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Turbulent exchange of heat and moisture plays an important role in snow cover 
dynamics. Although these processes are subject to great spatial and temporal 
variability, especially in complex terrain, measurements of heat, moisture, 
and momentum fluxes are almost exclusively point observations. Numerical 
modeling offers a means to assess the spatial variability of fluxes and evaluate 
the representativeness of point observations. This study addresses this challenge 
by examining the spatiotemporal variability of surface–atmosphere energy 
exchange during different meteorological events in the Swiss Alps using the 
NWP model CRYOWRF. We analyze sources of errors in representing energy 
exchange over snow in mountain areas by models. To investigate this, we first 
compared fluxes derived from Monin-Obukhov parameterizations with direct 
Eddy Covariance measurements. While the parameterization generally captures 
the sign of the fluxes, it tends to underestimate their magnitude, up to 20 W 
m−2 for latent heat flux. We then evaluate CRYOWRF—the WRF model coupled 
with the SNOWPACK land-surface scheme–in representing fluxes and mean 
quantities. Simulations at 1 km and 200 m resolution are compared against data 
from 21 meteorological stations in a 40 × 40 km domain in the Swiss Alps 
during three conditions: a South Föhn, a North Föhn, and a quiescent day. Our 
findings indicate that while higher-resolution simulations improve agreement 
between measured and modeled variables, they tend to underestimate wind 
speeds (with a bias of up to 1.5 ± 0.2 m s−1), and turbulent fluxes (up to 14 ± 3.7 W 
m−2) and consequently lower snow surface temperatures (up to 3.3 ± 0.3 °C). 
In contrast, coarser-resolution simulations overestimate wind speeds, and 
therefore, heat fluxes. Our research demonstrates that magnitudes of turbulent 
fluxes scale linearly with local wind speeds (r-values between −0.80 and −0.98 
for sensible heat flux on a south föhn day, p-values <  0.001), with locations at 
similar elevations exhibiting comparable trends of increasing turbulent flux with 
wind speed. Although temperature and humidity gradients generally decrease 
with elevation, higher elevations still experience greater net energy exchange 
between the surface and the atmosphere. A net magnitude increase of 30 W 
m−2 is observed between elevation differences of 1,000 m. Overall, our results 
suggest that point measurements should be used with caution for representing 
broader terrain conditions, especially when extrapolated for different elevations.
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turbulent fluxes, snow-atmosphere interactions, complex terrain, numerical modeling, 
surface exchange 

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1640842
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1640842&domain=pdf&date_stamp=2025-11-10
mailto:rainette.engbers@epfl.ch
mailto:rainette.engbers@epfl.ch
https://doi.org/10.3389/feart.2025.1640842
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1640842/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1640842/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1640842/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Engbers et al. 10.3389/feart.2025.1640842

 

1 Introduction

Interactions between the atmosphere and the surface play a 
crucial role in shaping the temporal and spatial evolution of snow 
cover over mountainous regions. The main drivers of snow ablation 
are spatially and temporally variable shortwave radiation, longwave 
radiation, and turbulent exchange of heat and moisture (Mott et al., 
2011). Therefore, an accurate representation of turbulent 
fluxes is essential for modeling the mass and energy balance 
of snowpacks, which, in turn, is critical for capturing the 
snow hydrological cycle, avalanche hazards, and climate in
cold regions.

Despite the variability of turbulent fluxes over heterogeneous 
terrain (Lehner and Rotach, 2018), nearly all measurements of 
turbulent exchange of heat and moisture in snow-atmosphere 
interactions are point measurements. In-situ measurements 
of turbulent fluxes are furthermore scarce and, especially in 
complex terrain, do not represent all terrain types. Recent 
advances have enabled high-resolution investigations of near-
surface atmospheric dynamics using thermal infrared imaging 
on a small spatial scale of several meters (Haugeneder et al., 
2023). This method reveals substantial spatial and temporal 
variability of near-surface atmospheric quantities and turbulent 
fluxes over heterogeneous surfaces. However, this method remains 
unfeasible for large-scale applications, necessitating the use of 
numerical modeling to improve our understanding of turbulent flux
variability.

Computations of turbulent fluxes in numerical weather 
prediction (NWP) models rely on similarity scaling 
parameterizations such as the Monin-Obukhov Similarity Theory 
(MOST), which are based on wind speed, temperature and 
humidity gradients, and the resulting stability of the atmosphere. 
These parameterizations assume quasi-stationarity, horizontal 
homogeneity, and the presence of a constant-flux layer near the 
surface (Foken, 2006) - assumptions that are never fulfilled in 
highly complex terrain. Despite this, MOST is still widely applied 
in such environments, even though it was originally developed for 
flat, homogeneous surfaces (Rotach and Zardi, 2007). At coarser 
resolutions, smoother representations of topography tend to uphold 
the assumptions underlying MOST (Epifanio, 2007). However, 
as model resolution increases and terrain complexity is more 
explicitly resolved, the limitations of traditional approaches become 
more pronounced (Goger et al., 2016). In such cases, improved 
representations of turbulent fluxes, such as the generalized extension 
of MOST proposed by Stiperski and Calaf (2023), offer a more robust 
framework for capturing turbulent fluxes in heterogeneous and 
complex terrain—but these frameworks have not yet been applied 
in NWP models.

Furthermore, snow-covered surfaces strongly influence the 
character of the boundary layer, leading to the development of highly 
stable boundary layers due to radiative cooling or advection of warm 
air over a colder surface (Schlögl et al., 2017) in combination with 
a smoother snow surface. In such conditions, turbulence weakens, 
and surface layer decoupling can occur. These stably stratified 
boundary layers, which remain less well understood than their 
unstable counterparts (Mahrt, 2014), pose an additional challenge 
for NWP models, as they are often associated with excessive 
cooling biases (Zheng et al., 2017).

In summary, the two-way interactions between surface and 
atmosphere, especially in complex terrain and stable boundary 
layers, pose significant challenges for NWP models (Goger et al., 
2022). Nonetheless, we rely on NWP models for their accurate 
representations of turbulent fluxes, which are critical for weather 
forecasting, avalanche prediction, and hydrological assessments. 
Turbulent fluxes, for instance, are among the key drivers of 
spring snowmelt (Mott et al., 2011). One key to correctly deriving 
turbulent fluxes is to accurately represent the wind field in 
heterogeneous topography (Mott et al., 2018). The diurnal cycle of 
wind fields is generally well-understood and effectively modeled 
over complex terrain. However, the question remains of how well 
the turbulent fluxes are represented in NWP models in these
environments.

Although previous studies have examined the spatial variability 
of turbulent fluxes, they have primarily focused on melting events 
for hydrological applications (Pohl et al., 2006) and on patchy 
snow cover dynamics (Mott et al., 2015; Haugeneder et al., 
2023; Mott et al., 2017; Schlögl et al., 2018). Additionally, many 
atmospheric models employ a simplified, single-layer representation 
of the snowpack, limiting their ability to capture complex 
snow-atmosphere interactions. Recent developments in fully 
coupled atmosphere-snowpack models, such as Meso-NH/Crocus 
(Vionnet et al., 2014), RACMO (Gadde and van de Berg, 2024), and 
CRYOWRF (Sharma et al., 2021), have improved the representation 
of these interactions and even implemented blowing snow schemes, 
which allow enhanced sublimation. In CRYOWRF, meteorological 
variables computed by the atmospheric component are directly 
coupled to the physics-based, multi-layer snow cover model 
SNOWPACK (Lehning et al., 1999; Lehning et al., 2002), which 
computes the turbulent fluxes. However, a gap remains in the 
literature concerning the spatial variability of turbulent sensible 
and latent heat fluxes within these fully coupled models, especially 
at high resolutions typical of modern NWP applications over 
complex terrain. Particularly research during synoptic flow-
induced weather patterns in mountain regions, such as föhn, 
remains limited (Gohm et al., 2004).

