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Abstract. Aerodynamic roughness lengths are a key source of uncertainty in modeling turbulent heat fluxes over snow-covered
surfaces, particularly in complex terrain. We investigate the influence of instrumental and measurement uncertainties and terrain
complexity on roughness length estimates and MOST-based turbulent flux calculations using data from twelve eddy-covariance
(EC) stations across the European Alps, covering slopes from 0.5° to 27.0°. Two stations with multiple measurement levels al-
low for a detailed analysis of vertical wind profiles. Several bulk aerodynamic methods and roughness length parameterizations
are evaluated.

Roughness lengths derived from logarithmic wind profiles under near-neutral conditions vary by up to an order of magnitude
between measurement heights, indicating a strong sensitivity to sensor height and potential violations of the law of the wall.
Instrumental and measurement uncertainties, especially under predominantly near-neutral or stable conditions with weak ver-
tical gradients, lead to large relative errors in scalar roughness lengths and propagate into modeled turbulent fluxes, resulting
in relative errors of up to 38.9 % for turbulent sensible heat flux and up to 56.5 % for turbulent latent heat flux.

Roughness lengths for momentum and scalars vary substantially among sites, and commonly assumed fixed ratios between
them do not hold. No systematic degradation in bulk aerodynamic method performance with increasing slope is observed,
suggesting that limitations arise from the general application of MOST in complex terrain. When EC-derived roughness lengths
are unavailable, prescribing a constant roughness length (0.61 mm) for momentum and scalars provides the most robust EC-

independent results.

1 Introduction

Mountains act as natural water towers storing water in the form of snow and ice during the winter months and releasing it as
meltwater in spring and summer. This meltwater represents a crucial source of water for downstream ecosystems and human
use (Barnett et al., 2005; Beniston et al., 2018). Accurately estimating water availability in downstream areas requires a sound

understanding of the physical processes driving changes in the snowpack’s energy and mass balance in upstream areas (Vano
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et al., 2014). Among these processes, turbulent heat fluxes play a key role in the exchange of energy between the atmosphere
and the snow or ice surface (Hock, 2005). These fluxes can substantially influence both snowmelt and evaposublimation. For
example, periods of enhanced turbulent heat exchange have been linked to high melt rates (Braithwaite and Olesen, 1990; Hay
and Fitzharris, 1988; Schlogl et al., 2018) and observations across various mountain regions have highlighted the significant
contribution of evaposublimation to total snow ablation (Buri et al., 2023; Guo et al., 2021; Hanich et al., 2024; Hood et al.,
1999; Litt et al., 2015; Lundquist et al., 2024; Stigter et al., 2018; Strasser et al., 2008; Voordendag et al., 2021).

Despite their importance, direct measurements of turbulent fluxes over snow and ice are relatively scarce, largely due to
the limited availability of eddy-covariance (EC) towers, profile measurements, or lysimeter observations (Lundquist et al.,
2024). This scarcity makes it challenging to understand the processes controlling turbulent exchange. In the absence of direct
measurements, modelers typically rely on meteorological data from a single reference height and apply the bulk aerodynamic
(BA) approach, assuming the validity of Monin—Obukhov Similarity Theory (MOST) to calculate turbulent heat fluxes between
the snowpack and the atmosphere (Bartelt and Lehning, 2002; Essery, 2015; Herrero et al., 2009; Lehning et al., 2002; Strasser
et al., 2024). The BA formulation further relies on the law of the wall (Von Karman, 1931), which describes the logarithmic
structure of mean wind profiles in the surface layer under neutral conditions and provides the theoretical basis for relating
near-surface gradients to turbulent fluxes. However, this assumption is particularly problematic in complex mountain terrain,
where the MOST-which assumes horizontal homogeneity and vertically constant fluxes—is often violated (Denby and Greuell,
2000; Radi¢ et al., 2017; Schlogl et al., 2018).

Several sources of uncertainty arise when estimating turbulent heat fluxes using MOST. First, the assumption that two mea-
surement levels—with the surface considered as one of them—are sufficient to reliably describe the logarithmic profiles of wind
speed, temperature, and humidity introduces potential errors (Munro, 1989; Stiperski and Rotach, 2016). This assumption is
valid for perfectly neutral stability conditions but is problematic under non-neutral conditions, where the actual profiles de-
viate from the ideal logarithmic form and require stability correction functions (Stull, 1988). Second, additional uncertainties
originate from the estimation of surface conditions, especially surface temperature. For seasonal snow, surface temperature is
difficult to determine accurately, as it is often not directly measured, and indirect estimates based on net longwave radiation
are error-prone due to large measurement uncertainties that propagate into the calculated heat fluxes. In glacier studies, surface
temperature is frequently assumed to be 0°C during summer melt periods (Hock, 2005; Radi¢ et al., 2017). While this as-
sumption is generally justified for melting glacier ice, it is more difficult to apply to seasonal snow. During winter, when snow
temperatures typically remain below 0°C, identifying melt periods—particularly given pronounced diurnal variability—can be
challenging, making it difficult to confidently assume a surface temperature of 0°C or to constrain the surface temperature
within an acceptable range of uncertainty. A third source of uncertainty arises from the specification of the roughness lengths
for momentum (zoy), temperature (zor), and humidity (zoq), which remain free, unknown parameters in the BA approach.
However, obtaining reliable estimates of z is not straightforward. Common approaches include aerodynamic methods, which
derive (mean) values of zp,, zor, and 2o from profile or EC measurements, and geometrical methods, which relate zg, to

measurable surface characteristics of the snow cover, e.g., Brock et al. (2006).
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Aerodynamic approaches are often limited by data availability, as only a small number of observations satisfy the require-
ments for stationarity and near-neutral conditions, which are rare over cold, snow- or ice-covered surfaces, where stable atmo-
spheric stratification is typically observed (Radi¢ et al., 2017; Fitzpatrick et al., 2019). Furthermore, over complex terrain, such
as mountain regions, the validity of MOST is limited, since its underlying assumption of a flat and horizontally homogeneous
surface is violated by topographic effects, e.g., katabatic flows that disturb the expected logarithmic wind profiles (Grachev
et al., 2016; Radi¢ et al., 2017). In addition, MOST is known to perform poorly in strongly stable boundary layers, where
turbulence becomes intermittent, and similarity scaling breaks down—conditions that are common above snow- and ice-covered
surfaces (Mabhrt, 2014).

Geometrical approaches often rely on microtopographic measurements, for instance using digital photography to analyze
individual snow surface profiles (Barella et al., 2026; Brock et al., 2006; Fassnacht et al., 2009a), or employing 3D recon-
struction techniques such as LiDAR scanning (Fassnacht et al., 2023; Chambers et al., 2021; Smith et al., 2016) and Structure
from Motion (SfM) photogrammetry (Liu et al., 2023; Smith et al., 2016). These geometrical methods follow the conceptual
approach introduced by Lettau (1969), which relates surface roughness to the height, silhouette area and spacing of roughness
elements. However, geometrical approaches, unless derived from airborne LiDAR measurements (Fassnacht et al., 2023), often
fail to represent the influence of larger-scale topographic variability. Moreover, geometrical methods only provide estimates
for zoy, whereas zor and zpq, which lack a direct physical meaning, remain undetermined.

Given these limitations and the general scarcity of reliable measurements, in most land-surface and snow models, a single
effective roughness length is typically prescribed to represent the surface heterogeneity and complex terrain within the upwind
fetch (Braithwaite, 1995; Martin and Lejeune, 1998). In the absence of direct roughness length measurements, 2y is often sub-
ject to model calibration (e.g., Scheidt et al., 2025), or prescribed from literature values. The roughness lengths for temperature
and humidity are then typically estimated using simplified relationships such as zy1/q = 20v/100 or zy1/q = 20y (e.g. Essery,
2015; Hock and Holmgren, 2005; Hoffman et al., 2008; Sicart et al., 2005; Strasser et al., 2024), or surface renewal models
(e.g., Andreas, 1987; Fitzpatrick et al., 2019; Smeets and Van den Broeke, 2008). While this simplification facilitates model
application, it can introduce substantial uncertainty into the estimation of turbulent heat fluxes, and thus into simulated melt
and sublimation rates. In addition, snow surface roughness is known to be site-specific and vary both spatially and temporally
due to snow metamorphism, including changes to the snow surface due to wind redistribution, new snowfall, or the formation
of snow cups during the melt period (Munro, 1989; Liu et al., 2023; Fassnacht et al., 2009b; Fassnacht, 2010; Fassnacht et al.,
2023; Scheidt et al., 2025).

Taken together, these limitations indicate that uncertainty in turbulent heat flux estimates over seasonal snow arises not only
from measurement error, but also from the assumptions used to retrieve and apply roughness lengths. Yet these sources of
uncertainty are rarely assessed jointly across multiple snow-covered sites in complex terrain. To address this gap, we evaluate
how measurement uncertainty, similarity-theory assumptions, and roughness length parameterizations affect estimates of sur-
face roughness and turbulent heat fluxes over seasonal snow using observations from twelve EC stations across the European
Alps.
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Specifically, we (1) quantify how measurement uncertainties in wind speed and surface temperature propagate into roughness
length and turbulent flux estimates; (2) evaluate how violations of MOST and the law of the wall affect roughness length
retrievals; (3) compare roughness length variability across sites with different topographic and exposure conditions; and (4)
assess how commonly used parameterizations of the BA method and roughness lengths 2oy, zoT and zpq in snow models
represent observed fluxes under these conditions.

We use EC observations from alpine grassland and pasture sites spanning a range of slopes and elevations, including both
single- and multi-level installations. This dataset enables evaluation of MOST and the law of the wall under varying topographic
and stability conditions. We compare bulk-aerodynamic formulations and roughness length parameterizations to quantify their
sensitivity to measurement uncertainty and theoretical assumptions, and to identify where current approaches perform reliably
and where improvements are needed.

