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Abstract. Thermally driven valley winds and near-surface air temperature inversions are common over complex topography
and have a significant impact on the local and mesoscale weather situation. They both affect the dynamics of air masses and
pollutant concentration. Valley winds affect #them by favoring horizontal transport and exchange between the boundary layer
and the free troposphere, and-temperatttre

S-whereas temperature inversion concentrates pollutants in cold stable surface layers. The complex

5 interactions that lead to the observed weather patterns are challenging for Numerical Weather Prediction (NWP) models. To

study the performance of the €OSMOE-t+modet

anaylstssCOSMO-1E model analysis (KENDA-1), a measurement campaign took place from October 2021

to August 2022 in the 1.5 km wide Swiss Alpine valley called Haslital. A Microwave Radiometer and a Doppler Wind Lidar

were installed at Meiringen, in addition to a multitude of automatic ground measurement stations ebserving-recording_meteorologic surface
variables. Near the meastrement'ssmeasurement sites, a low altitude pass, the Briinig Pass, inftaence-influences the wind dynamic similarly to a




tributary.

45-10 The collected data shows frequent nighttime temperature inversions for all months under study, which persist during_daytime in
colder months. An extended thermal wind system was also observed during_the campaign,_except in December and January,
allowing_an extended analysis of along_and cross valley winds. The comparison between the observations and the KENDA-1

data provides good model performances for monthly temperature and wind medians but frequent and important differences for
single profiles, especially in case of particular events such as foehn. Modeled nighttime ground temperature overestimations are

15 common due to missed temperature inversions resulting in bastp-to-9-a bias up to 8 °C. Concerning the valley wind system, modeled flows
are similar to the observations in their extent and strength, but suffer from a te-too early morning transition time towards up valley

winds. The findings of the present study allow to better understand the temperature distributions, the thermally driven wind

system in a medium size valley, the interactions with tributary valley flows, as well as the performances and limitations of a

model in such complex topography.

20 Keywords. Complex topography, Remote sensing, NWP, Temperature inversion, Valley winds, Foehn

26-1 Introduction

Over mountainous areas, interactions between the terrain and the overlying atmosphere favor the verticat-transport-of-moisture
and-potutantsand-consequentty-increase-horizontal and vertical

transports of moisture and pollutants. The complex topography of the Alps consequently increases the air masses exchanges

pbetweenthe-boundary-tayerand-thefree-troposphere-1

along_the valleys and between the boundary layer and the free troposphere (De Wekker and Kossmann, 2015; Rotach et al.,
25 2022). Both theoretical studies and experimental campaigns demonstrated that complex topography creates circttationpatterns-with-sratt

N

ancHarge-space-and-time-pattern—circulations with

small and large space and time pattern (Lehner and Rotach, 2018). In valleys, the superposition of the various processes leads

to a complex vertical layering in the 25-mountainous boundary layer, which tsstrengtyretated-to-the-specificconditions-otstrongly depends on

the specific conditions of the
surrounding terrain in each studied valley. For Numerical Weather Prediction (NWP) models, simulation of the atmosphere

over complex terrain requires not only dense and accurate horizontal and vertical grids to patratmetrize-the-motntainous-terrain-parameterize the
mountainous terrain

30 (Sekula et al.,, 2019) but also good estimates of vegetation, soil characteristics, net radiation, and speed of the Iarge scale flow

(Adler et al., 2021). ++EComptex-topographyDifficulties of models directly
folowssunrise-and-sunset{(B

9

Heg—Btarwith-vatrestp-to+5-Candrematnsbetow+560-m-related to complex topography comprise among_others the representation of

ground-based temperature (T)_inversions, of thermal valley winds and particularly of foehn events.

During calm clear nights, the air T in valleys can fall below the T measured across the surrounding hill tops leading to

high

fregeencey-of-cold-air pooling and associated T inversions in mountainous regions (Miré et al., 2648)-Joty-2018; Joly and Richard, 2019). T
inversions

35| mfluence fog formation (-(Ghaehefe—aﬁd-Pu,—ZéH—F))—(Chachere and Pu 2017) _vertical dilution of pollutants {{Buire-(Duine et al., 2017; Diémoz et
al.,
development of the boundary layer during davtlme (Schnitzhofer et al.,_2009). Such inversion are favored in 35-complex topography
(Joly and Richard, 2018) and persists longer in deeper valleys, where-whereas inversion lifetimes converge to the one over a plain for




wide valleys (Colette et al., 2003).