To address this gap, the present study aims to enhance 
our understanding of turbulent flux variability over snow-
covered mountainous terrain, using the state-of-the-art model 
CRYOWRF. We focus on three distinct synoptic weather patterns 
characteristic of the Alps: south föhn, north föhn, and calm 
high-pressure conditions. A key objective of this study is to 
assess the representativeness of point measurements of turbulent 
fluxes for an entire terrain and to understand how these fluxes 
vary spatially. To achieve this, we first compare CRYOWRF 
simulations to point measurements of turbulent fluxes in complex 
terrain, evaluating whether the model accurately represents fluxes 
given uncertainties in input variables and parameterizations. 
This allows us to examine the effect of model resolution on 
turbulent flux predictions, specifically comparing resolutions of 
1 km and 200 m. Next, we analyze the temporal variability of 
turbulent fluxes across the terrain, with a particular focus on 
the differences induced by varying synoptic weather patterns. 
Finally, we investigate the influence of key topographical features on 
turbulent fluxes, identifying the dominant features that drive spatial
variability. 

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2025.1640842
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Engbers et al. 10.3389/feart.2025.1640842

2 Methods

2.1 Measurement sites and instrumentation

The study area is located in the Eastern Swiss Alps, in the 
mountainous region surrounding Davos, Switzerland. This area is 
characterized by complex alpine terrain and is predominantly snow-
covered in winter. The area covers altitudes from 480 to 3,080 m a.s.l. 
It also benefits from an abundance of meteorological measurements.

We use two types of measurement stations in this study: a 
primary research site with eddy covariance (EC) instrumentation 
and 20 supplementary conventional meteorological stations. The 
main site is the Weissfluhjoch (WFJ) research station, operated 
by the Snow and Avalanche Research Institute (SLF). This site is 
extensively used for avalanche and snow research and includes both 
low- and high-frequency measurements.

The supplementary stations belong to the Inter-Cantonal 
Measurement and Information System (IMIS) network
(Lehning et al., 1999) and include additional research stations 
at Wannengrat and Laret. These stations provide low-frequency 
meteorological data.

Figure 1 presents an overview map showing the locations of 
all field sites. Wind roses at selected stations illustrate the local 
wind climate, revealing significant variation in mean wind direction 
across the region. This variability indicates that thermally and 
terrain-driven circulations (e.g., downand up slope winds) often 
dominate over synoptic-scale winds. Downslope winds are the most 
frequently observed flow regime at most sites. The topography in this 
map shows the model domain digital elevation model (DEM) used 
for the highest resolution simulation.

2.1.1 Weissfluhjoch station
The WFJ station is located on a flatter section on a south-east 

facing slope at 2,536 m a.s.l. in the Parsenn ski area. Three peaks 
surround this field site: Weissfluhjoch (2,686 m a.s.l.) to the north, 
Salezerhorn (2,536 m a.s.l.) to the southeast, and Schafläger (2,681 m 
a.s.l.) to the southwest. On the research site, a Young RE-8500 
sonic anemometer combined with a Li-COR 7500A gas analyzer 
is set up at a height of 3 m above snow-free ground. During the 
experiment, the effective height of the sensor varied between 95 cm 
and 0 cm above the snow surface, being partially buried in the 
snow on a few occasions. The measuring frequency of the sonic 
anemometer and the gas analyzer is 10 Hz. The research field site 
also contains an automatic weather station measuring temperature, 
wind speed, snow surface temperature, longwave radiation, and 
reflected shortwave radiation. These measurements are used for 
the computation of fluxes using the Monin-Obukhov bulk method 
(further discussed in Section 2.3.2).

The predominant wind directions at WFJ are either from the 
southeast or the northwest, which corresponds to up- and down-
slope winds, respectively. 

2.1.2 IMIS and wannengrat stations
The IMIS stations, operated by SLF, are situated at high-elevation 

locations to provide meteorological data for operational avalanche 
forecasts and warnings. There are thirteen IMIS stations located 
within the simulation domain of Figure 1. Ten of them are ‘snow’ 
stations and they provide snow depth, wind speed, air temperature, 

humidity, surface temperature, and reflected shortwave radiation, 
used as input for the surface model SNOWPACK. They are typically 
placed in more wind sheltered environments. The other three 
stations are ‘wind’ stations, typically placed on more wind exposed 
locations at a ridge. Here, they are only used for the comparison of air 
temperature, wind speed and relative humidity. More information 
on these stations can be found in Lehning et al. (1999).

Five additional automatic weather stations, which recorded data 
in February and March 2019, are located at the Wannengrat area, 
in Dischma valley and in Laret. Here, these stations are only used 
for air temperature, wind speed, relative humidity, and if available, 
surface temperature comparisons. For all stations, the wind speed is 
corrected to a height of 10 m using the logarithmic wind profile for 
comparison to the model results. 

2.2 Event selection

To investigate the variability of turbulent fluxes depending on 
the synoptic flow, we selected three distinct weather patterns: a South 
Föhn, a North Föhn, and a calm day. Föhn is defined as a large-scale 
downslope wind induced by terrain characteristics that brings drier 
and warmer air to the lee side of the mountain range (Elvidge and 
Renfrew, 2016).

Davos, located in an inner valley on the north side of the 
main divide of the Alps, experiences different impacts depending 
on the direction of the föhn. During south föhn events, Davos 
is on the lee side, experiencing warm and dry descending air. In 
contrast, during north föhn events, the region is located more 
on the windward side, receiving moist, rising air often associated 
with precipitation. By comparing flux measurements during these 
föhn events to those recorded on a calm day, we aim to analyze 
the high-resolution spatial distribution of turbulent fluxes under 
varying meteorological conditions. Due to the high computational 
cost associated with running complex models at a 200 m resolution, 
we selected a single representative day for each event to simulate. 
The analysis is based on data from February and March 2019, a 
period characterized by a long dry spell in February and frequent 
precipitation events in March. 

2.2.1 South föhn event
We define south föhn events in the months of February 

and March 2019 with an automatic detection with the following 
conditions at the WFJ site:

• constant wind direction from the south-west to south-east 
throughout the day,

• 30-min average wind speeds exceeding 5 m s−1,
• low relative humidity (30%–60%),
• increasing 2 m air temperatures during the event.

Additionally, the maximum air temperature of the day should 
not exceed 0 °C at Weissfluhjoch as we want to avoid surface 
melting of snow, which may add further complexity to our 
conclusions. In these 2 months, 6 days are classified as south föhn 
events which we use in the analysis in Section 3.2. For the model 
simulation, we selected the sixth of March 2019. This day was 
characterized by a strong föhn event, and more than 80% of the 
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FIGURE 1
Map showing the domain of the 200 m resolution model and its location in the east of Switzerland. The black dots and wind roses give the locations of 
the stations with the name and elevation. The wind roses show the wind speed and direction of February - March 2019 measured by the corresponding 
station. Not all wind roses are shown as choice to not clutter the figure. The model topography is based on SRTM 1 arcsecond (National 
Geospatial-Intelligence Agency (NGA), 2000) and the map of Switzerland is acquired from 
SwissTopo (Swiss Federal Office of Topography, swisstopo, 2025).

sonic anemometer and gas analyzer data passed quality tests. On 
this day, the snow height at WFJ was 2.25 m, which means the sonic 
anemometer was 0.75 m above ground level. A rough flux footprint 
estimation based on Kljun et al. (2015) gives a maximum at 2.1 m. 

2.2.2 North föhn event
For the automatic detection, north föhn events are defined 

based on the following conditions observed at the WFJ
weather station:

• predominant wind direction from the north,
• 30-min average wind speeds exceeding 5 m s−1,
• high relative humidity (close to 100%),
• decreasing 2 m air temperatures during the event.

Seven days in February and March 2019 met these criteria.
North föhn events are often accompanied by snowfall. Snow 

particles that pass through the sensor of the ultrasonic anemometer 
can influence the measurements by increasing the amount of spikes 
in wind and temperature values which makes the data unreliable 
(Sigmund et al., 2022). For the model simulation, we chose an 
event that was not accompanied by snowfall, as to have the largest 
amount of reliable EC data to compare with. One of the few days 
in February and March where a significant portion of the day 
showed reliable data from the sonic anemometer, was the 25th 
of March 2019. However, most of the gas analyzer data did not 
pass data quality control tests. Instead of obtaining latent heat 
flux from the high-frequency data, we computed the latent heat 
flux using the C-method, first introduced by Businger (1986) and 
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revisited by González-Herrero et al. (2024). This method assumes 
that turbulent eddies transport heat and moisture in the same 
way, and thus the turbulent exchange coefficients for sensible and 
latent heat are equal (Cl = Cs). Accordingly, the method requires 
only high-frequency measurements from the sonic anemometer, 
supplemented by low-frequency meteorological observations. The 
snow height at WFJ on this day was 2.6 m, corresponding to a 
sonic anemometer height of 0.4 m above the ground. A rough 
flux footprint estimation based on Kljun et al. (2015) gives a 
maximum at 2.0 m. 