This paper is organized as follows. In Section 2, a short background is given on the BA method, MOST and the derivation
of roughness lengths. Section 3 describes the locations of the EC stations used in this study and outlines the applied pre-
and postprocessing of the EC data (Subsections 3.1-3.3). Sections 3.6 and 3.7 briefly introduce the BA approaches and zg
parameterizations employed. The analyses based on the law of the wall and the sensitivity analysis are presented in Sections 3.5

and 3.8, respectively. Finally, the results, discussion, and conclusions are given in Sections 4, 5, and 6.
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Symbol Meaning Symbol Meaning

u Mean wind speed at measurement height z,, U Friction velocity

u'w’, v'w’ Turbulent momentum flux components Potential temperature at height z1

Os Surface potential temperature * Temperature scaling parameter

T Air temperature at height z1 Ts Snow surface temperature

q Specific humidity at height z¢ qs Surface specific humidity, assumed saturated with respect to ice

qx Humidity scaling parameter Qu Turbulent sensible heat flux

Q1L Turbulent latent heat flux Pa Air density

Cp Specific heat capacity of air at constant pressure Ly Latent heat of vaporization or sublimation

Ky Eddy viscosity for momentum Ky Eddy diffusivity for heat

Kg Eddy diffusivity for water vapor Pr Turbulent Prandtl number

k von Kérman constant g Gravitational acceleration

L Monin—Obukhov length ¢ Stability parameter (¢ = z/L)

U Stability correction function for momentum Uy, Stability correction function for heat and humidity

Zu Wind measurement height above the snow surface zZT Temperature measurement height above the snow surface

Zq Humidity measurement height above the snow surface 2T /q Scalar measurement height

Z0v Roughness length for momentum 20T Roughness length for temperature

20q Roughness length for humidity 20T /q Scalar roughness lengths for temperature and humidity

Z0v,ec Momentum roughness length derived from eddy-covariance 20T, ec Temperature roughness length derived from eddy-covariance
data data

20q,ec Humidity roughness length derived from eddy-covariance data Co Bulk transfer coefficient for heat

Cq Bulk transfer coefficient for humidity Clog Neutral bulk transfer coefficient based on logarithmic profiles

CRrib Bulk transfer coefficient using the bulk Richardson number Riy, Bulk Richardson number

] Atmospheric stability factor in the C'rip, method R* Roughness Reynolds number

v Kinematic viscosity of air hs Snow height

2] Effective measurement height at level ¢ above the snow surface z; Instrument height at level ¢

u; Mean wind speed at measurement level ¢ Usj Friction velocity at measurement level 7

m Slope of the regression between w; and w.; o Stefan—Boltzmann constant

€s Snow emissivity LWin Incoming longwave radiation

LWt Outgoing longwave radiation P Precipitation

AT Temperature difference or temperature uncertainty, depending Aq Specific humidity uncertainty
on context

Azy, Az /g Uncertainty in effective measurement heights

2  Theory

This section summarizes the theoretical basis of the bulk aerodynamic formulation and its link to Monin—Obukhov similarity

theory, which together provide the framework for both estimating turbulent fluxes and deriving surface roughness lengths.

2.1 Bulk aerodynamic method

The bulk aerodynamic (BA) method is an approach typically used for estimating turbulent sensible and latent heat fluxes

when meteorological parameters (temperature, wind speed, humidity, and pressure) are only available at a single measurement
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height, and when information on friction velocity or surface-layer scaling parameters is not available—as is often the case in
snowpack or glacier energy-balance modeling.

All BA methods used in this study originate from the gradient transport (or K-theory) formulation of turbulence (Stull,
1988), in which turbulent fluxes of heat and moisture are expressed as being proportional to the vertical gradients of potential

temperature and specific humidity:

W = —u, 0, = —KH?,
z

0
W = —ug. = ~Kpz, ()
z

with Ky and K the eddy diffusivities for heat and vapor exchange, which are related to the Prandtl number Pr and eddy
viscosity Ky via Ky = Pr- Ky and Ky = Pr - Kg respectively.
According to the BA theory, we can describe the turbulent heat fluxes as an integrated form of Eq. 1 proportional to the finite

difference in temperature and specific humidity at measurement height 2t /4 and the surface:

Qu = pacpCou(f — bs), 2
QL = ﬂaLquU(q - QS)a (3)

where L, is the latent heat of vaporization (2.514 MJ kgfl) or sublimation (2.848 MJ kgfl) if Tg < 0°C, w is the mean wind
speed at height z,, 6 and 05 are the mean values of potential temperature at height 21/, and at the surface, g and gs are the mean
values of specific humidity at height 21/, and at the surface, and Cy , are the bulk transfer coefficients of eddy diffusivity. The
bulk transfer coefficients are derived from the logarithmic wind profile and are dependent on roughness lengths of momentum

v, temperature 2o and water vapor zopq.
2.2 Monin-Obukhov similarity theory and roughness lengths

The Monin-Obukhov similarity theory (MOST) provides a theoretical framework describing the structure of the atmospheric
surface layer under conditions of mechanical and thermal turbulence. It relates turbulent fluxes to mean vertical gradients of
wind speed, temperature, and humidity, and predicts that these profiles follow a logarithmic form modified by atmospheric
stability (Eqgs. 4-6). Within MOST, deviations from neutral stratification are expressed through stability correction functions,
which depend on the Monin—Obukhov length L.

()]
{m (j’;) -~ (2)} )
(2]
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Here, k = 0.41 is the von Karmén constant, u, is the friction velocity, and 6, and g, are the turbulent scaling parameters
for temperature and specific humidity, respectively. The variables u, T', and ¢ denote mean wind speed, air temperature, and
specific humidity measured at heights z,, zr, and z, above the (snow) surface. Ts and gs represent the surface temperature

and specific humidity, with g5 assumed to be saturated with respect to ice at Ts. The Monin—Obukhov length L is defined as:

I_ pacpuiT ’
kgQu

where p, is air density, c, is the specific heat capacity of air at constant pressure, g is gravitational acceleration, and Qy is

(7

the turbulent sensible heat flux.

The functions ¥, and ¥}, are stability correction functions that account for deviations from the logarithmic profiles of
wind speed, temperature, and humidity under non-neutral atmospheric stratification. In this study, stability corrections for
stable conditions follow (Beljaars and Holtslag, 1991), while for unstable conditions we adopt formulations consistent with the

similarity functions of Dyer and Hicks (1970), expressed in their integrated form as:

_ b(¢—=<)e 9 4 be if
0 = (al+b(¢C—5)e 42, if¢>0 ®)

_ 240010 _c)edC Lc_) i
o) 21((1:;(14) Fb(C—C)ed e 1), TfC>O o
n (T) , if(<0

with a =1, b=0.667, c=5, d=10.35, y = (1 — 16{)1/4, and ¢ = z,/L in Eq. 8 and { = z1q/L in Eq. 9. The stability
parameter ¢ characterizes the stratification state of the atmospheric surface layer.

These stability correction functions ensure consistency between observed non-neutral profiles and the logarithmic structure
predicted by MOST, thereby enabling robust estimation of roughness lengths from eddy-covariance measurements.

In this study, roughness lengths for momentum, temperature, and humidity (zoy, 20T, and zoq) are derived using MOST,

resulting in the following inverse relations:

Zoy = Zu * €XP <—k:~u—\11m(z)), (10)

Us L
T—T: z
ZoT = 2T - €Xp (—k- o S -y, (L))’ (11
- z
20q = Zq ' €XP <k -9 _ Uy (L)) (12)
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Figure 1. EC stations across the Alps. Stations located on a slope are visualized with a triangle, stations on flat surface with a circle. Dark
blue symbols are linked to FLUXNET and ICOS stations and red symbols to i-Box stations. i-Box stations Kolsass (CS-SF1) and Hochhéuser

(CS-NF27) are EC towers with three and two measurement levels, respectively.

3 Data and Methods
3.1 Eddy-covariance data

This study investigates the reliability of BA methods based on MOST in complex alpine terrain, considering variations in
elevation, slope, and aspect. To this end, we analyzed data from twelve EC stations located across the European Alps (Table 1,
Fig. 1). The sites are part of several established flux-monitoring networks, including FLUXNET (Pastorello et al., 2020), ICOS
(Pastorello et al., 2020), the European Fluxes Database Cluster and the i-Box network operated by the University of Innsbruck
(Rotach et al., 2017). From these datasets, we derived roughness lengths (zoy, zoT and zpq) and used measured turbulent
heat fluxes for evaluating the performance of BA approaches using the derived roughness lengths under diverse topographic
conditions.

Stations were chosen based on several criteria. We focused on canopy-free environments, since trees and tall bushes introduce
additional and difficult-to-quantify uncertainties related to displacement height and snow interception. Each site was required
to include all variables necessary for estimating zoy, 2oT and zo4 as well as the corresponding turbulent heat fluxes. Although

some alternative datasets extend further back in time, we restricted our analysis to 2012-2023 to match the availability of
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175 the gap-filled Visible Infrared Imaging Radiometer Suite (VIIRS) snow cover fraction (SCF) product, which is available from
January 2012. This ensured reliable identification of fully snow-covered periods and minimized potential contamination of the
flux footprint by other land-cover types.

To investigate the influence of complex terrain on roughness length and turbulent heat flux estimates derived using the
BA method, we analyzed data from EC stations located across diverse topographic settings. Seven stations were situated on

180 predominantly flat terrain, either on plateaus (IT-MBo, IT-Tor, FR-CLt) or in valleys (AT-Neu, CH-Fru, CS-SF1, CS-VF0). In
contrast, six stations were positioned on slopes ranging from 10.0 to 27.0° (CH-Aws, IT-MtP, IT-NiG, CS-NF27, CS-NF10). All
EC stations, except i-Box Kolsass (CS-VF0) and i-Box Hochhiuser (CS-NF27), measured turbulent fluxes at a single height.
At i-Box Kolsass, fluxes were measured using three sonic anemometers installed at heights of 4m, 8.68 m, and 16.93m, and
two open-path gas analyzers installed at 4m and 16.93 m, while at i-Box Hochhduser, momentum flux was measured with two

185 sonic anemometers at 1.5m and 7.08 m and latent heat flux was measured with an open-path gas analyzer at 7.08 m.

The analyzed datasets consist of half-hourly flux products already quality-controlled and publicly available through FLUXNET,
ICOS, and i-Box. The FLUXNET, European Fluxes Database Cluster and ICOS data are processed using the standard FLUXNET2015
ONEFlux pipeline (Pastorello et al., 2020). For the calculation of roughness lengths and turbulent heat fluxes using the BA
method, we used only the directly measured (non—gap-filled and non—energy-balance-corrected) data, as these represent the

190 highest-quality observations. This choice ensures consistency across sites, as most stations lack snow temperature measure-
ments, preventing reliable quantification of energy fluxes within the snowpack (e.g., melt) and thus precluding robust energy
balance closure corrections.

