kinetic fractionation are modeled using the Craig-

Gordon formula (e.g. Horita et al., 2008),

δE = α−1
L−V δL −hs δA − (ε∗+εk)

1−hs +10−3 εk
, (D.13)

where the isotopic composition of ocean water (δL) is set to δ18O =−0.5‰ or δD =−1.7‰,

which is typical for surface water in the Southern Ocean (LeGrande and Schmidt, 2006; Bonne

et al., 2019); δE and δA are the isotopic compositions of the evaporation flux and the air parcel,

respectively; hs is the ratio of ambient vapor pressure (here evaluated at a height of 2 m) and

saturation vapor pressure at the surface; and ε∗= (1−α−1
L−V)103 > 0 and εk = (1−α−1

k )103 > 0

are functions of the equilibrium (αL−V) and kinetic (αk) fractionation factors, respectively. The

expression for εk is parameterized as

εk = (1−hs) θ

[
1−

(
Di

D

)n]
103 , (D.14)

where the ratio of diffusion coefficients for the heavy and light water isotopologues (Di/D) is

taken from Merlivat (1978). For the exponent, a value of n = 0.5 is assumed, which is typical

for open water bodies in natural conditions (Gat et al., 2001). The term θ is approximated

with a value of θ = 1, which is appropriate if hs and δA are evaluated in the lower part of the

boundary layer, where they are directly influenced by evaporation (Gat et al., 1996). If hs

approaches a value of 1, Eq. D.13 will yield a δE value approaching ± infinity depending on

δA. At the same time, propagated errors in δE will approach infinity (Kumar and Nachiappan,

1999). To avoid implausible isotopic compositions, δE is limited to minimum and maximum

values of −1000‰ and +10000‰, respectively, corresponding to isotopic ratios of zero and
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approximately 11 times the VSMOW values, respectively.

To initialize air parcels over the ocean, Eq. D.13 is simplified using the global closure assump-

tion. Taking into account Eq. D.1, this simplification yields (e.g. Dar et al., 2020)

RE = αkRL

αL−V(1−hs +αkhs)
, (D.15)

where RE and RL are the isotopic ratios of the evaporation flux and the ocean, respectively. Air

parcels which are initialized over snow, begin their journey with isotopic ratios according to

Eq. D.5.

While the volume of the air parcel (V ) stays constant, its mass (mA) changes according to the

ideal gas law,

mA = p V

Rd Tv
, (D.16)

where p is air pressure, Rd is the specific gas constant of dry air, and Tv is virtual temperature.

If the specific humidity of the parcel exceeds its saturation value, the model will account for

cloud formation and precipitation by reducing the vapor mass to reach the saturation specific

humidity. The effect of this phase change and mass removal on the isotopic composition of

the parcel is computed using the classic Rayleigh distillation model in its integrated form

(Sinclair et al., 2011),

δi,2 = (1+δi,1)

(
q2

q1

)α̂X−V−1

−1 , (D.17)

where δi,1 and q1 are, respectively, the isotopic composition and specific humidity of the parcel

after accounting for surface exchange and before accounting for cloud formation, δi,2 and q2

are, respectively, the isotopic composition and specific humidity of the parcel after accounting

for cloud formation, and α̂X−V is a weighted average of the equilibrium fractionation factors

for the liquid-vapor and solid-vapor transitions, considering a cloud ice fraction that increases

linearly from 0 to 1 in the temperature range from 0◦ C to −20◦ C.

D.4 Model-Measurement Comparison for the Location of Dome C

In this section, we analyze the sensitivity of Model Sublimation with respect to the settings for

snow layer thickness (SLT) and snowfall isotopic composition. In addition to these settings, the

fractionation assumption for snow sublimation is varied, that is, we either assume equilibrium

fractionation (Run E) or neglect fractionation (Run N) during sublimation. The model is run

for the location of Dome C, in the period from January 2013 to January 2016 and the results

are compared with isotope measurements for surface snow and atmospheric water vapor,

published by Casado et al. (2016, 2018).

With increasing values of SLT, the modeled isotopic composition of surface snow responds

more slowly to the surface flux and snowfall (Fig. D.1). Using a SLT value of 1 cm or 2 cm,

the model reproduces well the measured seasonal cycle in surface snow δ18O, especially in
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Run E. For a lower value of SLT = 0.1 cm, the seasonal amplitude is overestimated and the

seasonal maxima and minima are attained slightly too early. For SLT values of 1 cm and 2 cm,

the root-mean-square error (RMSE) with respect to the measurements is identical (2.4‰ for

Run E). However, the seasonal amplitude is better captured with SLT = 1 cm and hence, we

use this value in the remaining analysis. The sensitivity with respect to SLT is similar to the

sensitivity with respect to snow density as both parameters determine the mass contained

in each snow layer. Changing the snow density by a certain factor has the same effect on the

modeled isotopic composition as changing SLT by the same factor.

On short time scales, the measured δ18O of surface snow varies more strongly than the

simulated one, partly because the sampling location changes slightly with time and the small-

scale spatial variability is not represented in the simulations (Casado et al., 2018). In Run N,

the surface snow is generally enriched in the heavy isotopologues, compared to Run E. For

SLT = 1 cm, the difference between the model runs amounts up to 2.6‰. This difference can

only result from a different representation of the sublimation and deposition fluxes (Sect. D.2,

Eq. 6). At Dome C, vapor deposition dominates, on average, over sublimation according to

the ERA5 data; sublimation is only significant from November to February. Therefore, the

more enriched surface snow in Run N, compared to Run E, is explained by the fact that the

deposition flux is more enriched in heavy isotopologues in Run N.