However the smaII scale nature of these near surface stable layers means that they are often poorly represented reverthe

40 highest resolution ooeratronal NWP models (Vosper et al. 2013) The quality predictions for near surface variables during

stable conditions depends on IocaIIy generated c|rcu|at|ons that are controlled by many factors such as turbulence, shortwave

4—6—aﬂd—+0ﬁg—wave-and Iongwave acha

d-H=ec—t-rem—Fo1=rad|at|on advectlon and sub5|dence Def|C|enC|es in the parametrlzatlon of the fluxes aﬁd—es—pec—r—aHy—dUﬁﬁg—s—t—a-ble

conditionshave-atready-beenshown-especially during_stable
conditions, which-are-captured-bytargegric

are well known (Hauge, 2006) and thus a finer grid resolution is needed in increasingly steep terrain (Sfyri et al.,
2018). Simulations also exhibit-underline the high sensitivity to the choice of the vertical grid in the prediction of cold pool formation

45 and suggest that the vertical resolution near the surface is more important than the height of the lowest level (Vosper et al., 2013).
However, the assimilation of measurements, not only of surface data but also of profiling observations (Crezee et al., 2022),_ may
improve the NWP performance for surface T inversions (Martinet et al.,, 2017).

Fhermatly-drivenwindsptincipatty- Thermally driven winds primarily en-the—ctimatotogy-of- meastredWRAWEE-occur under fair-weather
conditions (Zardi and Whiteman, 2013). They develop due to

56-differential heating of adjacent air masses. They can partially be explained by the topographic amplification factor concept

50 (Whiteman, 1990) and stope-flow-indtcedtocat-stbsidence-in-the-vatteycenter-local subsidence in the valley center induced by up-slope flow
(Schmidli and Rotunno, 2010) leading to

a faster heating of the valtey-thanof-air masses in the valley than over the plain. The valley—plain T contrast then produces an along-valley
pressure gradient that induces strong ane-deep-up-valley wind during the day and more shallow down-valley wind during the night. Slope
winds are air mass movements parallel to the slope induced by buoyancy force in the presence of air layers at different T. Slope

winds move upward 2

55-during the day and downward at night and play an important role in the morning and evening transition of

55 along_valley winds. However, slope winds evolve over shorter time scales than valley winds (Serafin et al., 2018).
The transition periods of up and down along valley winds are mostly driven by the sunrise and stmsettimes—sunset. Even though minor

changes in the topography can lead to a significant change in the flow regimes (Lang et al.,, 2015), some common features are
observed among the existing studies. In general, the morning transition happens with a certain delay with respect to sunrise

2

caused by the time requrred for up slope wmds and warm subsidence to erode the nocturnal T inversion. However, wind intensity
4y-an A-th 60 can be heavily related to

tributary vaIIevs (Zéngl,_2004)_and therefore highly depends on the local topography. In the evening,_as

soon as the surface outgoingradiative balance becomes significant-forcotd-months{November-Marehi—negative, the cold air formed at the

surface moves down the slope and converges

in the valley floor, which reverses mote-rapidty-at-stnset:

the flow direction from up-valley to down-valley winds.

Synoptic winds coupled with wind channeling effects can however superpose on the above described thermal mountain winds
(Jacques-Coper et al,, 2015). This large scale flows present no defined diurnal cycle and are generally stronger than the thermal

65 valley winds. Their effect on the valley wind system is hlghly varlable and depends on the orlentatlon of the synoptlc flow with
respect to the vaIIey axis (Kossmann and Sturman e ™ . Jemiy .

2003; Rotach et al., 2015).

The capability of mesoscale NWP models to calculate the above described diurnal valley winds in real valleys has been



mvestlgated in a few studies (Chow et al., 2006; Langhans et al., 2013; Sehmidt-et-at 2618 Schmidt-and-Quimbayo-Buarte;
Glovanmm et al., 2017;_Schmidli et al.,_2018;_Schmid

et aI 2020

Fhe-campatgn-in-theHastitatconstitutes-Adler et al., 2021; Schmidli and Quimbayo-Duarte, 2023). Globally, a good agreement between modeled
and

70 observed valley winds is achieved provided that spatial resolution of the models and surface data (e.g. snow cover and soil

moisture) are high enough (Rotach et al., 2015). The size of the valley has #5-an-impacteon-the-acctracy-of the-modeted-winds—Schmidh-—etat

—an impact on the accuracy of the

modeled winds
(Schmidli et al., 2018). Generally, a closer agreement between the model and measurements was found for the smaller spatial

resolution, which allows a better representation of the topography. (Wagner et al., 2014) shows that the grid resolution should
be about 10 to 20 times smaller 86-than the relevant topographic scale to fully capture the different exchange processes. With-few-exceptions;

75 increased grid resolution generally improves the performance of numerical simulations, which is even more pronounced if
surface and 50|I model fields are accurately nittatized:

initialized (Langhans et al., 2013; Schmidli and

mebayo Duarte 2023).