2.2.3 Calm event
To compare the synoptic flux-driven events to a day mainly 

driven by small turbulent fluxes, we selected calm days with wind 
speeds of less than 3 m s−1 at the WFJ station. From the 20 days 
in February and March 2019 that met this criterion, we selected 
the 20th of February 2019 for the simulation. On this day, the Alps 
were under the influence of a high pressure zone, which resulted 
in quiescent wind in the study area. The snow depth at WFJ was 
2.2 m, placing the sonic anemometer at an effective height of 0.8 m 
above the snow surface. A rough flux footprint estimation based on 
Kljun et al. (2015) gives a maximum at 1.6 m. A 2D flux footprint 
estimation for all three events is given in Supplementary Figure S1. 

2.3 Data processing

2.3.1 Eddy covariance method
Before computing fluxes from high-frequency eddy covariance 

data, we applied a rigorous data pre-processing protocol. This 
included applying plausibility limits, despiking all high-frequency 
time series, correcting gas analyzer data, and performing a double 
rotation of the coordinate system. Turbulent fluxes were then 
calculated using the EddyPro software package (LI-COR, 2021). 
Data flagged as poor quality were excluded from further analysis. 
As a result of these quality control measures, only 57% of the data 
were retained for north föhn days, 75% for south föhn days, and 
55% for calm days. A detailed description of the processing steps 
is provided in the Supplementary Material 1. 

2.3.2 Monin-Obukhov parametrization
At the IMIS stations, as only low frequency data is available, 

we compute turbulent fluxes using the Monin-Obukhov Similarity 
Theory (MOST). For this we use the physics-based model 
SNOWPACK (Lehning et al., 2002). We force this model with snow 
depth, air temperature, wind speed, relative humidity, and reflected 
shortwave radiation. The SNOWPACK model, described in more 
detail below, solves the following equations for sensible (Qs, W m−2) 
and latent heat flux (Ql, W m−2), with Equations 1, 2, respectively:

Qs = −CsUρacp (Tz −Ts) , Cs =
κ2

[ln( z
z0
) −ϕs (ζ)][ln(

z
z0
) −ϕm (ζ)]

, (1)

Ql = −ClUρaLs (qz − qs) , Cl =
κ2

[ln( z
z0
) −ϕq (ζ)][ln(

z
z0
) −ϕm (ζ)]

, (2)

 where U is the mean wind speed (m s−1), ρa the air density 
(kgm−3), cp and Ls, the heat capacity and the latent heat of 

sublimation (Jkg−1K−1 and Jkg−1), respectively, (Tz −Ts) and 
(qz − qs) the temperature and humidity gradient between height 
z and the surface, respectively, κ the von Karman constant, 
and z0 the roughness length (m). ϕm,ϕs,ϕq are the stability 
functions for scalar quantities of momentum, sensible, and latent 
heat as a function of stability ζ, which is dependent on the 
Richardson number (Foken, 2006).

CRYOWRF uses SNOWPACK as the land surface model 
(Sharma et al., 2021), therefore the offline SNOWPACK flux 
simulations are comparable to the ones from CRYOWRF. For the 
stability correction, we use the expressions of ϕ by Holtslag and 
De Bruin (1988). This stability correction is one of the most widely 
used corrections and is recommended for very stable conditions 
(Andreas, 2002; Schlögl et al., 2017). The roughness length is set 
to z0 = 0.01 m for all stations. This roughness length lies between 
the values computed by Judith and Doorschot (2004) for WFJ, and 
typical roughness lengths for snow (Clifton et al., 2006).

Roughness length computation from available high-frequency 
sonic anemometer data from WFJ resulted in similar values. For 
these computations, first a strong selection criteria for u∗ is used 
to remove values of high σw

u∗
, which resulted in 635 measurements 

of u∗ being used. Roughness length can be obtained in two ways. 
First by solving the logarithmic wind equation, which resulted in a 
roughness lengths of z0 = 0.032 m. The second method, described 
by Panofsky (1984), considers integral turbulence characteristics, 
for which González-Herrero et al. (2024) argues that this yields 
better results. The computation of roughness length is done with 
Equation 3:

z0 = z/exp(1.25κ U
σw
), (3)

with σw being the standard deviation of the horizontal wind velocity, 
U the mean wind horizontal wind velocity, and κ the von Karman 
constant. This method yields z0 = 0.013 m, which is about half the 
magnitude of values obtained from the logarithmic wind profile. 
As a trade-off between roughness lengths found by Judith and 
Doorschot (2004), (Clifton et al., 2006), and the two methods of 
roughness length calculation, we chose to use the roughness length 
of z0 = 0.01 m for all stations. 

2.4 Model setup

To estimate the spatial variability of the turbulent heat 
fluxes, we use the model CRYOWRF developed by the Snow 
and Avalanche Research Institute SLF and the EPFL Laboratory 
of Cryospheric Sciences. CRYOWRF couples the atmospheric 
model Weather Research and Forecasting (WRF) with the surface 
model SNOWPACK (Sharma et al., 2021). WRF is a widely 
used, non-hydrostatic, and fully compressible model. The model is 
resolved on Eulerian mass dynamic cores.

CRYOWRF is set up with a vertical grid of 65 layers on terrain-
following hydrostatic-pressure coordinates, the first vertical grid 
point is set to ∼30 m and the domain extends up to 200 hPa. We use 
a total of 4 nested domains to run the model. The first domain has 
a resolution of 9 km and a total grid size of 1,080 km by 1,080 km. 
The following domains have a smaller domain size and a resolution 
of 3 km, 1 km, and 200 m, respectively. The computation timestep 
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of the smallest domain is 0.06 s. For the output, data variables are 
averaged over 5-min intervals. The boundary conditions and the 
input for the first time step are extracted from ERA-5 Land with 
a resolution of 9 km, equal to the first domain. This domain has 
a spin-up time of 2 days. Sequentially, the next domains start with 
boundary conditions given by the previous domain, until the highest 
resolution domain starts 3 h prior to the day of interest. For the 
smallest domain, we use a topography resolution by STMR with 1 
arcsecond (National Geospatial-Intelligence Agency NGA, 2000). A 
terrain smoothing option of 1-2-1 is applied 6 times, which is needed 
to smooth slopes over 45o. An example of a namelist. input file of a 
WRF run is given in the Supplementary Material 2.

WRF allows for a wide choice of physics and dynamics options, 
including several different land-surface models, planetary boundary 
layer (PBL) schemes, cloud microphysics schemes, and cumulus 
parameterizations. In this work, the PBL scheme is parametrized 
with the Yonsei University scheme (YSU) (Dudhia, 2010) for the 
first 3 domains, and domain 4 is run in Large Eddy Simulation 
(LES) mode. The YSU scheme is a first-order nonlocal scheme, with 
a countergradient term and an explicit entrainment term in the 
turbulence flux equation. Mixing terms are evaluated in physical 
space and the sub-grid-scale turbulence is solved by the horizontal 
Smagorinsky first-order closure. At the same time, the vertical 
diffusion is taken care of by the PBL scheme.

The surface model in CRYOWRF, SNOWPACK, is a one-
dimensional model representing the snowpack at each grid point 
by a multi-layer column. SNOWPACK is able to merge snowpack 
layers if they are similar enough keeping the computational demand 
at a reasonable level. The model solves the heat equation, together 
with snow compaction and water percolation (Wever et al., 2014). 
WRF provides the surface meteorological variables to the snowpack 
part of the model every 5 min. SNOWPACK then calculates the 
sensible and latent fluxes, albedo and surface temperature which it 
then returns to WRF.

CRYOWRF additionally implements an blowing snow scheme 
as described by Sharma et al. (2021), which models the aeolian 
transport of snow particles, their sublimation, and re-deposition. 
The blowing snow model is a double-moment scheme that solves 
Eulerian advection-diffusion-type equations for the mass and 
number mixing ratios of blowing snow particles. This is done on 
an additional fine mesh grid between the surface layer and the first 
WRF layer. This scheme runs at every WRF timestep. The amount of 
snow eroded from the surface is computed by SNOWPACK based on 
the saltation mass flux from Sørensen (2004). The snow mass flux 
in saltation is then input into the lowest blowing snow fine mesh 
gridpoint for vertical advection. 