The datasets of the i-Box stations were obtained from the online database of the Department of Atmospheric and Cryospheric
Sciences of the University of Innsbruck (University of Innsbruck, ACInn, n.d.). In contrast to the data processed through

195 the FLUXNET2015 ONEFlux pipeline, the i-Box datasets additionally include the turbulent fluxes w/w’, v'w’, w/'T", w'T",

and w’q’, which enabled an assessment of flow regimes. For sites with multi-level measurements (i-Box Kolsass and i-Box
Hochhiuser), this included the identification of characteristic flow patterns, such as valley winds at Kolsass and katabatic
conditions at Hochhéuser. Radiative fluxes at the i-Box stations were provided as 1-min raw measurements. These data were
manually filtered and quality-controlled and subsequently aggregated to half-hourly means to ensure consistency with the EC

200 flux products.
3.2 Snow-Height Data

Snow-height data were used to identify periods with snow cover and to calculate the effective measurement heights of the sonic
wind, temperature, and humidity sensors above the snow surface (z, and zt,). These heights were obtained as the difference
between the instrument heights and the measured snow height. At several EC stations (AT-Neu, FR-CLt, IT-NiG, and I'T-Tor),
205 acoustic sensors continuously measured snow or vegetation height, providing snow-height data at 30-min resolution throughout
the study period. At the remaining sites, snow height was either unavailable or only partially recorded. For these stations, snow-
height data were obtained from nearby automatic weather stations (CH-Aws, CH-Fru, CS-SF1, CS-VF0, CS-NF27, CS-NF10,

and IT-MtP) or from manual measurements (IT-MBo). Sonic snow-height measurements were corrected for sensor noise and
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diurnal fluctuations related to sensor heating. Where only daily snow-height data were available (e.g., from local meteorological
or hydrological services such as MeteoTrentino, MeteoSwiss, GeoSphere Austria, Hydrographischer Dienst Tirol, and SLF),
these were linearly interpolated to the 30-min resolution of the EC data. This approach assumes gradual changes in snow
surface height between observations and was considered sufficient for adjusting measurement heights rather than for analyzing

short-term snow dynamics.
3.3 Snow surface temperature

The snow surface temperature 7§ is required as a boundary condition in the bulk aerodynamic method and can be determined

from net longwave radiation measurements available from the EC stations using the Stefan-Boltzmann law.
1 1/4
Ts = | — (LWouw— (1 —€5)LWin) ) (13)

€S

where o is the Stefan—Boltzmann constant (5.670 x 10" Wm~2K~%), and g is the emissivity of snow, typically ranging
from 0.97 to 0.995 (Dozier and Warren, 1982). Uncertainties in outgoing longwave radiation measured with a net radiometer
can propagate into calculated surface-temperature errors of several Kelvin (Calanca, 2001; Radi¢ et al., 2017). We therefore
constrained the analysis primarily to snow-covered periods for which the snow surface was at the melting point. For each
station, Ty was first calculated from longwave radiation using Eq. 13. Radiation-derived values exceeding 0°C were inter-
preted as non-physical for a snow surface and were capped at s = 0°C. These periods were classified as melt-limited surface
conditions.

As an additional consistency check, we evaluated the vertical snow-temperature profiles simulated by SNOWPACK (Bartelt
and Lehning, 2002; Lehning et al., 1999, 2002) for these periods. Across stations, the majority of modeled profiles were near-
isothermal, with vertical snow-temperature ranges below 0.2K and temperatures close to the melting point, supporting the
interpretation that the selected periods correspond to melt-limited snowpack conditions. However, because the SNOWPACK
simulations are not fully independent of the prescribed surface-temperature forcing, they were used only as a consistency check

and not as independent evidence of melt.
3.4 Determination of roughness length values obtained from EC stations

Roughness lengths of momentum, temperature and humidity (zoy, zoT and zo4) were calculated by implementing EC data into
the BA method using Eqs. 10-12.

To compute the roughness lengths 2o, zoT, and zoq using Eqs. 10-12, one requires the friction velocity u, and the tempera-
ture and humidity scaling parameters 6, and g, . For the i-Box datasets, the provided u, was calculated as u, = \4/ WQ + WQ
accounting for the vertical contribution of v'w’ to the friction velocity on a slope site. For the ICOS and FLUXNET datasets,

the friction velocity u, was given in the datasets, while 6, and ¢, were obtained from the measured turbulent sensible and
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latent heat fluxes, which can be parameterized as follows (Munro, 1989):

Qu = pacpOi s, (14)
QL = pa Ly qx s, (15)

where L, is the latent heat of vaporization (2.514 MJ kgfl) or sublimation (2.848 MJ kgfl) if Ts < 0°C.

When calculating zoy, zor, and zpq, we focused on near-neutral atmospheric conditions (|¢| < 0.1), where turbulence is
primarily generated by shear stress and thus closely linked to surface properties and the associated roughness lengths. Under
these conditions, the influence of atmospheric stability correction functions is minimal. For nearly perfectly neutral cases
(€| < 0.01), we assume that stability correction functions can be neglected entirely, allowing the expressions for zgy, zoT, and

20q to simplify to the logarithmic forms:

20v = zu~exp<k . u) , (16)
U
T —T
ZOT:zT-eXp(—k~ 7 S), (17)
zoq:zq~exp(—k-q;qs> . (18)

To ensure high-quality calculations of roughness lengths, we applied several quality control measures similar to Radi¢
et al. (2017) and Fitzpatrick et al. (2019): (1) As indicated previously, we filtered for near-neutral atmospheric conditions
(considering two cases: || < 0.1 and |¢| < 0.01). (2) Furthermore, we only used flux data that passed the FLUXNET / ICOS
quality control criteria, ensuring good overall data quality. These criteria include, among others, tests for stationarity, which
ensure that turbulent fluxes were derived under quasi-steady conditions where the statistical properties of the flow remain
constant over the 30-min averaging period. For the i-Box datasets, a separate quality flag indicating stationary fluxes was
provided and used for filtering. (3) Low wind speeds or friction velocities often result in unrealistically large roughness lengths
(on the order of meters) and introduce substantial uncertainty in their estimation. To mitigate this issue, we applied minimum
thresholds for friction velocity (Uymin = 0.3ms™ ') and mean wind speed (Umin = 3ms™1). (4) Since wind direction plays a
critical role in determining zg,, we restricted our analysis to wind directions within a 90° window centered on the dominant
wind direction during snow-covered periods. We also excluded data where wind flow distortion due to the station structure
could be significant. (5) We further filtered out data points where wind speed surpassed a certain threshold for high probability
of blowing snow events following Li and Pomeroy (1997) because advected particles entering the (open-path) gas analyzer
can contaminate EC measurements. During such conditions the particles may interfere with the gas analyzer’s optical path
and alter gas concentration measurements (Heusinkveld et al., 2008). Furthermore, periods of blowing snow are not directly
comparable to MOST, which does not account for the enhanced sublimation associated with the increased air—snow particle
interface during blowing snow and hence tends to underestimate the turbulent fluxes (Sigmund et al., 2022). (6) A sufficient
temperature difference between the snow surface and the measured air temperature (A7 > 1K) was required, corresponding

to a minimum water vapor pressure gradient of 66 kPa to ensure an adequate moisture gradient. (7) As net longwave radiation
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measurements are often error-prone (Calanca, 2001; Radi¢ et al., 2017), we only considered periods when the snowpack was
melting, ensuring a surface temperature of 0°C. Periods of melting were identified as described in Section 3.3. (8) Periods
with precipitation (P > 0mm) were excluded due to potential contamination of open-path gas measurements (Fitzpatrick
et al., 2017; Heusinkveld et al., 2008). (9) As mentioned earlier, we use SCF from VIIRS to distinguish between zg,, zgT and
zot calculated during fully snow-covered (SCF = 1) and partially snow-covered (SCF < 1) periods of times to determine the
influence of other surface covers than snow within the flux footprint area. (10) Unrealistic values of roughness lengths were
removed following the physical limits proposed by Andreas et al. (2010). Values of zpr and zp, smaller than 1077 m were
considered unphysical, as molecular diffusion cannot occur at smaller scales (Fitzpatrick et al., 2017). Values of zg, zgT, Or
20q larger than 1m were also discarded, as such high roughness lengths are physically implausible for snow-covered terrain
and have not been observed (Brock et al., 2006). (11) For the i-Box Kolsass and i-Box Hochhiuser sites, where fluxes are
measured at multiple heights and u/w’ and u/T” are available, periods dominated by valley winds (i-Box Kolsass) or katabatic

wind flow (i-Box Hochhiuser) could be identified and excluded from the analysis.
3.5 Evaluation of the law of the wall

The law of the wall, first described by Von Karman (1931), states that under neutral atmospheric stratification the mean wind
speed in turbulent flow increases logarithmically with distance from a solid boundary. In this study, we test the validity of the
law of the wall in mountainous terrain and assess the influence of topography on the roughness length for momentum. This
allows us to evaluate the reliability of roughness lengths derived from EC measurements at different installation heights in
complex terrain.

To this end, data from two EC towers were analyzed. The i-Box Kolsass site is located in the Inn Valley on flat terrain
(slope 0°) and is equipped with three sonic anemometers at three heights (Table 1). The i-Box Hochhiuser site is situated on a
north-facing slope of 27° and features sonic anemometers at two heights.

To ensure the applicability of the logarithmic law, only periods with near-neutral atmospheric stability (|¢| < 0.01) were
considered. Under these conditions, wind speed profiles are expected to collapse onto a pure logarithmic relationship if the law
of the wall holds. The analysis was further restricted to periods with snow cover (hg > 0m and SCF > 0). For both methods,
zov Was calculated separately for fully snow-covered conditions (SCF = 1) and partially snow-covered conditions (SCF < 1).

To increase the number of available data points, filters on surface temperature, which are applied in later parts of this study,
were not used here, as the validity of the law of the wall is independent of surface temperature. However, low level wind-
maxima as in katabatic wind conditions, which can disturb the logarithmic wind profile, were excluded. Specifically, cases
were removed where u/ w] > 0 and ujw}, (or m) <0.