Finally, the performance of models to handle foehn events had been shown to be diffiettt—Operationatanatysisdatafrom
€OSMO-tHEexhibit-poor, with a cold bias over the whole profile

bottom part (<1000 m) of valleys (Jansing et al., 2022; Tian et al., 2622)—Wind-speedsin-the-modetare-2022; Saigger and Gohm, 2022) and wind
speeds generally

higher, both above crest height and within the valley.

80 Although the surface measurement network is relatively well distributed over the Alps, T and wind profile measurements via
by,

remote sensing (REM) instruments are rarely operationally performed in the Alpine valleys. However, a precise knowledge of
the T structure of the atmosphere in complex terrain is essential for NWP models and the use of REM observations is a solution
to obtain sufficient space/time resolution of the fast varying meteorological conditions in valleys.

Moreoverfewmeastarement

The campaign in the Haslital provides a unique set of observations including a long period of observation (ten months
85 comprising winter and summer months), a comprehensive measurement program with not only the MicroWave Radiometer

(MWR) and Doppler Wind Lidar (DWL) presented in this study, but also a ceilometer and a mobile X-band weather radar, a
-”re&locanon in a short, deep and moderately W|de vaIIey, that differs from most of the studies located in tengwite-vatteysand

The first objective of the campaign is to study the seasonal and diurnal cycles of T and wind in the vertical range containing

the main topographical features (590-3000 m a.s.l.). The analysis is focused on both seasonality and isolated events with a

90 +2-Goatsof-thepaper

deepest interest on T inversion and foehn events. A comprehensive description of along and cross valley winds is performed,
including a detailed analysis of thermal winds during a heatwave event at three stations along_the vaIIey and two gnd ceIIs of the
model. The second objective is to evaluate the NWP model performance (KENDA-1) v e ree

grotndtevetand3606m—used in analysis mode in the Haslital.

3



i Comparisons with the ground-based measurements and the profiling observations allow to assess KENDA-1 performance for

both monthly etimatotogy-andpecttiarevents:

averages and peculiar events.

2 Methods and Data

The campaign took place in

The Doppler Wind Lidar (DWL) and data from

the NWP model are available during_the whole campaign whereas the MicroWave Radiometer (MWR)_was measuring_only,
since end of January, ensuring_however observations during_winter, spring_and summer months (Fig. S1 for a global view of the

100 instrumental setup).
Unless otherwise stated, the following conventions are valid throughout the rest of the document: data are always reported by

the instrument or model name and the st

site,_e.g. MWR/MEE correspond to MWR measurements at MEE and KENDA-1/MER to
modeled data from KENDA-1 at the cell comprising MER site, altitude given in meters (m) is equivalent to the altitude above
sea level (m a.s.l.), wind speeds are given in km/h and direction in degrees according to north, mentiened-timesareindFec

format—ctimatotogies-times are in UTC format. Monthly,

105 averages are aggregated according to the median hourly values of the studied parameter, median wind speed and direction are
calculated by vector averaging the hourly wind vectorsKENDA-t+-datarefersvectors.

2.1 Site

The observational site is located in Haslital, an alpine valley within the Swiss Alps in the Bernerse Oberland (Fig. 1). This 30
kilometer Iong vaIIey extends from the Gﬁmse+paes—Gr|mseI Pass (2164 m) to Lake Brienz (564 m). The upper +5kitometersare-southern feehn—=

15 kilometers are

110 oriented in the SE-NW direction and present a narrow valley floor with steep surrounding slopes. The Haslital is then joined by

a tributary valley called Gadmertal (NE-SW) and continues towards NE-NW with a 1.5 km wide valley floor. About 5 km after

the junction, it is joined by the hanging narrow tributary valley of Rychenbachtal (SW-NE) at the Meiringen village. At this

point, the valley gradually bends from NW to W-and-finatty-from-#-to-SW as it reaches Lake Brienz. Five km-kilometers before the lake, the Briinig
Pass

(1008 m) is an important topographic feature that connects the Haslital to the Sarneraatal, a 30 km long valley oriented in the

115 NE-SW direction BFig—B+(Fig. 1 presents a detailed map of the Sarneraatal and |ts connection to the Haslital). This pass interrupts the
near constant ridge’s height tarotm e-valte s

vittage-(MER)end-the-site-of the REM-ecampatgntMEE-around 2200 m north to the valley longitudinal axis.