3 Comparison between observed and 
modeled turbulent fluxes

3.1 Temporal variability of turbulent fluxes

The timeseries of turbulent fluxes during the three selected 
events of South Föhn, North Föhn, and a calm day in Figure 2 
shows the temporal evolution of meteorological variables and 
sensible and latent heat fluxes derived from EC measurements. The 
South Föhn event is characterized by strong winds and enhanced 

turbulent exchange, with sensible heat flux directed towards the 
surface reaching values of up to −120 W m−2. Latent heat fluxes 
during this event are also high, indicating substantial sublimation, 
up to 100 W m−2. These increased sublimation magnitudes are 
consistent with reported fluxes under strong föhn conditions over 
snow (MacDonald et al., 2018; Francis et al., 2023).

In contrast, during the North Föhn event the turbulent fluxes 
remain generally weaker. Sensible heat flux values are closer to zero 
and change between positive and negative values, reflecting reduced 
exchange compared to the South Föhn case. The latent heat flux 
shows lower sublimation estimates than during the South Föhn.

Under calm conditions, both sensible and latent heat fluxes 
are of low magnitude and display limited temporal variability and 
both fluxes show similar sign changes, positive during the day and 
negative at night. The weak turbulent exchange is consistent with 
stable near-surface stratification and reduced wind forcing. 

3.2 MOST in complex terrain

Since MOST is widely used in numerical weather models such as 
CRYOWRF, we compare this method to the more direct EC technique 
for measuring turbulent fluxes and discuss the associated limitations. 
This allows us to estimate the source of errors from the computation 
method. From Figure 2, the panels J–O compare sensible and latent 
heat fluxes computed using EC and MOST, revealing that the two 
methods capture similar trends throughout the day. Sign changes in 
the fluxes are consistently captured by both methods, demonstrating 
agreement in the direction of the turbulent fluxes. However, the most 
notable differences lies in the magnitude of the latent heat fluxes, where 
EC shows a greater magnitude in general. 

Combining multiple days classified as days with a south 
föhn, north föhn, or calm conditions (criteria described in 
Section 2.2), Figure 3 presents scatter plots of the 30-min averaged 
sensible and latent heat fluxes measured with EC against those 
computed using MOST. The correlation between the two methods 
varies considerably across weather events. For sensible heat flux, the 
highest correlation occurs during north föhn days, while the lowest 
is observed on calm days. For latent heat flux, the highest correlation 
occurs during south föhn days.

The flux distributions for these events provide further insight 
into how each method captures variability. While MOST and EC 
yield similar overall ranges for both sensible and latent heat fluxes, 
their distributions differ markedly. MOST tends to produce a more 
normally distributed set of flux values, while EC captures a broader 
distribution, indicating greater variability. The Mean Bias Error 
(MBE) reveals that MOST generally underestimates turbulent flux 
magnitudes relative to EC. This bias arises because MOST values 
are more tightly clustered around the median, often closer to zero, 
whereas EC reflects a wider range of flux intensities.

Positive sensible heat fluxes over snow-covered surfaces are 
rare because surface temperatures usually do not exceed air 
temperatures. However, such cases can occur, particularly during 
cold air advection under cloudy conditions, which leads to rapid 
cooling of the air temperature while the surface experiences high 
incoming longwave radiation. This change of direction in the 
flux is only visible in north föhn events for both EC and MOST 
measurements.
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FIGURE 2
Measured and modeled variables for air and surface temperature (A–C) relative humidity (D–F) wind speed (G–I) sensible heat flux (J–L) latent heat 
flux (M–O) net shortwave radiation (P–R) net longwave radiation (S–U) and wind direction (V–X) for the WFJ station during three different events of a 
South Föhn (2019-03-06), North Föhn (2019-03-25), and a Calm day (2019-02-20). For the turbulent fluxes, both measurements from MOST and 
EC are given.
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FIGURE 3
Scatter plot comparing MOST and EC 30-min averaged sensible heat flux (A) and latent heat flux (B) at the WFJ station. The colors show different 
events of days with a South Föhn, North Föhn, and calm days. The metrics show the correlation coefficient (r), mean bias error (MBE), root mean 
squared error (RMSE), centered root mean squared error (c-RMSE), and slope. The MBE values indicate a systematic underestimation of turbulent flux 
magnitudes by MOST. Note that for the North Föhn event, the MBE of the sensible-heat flux has the opposite sign compared with the other events, as 
both positive and negative flux values occur during this period.

During south föhn and calm conditions, when surface 
temperatures are lower than air temperatures, positive sensible 
heat fluxes observed in EC measurements can be a sign of 
advection. This advection is associated with the horizontal 
transport of heat and moisture, which is not directly driven 
by turbulence (Stiperski and Rotach, 2016). In these cases, the 
advection of warmer air leads to up- and downwards motions that 
disrupt the local energy balance, potentially contributing to the 
discrepancies observed in the sensible heat flux computed by EC
compared to MOST.

Additionally, the low correlation and relatively high error during 
calm days can be partly attributed to the lack of quality of EC data. 
Calm conditions can lead to errors in aligning EC measurements 
with the double-rotated mean wind (Stiperski and Rotach, 2016), 
reducing accuracy. Additionally, during both north föhn and calm 
days, a significant portion of EC data fails quality control checks 
due to moisture in the sensors, leaving only a limited dataset for 
comparison (Sigmund et al., 2022).

We consider the main source of the observed differences 
between MOST and EC to be the limitations of applying MOST 
in complex terrain under stable conditions, where a constant-flux 
layer may not exist. The absence of such a layer means that the 
derived fluxes depend on the measurement height. Unfortunately, 
multiple EC levels were not available in our dataset to evaluate 
this effect directly. Schlögl et al. (2017), who analyzed two EC 
levels at the same WFJ site in 2007, showed that the constant-flux 
assumption (based on Stull, 1988) is valid only about 10% of the time 
at this location, resulting in height-dependent MBE. Our MBE for 
sensible heat flux agrees well with their reported underestimations 
of 2.3–5.9 W m−2 when using the Holtslag stability functions. This 

consistency suggests that this parameterizations tends to over-
suppress turbulent exchange under stable, snow-covered conditions.

Although both MOST and EC methods face limitations 
in complex terrain, MOST remains a valuable framework for 
understanding the drivers of variability in turbulent fluxes. This 
is because MOST explicitly relates flux magnitude to wind speed, 
temperature, and moisture gradients, quantities that are the drivers of 
the turbulent exchange. 

3.3 Point comparison of CRYOWRF against 
measurements

Our findings confirm earlier studies that MOST does not always 
reproduce local EC measurements (Nadeau et al., 2013). However, 
we argue that MOST is still applicable as a flux parameterization in 
(larger scale) models since local fluxes are highly temporally variable 
while the model needs to represent the mean surface exchange 
successfully. Since we do not know the flux averaged over the grid 
cell of a model, we can only compare how well the mean quantities 
are reproduced by such a model. In this context, we evaluate the 
skill of CRYOWRF in reproducing measured values by comparing 
atmospheric and surface variables from CRYOWRF against those 
from 21 meteorological stations in the model domain. The quantities 
air temperature, humidity, wind and surface temperature are directly 
measured and turbulent fluxes are calculated using MOST. Figure 4 
presents the mean absolute error (top number), correlation (bottom 
number), and bias (color) for key meteorological variables. These 
comparisons are conducted for the three simulations at two different 
resolutions: 1 km resolution, which is currently used in Swiss 
numerical weather prediction models, and at 200 m resolution, 

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2025.1640842
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Engbers et al. 10.3389/feart.2025.1640842

FIGURE 4
Mean Absolute Error (top number), correlation (bottom number), and relative bias of absolute values (color) of modeled compared to measured 
variables of air temperature, surface temperature, relative humidity, wind speed, sensible heat flux, latent heat flux, and shortwave radiation. The 
simulations represent the South Föhn, North Föhn and Calm day at resolutions of 1,000 and 200 m. The color of the squares gives the bias of model, 
with a red color indicating an overestimation and a blue color an underestimation in magnitude of the model. Overall, the higher resolution simulations 
show better metrics than coarser resolution simulations.

which is a very high resolution for such applications. Taylor plots 
showing the standard deviation, correlation and centered RMSE 
of both resolutions are shown in the Supplementary Figures S2, S3. 
The simulation resolution of 200 m is sufficient to resolve dominant 
length-scales of daily mean fluxes as shown in the mean daily flux 
semivariograms (Supplementary Figures S4, S5).