Three different methods were applied to derive the roughness length for momentum, zg,. In the first method, 2y, was
calculated for each individual measurement level using the logarithmic wind profile under neutral conditions (Eq. 16). For
each measurement level ¢, the friction velocity u,; and the mean wind speed u,; were evaluated at the effective height above the

snow surface, z; = z; — hg, where z; denotes the instrument height and hg the snow height. The resulting zo, values were then
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compared between measurement levels. This method is also used in later parts of the study, as it can be applied at all stations
equipped with only a single measurement level from a 3D sonic anemometer.

In the second method, zo, was derived from the slope of a linear regression applied to scatterplots of u; versus u,;. Assuming
the validity of the logarithmic wind profile, this regression slope can be related to the aerodynamic roughness length. The

resulting slope m was used to infer zg, by inverting the law-of-the-wall relationship,
zov = 2 -exp(—k-m),

where z is the measurement height. In this approach, temporal variations in snow height and roughness length are neglected.
Consequently, the derived z(, represents an effective mean value based on all available observations. Variations in snow height
were not explicitly considered, since further binning of the dataset according to snow height would significantly reduce the
number of remaining data points after filtering and thus limit statistical significance. Within the filtered dataset, maximum
snow-height differences amount to 25cm at i-Box Kolsass and 21 cm at i-Box Hochhiuser.

In the third method, a logarithmic wind profile was fitted to the mean wind speed measurements obtained from the two and
three 3D sonic anemometers at i-Box Hochhduser and i-Box Kolsass, respectively. The roughness length for momentum was
treated as a fitting parameter. For comparison, the same analysis was conducted using four 2D sonic anemometers at i-Box
Kolsass installed at heights of 2m, 4m, 6 m, and 12 m. This allowed us to compare momentum roughness lengths derived from
wind profiles based on 2D sonic anemometers, 3D sonic anemometers, and a combined profile incorporating both instrument

types at i-Box Kolsass.

3.6 Bulk aerodynamic methods

We tested two commonly used forms of heat transfer coefficients in snow modeling.
3.6.1 Cj method

The first form assumes a pure logarithmic wind speed profile in neutral atmospheric conditions, consequently discarding the

atmospheric stability correction functions:
k2
In (2 ) (22
Zov 20T /q

This parametrization is used in e.g. the WiMMed snow model, developed for the Sierra Nevada in Spain (Herrero et al., 2009).

Clog = 19)

3.6.2 CRgj, method

The second approach uses a formulation based on the bulk Richardson number Riy,. This method is implemented in the snow

models openAmundsen (Strasser et al., 2024) and FSM (Essery, 2015):

k2
Cri, = P, (20)

u zT/‘l
In (ZZK) In (—zOT/q)

14



330

335

340

345

350

355

https://doi.org/10.5194/egusphere-2026-3417
Preprint. Discussion started: 29 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

with ® an atmospheric stability factor defined as:

L e
: ——=, if Riy, >0
O(Riy) = 1530y Rio (1 10y Riy )0 b 21

1-3b, Ri : .
W, if R'Lb < 0,

with the atmospheric stability parameter b, = 5 and the bulk Richardson number given by:

Zﬁg(Tz - TS)

R = 22
® T g Tou? (22)
and
0.5
I ES
c=— (23)

()]

3.7 Roughness length parametrization

In addition to testing different BA methods, we explored five parameterizations of surface roughness lengths for scalars. The
following formulations for zg and zp, were evaluated.

The first parameterization derives roughness length of momentum, temperature, and humidity from Eqs. 10-12. The sec-
ond parameterization prescribes 2oy = 2ov,ec and 2gr/q = 0.1 20y ec. The third parameterization follows Essery (2015) and
Strasser et al. (2024), with fixed values of zp, = 0.01m and zgT = 209q = 0.1 zgv. The fourth parameterization assumes identi-
cal roughness lengths for momentum, temperature, and humidity zo, = 2oT = 20q = 0.61 mm, consistent with the value used
in Herrero and Polo (2016). The fifth parameterization is based on the surface renewal model proposed by Andreas (1987),

which estimates the ratio of scalar to momentum roughness lengths as a function of the roughness Reynolds number:

In (ZOT/‘]> — by + b1 In(R*) + ba In(R*)?, 24)
20v
where
R u*zOV, 25)
14

v is the kinematic viscosity of air (1.5 x 10~®m2s™1), and by, by, and by are empirical constants given in Andreas (1987) that
vary with the flow regime (smooth, transitional, or rough). Although the original formulation of the Andreas model is, to our
knowledge, not implemented in operational snow models, it offers a physically based approach for estimating scalar roughness
lengths when z, is known (Fitzpatrick et al., 2019). We therefore include it here for evaluation.

An overview of all roughness length parameterizations considered in this study is given in Table 2.
3.8 Sensitivity analysis and error propagation

In this study, we assess the impact of instrumental and measurement uncertainties on the derived roughness lengths z.,

zot, and zpq, and examine how these uncertainties propagate into turbulent heat fluxes calculated using the BA method. We
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Table 2. Overview of roughness length parameterizations used in this study.

ID =z 20T, 20q Description

Pl Zzov,ec 20T, ecs 20q,ec Derived from EC measurements (Egs. 10-12)

P2 zov,ec 0.1 20v,ec Fixed ratio

P3 0.0lm 0.1z0v Fixed values (Essery, 2015; Strasser et al., 2024)
P4 0.61lmm =zov Equal roughness lengths (Herrero and Polo, 2016)
PS5  Zzov,ec Andreas (1987) model  Function of R* (Andreas, 1987)

also assess how different combinations of BA methods and zy parameterizations perform across EC stations and how slope
influences their performance.

In neutral conditions, uncertainties in 2gv, zoT, and zoq arise from uncertainties in the input variables u, ., zy, 2 /g T Ts,
0., q, qs and q.. All sources of uncertainty are accounted for, and the total propagated uncertainty is estimated using standard
first-order error-propagation theory based on a Taylor series expansion.

For the turbulent scaling parameters, we assume relative uncertainties of Ayl = Abyrel = Agurer = 10 %, reflecting the
expected uncertainty of vertical fluxes for a constant flux layer (e.g., Dyer and Hicks, 1972). It should be noted, however, that
this assumption relies on the presence of a well-defined constant-flux layer. Observational studies at i-Box stations suggest that
this condition is often not fulfilled in complex terrain, where fluxes may vary considerably with height, leading to substantially
larger effective uncertainties (e.g., Sfyri et al., 2018; Lehner et al., 2021). Accordingly, the adopted value should be interpreted
as an optimistic estimate.

A relative uncertainty of 3% is assigned to the mean wind speed u, which lies within the accuracy range specified by most
sonic anemometer manufacturers.

Uncertainties in temperature and specific humidity are treated as uncertainties in the respective gradients (7' — Ts) and
(¢ — gs). For temperature, the total uncertainty AT is composed of errors in both the measured air temperature 7" and the sur-
face temperature 7g. Manufacturer specifications typically indicate an uncertainty of approximately 0.1 K for air temperature
measurements. Given our filtering approach for Tg, we adopt an uncertainty of ATg = 0.2K.

For specific humidity, we follow the error estimates of Radi¢ et al. (2017), who assume an uncertainty in water vapor pressure
of 0.23hPa. This corresponds to an uncertainty in specific humidity of approximately Ag ~ 1.6 x 10~%.

Uncertainties in the measurement heights 2, and 2T, are assumed to arise solely from uncertainties in snow height mea-
surements, while the nominal instrument heights are treated as exact. For snow height measured directly at the EC station using
a sonic ranger, we assume an uncertainty of Az, = Azt ,q = 2cm. This value is slightly more conservative than the nominal
instrumental accuracy of typical ultrasonic snow-depth sensors (on the order of ~1 cm under ideal conditions), and is intended
to account for additional sources of variability in field measurements, such as temperature-dependent changes in the speed of
sound, sensor heating effects, and small-scale surface heterogeneity. For snow height estimates not obtained directly at the EC

station, a larger and more conservative uncertainty of Az, = Azy,q = 15cm is applied, based on the maximum observed dif-
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ference during overlapping measurement periods. This value is used as an upper-bound estimate in the absence of continuous
co-located observations.

In a first step of the sensitivity analysis, relative errors in zgy, 29T, and zpq were calculated for each individual data point
based on the prescribed uncertainties. These relative errors were then averaged over all data points for each station.

In a second step, the uncertainties estimated for the roughness lengths were propagated into modeled turbulent sensible and
latent heat fluxes using a Monte Carlo approach applied to the BA formulations described in Section 3.6. For this analysis,
a less restrictive stability filter was used (|| < 5) to also include non-neutral conditions, under which the stability correction
functions are non-zero. The analysis was further restricted to periods with complete snow cover (SCF = 1).

We evaluated the two BA approaches introduced in Section 3.6 in combination with the five roughness length parameteriza-
tions described in Section 3.7 (Table 2).

For parameterizations P1 and P2, momentum and scalar roughness lengths were sampled from normal distributions defined
by the mean roughness length values and their averaged relative uncertainties obtained from the first step of the sensitivity
analysis based on Taylor error propagation. In addition, for all parameterizations, temperature, wind speed, and specific hu-
midity gradients, as well as 2, and zp /q» Were sampled from normal distributions. In each case, the observed value was used as
the distribution mean and the corresponding prescribed uncertainty as the standard deviation, consistent with the uncertainty

assumptions used in the roughness length error propagation.

4 Results

This section presents results on (i) the applicability of the law of the wall in complex terrain (Section 4.1), (ii) the propagation
of instrumental and measurement uncertainties into roughness lengths and turbulent heat fluxes (Section 4.2), and (iii) the per-
formance of different combinations of BA methods and z, parameterizations (Section 4.3). The comparison of BA formulations

is restricted to the eight of the twelve stations for which sufficient data remained after applying all filtering criteria.
4.1 Law of the wall

To evaluate the validity of the law of the wall, momentum flux data from two EC towers in the Inn Valley were analyzed: i-Box
Kolsass, located on flat terrain, and i-Box Hochhéuser, situated on a north-facing slope. Roughness lengths for momentum (zg.,)
were derived for near-neutral atmospheric conditions (|| < 0.01) during snow-covered periods using three different methods.