The campaign provides in-situ observations from the automatic Swiss Measurement Fechnigues-Network SwissMetNet (SMN)_station at

MER and REM observations from MEE facing the Briinig Pass. These two locations are separated by 4 km and are respectively

at 589 and 574 mra-st—Fhemaindifference-m a.s.l. The main differences between these two sites are the valley longitudinal axis angle (pMER =
300°,

120 dMEE = 270°) and the relative position to the surrounding connected valleys. Finally, the kKENBA-t+dataare

+56-vattey-modelled data are available for both

sites according_to the existing_model 1.1 km grid.

4



Figure 1. a) Map of the geographical situation in the lower Haslital, b)_along_valley altitude of the valley floor (shadowed) and of the two
crests and c)_a detailed view of the campaign sites, the Briinig_Pass and f h e ground stations in the Sarneraatal. The automatic measurement

from the SMN in Melrlngﬂ(MER) is represented in purple b+tre-a-ﬁd—red—re§peet-we+y—b)—§hews—bhe-d+#efeﬁee§

fhe—vaHe—yH%e—the campaign site in Unterbach (MEE) in red and the SMN station in Brlenz in
blue. The two cells of the model used are in pink. Yp/Bown-vattey-Arrows representing_up/down valley winds and slope winds are colored
respectively in

red/blue. ©swisstopo

6

The map was downloaded from Swisstopo (https://map.geo.admin.ch, last access: 12.01.2024)

2.2 NWP model COSMO/KENDA-1

The NWP model used in the study is the limited-area non-hydrostatic atmospheric model from the Consortium for Small-Scale
Modeling Model (COSMO) (Baldauf et al., 2011) in the operational setup of MeteoSwiss. It uses a horizontal grid size of 1.1

125 are-assimitated-inevery-memberusing-the-km and 81 vertical levels with spacings from 20 m at the surface, 40 m at 1000 m, to 160 m at 3000

m and coarsening further up

to the model top at 22 km. The levels are terrain-following and a smooth level vertical (SLEVE) coordinate transformation is
applied (Leuenberger et al., 2010).

4

+20-Fhe-operationat-€OSMO-The operational COSMO-1E forecasts are initialized by analyses produced by the Kilometre-scale Ensemble Data
Assimilation
system KEN u hat-e echr et-2 5 -
with the NWP setup of MeteoSwrss leferences to the setup descrlbed in

130 Schraff et al. (2016)_include the modeling domain (central Europe covering_the Alpine Arc), the grid size of 1.1km and the
observation errors tuned to the MeteoSwiss setup. KENDA-1 uses a 40 members ensemble of 1 hour model forecasts (first

guess) and the following observations: SwisstetNet{SiMNground

stattonmeastrements{2m-SMN ground station measurements (2 m a-g-h-stfaee-T, humidity and surface pressure), aircraft
observations (T and wind from AMDAR and MODE-S), radio soundings (T, humidity and wind), and radar wind profiler {wirneh—(wind

described in Schraff et al. (2016) and run in



speed and direction). In addition, radar-based estimates of surface precipitation are assimilated in every member using_the

135 latent heat nudging method (Stephan et al., 2008). Model first guess and observations are combined using the Local Ensemble

Transform Kalman Filter (LETKF, Hunt et al., 2007) to obtain the best possible estimate of the current atmospheric state. The

KENDA-1 analysis ensemble additionally uses lateral boundary condition perturbations and stochastic physics perturbations to
optimize the spread-error relationship. Besides the ensemble analyses, a deterministic analysis member is calculated, which is

close to the analysis ensemble mean (Schraff et al., 2016). +36-22-KENDA-1 data refer to the deterministic analysis member, which are

140 available in hourly time intervals but eerrespends-—correspond to instant values.
Data from the two grid cells containing_the MER and MEE stations were used. Both cells include part of the valley's north

slope, inducing

afea—tﬁdeed—the—ﬁdges—aﬁdﬂﬁ—parheﬁ{aﬁdlfferences of 109 m and 130 m between the real topoqraohv and the model s terrain,_respectively. The

modeled

valley floor is globally raised by a hundred meters (Fig. 2}

e-S2), whereas the ridges and the Briinig Pass are lowered with respect to
their real atﬁ-tttdes—whefeas—ﬂﬁe—altltudes The altitude dlfference between the valley floor and the crests is thus reduced of several hundred meters

and,

145 in particularly, the Briinig_Pass is only 200 m higher than the valley floor.