Overall, the higher resolution slightly improves correlations and 
reduces errors for variables such as air temperature, relative humidity, 
and wind speed, although it decreases the accuracy in surface 
temperature. For example, in the high-resolution simulation, the 2 m 
air temperature is well resolved across all events, with a correlation 
near 0.9, an MAE of less than 1.3 °C and a slight warm bias in 
air temperatures. However, the model shows a cold bias in surface 
temperatures, especially in the high-resolution simulation, leading to 
a higher temperature gradient between the surface and the air. 

The model systematically underestimates relative humidity, 
particularly during the North Föhn event when moist air is advected 
from the north. At WFJ station, observations indicate near-saturated 
conditions (Figure 2 panels D–F), while the model fails to reproduce 
these, likely due to deficiencies in cloud representation–a known 
limitation in numerical weather prediction models (Otkin and 
Greenwald, 2008). This is evident in Figure 2, panel T, where the 
model simulates a spike in net longwave radiation, corresponding 
to a spurious clearing of clouds. This modeled clearing results in 

excessive surface cooling over a 3-h period, with net longwave 
losses reaching 100 W m−2. Consequently, both the sensible and 
latent heat fluxes reverse sign—an effect not observed in either 
MOST or EC-derived fluxes. These errors in cloud representation 
impact the surface energy balance by altering incoming longwave 
and shortwave radiation, which in turn affects surface temperature 
and near-surface humidity, leading to wrong flux predictions.

Wind speed biases vary between resolutions. In the coarse-
resolution simulation, wind speeds tend to be overestimated in the 
high wind scenarios, whereas in the high-resolution simulation, 
wind speeds are underestimated. This pattern holds across the 
entire domain, not just at individual station locations. For instance, 
during the South Föhn event, the mean wind speed in the coarse-
resolution simulation is 6.0 m s−1, while in the high-resolution 
simulation, it is only 2.7 m s−1. We divided the stations into ‘wind’ 
and ‘sheltered’ categories and computed the relative bias for both 
resolutions, as shown in Figure 5. The coarser resolution captures 
wind velocities at ridge stations more accurately, whereas the higher 
resolution performs better at sheltered stations. This occurs because 
the simulated ridge–sheltered wind speed contrast is smaller than 
in the observations. On the calm day, this distinction disappears, 
as both simulations produce similar wind velocities due to the 
limited spatial variability in wind speed between sheltered and 
ridge locations. At coarser resolutions, the model smooths out 
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FIGURE 5
Relative bias of wind speed for stations located on ridges, noted by “_R″ and in sheltered locations, noted by “_S″ for all three events (SF, NF, and C) 
and both resolutions (200 m and 1,000 m). These metrics include 6 ridge stations and 13 sheltered stations. The 1,000 m resolution has higher wind 
velocities in general and represents better the ridge stations, whilst 200 m resolution represents better the sheltered stations wind lower wind velocities.

complex topographic features such as ridges, valleys, and steep 
slopes. This leads to a less obstructed flow and, consequently, to 
higher modeled wind speeds in theoretically sheltered stations. In 
contrast, higher-resolution simulations capture finer-scale terrain 
features that induce flow blocking, stagnation, channeling, and 
turbulence, which act to reduce domain-wide wind speeds near the 
surface. As a result, the high-resolution simulation reflects more 
realistic wind interactions with terrain but may still underestimate 
wind speeds at ridges due to remaining unresolved features or 
due to misleading interpolation to station locations. Additionally, 
the choice of PBL scheme in the simulation contributes to wind 
speed differences. As studied by Zhang et al. (2021), no single 
PBL scheme universally outperforms others in complex terrain; 
rather, performance depends on specific meteorological conditions. 
Therefore, part of the wind speed bias in our simulations could be 
attributed to the PBL scheme employed.

These wind biases directly translate into biases in turbulent 
fluxes predicted by MOST, leading to corresponding systematic 
errors. In turn, the underestimation of turbulent flux magnitudes 
in the high-resolution simulation may explain the increased surface 
temperature errors. A lower flux magnitude means less energy is 
transferred between the surface and the air, leading to stronger 
temperature gradients. However, this feedback takes time to develop. 
The South Föhn event at WFJ station exemplifies this effect, 
as seen in Figure 2. In the morning, the model overestimates the 
temperature gradient while underestimating wind speeds, resulting 
in lower fluxes than observed. Only later in the day does the 
turbulent flux magnitude increase, allowing the modeled surface 
temperature to match observed values.

When comparing daily mean turbulent fluxes from the 
WFJ station, the same station as shown in Figure 2, for EC, 
MOST, and model estimates, the variability in estimates is 
summarized in Table 1. In some cases, the model daily mean 
estimates align more closely with the EC means than MOST does, 
or the bias lies in the other direction. This suggests that, although 
errors in model input variables can strongly influence the results, 
the bias errors induced by MOST do not propagate linearly to model 

TABLE 1  Comparison of daily mean sensible and latent heat fluxes for 
the WFJ station computed with eddy covariance (EC), Monin-Obukhov 
(MOST), and model results for the three different events: South Föhn 
(SF), North Föhn (NF) and the Calm day in W m−2. Gaps in EC data are 
filled by interpolating in time to obtain a daily mean.

Sensible heat flux Latent heat flux

SF NF Calm SF NF Calm

EC −40.5 1.4 −11.0 31.1 4.2 −3.7

MOST −62.1 −0.8 −5.7 9.2 −0.1 −0.7

Model −35.2 −0.3 −38.5 2.3 0.4 −7.3

estimates and that the internal feedback processes in the model are 
effective in reproducing realistic fluxes. However, the latent heat flux 
does not show this compensation from feedback processes - and this 
shows a systematic bias from the MOST parameterizations.

In conclusion, the point comparisons highlight that higher 
model resolution generally improves the representation of 
meteorological variables such as air temperature, humidity, and 
wind speed. Systematic biases in wind and humidity are closely tied 
to terrain representation, cloud parameterizations, and the choice of 
PBL schemes. These biases propagate into the turbulent fluxes, which 
show low correlation with observations across events. Nevertheless, 
the time series suggests that fluxes can partially compensate for 
other model errors through feedback mechanisms. 

4 Spatial and temporal variability of 
turbulent fluxes in CRYOWRF

4.1 Distribution of turbulent fluxes

Accepting the limitations in the model and keeping in mind the 
bias inferred from using MOST shown in the two previous sections, 
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FIGURE 6
Distribution of spatial sensible (A) and latent (B) heat flux values averaged over a full day for each simulated case, South Föhn in red, North Föhn in blue 
and a Calm day in yellow. The dashed vertical lines show the mean value over all gridpoints.

we can nonetheless use the model to investigate systematic spatial 
trends in turbulent fluxes based on the heterogeneity in the terrain 
which the model does resolve. To show the spatial variability within 
turbulent fluxes the histograms in Figure 6 illustrate the spatial range 
and average of daily mean turbulent flux values for the three different 
simulated cases across the domain. Among the three events, the 
South Föhn day exhibits the widest range and highest magnitudes of 
turbulent fluxes. The interquantile (25%–75%) range of sensible heat 
flux spans from −62 W m−2 to −7 W m−2, while the latent heat flux 
ranges from −1 W m−2 to 16 W m−2. During the North Föhn event, 
surface temperatures exceeded air temperatures in some locations, 
leading to some positive daily average values of sensible heat flux 
within the interquantile range of −15 W m−2 and 1 W m−2. The 
latent heat flux ranges from −3 W m−2 to 7 W m−2. On the calm 
day, the distribution of sensible heat fluxes falls between those of the 
two föhn events, with an interquantile range of −30 W m−2 to −4 W 
m−2. The latent heat flux distribution is shifted toward more negative 
values than the previous mentioned cases, ranging from −3 W m−2

to 0 W m−2.
For comparison, the domain-wide daily average of net shortwave 

radiation is 23 ± 7.7 W m−2, 26 ± 8.1 W m−2, and 23 ± 7.3 W m−2

for the South Föhn, North Föhn, and calm day, respectively. Notably, 
on the South Föhn day, the daily average energy supplied to the 
surface by sensible heat flux exceeds that of net shortwave radiation. 
This highlights that an accurate representation of turbulent fluxes 
over snow-covered terrain is crucial, especially during midwinter 
when albedo is high and the sun angle is low, as they can 
contribute significantly to the energy exchange between the air and 
the snowpack. 