In the first approach, the logarithmic wind profile (Eq. 16) was applied directly to individual observations of mean wind
speed u and friction velocity u.,, yielding time series of zg, for each measurement level. Figures 2 a) and b) display the
resulting roughness lengths for the three measurement heights at i-Box Kolsass and the two measurement heights at i-Box
Hochhiuser, respectively.

At both sites, zg, derived from different measurement levels exhibits substantial discrepancies, reaching differences of up to
nearly two orders of magnitude for single data points. These discrepancies are generally smaller at i-Box Kolsass than at i-Box

Hochhéuser. In particular, during December 2017, differences between the first (2,1 = 4.00m) and second (z,,2 = 8.68m)
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measurement levels at i-Box Kolsass are mostly negligible. In contrast, during February 2020, the maximum difference in
log;(2z0v,;) between these two levels reaches approximately 0.8.

At i-Box Hochhiuser, differences in log;((z0,,;) between the first and second measurement levels are consistently larger,
typically ranging between 0.5 and 0.9. For both stations, the largest roughness lengths within a given time step are systemati-
cally obtained from the highest measurement level. This effect is more pronounced at the sloping i-Box Hochhéuser site.

In addition to differences between measurement levels, zg, shows pronounced temporal variability. At i-Box Kolsass, for
example, roughness lengths vary by approximately one order of magnitude within less than a day (11 December 2017, 09:00
to 11 December 2017, 21:00). During this period, log;(20v,1) and log;,(2ov,2) range from approximately —2 to —1, while
log,(20v,3) varies from about —1.5 to —0.5.

The mean and standard deviation of z(, were computed for each measurement level, along with the mean standard deviation
between levels (Table 3). Roughness lengths derived during fully snow-covered conditions (SCF = 1) and partially snow-
covered periods (SCF < 1) are generally comparable and fall within the same order of magnitude. However, the associated
standard deviations indicate considerable variability.

Overall, the derived roughness lengths are consistent with values reported for old and rough snow and substantially exceed
those typically observed over fresh snow, which generally lie in the (sub-)millimeter range (Brock et al., 2006).

To investigate whether the observed differences between measurement levels could be related to spatial heterogeneity in the
contributing source areas, flux footprint climatologies were calculated for all measurement levels at i-Box Kolsass and i-Box
Hochhiuser based on the datetimes included in the analysis above (Fig. 3).

At i-Box Kolsass, the footprints of all measurement levels predominantly cover agricultural land, with substantial overlap
between levels. No systematic differences in land-cover type within the footprint areas are apparent between the different
heights. Furthermore, differences in vegetation (e.g., grass and low crops) should be reduced even more for fully snow-covered
periods (SCF = 1).

At i-Box Hochhéuser, the footprints are more heterogeneous and show greater sensitivity to measurement height. While
the lowest measurement level mainly samples grass-covered terrain, the footprint of the upper level partially extends towards
forested areas. However, this forest contribution is limited to a small fraction of the total footprint area (within 80 % to 90 %
cumulative contribution). Footprint differences may therefore contribute to the observed height dependence at Hochhiuser, but
they do not appear sufficient to explain it fully.

The second approach estimated zg, from a linear regression between mean horizontal wind speed wu; and friction velocity
U4, at each measurement level ¢ using a robust Theil-Sen estimator (Fig. 4).

For i-Box Kolsass, the most consistent results across measurement levels were obtained for partially snow-covered condi-
tions, with zg, values ranging between 0.006m and 0.024 m. These values are comparable to the level-wise mean roughness
lengths derived using the first method (Table 3). In contrast, all other cases yield substantially larger roughness lengths, typ-
ically on the order of 0.1m at i-Box Kolsass (level 2, SCF = 1) and reaching several meters at i-Box Hochhzuser (level 2,
SCF < 1).
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Figure 2. Roughness length of momentum zo, for near-neutral atmospheric conditions calculated for the different measurement levels of
mounted sonic anemometers at i-Box stations Kolsass (a) and Hochhiuser (b) using Eq. 16. The upper panels visualize wind speed and wind

directions for all measurement levels. Dots in the zo, plots represent periods of time with partial snow cover (SCF < 1), triangles represent

periods of time with full snow cover (SCF = 1).
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Figure 3. Flux footprint climatologies calculated using the FFPOnline tool provided by Kljun et al. (2015) for the filtered dataset used in
the law-of-the-wall analysis. Shown are footprints for all three measurement levels at i-Box Kolsass (a) and for the two levels at i-Box

Hochhiuser (b), based on wind directions with minimal tower-induced flow distortion. Orthophoto basemap from Esri World Imagery (Esri,
2026).
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Table 3. Mean and standard deviation of aerodynamic roughness length (2o, in m) for different measurement heights at i-Box Kolsass and
i-Box Hochhiuser. Two snow cover conditions are shown: full snow cover (SCF = 1) and partial snow cover (SCF < 1). & denotes the mean

of all o values computed for each time step ¢ across the measurement levels.

Site SCF Zov,1 [m] 0z, , Ml Zov2 [m] 04, , [M]  Zou3[m] 0z, , [m] & [m]
i-Box Kolsass SCF <1 0.0513 0.0297 0.0589 0.0445 0.1610 0.1419 0.0628
SCF=1 0.0362 0.0143 0.0695 0.0334 0.2579 0.1093 0.1198
i-Box Hochhduser SCF <1 0.0894 0.0358 0.6117 0.2240 - - 0.3693
SCF=1 0.1188 0.0259 0.8358 0.0719 - - 0.5070

These roughness lengths exceed values commonly reported in the literature for snow-covered surfaces by more than one
order of magnitude (Brock et al., 2006). The large values are associated with substantial scatter in the u—u,. relationship and a
limited number of available data points after filtering.

The third approach to deriving the momentum roughness length was based on fitting a logarithmic wind profile to mean wind
speed measurements obtained from two or three vertical levels using 3D sonic anemometers, respectively. At i-Box Kolsass,
additional mean wind speed measurements from four 2D sonic anemometers were included in the analysis. The resulting mean
momentum roughness lengths are summarized in Table 4.

The mean momentum roughness length derived from fitting the logarithmic wind profile to the 3D sonic anemometer mea-
surements at i-Box Hochhéuser was 0.0269m during partially snow-covered periods and slightly higher, at 0.0576 m, during
fully snow-covered conditions. These values are of the same order of magnitude as the momentum roughness lengths derived
from u, and w at the first measurement level (Table 3), but are significantly smaller than those obtained from the second
measurement level (Table 3 and Fig. 4(b) ).

Momentum roughness lengths derived from logarithmic wind profiles using 3D and 2D sonic anemometer measurements at
i-Box Kolsass ranged from sub-millimeter values for fully snow-covered periods when based on 3D profiles, to millimeter-scale
values when based on 2D profiles. During partially snow-covered periods, momentum roughness lengths were approximately
one order of magnitude larger, falling within the millimeter range for 3D profiles and the centimeter range for 2D profiles.
A logarithmic fit to the combined wind speed profile derived from both 2D and 3D sonic anemometers was only feasible
for partially snow-covered conditions, yielding a mean momentum roughness length of 0.0164 m. Compared to the other two
methods used to derive momentum roughness length, these values are generally smaller than those obtained using the linear
regression and single-level approaches for fully snow-covered periods, while being of comparable magnitude to the regression-
based estimates during partially snow-covered conditions.

Taken together, the three approaches show strong sensitivity of derived zg, to retrieval method, measurement height, and

instrument configuration. This sensitivity is evident at both sites and is more pronounced at the sloping Hochhéuser site.
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Figure 4. Roughness length for momentum zo. at different measurement levels for i-Box Kolsass (a) and Hochhéuser (b). The values were
calculated under near-neutral atmospheric conditions by fitting a linear regression (Theil-Sen method) between the mean horizontal wind
speed w and the friction velocity u.. Separate calculations were performed for periods of full snow cover (SCF = 1, triangles) and partial

snow cover (SCF < 1, circles).
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Table 4. Mean and standard deviation of aerodynamic roughness length (2o, in m) computed using the profile method at i-Box Kolsass and
i-Box Hochhiuser. For i-Box Kolsass, calculations were based on mean wind speeds from three 3D sonic anemometers and four 2D sonic
anemometers. Two snow cover conditions are shown: full snow cover (SCF = 1) and partial snow cover (SCF < 1). & represents the mean

of the standard deviations across all profiles.

Site SCF Z0v,3D  Ozg,3p  200,2D  Ozgy2p  200,2D+3D  Ozgy2p4sp o
[m] (m] [m] [m] [m] (m] (m]
i-Box Kolsass SCF <1 0.0043 0.0047 0.0413 0.0181 0.0142 0.0164 0.0131
SCF=1 0.0003 0.0003 0.0083 0.0058 - - 0.0034
i-Box Hochhaueser SCF <1 0.0244  0.0208 - - - - 0.0244
SCF=1 0.0530 0.0236 - - - - 0.0530

4.2 Error propagation

This sensitivity analysis examines how instrumental and measurement errors propagate into uncertainties in roughness lengths
derived from EC data and how these uncertainties subsequently affect modeled turbulent heat fluxes in a Monte Carlo frame-
work.

Table 5 summarizes mean roughness lengths and their averaged relative uncertainties for all sites under two stability criteria
(J¢] <£0.1 and |¢] < 0.01). The relative uncertainties for individual data points are shown in Figures A1-A3. A first striking
result is the strong reduction in available data under stricter stability filtering, particularly for scalar roughness lengths. For
|| < 0.1, mean 2o values are available for ten of the twelve stations, whereas mean Z0q values are available for only seven.
Under the more restrictive criterion || < 0.01, only one station provides estimates for both zor and zqq.

The mean momentum roughness lengths are similar across the two stability ranges. For |¢| < 0.1, log(zo ) range from —1.89
to —0.19 (corresponding to 1.29—64.57 cm), whereas for the more restrictive range |¢| < 0.01, the values span —1.78 to —0.25
(corresponding to 1.66 — 56.23 cm). Across individual stations, zo, values are generally consistent between the two stability
conditions and of the same order of magnitude. Mean scalar roughness lengths (29T and zo) are mostly substantially smaller
than zg,, typically by one to three orders of magnitude, with the exception of Nivolet, where log(zoq) with —0.99 is larger than
log(zoy) with —1.31. These scalar roughness lengths vary widely between stations. Furthermore, no clear relationship between
zor and zq is observed; for a given station, the two quantities often differ by several orders of magnitude.