2.3 Instrumentation

2.3.1 SwisshhetNet-stationMER

ﬁg—1—)—|~t—|n situ meteorolocncal data

The round measurements in MER are part SMN operated by MeteoSwiss and provide every 10 minutes near real time data

of T,_humidity, surface presstreymeastted

pressure, precipitation amount, wind speed (mean and gust) and ¢irection{+6-direction, global radiation, sunshine

150 duration, snow height and an operational foehn index{Btirr-index (Diirr, 2008). Surface pressure, T and relative humidity observations of the
MER station are actively assimilated in KENDA-1. Anyhow, the observations considered as too far from the modeled data are
relected durlnq the a55|m|Iat|on phase so that a comparison between the observed and modeled data at MER allows making

1 A e reHhtmmidity-assumption on the models’ skills. SMN also contains a station in Brienz

(BRZ)_and in the Sarneraatal (Fig.1)_in the Iocallty

of Giswil (GIH). This allows for assessing the influence of the winds originating from this auxiliary valley. MeteoSwiss also

155 cooperates closely Federal Roads Office (FEDRO) tha
operates wind measurements at the Briinig_Pass (BRU), Lungern

(LUN) and Buchholzbriicke (BUC) are-therefore-atso-at-disposat-with similar temporal resolution.
2.3.2 Addittonat-grotnd-observationsin-Sarneraatat
SMiN-atse-contatns-a-station-in-Brienz{(BRAand-in-the-Sarneraata-{B-Microwave Radiometer

A MWR (HATPRO-G5 produced by RPG Radiometer Physics Gmbh) is used to obtain T profiles and-theretatec-mixingtayer
hetghts—ttcottectsby collecting_microwave

radiation to infer the T (Rose et al., 2005). It performs a scan every 5 minutes at 11 elevation 7



angles and operates in 14

160 frequencies reception bands in two regions: 22-31 GHz (7 channel filter bank humidity profiler and LWP radiometer) and 51-58
GHz (7 channel filter bank T profiler). The device has an optical resolution of 3.5° (half power beam width) at 22 GHz. The data
acquired during rainy conditions are discarded. The spatiat-verticatresotutioninereasesfrom-50-mat
256-ma-gt—to360-mat2560-magt<(E)yradiometer is measuring_from 50 m above ground to 2500 m,_the first MWR

level is then at 625 m. The spatial vertical resolution increases from 50 m at the bottom to 300 m at the top and corresponds to a
related T accuracy between 0.25 °C to 1.00 °C, respectivety-
tohnertand-Mater (262 foundanRMSEbetween-respectively (Tab. S1). Léhnert and Maier (2012)_found an RMSE between

165 retrieved profiles and radiosonde data between 0.4 and 0.8 K in the lowest 500 m a.g.l., within 1.2 K at 1200 m and around 1.7

6

K at 4000 m above ground. However, the performance of an MWR is highly related to the retrieval algorithm and the datatsed-to-trainthetatter

This retrieval uses Payerne s radlosonde data to perform the multl linear regression leading_to potential further uncertalntles
The instrument at MER had a line of sight of about 10 km inducing_no further additional uncertainty due to obstacles of the

the HATPRO-G5 can be still
biased when compared to radio soundings with a cold bias of 0.5 K around 1500 m altitude.

2.3.3 Doppler Wind Lidar

DWL can be used to infer wind speeds and direction even in complex topography (Wang et al., 2016). During the campaign, a
Vaisala Leosphere Windcube 100S DWL was deployed in MEE to measure wind speeds with a vertical resolution of 100 m. In

175 599—mrafgvlrw+t-h+n—172—léa-t4-296—m—aﬁd—a+otmd—1f7—the used measurement mode, 120 second zenith scans performed-each-1o-min-to-meastre
Hergh-t—lﬁdﬁa’fof—ﬂ?-l-Hé—sc—aﬁs—fo—meas—trre—were performed each 10 min to measure vertical wind speed and Doppler

Beam SW|tch|ng (-B-B-Sﬁ—scans prowdlng 7 |ndependent wind proflles every 5 min to-meastred-horizontatwind-speed:
a F at—from 200 m to 12000 m above ground, the first DWL

level is then at 775 m. Data coIIected durlng rain events or/and with confidence level < 90% are discarded. Moreover, data with
wind speeds lower than 2 km/h were discarded for the wind direction analysis. The data availability during the entire campaign
is of 80 % at 1000 m a.g.l. and 50% at 2500 m a.g.l.

The measurement campaign at Meiringen allows a detailed description of the seasonality of the six months T and 10 months wind
observations in the Haslital and its surroundings Profile observations were performed at MEE and surface in-situ observations




if%%%[f%ﬁi%i;i;%%iﬁi

observations and the model's performances at MEE are first described.

185 Fhereare-three-meastrementmodes—Surface observations are than used to study specifically surface based T inversions and heterogeneity of
the winds in the Haslital

valley. Even if SNM/MER surface observations are assimilated by KENDA-1, the comparison of the modeled and observed data

allows evaluating_the impact of the assimilation at MER. Finally, a last section describes the-differences-between-the-MWRAMEEretrievedTprofites
andKENDA-HAEEmodetted

Fhetween705-and2506-m-

Kenda-1 performances in case of foehn
events.