So far, we have used the snowfall δ-temperature relationship of Stenni16 because it was

derived from measurements at Dome C. Figure D.2a shows how the surface snow δ18O at

Dome C changes when applying snowfall δ-temperature relationships from other Antarctic

sites (Equations D.8 and D.9). This sensitivity test allows us to estimate uncertainties arising

from the generalization of a site-specific snowfall δ-temperature relationship. As expected,

the relationship of FA06 with a high δ18O-temperature slope leads to an increased seasonal

amplitude in the surface snow δ18O. In austral summer, the agreement with the measurements

is still reasonable while in austral winter, the surface snow δ18O is clearly too depleted. Overall,

the RMSE of the surface snow δ18O is 3.9‰ for the relationship of FA06 in Run E, which

is 1.6 times higher than for the relationship of Stenni16 in Run E. Using the relationship of

Landais12, the modeled δ18O of the surface snow is systematically too depleted while the

seasonal amplitude is only slightly reduced compared to the relationship of Stenni16. The

systematic difference is due to a low intercept value in the δ-temperature relationship of

Landais12, leading to the highest RMSE of approximately 5‰ in Run E.

Figure D.2b compares the estimated isotopic composition of atmospheric water vapor with

measurements at Dome C available in a 24-d period in December 2014 and January 2015

(grey shading in Fig. D.2a). It is important to note that this figure is only based on the simple

parameterization used in Model Sublimation without considering air parcel trajectories. The

comparison with the measurements allows us to assess potential uncertainties in this parame-

terization, affecting the isotopic composition of the deposition flux in Model Sublimation and

the initialization of the air parcel δ18O over snow in Model Air Parcel.
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Figure D.1: Sensitivity of the modeled δ18O of surface snow at Dome C with respect to snow
layer thickness for values of (a) 0.1 cm, (b) 1 cm, and (c) 2 cm in Run E (solid lines) and Run
N (dashed lines) from November 2013 to January 2016. Daily averages are compared with
observed samples taken approximately every four days as described in Casado et al. (2018);
respective root-mean-square errors are shown in the legend. For this figure, the snowfall
δ−temperature relationship of Stenni et al. (2016) is used.

With the snowfall δ-temperature relationships of Stenni16 and FA06, the estimated vapor

δ18O values are very similar and, in Run E, close to the measured mean value for the whole

period. For the relationship of Stenni16 and Run E, the vapor δ18O is characterized by a mean

bias error (MBE) of −0.2‰. For the same model run, the RMSE is 3.7‰ because our simple

estimate of the vapor δ18O strongly underestimates the measured diurnal variations. Using the

snowfall δ-temperature relationship of Landais12 in Run E, the vapor δ18O values are generally

too depleted at Dome C with a MBE of −4.9‰ and a RMSE of 6.2‰. In Run N, the atmospheric
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vapor is clearly too enriched in heavy isotopologues for all snowfall δ-temperature relationship.

These findings suggests that Run E is more realistic than Run N and the initial air parcel δ18O

over snow may be under- or overestimated by several ‰ depending on where and when the

air parcel is initialized.
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Figure D.2: Sensitivity of the modeled δ18O of (a) surface snow and (b) atmospheric water
vapor at Dome C with respect to the assumed δ−temperature relationship for snowfall in
Run E (solid lines) and Run N (dashed lines) of Model Sublimation. In all cases, a snow layer
thickness of 1 cm is used. Panel (a) compares hourly averages with observed samples taken
approximately every four days as described in Casado et al. (2018). Panel (b) shows hourly
values for vapor in the grey-shaded period and the measurements represent running mean
values as described in Casado et al. (2016). The legend specifies the root-mean-square error
(RMSE) or mean bias error (MBE) for the model-measurement comparison.
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Figure D.3: Comparison of the specific humidity between Model Air Parcel (qpar cel ) and the
trajectory data set (qr e f ), which is based on operational analyses of the European Centre for
Medium-Range Weather Forcasts.
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D.5 Sensitivity of the Isotopic Composition of the Air Parcels With

Respect to That of Snowfall

It is important to note that changing the snowfall isotopic composition in Model Sublimation

does not affect the isotopic composition of the air parcels during cloud formation. The isotopic

composition of snowfall is only used to estimate that of surface snow, which determines that

of the sublimation flux and influences the initial isotopic composition of the air parcels. Figure

D.4 shows how the modeled δ18O at the ship changes when assuming different snowfall δ-

temperature relationships in Run E (Equations D.7 to D.9). Differences in the δ18O time series

are most pronounced in the middle of the study period, suggesting that many air parcels

are initialized over snow or influenced by sublimation at this time. While the snowfall δ-

temperature relationship of Stenni16 (baseline simulation) leads to a minimum of −40‰ in

the vapor δ18O time series, the relationship of FA06 leads to a less pronounced minimum of

−34‰. On the contrary, the snowfall δ-temperature relationship of Landais12 leads to the

most pronounced δ18O minimum of −45‰. The best agreement with the measurements is

obtained with the relationship of FA06 (RMSE = 4.2‰, Pearson correlation coefficient ρ = 0.77)

although the agreement is only slightly better than for the baseline simulation (RMSE = 4.4‰,

ρ = 0.77). For the relationship of Landais12, the deviations from the measurements are, on

average, largest but still reasonable (RMSE = 5.6‰, ρ = 0.77). Although the parameterized

snowfall δ18O is an important source of uncertainty in our model, the associated sensitivity

of the vapor δ18O is small enough to draw useful conclusions about the dominant processes

driving the isotopic signal.
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Figure D.4: Effect of different snowfall δ-temperature relationships assumed in Model Sub-
limation on the modeled δ18O of atmospheric water vapor at the ship in Run E. Modeled
ensemble averages are compared with measured 1-h averages.
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