Regarding the relative uncertainties, momentum roughness length exhibits relative errors typically below 70 %, whereas
scalar roughness lengths show considerably larger uncertainties, frequently exceeding 100 %. Temperature roughness length
displays the highest uncertainties at most sites.

In the second step, these roughness length uncertainties were propagated into modeled turbulent sensible and latent heat
fluxes using a Monte Carlo approach. Figures 5—8 show modeled versus measured fluxes for all retained stations, ordered

by increasing slope angle, for all BA formulations and roughness length parameterizations introduced in Sections 3.6 and 3.7.
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Scatterplots are omitted where the number of observations remaining after quality control and stability filtering was insufficient
for meaningful comparison, most notably for i-Box Kolsass level 3, i-Box Hochhéauser, i-Box Eggen, and Friiebiiel.

Vertical gray error bars indicate the propagated uncertainty in modeled turbulent fluxes arising from uncertainties in zgy e,
20T ,ec» 20q,ec> temperature, wind speed, vapor pressure, and the turbulent scaling parameters wu,, 0, and q,. Horizontal error
bars represent the assumed 10 % uncertainty in the observed turbulent fluxes.

To summarize the magnitude of the propagated uncertainty in the modeled turbulent heat fluxes, we computed a relative
Monte Carlo uncertainty metric,

median(Yerr)
median(|Qmodel])

5rel,MC =

where y.,, denotes the vertical error bar obtained from the Monte Carlo propagation and ) ,0qe1 the corresponding modeled
turbulent flux. Thus, 6,1, Mc represents the typical propagated uncertainty relative to the typical magnitude of the modeled flux
for a given station, BA formulation, and roughness length parameterization.

Using this metric, we generally find that the relative propagated uncertainty is larger for latent than for sensible heat flux.
Across all investigated stations and parameterization combinations, &1 mc reaches values of up to 38.9 % for Qu (Col du
Lautaret, P1) and up to 56.5 % for Qr, (Monte Bondone, P1).

Generally, the largest relative propagated uncertainties occur for the first roughness length parameterization (P1), in which
Qu and @y, depend directly on the EC-derived roughness lengths 2oy cc, 20T,cc; and 2oq,ec. For this parameterization, 6yc1 Mmc
ranges from 19.7 % to 38.9 % for Qg and from 22.7 % to 56.5 % for )1, across the retained stations.

By contrast, propagated relative uncertainties are smaller for roughness length parameterizations that do not rely directly
on EC-derived scalar roughness lengths. In these cases, the uncertainty in the modeled fluxes reflects only the prescribed
uncertainties in meteorological input variables and turbulent scaling parameters.

Exceptionally high relative uncertainties are obtained at Monte Bondone for ()1, when using the P5 parameterization, ex-
ceeding 100 % for both BA formulations. However, this result is based on only three available data points, all associated
with comparatively small modeled latent heat fluxes. The large relative uncertainties therefore mainly reflect the small flux

magnitude and limited sample size rather than a generally poor performance of P35 at this site.
4.3 Comparison of BA formulations and z, parameterizations

This section compares the performance of different BA formulations combined with multiple roughness length parameteri-
zations. Modeled turbulent sensible and latent heat fluxes are evaluated against EC measurements using RMSE, MBE, and
Pearson r, as illustrated in the scatterplots in Figures 5-8 and Fig. 9.

At first glance, comparison of scatterplots across different BA formulations and z, parameterizations does not reveal
a single parameterization that clearly outperforms the others. One exception is the first zy parameterization using zoy ec,
20T,cc> and Zoq,cc in combination with the Cioe formulation, which generally shows good agreement with the measured
fluxes across stations and stability regimes. This is expected, as the Ci,, formulation effectively inverts roughness lengths

that were themselves derived from the observed fluxes. Nevertheless, small deviations are evident, even under near-neutral
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conditions. The most pronounced discrepancies thereby occur for latent heat fluxes under unstable conditions at the Nivolet
station (RMSE = 13.7 W m™?) and for sensible heat fluxes under predominantly near-neutral conditions at the Neustift station
(RMSE = 15.8 W m™2). Moreover, during stable conditions (blue), turbulent fluxes computed with Cj,, generally agree better
with the measurements than those under near-neutral conditions, for which latent heat fluxes are mostly slightly underestimated
and sensible heat fluxes slightly overestimated.

To compare the overall performance of the different BA—z; combinations more systematically, we ranked each combination
for each station and level using RMSE, absolute bias ((MBE|), and Pearson r (Table 6). Station-level ranks were averaged with
equal weighting and then aggregated across all stations using the median. This ranking confirms that P1 combined with Ciog
performs best overall for both Qg and Q..

In contrast, the Cgj, formulation combined with P1 exhibits a larger spread of data points and overall slightly poorer
agreement with the measurements. Modeled sensible heat fluxes consistently show a positive bias, whereas modeled latent
heat fluxes exhibit a negative bias across stations. The largest discrepancies are again observed at the Neustift station, where
the RMSE reaches 54.7 W m~2. Another notable exception is observed at the Nivolet station, where sensible heat fluxes are
consistently underestimated for the unstable regime across both BA formulations and all 2y parameterizations, excluding those
based directly on EC-derived roughness lengths.

Among the parameterizations independent of EC-derived scalar roughness lengths, the poorest performance is obtained for
P2 with Cog, i.e. EC-derived 2o, combined with the fixed ratio zgp /q = 0.120y ec. This combination ranks last for @1, and also
performs poorly for Qy;, with RMSE frequently exceeding 50 W m ™2 and reaching 155.0 W m~2 at Neustift. Poor performance
is also observed for P3 (triangles, pointing to top), which prescribes 2o, = 0.01m and z¢1,q = 0.1 20y, particularly for sensible
heat flux. Both parameterizations tend to produce a negative bias in Qi across most stations.

The best agreement between modeled and measured fluxes—aside from the first parameterization at most stations—is achieved
using the Andreas model (PS5, visualized as diamonds in Fig. 9 and Table 6). However, the number of available data points is
often reduced (see Fig. 9 (f)—(g)), because the computation of zyr and 24 frequently fails due to physically or mathematically
invalid values.

Among the simpler fixed parameterizations, the assumption of equal roughness lengths for momentum, temperature, and
humidity (zoy = 201 = 20q = 0.61mm, P4, visualized as down pointing triangles) provides the most consistent agreement
with observations.

Some station-specific exceptions remain. At Nivolet, sensible heat flux is consistently underestimated under unstable con-
ditions across both BA formulations and nearly all zy parameterizations except those based directly on EC-derived roughness
lengths. At Neustift, several BA—z; combinations show particularly large RMSE and bias values compared with the other
stations.

One objective of this analysis was to assess whether the performance of BA methods and 2z, parameterizations systemati-
cally degrades with increasing terrain slope. Figure 9 shows RMSE, MBE, and Pearson r for each combination of roughness
length parameterization and BA formulation across stations ordered by slope. A substantial variability in model performance

is observed across stations. For sensible heat flux, RMSE ranges from 4.9W m~—2 (Monte Bondone, P1-Clog) to 155.0W m~2
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Table 6. Ranking of BA formulations and roughness length (z) parameterizations for sensible (Q) &) and latent (Q) 1) heat fluxes. Rankings

are based on station-wise ranks of Pearson correlation (1), RMSE, and absolute mean bias ((MBE

), combined with equal weighting. Median
scores and interquartile ranges (IQR) summarize performance across stations. Lower scores indicate better performance. Symbols represent

each BA—zp combination and are consistent with those shown in Fig. 9.

Flux  zo parameterization C-method Symbol Median IQR Rank

QH  Zov,ecs 20T /q,ec (P1) Clog ] 4.0 1.0 1
20v,ecs 20T /q,Andreas (P3) Clog 4 9.5 7.0 2
Zov = 20T /q = 0.61mm (P4) Clog v 14.0 4.0 3
20v,ecs 20T /q,ec (P1) Cri, O 14.0 4.0 3
20v,ec» 20T /q,Andreas (P3) CRi, & 14.0 6.8 3
zov = 0.01m, 2¢1/q = 0.1 z0v (P3) Cri, JAN 19.0 2.0 4
Zov = Zo1/q = 0.61 mm (P4) Cri, Vv 20.0 2.0 5
20v,ec> 20T/q = 0.1 20v,ec (P2) Cri, [l 20.0 6.0 5
zov = 0.01m, zgr,q = 0.120v (P3) Clog A 24.0 7.0 6
20v,e¢> 20T /q = 0.1 Z0v,ec (P2) Clog | 26.0 3.0 7

QL Zov,ec, 20T /q,ec (P1) Clog  J 4.0 0.5 1
20v,ecs 20T /q,ec (P1) CRri, O 9.5 2.5 2
20v,ec» 20T /q,Andreas (P3) Clog L 2 10.5 8.3 3
20v,ec» 20T /q,Andreas (P3) CRi, <& 11.0 6.0 4
Zov = 20T /q = 0.61mm (P4) CRi, Y4 18.0 6.3 5
Zov = 20T /q = 0.61mm (P4) Clog v 18.5 3.0 6
20v,ecs 20T /q = 0.1 20v,ec (P2) CRi, U 20.5 4.0 7
zov = 0.01m, 2¢1/q = 0.1 z0v (P3) Clog A 22.0 8.8 8
zov = 0.01m, 2¢1/q = 0.1 z0v (P3) Cri, A 23.0 7.8 9
20v,ecs 20T /q = 0.1 Zov,ec (P2) Clog | 235 53 10