During_the campaign, the mean T was 1°C below the 1991-2000 norm in December and January but clearly above the norm

190 2566-m-ag+

Wdﬁd—&mﬁdﬁrpﬁﬁbﬁ#ﬁhﬁ#efﬁeﬁ—meﬁﬁeﬁ—e%&m%@eﬂj to 2.5°C)_in February, March and from May to August. Three events-have
Hﬁﬂ%fne%}eaﬁeaﬁ&%rﬁeﬁ—eﬁrmpmﬁdﬁﬁgﬁheat waves occurred, the first one lasting 6 days in mid-June,
the second lasting_4 days around mid-July t4daysi—Fimattyathirdteat

and the third one reached Switzerland at the beginning_of August. Snow cover and




strorrg-reduced then the snow cover to less than 15 cm until the end of the
winter. Strong_| preapltatlon deficits happened in January and espeaally in March (35 and 15 mm) March expenenced frequent

50% or

7

less compared to the norm, except for June (96%). The fi e-full evolution of T,

precipitation and sunshine duration is aggregated in

200 3.1 Temperature

3.1.1 €limatotogy

Fhissection-foctuses-Seasonality of temperature profiles at MEE

depending on the season. Layer with higher T develops gradually from sunset to sunrise to reach monthly-related maximal
T and height. This layer of warmer air persists during_the first half of the night and then gradually fades out towards sunrise.

The time of the T maximum, the persistence of the warm layer and the T range between ground and 2500 m are all enhanced
during summer months. Between the mean rldge helght and 2500 m, the T remains however relatlvely constant throughout the
day in winter (February) his-therm A h ASe r-March-onbute M h

The maximal temporal T gradient usually follows sunrise and sunset (Fig. S4)_with values up to + 5

°C/km confined below 1500 m in the morning_ whereas vertical negative gradients between -4 and -6.5 °C/km {B-D+b)are-coherentwith-standard

-a-are observed in the

)fﬁhmoﬁths—m—t-he—s—ﬂ:d-y%e—fﬁequeﬁey
3 reat-near the ground (590-1000 my-

m)_for all

ted by the positive vertical T gradient. A

complete analysis of T inversion will be described in section 3-+4-

3.1.3.




Fig. 2.b presents the differences between the observed MWR/MEE and modeled KENDA-1/MEE T profiles. The main

observed pattern is a general low altitude (< 1500 m)_T underestimation from KENDA-1/MEE. In February, this underestimation

but also a near continuous T underestimation of up to -2°C at ridge level, that was already _partly present in May and June. The
1-2°C underestimations of KENDA-1/MEE models are then slightly larger than the MWR uncertainties comprised between

220 0.25 and 1°C as a function of altitude (see sect. 2.3.2). The cold bias between the MWR and the radio sounding wetetatnched-the-MEEsiteat

could however
suggests a larger error of KENDA-1.

3.1.2 Surface femperaturecompatison

temperature comparisons

To better estimate the reliability of the REM observations and of the model,_the first levels of MWR/MEE, KENDA-1/MEE

and KENDA-1/MER are compared to the SMN/MER measurements used as a reference due to its low uncertainty (= 0.2 °€yand-—can-therefore-be
consideredas-thereference

225 atdheteht—Fh v v 3
distributed with mean and median close to zero
(-0.07°C) and RMSE equal to +45-c—Extreme-vattes1.45°C. Extreme differences (30) correspond-to-differences-are larger than + 4.35 °C.

O S e T ag-The T differences between MWR/MEE and SMN/MER (Fig. 3.a) are normally

The distribution of ground T differences between KENDA-1/MEE and SMN/MER (Fig. 4b)-3.b)_is wider than for the MWR/MEE
(RMSE = 2.23 °C) and exhibits a positive skew (median = -0.27 °C and mean = +0.03 °C). Extreme values are significantly
more frequent than for the MWR/MEE measurements, especially in the positive part of the distribution. KENDA-1/MEE T

esotution-digital-etevation-mode in-theregtorof-a)_Monthly diurnal cycle of MWR/MEE T
0 °C but with minimum T

based on the MWR/MEE profiles are used. b) Diurnal cycle of the median T profiles difference [°C] between KENDA-1/MEE and MWR/MEE

for each month. The dashed vertical lines correspond to sunrise and sunset times and the dashed horizontal line to mean ridges’ height.