4.2 Temporal evolution of wind and 
resulting flux patterns

In complex terrain, wind patterns typically follow a diurnal 
cycle during fair weather, driven by thermal processes (Zardi 

and Whiteman, 2012). These thermal wind systems are most 
pronounced under clear sky conditions when synoptic winds are 
weak. However, when synoptic winds strengthen, dynamically-
forced terrain flows become more dominant (Whiteman, 2000). 
To examine the spatial distribution of turbulent fluxes, Figure 7 
presents the sensible and latent heat fluxes, for three different times 
of each event. During the South Föhn event, the highest turbulent 
flux magnitudes are observed along ridges perpendicular to the 
synoptic wind and in valleys where the synoptic wind aligns with 
thermal flows. The wind velocities intensify throughout the day, 
resulting in stronger sensible heat fluxes following the same spatial 
trends. Valleys exhibit particularly strong turbulent flux magnitudes 
as wind velocities increase due to thermally driven flows. In general, 
sublimation dominates at midday and at lower elevations in the 
afternoon, whereas deposition is more frequent in the morning 
and at elevations above 2,700 m. However, this trend is not entirely 
uniform over the elevations.

Unlike the South Föhn event, the North Föhn event exhibits 
markedly different spatial distributions throughout the day. In the 
morning, sensible and latent heat fluxes are predominantly negative 
across the domain, with some positive values in high elevation 
areas in the northern regions. The strongest fluxes occur on ridges, 
where wind velocities are high, and on south-facing slopes, where 
the synoptic flow aligns with downslope thermal winds, leading 
to descending dry air. In the midday, the pattern shifts: below 
approximately 1900 m, sensible heat flux remains mostly negative, 
whereas at higher elevations, it turns positive. Latent heat flux 
indicates widespread sublimation across the domain, with generally 
higher magnitudes at higher elevations. Notably, while elevation has 
little influence on turbulent fluxes in the morning, it becomes a key 
factor during the midday.

On the calm day, there are no substantial differences between 
morning and afternoon turbulent flux distributions. The wind 
remains predominantly from the north but is weak, allowing local 
thermal downslope flows to override the synoptic wind in certain 
areas. Similar to the North Föhn day, wind velocities are highest 

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2025.1640842
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Engbers et al. 10.3389/feart.2025.1640842

FIGURE 7
Maps with hourly averaged sensible heat flux (A–C,G–I,M–O) and latent heat flux (D–F,J–L,P–R) for the South Föhn (SF) (A,D,G,J,M,P) North Föhn (NF)
(B,E,H,K,N,Q) and Calm day (C) (C,F,I,L,O,R) in the morning at 6:00, midday at 12:00 and afternoon 18:00. The black arrows show the velocity and 
direction of the wind in that hour. The contours show the topography, with lighter grey colors being higher elevations. The displayed domain 
corresponds to Figure 1 but with trimmed borders to minimize boundary effects. Clear variations between the events are evident: during the South 
Föhn, turbulent flux magnitudes increase throughout the day; during the North Föhn, fluxes change sign between midday and morning/afternoon; and 
during the Calm event, variations remain comparatively weak.
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at ridges and south facing slopes, creating highest turbulent flux 
magnitudes at those wind prone locations. During midday wind 
velocities are particularly low, there is little turbulent exchange 
between the surface and the air, and only lower elevations are subject 
to some sublimation.

The cross-sections presented in the electronic Supplementary
Material S10-12 illustrate the variability in wind velocity, where 
the key drivers of these fluctuations—thermally and dynamically-
forced wind patterns—can be identified. The animations of potential 
temperature with cloud fraction and wind velocity illustrate the 
spatio-temporal variability of potential temperature, wind velocity, 
turbulent kinetic energy, and turbulent fluxes of sensible and latent 
heat through multiple cross-sections:

• CS2: Cross-section through two side valleys—Sertig 
(southwest valley) and Dischma (northeast valley) — that 
slope downward towards the main Landwasser valley

• CS6: North-South cross-section at 9.85°E spanning the entire 
domain

The wind velocity field generally aligns with the synoptic wind 
direction; however, local topography significantly modifies the 
flow. Orographic features create distinct wind patterns, including 
cross-ridge flows with crest speedups and recirculation zones 
characterized by reduced wind speeds on leeward slopes. Cross-
ridge flows have been extensively studied by Lewis et al. (2008), 
who used automatic weather station measurements within our 
simulation domain near the Gaudergrat ridge, which has a typical 
length scale of L = 500 m. Raderschall et al. (2008) modeled these 
flow features using very high horizontal and vertical resolution 
of 25 m and ∼3 m in the lowest atmospheric layers, respectively. 
Despite the coarser resolution of our simulations, we still capture 
crest speed-ups near prominent ridges. One clear example is 
Gotschnagrat (CS6 SOUTH 19:00, 46.85 °N), where we observe a 
distinct acceleration of wind near the ridge crest. This localized 
increase in wind speed enhances turbulent energy exchange, 
resulting in an increase of sensible heat flux by approximately 
25 W m−2 and latent heat flux by 18 W m−2 per 100 m of 
horizontal distance.

During the South Föhn event, both thermally and mechanically 
driven flows strongly influence wind velocity in addition to 
the synoptic flow, thereby affecting turbulent fluxes. Notable 
phenomena include gravity waves, thermally driven downslope 
and valley flows, the formation of cold-air pools, and their 
subsequent erosion.

The thermally driven downslope flows observed in the cross-
valley (CS2) sections are particularly pronounced after 20:00 h, 
resulting in the onset of strong wind velocities in the Sertig valley 
(9.84 °E). A characteristic katabatic jet manifests within the valley 
core, where wind speeds reach up to 12 m s−1. This downslope 
flow facilitates significant energy exchanges, formed by pronounced 
temperature gradient prevalent in low-elevation valleys coupled 
with high wind velocities, as indicated by substantial sensible heat 
fluxes of −200 W m−2 and latent heat flux of 100 W m−2. Katabatic 
flows exhibit a distinct vertical structure characterized by variations 
of turbulent fluxes with height. Specifically, negative momentum 
fluxes are typically present below the wind speed maximum and 
positive momentum flux above (Grachev et al., 2016). However, the 

vertical resolution of our simulation is insufficient to capture this 
near-surface dynamics.

In animation CS6, undulations in the potential temperature 
and wind fields—propagating from south to north between 06:00 
and 24:00—indicate the presence of mountain-induced atmospheric 
gravity waves. These waves are most pronounced when the boundary 
layer is highly stable, such as those observed during the South 
Föhn event. The animation further reveals that wave troughs, where 
descending motions reach the surface, coincide with regions of 
higher surface wind speeds (e.g., at 46.75 °N at 12:00). These regions 
exhibit intensified and intermittent turbulence primarily driven 
by shear-induced mechanical mixing and turbulent kinetic energy 
dissipation, as the wave trough passes. Vosper et al. (2018) highlight 
the important role of gravity waves in modulating surface exchange 
and emphasize the challenges of capturing these effects in kilometer-
scale NWP models. Kristianti et al. (2024) previously investigated 
the impact of mountain wave activity on wind power production 
in Switzerland, focusing on turbine heights of approximately 100 m 
using the high-resolution COSMO-WRF model. Their findings 
demonstrated an influence of mountain waves on wind production 
at these heights. In our simulations, we observe that the effects of 
mountain gravity waves extend all the way to the surface, impacting 
near-ground turbulent fluxes and exchange processes.

The valley between Landquart and Klosters (46.89 °N), located 
north of Davos, contains a stably stratified cold-air-pool (CAP) 
during the day, visible in CS6. When there are strong CAPs, the 
air within the CAP is decoupled from the overlying air, which 
causes weak winds in the valley, and turbulence is also weak 
(Mahrt, 1999; Gonzalez et al., 2019). Above the CAP, the advected 
air by the föhn induces strong shear-induced turbulence, which can 
be seen by the high turbulent kinetic energy above the CAP. The 
Richardson number is below 0.25 at this location. When the wind 
shear strengthens at the end of the day, it erodes the CAP, creating 
high turbulent fluxes in the valley.