(Neustift, P2—-C},,). For latent heat flux, RMSE varies between 1.9W m~2 (Monte Bondone, P1-Clog) and 82.4Wm~2 (Alp
Weissenstein, P3-Clog). A similarly wide spread is evident in the mean bias error. For Q, MBE ranges from —137.5 Wm ™2
(Neustift, P1-Cgjp,) to 51.6 Wm ™2 (Neustift, P2-Clog), while for Qr,, MBE spans from —27.8 Wm ™2 (Neustift, P4-Cg;p,)
to 60.7Wm~2 (Mazia Pasture, P2-C),s). However, despite this wide spread, Fig. 9 does not show a clear trend with slope:
RMSE, MBE, and Pearson 7 for both sensible and latent heat fluxes do not systematically increase or become more variable at

steeper sites, indicating that model performance is largely independent of terrain inclination.
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Figure 5. Scatterplots of modeled versus measured turbulent sensible heat fluxes for EC stations on slopes between 0.5° and 4.0°, shown
for all five zo parameterizations (blocks a—e) and both BA approaches (rows within each block). Colors indicate atmospheric stability: near-
neutral (|¢| < 0.1, black), unstable (red), and stable (blue). Error bars indicate uncertainties in Qu and Qr, resulting from error propagation

described in Section 4.2.
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Figure 6. Same as Fig. 5, but for stations on slopes between 6.6° and 27.0°.
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Figure 7. Same as Fig. 5, but for latent heat fluxes between 0.5° and 4.0°.
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Figure 8. Same as Fig. 7, but for stations on larger slopes between 6.6° and 27.0°.
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Figure 9. Summary of RMSE, MBE, Pearson correlation coefficient, and the number of available data points for turbulent sensible and latent
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5 Discussion

In this section, we interpret our findings regarding the applicability of the law of the wall in complex terrain (Section 5.1) and
the sensitivity of derived roughness lengths and turbulent heat fluxes to measurement uncertainties (Section 5.1.1). In Section
5.1.2, we further discuss the performance of different combinations of BA methods and z( parameterizations across sites with

varying slope characteristics.
5.1 Law of the wall

The applicability of the classical law of the wall is a key assumption underlying roughness length estimation in bulk flux
modeling. In complex mountainous terrain, deviations from logarithmic wind profiles can arise from terrain-induced flow
distortion, slope, and local surface heterogeneity. At the flat i-Box Kolsass site, roughness lengths derived from different
measurement heights are generally consistent, particularly during December 2017, although some temporal variability remains.
In February 2020, larger differences are observed across all levels, indicating that even in a relatively wide, flat valley, the
assumptions underlying logarithmic wind profiles can be violated.

At the sloping i-Box Hochhéuser site, discrepancies between measurement levels are substantially larger and persist across
all investigated periods and methods. This behavior indicates a systematic violation of the assumptions underlying the law of
the wall. To assess whether these discrepancies could be related to differences in the surface areas contributing to the measured
fluxes, flux footprint climatologies were calculated for the investigated time periods.

At the flat i-Box Kolsass site, the strong overlap of footprints across measurement heights and the homogeneous land cover
suggest that inter-level differences in zg, cannot be attributed to variations in source area or surface type. This supports the
interpretation that deviations from the logarithmic wind profile at this site are primarily related to measurement height and
temporal variability rather than footprint heterogeneity.

At the sloping i-Box Hochhduser site, footprints vary more strongly with measurement height. In particular, the footprint of
the upper measurement level partially extends towards forested terrain within the outer footprint contours (approximately the
80 % to 90 % cumulative contribution). This indicates that the higher measurement level samples a slightly more heterogeneous
surface, which could potentially contribute to larger roughness length estimates. To assess this effect, wind directions associated
with increased forest contributions within the footprint were analyzed separately (Appendix B). However, these cases do not
yield systematically higher zg, values. This suggests that the limited forest contribution evident in Fig. 3 does not provide a
consistent explanation for the observed inter-level differences.

The pronounced discrepancies between measurement levels and the strong temporal variability in zg, at i-Box Hochhéduser
instead point towards terrain-induced flow distortion. Although periods with the upper measurement level above the low-level
jet maximum were excluded, the flow at this site is likely still influenced by larger-scale valley wind systems. In addition,
different flow processes may affect the measurement levels unequally—for example, slope winds may dominate at the lowest
level, while a combination of slope and valley winds influences the upper level. Such vertically heterogeneous flow regimes

violate the assumptions underlying the logarithmic wind profile. Under these conditions, the assumption of a horizontally
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homogeneous surface layer is not fulfilled, rendering roughness lengths derived from single-level EC measurements highly
sensitive to sensor height.

Overall, our findings imply that momentum roughness lengths for snow derived from EC observations in mountainous terrain
should be interpreted with caution, particularly on slopes. While the law of the wall yields partially reasonable estimates at the
flat i-Box Kolsass site under near-neutral conditions, this behavior is limited to specific periods only. Even in the context of a
wide, flat mountain valley, where i-Box Kolsass is located, substantial deviations from logarithmic wind profiles occur during
some periods, indicating that the direct application of the law of the wall is of limited reliability not only on slopes but also in
flat terrain embedded within complex topography.

An important indication of the limitations of momentum roughness length estimates under these conditions is the inconsis-
tency between different derivation methods. Under identical, fully or partially snow-covered conditions, the applied approaches
yielded values ranging from sub-millimeter to centimeter scales. In principle, if the wind profile followed a logarithmic form,
roughness lengths derived from different measurement levels and from profile-based fits should converge to similar values. The
observed discrepancies therefore indicate a violation of the logarithmic wind profile assumption, likely due to terrain-induced
flow distortion and vertically heterogeneous flow regimes. The even larger spread obtained from regression-based approaches
may further reflect the combination of data from differing flow conditions. Consequently, the large variability in 2y, does not
represent independent uncertainty, but rather highlights that the concept of a single, well-defined roughness length is not robust

under these complex conditions.
5.1.1 Error propagation

In the first step of the sensitivity analysis, we examined how measurement and instrumental uncertainties propagate into rough-
ness lengths calculated under near-neutral conditions. Overall, relative uncertainties are substantial for both momentum and
scalar roughness lengths (Table 5). However, uncertainties in momentum roughness length are generally smaller and typically
remain below 70 %, whereas scalar roughness lengths, particularly zor, exhibit much larger uncertainties and often exceed
100 %. Figures A2 and A3 further show that even small errors in scalar differences can produce large variations in the estimated
scalar roughness lengths. This highlights the high sensitivity of scalar roughness length retrieval to measurement uncertainty.

The Monte Carlo analysis shows that the typical propagated uncertainty in modeled turbulent fluxes is substantial, partic-
ularly for latent heat flux and for parameterizations that directly use EC- derived scalar roughness lengths. Using the relative
uncertainty metric &y, Mmc, the largest values are obtained for P1, with propagated uncertainties of about 19.7 % to 38.9 % for
Qu and 22.7% to 56.5 % for Q. This indicates that flux estimates based directly on EC-derived zg7 and 2z, remain highly
sensitive to uncertainty in the underlying roughness length estimates. More generally, the larger propagated uncertainties found
for @1, suggest that latent heat flux estimates are more sensitive than sensible heat flux estimates to uncertainty in the scalar
exchange formulation. This is consistent with the large variability and limited observational support of zoq found in the first
step of the sensitivity analysis.

Beyond the propagated flux uncertainties, the absolute magnitude and variability of the retrieved roughness lengths also

merit discussion. The momentum roughness lengths calculated for near-neutral conditions range from 1.66 cm to 54.95 cm,
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placing them at the upper end of 2y, values reported for snow (Brock et al., 2006). Such large values may partly reflect local
site characteristics within the upwind fetch, including nearby forests, grassland, pasture, and complex terrain, rather than the
snow surface alone. The footprint climatologies (Fig. C1) support this interpretation for some stations, such as i-Box Eggen,
i-Box Hochhiuser, and Nivolet. However, fetch characteristics alone do not fully explain the observed variability, as relatively
high mean z, values also occur at sites located on comparatively flat terrain, such as i-Box Kolsass and Neustift. As discussed
in Section 5.1, another likely explanation is that violations of the law of the wall in complex terrain contribute to elevated and
height-dependent momentum roughness lengths. In addition, the relative uncertainties in zg, itself reach up to 70 %, which
likely explains part of the observed inter-site variability.

Even though the mean values of 2y, are of similar order of magnitude to those commonly prescribed in snow models such
as FSM2 (Essery, 2015) and openAmundsen (Strasser et al., 2024), which typically assume a momentum roughness length of
1 cm for snow surfaces, our results do not support the widespread assumption of a fixed ratio zgt,/q = 0.1 2gy. The mean scalar
roughness lengths derived for individual stations differ strongly from this relationship and also show no consistent relationship
to one another (Table 5). This suggests that fixed scalar-to-momentum roughness ratios may substantially underestimate the

uncertainty associated with turbulent heat flux estimates over seasonal snow.
5.1.2 Comparison of BA formulations and z, parameterizations

Overall, the best agreement between modeled and measured turbulent fluxes is obtained using the Cj,, formulation in com-
bination with EC-derived roughness lengths for momentum, temperature, and humidity. This result is expected, as the Cog
approach essentially represents an inversion of the procedure used to derive these roughness lengths from the observed fluxes.
The remaining deviations, particularly under unstable conditions such as those at the Nivolet station, can be attributed to the ab-
sence of explicit stability corrections in the Cyo¢ formulation. In contrast, larger discrepancies are anticipated when combining
the first zy parameterization with the Cg;, formulation, since its stability correction depends on the bulk Richardson number
(Eq. 22) rather than on (. Consequently, stability corrections are also applied in cases previously classified as near-neutral
(I¢] < 0.1), which explains the increased deviations observed for these conditions.

The ranking of the performance of the different BA and zy formulations indicates that the poorest performance is obtained
for both BA formulations when combined with a 2o parameterization that assumes a constant ratio between zp, and zyr/q
(20T/q = 0.120y). As shown in Table 5, this ratio is rarely supported by the observations, with zo, and zo,,7 differing by
one to three orders of magnitude. Consistent with this finding, the performance metrics presented in Figures 5-9 further
demonstrate that assuming a fixed ratio of 1/10 leads to systematically degraded model performance. We therefore conclude
that this commonly used ratio in snow models is not an adequate choice for representing scalar roughness lengths at the studied
sites presented in this work.

Apart from using EC-derived roughness lengths directly, the best performance is achieved with the surface renewal model
of Andreas (1987), which was developed specifically for ice, snow, and ocean surfaces and explicitly accounts for intermittent
near-surface turbulence. However, the applicability of the surface renewal model is limited in practice, as the number of

available data points is reduced, in some cases substantially (e.g. at the Monte Bondone site) when calculating scalar roughness
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lengths. Moreover, its continued dependence on the EC-derived momentum roughness length, 2oy cc, further constrains its
suitability for applications such as snow models, where such information is typically unavailable.