230 mightperturb-underestimations occur more often but with lower absolute differences than overestimations, whosedifferences-with-the

ocetrrence-of-and differences with the SMN/MER
T reference can reach up to 9 °C. A similar distribution is observed for KENDA-1/MER (Fig. 3.c) with the same occurrence of

Distribution of the ground hourly T differences for a) MWR/MEE-SMN/MER b) KENDA-1/MEE-SMN/MER, c¢) KENBAAMER-SIMNAER:
KENDA/MER-

SMN/MER. The gray distributions are the ground T differences with ELR corrections. KENBDA-HAHER-andKENDA-HAMEE-during-mostof-the-eycte:
T e X T : . ) :



e~The dotted and dashed lines correspond to

the median
and the mean, respectively.

extreme T differences (217 hr). Differences under 2 °C represent 71.1 % at MER and 66.0 % at MEE which 256-explains the slightly
smaller RMSE for the cell over the SMN station.

To check if the altitude differences o

3.b and 3.c),_we conclude that the honzontal and
vertlcal dlstances between the Sivt e fi

SMN/MER station and the first level of KENDA-1/MEE are not the main causes of discrepancies

in ground T estimation.

240 Ground-Fmeastrementsfrom-the-SiMMN-have-a-The median diurnal cycle of T differences with SMN/MER T (Fig. 4)_shows that KENDA-1
overestimates the T during

nighttime (+1.5°C) in both cells and underestimates it during the day (-2°C in MEE and -1.5°C in MER). The interquartile

range (0 to 3.5 °C) and the whiskers (-4 to 8 °C) of the differences are larger during the second part of the night for KENDA-1

when surface T inversions are more frequent. The presence of this phenomenon strongly influences the amplitude of the

differences and-is-detaitec-nthe-rext-section—(see details in next section 3.1.3). One mustbeaware-that-the KENDA-

third of the daily bias can be explained by the altitude difference between the

245 station and the KENDA-1 first level since the median T correction during_daytime is around 0.65°C. The T bias distribution

of KENDA-1/MER and KENDA-1/MEE are similar during_most of the cycle. The modeled daytime T over MER shows

however smaller differences to SMN/MER than over MEE, which can be explained by the reduced altitude bias or the reinforced

assimilation. MWR/MEE also fdbw&a—%ﬂaﬁeyde—mﬁ%h—aﬁegﬁwe%as—eﬁm-

of—1+2Er-has a negative T bias (> -1°C)_from 6:00 to +5:66—A-stighteverestimation—s-present15:00 followed by a slight overestimation from 15:00
to 21:00 ﬁm—ﬁf—r—G—E—G}—'H‘re—MWHM-EH

(2 + 0.5 °C). The MWR/MEE T differences present smaller whiskers and interquartile range during_the second part of

250 the night than KENDA-1/MEE, but they are similar during_daytime. Globally, the measured MWR/MEE first level T are closer
to the SMN/MER T than the modeled T.

10

the SMN/MER and
KENDA-1/MEE (red),_the SMN/MER and KENDA-1/MER (pink)_as a function of daytime. The dashed lines represent the median of the
distributions.

3.1.3 Fprofitecompatison
FheFprofitecomparisonsSurface temperature inversion

A comparlson between the T inversions detected by KEN-BA-—HM—EE&H

WO ground observatlons at dlfferent altltudes (MER and BRY

Figure 4. Ground-Tdifferencesdistribution-Box plots and whiskers of hourly ground T differences between the SMN/MER and the MWR/MEE (blue),



BRU), by REM

MWR/MEE and modeled by KENDA-1/MEE allows a better estimation of the frequency of occurrence of cold pools, the

255 sensitivity of REM observations and the limitations of the model.
The analysis of the negative ground T difference between MER at 590 m and BRU at 998 m (horizontal distance = 3.7 km)

shows that near ground T inversions are common during the night for all months in the study (Fig. 5.a). Their frequency is

60% in December and January (all day long), 40% during the-rightiaspring-and36% during-the-nightsummer—spring_nights and 30% during,

summer nights. Daytime near ground
inversions are rare from March apart-onwards and common between November and February (20-60%). The observed T differencefottowsa

seasotateycte-with

winter months reaching_up to 4 °C (Fig. 5.b). In summer, this
amplitude is reduced to about 2°C and constrained to nighttime. The erosion speed of the T inversion is independent of the
month. However, the delay of the erosion onset to sunrise is smaller in strmret

Fhe-same-anatysisbetween-these-summer (about 2h) than in winter (about 4h).

The same analysis between two similar elevations is performed on MWR/MEE and KENDA-1/MEE T profiles. MWR/MEE
shows higher frequencies of T inversion than both the ground stations and KENDA-1/MEE, especially for June and July.