During the North Föhn day, thermally driven flows are less 
pronounced. Unlike the South Föhn event, surface cooling in the 
evening is weaker due to the presence of a cloud cover and the 
associated increased incoming longwave radiation. As a result, the 
temperature gradient between the surface and the air is reduced, 
limiting the development of thermally driven flows. Consequently, 
the synoptic flow dominates, primarily governing wind velocity and 
direction. The spatial distribution of turbulent flux magnitudes thus 
coincide with dynamically-forced terrain flows.

Past studies have shown the importance of the contribution of 
drifting and blowing snow to total sublimation, which is defined 
as the sum of surface sublimation and sublimation from blowing 
snow particles. For example, Vionnet et al. (2014) simulated a 
case at Col du Lac Blanc in the French Alps and found that 
including blowing snow increased total sublimation by a factor of 
three. Similarly, Strasser et al. (2008) emphasized the importance 
of accounting for blowing snow sublimation in snow mass balance 
studies. In contrast, Groot Zwaaftink et al. (2013) found that while 
blowing snow sublimation can be significant on short timescales 
and in specific locations, its contribution is minor when averaged 
over a season. Their study, conducted in the 2.4 km2 Wannengrat 
area (within our study domain), reported only a small seasonal 
contribution of drifting snow sublimation.
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We analyzed sublimation in our CRYOWRF simulations, 
distinguishing between surface and blowing snow contributions. 
Figures showing accumulated surface and blowing snow 
sublimation have been added in Supplementary Material S6, S7. 
Our results show that, for the selected events, sublimation from 
blowing snow is localized and generally small. When averaged over 
the domain, surface sublimation dominates and is approximately 
an order of magnitude greater than sublimation from blowing 
snow in the North Föhn event and much smaller in the South 
Föhn event where surface sublimation values are significantly larger. 
These findings suggest that, while drifting snow sublimation may be 
important locally and during selected events, it does not significantly 
impact overall mass balance rates. 

4.3 Terrain features driving spatial 
variability

The previous section showed how the wind field, both thermally 
and synoptically driven, shape the turbulent flux distribution. 
Other drivers of turbulent flux magnitude are the temperature 
and humidity gradients between the surface and the overlying air. 
During melting events, when surface temperatures remain constant 
at 0 °C, these gradients are governed by atmospheric properties. 
Pohl et al. (2006) conducted a study of the spatial variability of 
turbulent fluxes over melting snow in complex terrain with a simple 
model. In their case, they only varied the turbulent heat fluxes due to 
wind differences throughout the domain. In our cases, both surface 
and atmospheric properties play a significant role. Terrain features 
such as slope angle, aspect, and elevation shape both the wind field 
and these gradients, thereby influencing turbulent flux variability. 
The spatial distribution maps in Figure 7 suggest that both elevation 
and aspect contribute to the magnitude of turbulent fluxes. Here we 
attempt to quantify the extent to which this variability is driven by 
local wind velocities versus other terrain-induced factors.

Figure 8 presents plots of turbulent heat flux versus wind speed, 
categorized by elevation averaged over 12 h in the afternoon. This 
time division is chosen as during both wind-driven events the wind 
velocities associated with föhn winds peak during the afternoon. 
Consequently, turbulent fluxes reach higher magnitudes in the 
afternoon compared to the morning for the föhn cases.

Examining the elevation-dependent plots reveals a distinct 
variation in trends across elevation bins. In some cases the wind 
and flux magnitude scale linearly, for example, in the South Föhn 
afternoon the r-values range between −0.80 and −0.97, p-values 
<  0.001. In other cases, such as the Calm afternoon, the curves 
display different functional forms but remain broadly consistent 
across elevations. Overall, at lower elevations, the magnitude of 
sensible heat flux increases more rapidly with increasing wind speeds 
compared to higher elevations. A similar pattern is observed for 
latent heat flux, though with opposite sign and a different curve 
shape. This pattern is less clear in the morning (not shown), when 
wind velocities are lower, as the higher wind velocities enhance 
differences in gradients between elevation in the turbulent flux 
magnitudes. Plots showing a breakdown by slope aspect and angle 
showed less variability (not shown), as the effect of elevation 
dominates over the effect of aspect at this resolution.

Figure 9 illustrates the temperature and water vapor mixing 
ratio gradients between the surface and the air at 2 m during the 
afternoon across different elevations. While elevation influences 
these gradients, wind velocity plays a dominant role in that 
higher wind speeds enhance turbulent mixing, thereby reducing 
temperature and moisture gradients. Air temperature is not 
influenced by wind velocity and shows a nearly perfect negative 
correlation with elevation, with correlation coefficients of −0.99 and 
−0.98. The lapse rate follows 7.2 °C km−1 for the South and North 
Föhn events, and 6.8 °C km−1 for the calm day, the latter being close 
to the moist adiabatic lapse rate. In contrast, surface temperature is 
controlled by wind velocity. Higher wind speeds reduce temperature 
gradients by enhancing turbulent mixing, which facilitates heat 
exchange between the surface and the atmosphere.

Differences in temperature gradients between south- and 
north-facing slopes are often attributed to variations in solar 
radiation. For example, a study by Robledano et al. (2021) at 
Col du Lautaret, France, using the 10 m resolution Rough-SEB 
model, demonstrated that topography, and in particular aspect, 
was the primary driver of surface temperature variations due 
to differential shortwave radiation exposure. In contrast, our 
simulations suggest that at our coarser resolution, aspect does not 
contribute as significantly to surface temperature variability. Instead, 
wind velocity plays a more dominant role, primarily through 
the feedback with turbulent fluxes. Slope aspects experiencing 
higher mean wind speeds exhibit enhanced surface-air mixing, 
which leads to lower temperature gradients. This pattern is evident 
in our results, shown in Supplementary Figures S8, S9 in the 
Supplementary Material.

On the South Föhn day, the water vapor mixing ratio gradient 
is primarily dictated by surface temperature. Since the water vapor 
content of the air remains relatively uniform across the domain, 
independent of air temperature, spatial variability in the gradient 
is driven by differences in surface temperature. In contrast, on the 
North Föhn day, air at higher elevations reaches relative humidity 
values close to 100%, causing the water vapor gradient to follow 
the air temperature gradient. At lower elevations, where the air is 
not fully saturated, air water vapor content is higher than at the 
surface leading to sublimation. The near-saturation of high elevation 
compared to lower saturation values at low elevation is typical for 
synoptic wind patterns which drive orographic precipitation, as 
discussed in Houze Jr (2012).

Although temperature and humidity gradients generally 
decrease with elevation—leading to a reduced potential for turbulent 
exchange at a given wind speed—the combined sensible and latent 
heat fluxes actually increase in magnitude with elevation due to 
stronger wind velocities, as shown in Figure 10. During both the 
South Föhn event and the calm day, this results in an increase 
in energy directed towards the snowpack with elevation, which 
promotes lateral energy transfer from higher to lower elevations. 
In contrast, during the North Föhn event, turbulent fluxes act to 
extract energy from the surface, with their magnitude intensifying 
at higher elevations. These differences throughout elevations are 
most pronounced when both föhn events are at their peaks in the 
afternoon. This highlights the dominant role of terrain features, such 
as elevation, driving the energy balance. Additionally, it shows that 
wind speed magnitudes are a stronger driver of the net turbulent 
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FIGURE 8
Sensible (A–C) and latent (D–F) heat flux against wind speed per elevation bin for each event in the afternoon 12-00. The squares give the sensible heat 
flux mean per 0.5 m s−1 wind speed bin per elevation bin. The size of the square gives the relative amount of gridpoints in that elevation and wind speed 
bin. The shaded area contains 70% of the data in that bin, with a range from the 15th to 85th percentile.

flux than temperature and humidity gradients magnitudes, as the 
gradients decrease through the feedback with turbulent fluxes.