Among the zy parameterizations that are independent of EC-derived estimates, the best performance is obtained by assuming
a constant roughness length equal for momentum, temperature, and humidity. Given that 2o, zoT, and zpq were shown to
differ substantially from each other, this result is noteworthy and likely reflects a compensation of errors, whereby over-
and underestimation of the individual roughness lengths partly cancel out within the bulk flux formulation. Nevertheless, the
remaining errors are still substantial, indicating that this approach should be regarded as a pragmatic rather than physically
realistic representation of turbulent exchange over snow and ice surfaces.

A comparison of the two BA formulations further reveals that neither clearly outperforms the other. Although the Cg;p
formulation includes stability correction functions, these do not result in a systematic improvement of the modeled turbulent
fluxes. This finding is consistent with earlier studies e.g., Braithwaite (1995); Hock (2005); Herrero et al. (2009) reporting that
the introduction of stability correction functions does not necessarily lead to improved flux estimates.

Overall, the results suggest that the choice of zy parameterization has a stronger influence on model performance than the
choice of BA formulation among the two approaches considered. This is evident from Fig. 10, where results obtained with the
same z( parameterization (indicated by identical symbol shapes) tend to cluster closely together, regardless of whether filled or
unfilled symbols are used to distinguish between the two BA formulations. In contrast, a substantially larger spread is observed
between different symbol shapes, reflecting the variability introduced by the choice of zy. This pattern indicates that model
sensitivity to roughness parameterization exceeds that associated with the choice of BA method.

Despite the presence of substantial slopes at the study sites, reaching up to 25.3° at Mazia Pasture station, model perfor-
mance does not show a systematic dependence on slope. This finding is consistent with the results of Sfyri et al. (2018), who
likewise did not observe a systematic dependence of scaling relations on slope. This suggests that, for the BA formulations
and z( parameterizations considered here, topographic effects are secondary compared with the influence of surface roughness
representation. The dominance of roughness length errors likely masks potential slope-related impacts on turbulent fluxes,
implying that further improvements in zy parameterizations may be more effective for enhancing model accuracy than explicit

slope corrections in these contexts.
5.2 Limitations of the study

A primary limitation of this study is the reduction in available data after applying the relatively strict quality filters. Although
several years of measurements were available across multiple sites, only a small subset of data points met all criteria for
inclusion in the analysis. This reduces the statistical robustness at some sites and, in certain cases, even led to an incomplete
analysis—for example, at i-Box Eggen, i-Box Hochhiuser, i-Box Weerberg, and Friiebiiel.

One filter that particularly contributed to the reduction in available data points is the surface temperature filter. As discussed
in Section 3.3, surface temperatures derived from net longwave radiation are especially prone to errors, which can strongly
affect the calculation of scalar roughness lengths for temperature and humidity. For this study, we selected periods where

the surface temperature T = 0°C. This constraint substantially reduced the number of usable data points and restricted the
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analysis primarily to the melting period of the snowpack. Consequently, the study is limited in its ability to examine snow in
other phases of metamorphism and to investigate the temporal evolution of snow roughness lengths.

This study focuses on comparing parameterizations for turbulent heat fluxes commonly used in snow models, but does
not include a direct comparison between measured fluxes and fluxes simulated by the snow models themselves. This was
a deliberate choice to isolate the sensitivity of flux calculations to uncertainties in the available meteorological input data,
without introducing additional uncertainty from the physical modeling of other snow processes. A potential direction for future
research would be to investigate how the uncertainties identified in this study propagate into modeled turbulent fluxes within

snow models and, in turn, how they affect key snowpack properties, such as snow water equivalent.

6 Conclusions

In this study, we evaluated how measurement uncertainty, roughness length parameterization, and the validity of MOST af-
fect aerodynamic roughness lengths and modeled turbulent heat fluxes over seasonal snow in complex terrain. Using data
from twelve EC stations across the Alps, including two multi-level towers, we combined analyses of law-of-the-wall validity,
roughness length uncertainty, and BA-model performance across a range of slopes and site conditions.

The results show that roughness lengths derived from EC observations are highly sensitive to both measurement uncertainty
and theoretical assumptions. At the multi-level towers, momentum roughness lengths derived under near-neutral conditions
varied by up to one order of magnitude between measurement heights, indicating that the retrieval of a unique 2y, is not robust
even under conditions where logarithmic wind profiles would be expected. This suggests that, in complex terrain, uncertainty
in roughness length does not arise only from measurement noise, but also from violations of the assumptions underlying the
law of the wall and MOST.

The sensitivity analysis demonstrated that instrumental and measurement uncertainties can strongly influence calculated
roughness lengths from turbulent fluxes, especially scalar roughness lengths, which exhibited large relative errors. These effects
are particularly pronounced under the predominantly observed near-neutral or stable conditions, where small vertical gradients
in temperature and humidity amplify the impact of measurement uncertainty. As a result, these uncertainties propagate into
modeled turbulent fluxes, producing relative errors of up to 56.5% for @1, and up to 38.9% for Qy, with large contributions
stemming from uncertainties in roughness length.

We also found substantial variation among sites in the roughness lengths for momentum, temperature, and humidity, as well
as in the ratios between momentum and scalar roughness lengths. Notably, the commonly assumed fixed ratio (1/10) between
20v and 27,4 did not hold, which explains the poor performance of parameterizations that rely on this assumption.

Among the tested BA methods and z, parameterizations, no approach exhibited systematically worse performance with
increasing slope. This suggests that, although MOST has known limitations in complex terrain, slope itself does not control the
performance of BA methods. Rather, the challenges appear to arise from the general application of MOST in complex terrain.
Furthermore, consistent with findings from previous studies, we observed that stability corrections do not consistently improve

modeled fluxes.
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735 Overall, the main contribution of this study is to show that uncertainty in BA-based turbulent flux estimates over seasonal
snow in complex terrain arises not only from imperfect measurements, but also from the limited robustness of the roughness

length concept itself when MOST assumptions are weakly satisfied.

Code availability. The scripts used for data processing and analysis are available from the corresponding author upon request.
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Appendix A: Sensitivity analysis on roughness lengths

740 The relative uncertainties of zoy, 2oT and zoq in dependency of u, u., AT, 0., Aq and ¢, are visualized in Figs. A1-A3. The
calculated relative errors here are only calculated from uncertainties in w, u, AT, 0., Aq and g, for visualization purposes.

Uncertainties in 2y and 2,4 are excluded.
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Figure Al. Relative uncertainty of the momentum roughness length zo. for all stations and data points, shown for two stability regimes
(|¢] <0.01 and |¢| < 0.1). Only wind speed and friction velocity uncertainties are included; instrument height uncertainties are neglected in

the calculation of total uncertainties in this Figure.
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of total uncertainties in this Figure.
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Appendix B: Footprint climatology at i-Box Hochhiuser

To assess whether the elevated roughness lengths derived for the second measurement level at i-Box Hochhduser can be
attributed to increased land-cover heterogeneity within the corresponding flux footprint, footprint climatologies were calculated
for two dominant wind-direction sectors. These sectors were selected to represent differing degrees of forest influence within
the footprint.

Flux footprint climatologies for two main wind directions (250° and 180°) are displayed in Fig. B1.

Even though the footprint for 250° covers more area over forest, calculated roughness lengths are not higher with respect to
the roughness lengths calculated with the footprint with wind directions centered around 180° covering less forest.

Fig. B1 shows flux footprint climatologies for wind directions centered around 180° (a) and 250° (b), respectively. For wind
directions around 180°, the region contributing the dominant fraction of the measured flux is largely confined to grassland,
while forested areas are mainly included within the outer footprint contours corresponding to higher cumulative contributions
(approximately 80 % to 90 %). In contrast, for wind directions around 250°, forested terrain is already encompassed within
footprint regions associated with lower cumulative contributions (approximately 50 % to 80 %), indicating a stronger forest
influence within the effective source area.

Despite the increased forest contribution in the latter case, the roughness lengths derived for wind directions centered around
250° are not systematically larger than those obtained for wind directions centered around 180° (Fig. B2). This indicates that
the higher roughness lengths observed at the upper measurement level cannot be explained solely by differences in land cover
within the flux footprint.

This supports the interpretation presented in Sec. 5.1 that deviations from the law of the wall at i-Box Hochhéuser are

primarily related to terrain-induced flow effects rather than footprint heterogeneity.

43



https://doi.org/10.5194/egusphere-2026-3417

Preprint. Discussion started: 29 July 2026 EG U h \
© Author(s) 2026. CC BY 4.0 License. spnere

a) Wind direction centered around 180°

Level 1 (z=1.50 m) Level 2 (z=7.08 m)

y [m]
y [m]

0 50 -200 0
x [m]

x [m]
b) Wind direction centered around 250°

Level 1 (z=1.50 m) Level 2 (z=7.08 m)

y [m]
y [m]

-50 0 50 100 -400 -200 0 200 400
x [m] x [m]
Sources: Esri Community Maps Contributors | Microsoft | Vantor | Esri | TomTom | Garmin

| Intermap | GeoTechnologies, Inc | NASA | NGA | USGS | METI/NASA | Powered by Esri

Figure B1. Flux footprints calculated for i-Box Hochhiduser for the two measurement levels filtered for different wind direction windows (a)

main wind direction 180° (same as Fig. 3b), b) main wind direction 250°). Orthophoto basemap from Esri World Imagery (Esri, 2026).
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Figure C1. Footprints of EC stations averaged over the evaluated time steps fulfilling all quality criteria. Orthophoto basemap from Esri

World Imagery (Esri, 2026).

Appendix C: EC station footprint climatology

EC footprints were calculated following Kljun et al. (2015). We averaged the footprints for each station over all data available

after filtering. Since not all stations provide the full information needed to calculate the footprints according to Kljun et al.

(2015), we needed to estimate some input parameters, which included most frequently oy, the standard deviation of the lateral

wind speed. Here, we followed the parameterization suggested in Volk et al. (2023) who estimate oy = 1.9 - u,. Figure C1

shows the average footprints for all stations, for EC stations with several measurement levels, like i-Box Kolsass and i-Box

Hochhiuser, we showed the largest footprint corresponding to the footprint of the highest measurement level.
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