5 Discussion and conclusion

Turbulent heat fluxes play a crucial role in snow-covered 
environments, driving surface exchange processes that regulate 
snow energy balance. However, their spatiotemporal variability, 
particularly in complex terrain, remains insufficiently studied. 
Given the limited availability of direct heat flux measurements, 
we addressed this gap through a modeling approach. Since 
most numerical weather prediction models rely on flux-gradient 
similarity theories to estimate turbulent fluxes, which are often 
debated in complex terrain, we first compared the MOST prediction 
to EC measurements for the well-equipped WFJ site. Although 
both approaches generally align in terms of overall trends and 
flux direction, MOST underestimates flux magnitudes compared 
to EC measurements. This is in line with estimations from 
Schlögl et al. (2017) which reveal underestimations of sensible heat 
flux magnitude at the WFJ site between 2.3 and 5.9 W m−2 with 
the Holtslag parametrization depending on measurement height. 
Our underestimation is most pronounced for latent heat fluxes, 
with underestimations of MBE reaching up to 20 W m−2. Such 
systematic underestimation highlights the limitations of MOST 
in representing the full range of observed variability, despite its 
widespread application in NWP models, a finding consistent with 
previous studies (Sigmund et al., 2022; Nadeau et al., 2013; Stiperski 
and Calaf, 2023). Because MOST underestimates latent heat flux 

magnitudes by 4.7–20.2 W m−2 and sensible heat flux by 2.9–3.3 W 
m−2 in stable conditions, all subsequent model-based latent heat flux 
fields should be regarded as lower-bound estimates.

However, the comparison of daily mean turbulent fluxes 
from EC, MOST, and model estimates demonstrates that internal 
feedbacks within CRYOWRF play a key role in moderating bias 
propagation. While biases in the input variables or in the MOST 
parameterization affect individual flux components, these errors do 
not translate linearly into the modeled fluxes. Instead, the coupled 
interactions between wind speed, temperature gradients, and the 
surface energy balance tend to compensate for part of the imposed 
bias, allowing the model to reproduce more realistic daily mean 
fluxes. Consequently, the turbulent flux errors interact with and 
are partially dampened by adjustments in the mean meteorological 
fields, illustrating the self-regulating nature of the model’s feedback 
processes.

We proceed to compare CRYOWRF predictions over complex 
terrain of mean quantities and turbulent fluxes to values measured 
at 21 meteorological stations. Even though we have shown that 
the simulations with CRYOWRF over complex terrain was able to 
represent average surface exchange and therefore could produce 
useful estimates of mean quantities such as air and surface 
temperature or humidity, our findings indicate that accurately 
capturing dynamics at a single point in complex terrain remains 
challenging. When increasing the model resolution from 1 km 
to 200 m we see improvements in correctly representing most 
variables. But even the 200 m resolution, while high, is insufficient to 
replicate point measurements accurately. Wind speed discrepancies 
across model resolutions significantly influence the accuracy of 
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FIGURE 9
Temperature gradient (A,B) and water vapor mixing ratio gradient (C,D) between the surface and 2 m height for the South Föhn day and the North Föhn 
day in the afternoon from 12:00 to 00:00 throughout elevations. The color indicates the mean wind velocity magnitude at each elevation and gradient.

turbulent flux predictions. For instance, 1 km resolution—a typical 
resolution for NWP models Kruyt et al. (2018) —leads to wind 
speed overestimations, especially at sheltered stations, while 200 m 
resolution tends to underestimate wind speeds, especially at stations 
on ridges. Consequently, inaccuracies in wind fields are the 
primary source of error in model-predicted turbulent fluxes, as 
underestimated wind velocities result in incorrect flux calculations. 
This, in turn, underestimates surface temperatures through a 
feedback from turbulent fluxes.

Although some variables are well resolved in CRYOWRF, 
limitations remain when applying state-of-the-art models to 
complex, snow-covered terrain. One constraint is the smoothing 
of steep slopes to prevent numerical instabilities, which reduces 
topographic realism. This smoothing also prevents the model 
from capturing small-scale terrain features such as hills or subtle 
convex and concave slopes- elements which can diverge wind 
fields or produce shading. This omission can lead to discrepancies 
between model output and observations, particularly in the 
variables of wind velocities and incoming shortwave radiation, 
which in turn propagate through to surface temperature and 
turbulent flux predictions. Additionally, the model assumes a 
uniform snow cover due to the coarse resolution of input 

data, neglecting the patchy distribution often observed at lower 
elevations. Patchy snow cover can substantially alter boundary 
layer dynamics, as extensively studied by Mott et al. (2015); 
Haugeneder et al. (2024a), Haugeneder et al. (2024b).

Another potential source of variability is the roughness length, 
which we assumed to be spatially constant over snow-covered 
pixels in the simulations. This simplification removes real-world 
variations. A previous study over East Antarctica by Amory et al. 
(2017) highlight that roughness length temporally varies over snow 
as sastrugi form. We assume, however, that the consequences 
on turbulent fluxes are limited as feedback effects, such as 
higher roughness length reducing wind speeds and consequently 
lowering turbulent fluxes, are potentially present. Yet, the 
exact impact of this interaction within the model remains 
uncertain. Further investigations are required to quantify
these effects.

Despite these limitations, our simulations provide a first 
quantitative assessment of the spatial variability of turbulent fluxes 
over complex, snow-covered terrain using CRYOWRF. Although the 
terrain representation is slightly idealized due to slope smoothing 
and the assumption of a uniform snow surface, the results 
nevertheless offer valuable insights into the underlying processes 
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FIGURE 10
Sum of the sensible and latent heat fluxes and the 95% bootstrap confidence interval averaged over the morning (00:00-12:00) and the afternoon 
(12:00-00:00) per elevation range of bins of 300 m in W m−2. The table shows a general trend of a monotonic increase in net turbulent flux with 
increasing elevation.

governing surface–atmosphere exchange. To examine the impact 
of different synoptic weather patterns we focus on the spatial and 
temporal variability of turbulent fluxes during a south and North 
Föhn day, comparing them to a day without a predominant synoptic 
influence. The findings reveal substantial differences in both the 
range and spatial distribution of turbulent fluxes between these 
events, with the stable South Föhn event contributing significantly 
to energy transfer to the surface.

Other studies investigating the spatial variability of turbulent 
fluxes Pohl et al. (2006) or specifically sublimation Stigter et al. 
(2018) have highlighted the importance of wind fields in shaping 
spatial flux patterns. Our analysis the key role of wind fields 
in shaping both temporal and spatial variability of turbulent 
fluxes. In our case studies, wind velocities are influenced 
by a combination of synoptic forcing, local topography, and 
thermal effects. In contrast to the above-mentioned studies, our 
simulation does not use prescribed meteorological variables to 
drive the flux estimates. Instead, the model explicitly accounts for 
feedbacks of the computed turbulent fluxes on atmospheric and
surface variables.

When examining the effects of different terrain features on mean 
turbulent flux magnitudes, excluding variations that arise from 
wind velocity, we find that elevation induces the most variability. 
This establishes a consistent relationship between wind speed and 
turbulent flux, where similar elevations exhibit comparable flux 
responses under similar wind conditions. Higher elevations are 
generally subject to lower humidity and temperature gradients, 
which result in lower magnitude flux for a given wind speed 

than lower elevation. This relationship is most pronounced when 
wind velocities are high, such as during the peak hours of the 
föhn events in the afternoon. Despite this, higher elevations still 
contribute more to heat extraction from the atmosphere over the 
snow-covered mountain terrain during both South Föhn and calm 
days, primarily due to the stronger wind speeds at these elevations. 
Conversely, during the North Föhn day, this pattern reverses and 
higher elevations exhibit greater heat loss from the surface to the 
atmosphere. Due to budgetary constraints, research on turbulent 
heat fluxes in complex terrain, aimed to understand snow melt or 
mountain boundary layer exchange, typically rely on data from only 
one or a few stations Litt et al. (2017); Reba et al. (2012); Cullen et al. 
(2007). Our results indicate the limited possibility of extending the 
turbulent flux estimates to areas subject to different wind velocities 
or at different elevations.

Given these findings, accurately resolving wind fields is the 
most important feature for correctly resolving the turbulent fluxes 
in NWP models. As demonstrated in this study, higher-resolution 
models offer slight improvements in wind field representation, 
which in turn improves the simulation of energy and mass transfer 
between the snowpack and the surface. This indicates that future 
computational capacity to compute operational high-resolution 
simulations will become a key factor for accurate real-time mass 
and energy balance estimates. Because wind fields directly influence 
the magnitude of turbulent fluxes, they also play a key role in 
regulating the temperature gradient between the surface and the 
air through enhanced mixing. This effect is particularly important 
at high elevations in midwinter, where radiative heating is limited
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by low solar angles and high albedo given the uniform snow cover. 
Under these conditions, turbulent fluxes can contribute more energy 
to the surface than solar radiation, with sensible heat flux even 
reaching double the magnitude of net solar radiation on a South 
Föhn day, making their accurate representation in models even 
more critical.
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