265 eyete-MWR/MEE also presents a larger amplitude of the T inversion than the ground observations and KENDA-1/MEE with

overestimation of the T at ground level (Fig. 4)_and its slight T underestimation between 850-1200 m (Fig. S5 for detailed

examples)
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Figure 5. Bo

a)_Diurnal cycle of the hourly T inversion frequency between T at SMN/MER (589 m)_and FEDRO/BRU (998 m)_ground stations,
at the lowest level (640 and 705 m, _respectively) and 1000 m of MWR/MEE and KENDA-1/MEE profiles. The 1D measured values were

are represented by the-dottedtnes

dotted lines.

The analysis of the assimilation process for nights with strong ground &KENBA-+KENDA-1/MER T overestimations shows that the
model suffers from a systematic deficiency. During these nights, differences between the model's first guess and observations are
mainly around 5 °C and can reach 10 °C in extreme cases (results not shown), so that observations are rejected due to differences




exceeding the predefined threshotd—Fhe-ensemblefirst-guessand-threshold based on the ensemble first guess,_its spread as-wet-asthe

During these periods,

the SN MER-is-thereforenotassimilated-by-the-modelanalyst NBA-H-SMN/MER T is therefore not assimilated by the model analysis.
Even if the observations are assimilated for some of the
KENDA-1 time steps, the assimilation has a very limited effect and allows only minor corrections towards the observations (<

1 °C) during some nights in both MEE and MER. 3-+5-€toud-tepped-inversion

et-1t has to be noted that the KENDA-1 T overestimation during_nighttime is

3.2 Wind

During_the campaign, wind profiles were measured at MEE by the DWL, whereas ground based 10 m wind compounds wetre-anatyzed-at-the
: o :

are

more detailed analysis of the along_and across valley components at MEE. The performance of KENDA-1/MEE is analyzed

12

285 FheTFunderestimationof-Apritextendsfrommidday-totate-in each section. A comparison between the results in MEE and in other ground
stations in the valley gives an insight in the
complexity of the atmesphere-itsetf-whichcanbe

osP Y

3.2.1 €hirmatotogy

Seasonality of wind profiles at MEE

For the monthly average of DWL/MEE and KENDA-1/MEE profiles, wind directions are split into two speed categories, below

and above 20 km/h, to distinguish between thermally induced valley winds and external synoptic winds, respectively. Fig. 8-a-presents-the-monthly
mean-wind

290 rarety-exceeding—2°€

presents the monthly mean wind directions from the DWL/MEE observations.

Concerning thermally induced winds (ws < 20 km/h), winter months do not show a clear presence of regular direction

changes at any altitudes. A predominance of east-winds-ismeasured-inTtebruaryanddantaryattow attitudes:

—buring-Marcheventhough-the-winds>—26-km/hare-mainty-easterly winds is measured in January and February at low altitudes. During_March,
despite the channeled £-easterly winds due to frequent foehn events, the formation of valley winds pattern is already clearly visible.

Their time extent {from-from mid-day to stnsetrand-verticat-extent

tpto—1506-m)issimttar-to-November:




clearly visible

295 impe

the-MER-stattorat-596-mand-the BRY-station-from April to August (ws < 20 km/h) and will be further discussed in the next section (3.2.2). From
10:00 to mid-afternoon, the
direction at low altitudes (800-1000 m) is mainly from W-SW, whereas flows from W-NW are measured in the rest of the profile

300 whereas various directions from N to SE directions are observed for the others months. From April to November, high speed N

winds from Sarneraatal (sect. 3.2.3) are also observed from the ground to 1000-1500 m from the late morning_to several hours
after sunset.
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Figure 6. y
; limes.

DWL/MEE, b) KENDA-1/MEE and c) KENDA-1/MER (01.11.2021-23.08.2022). In each
case, the data are split according to the threshold wind speed of 20 km/h.

14

KENDA-1/MEE wind profiles (Fig. 6.b) are generally very similar to the DWL/MEE observations. The good KENDA-1/MEE

performances comprise first the influence of the foehn up to 2500 m (ws > 20 km/h)_as well as the presence of valley wind below

toorapidty-aftersunrise-1200 m (ws < 20 km/h)_in March. Second, the synoptic wind flows (ws > 20 km/h)_captured by large grid model inputs and
by assimilated measurements (RSAMWRAMEEDWHAMEE profites—-from-the-Swissptateat

> b

consequently very well modeled.

of frequent N flows from the Briinig_Pass between the ground and 900-1200 m with increasing frequency towards sunset in

310 furtheritustrate-thisphenomenontwoful-KENDA-1/MEE, whereas N flows are rather found at higher altitude (1300-1700 m) in the

NDA A H o o
D O

R a1 o B e e T T T hey-ate-matnty-inflrencedby-synoptie- DWL/MEE. This feature is mostly
caused by the KENDA-1/MEE cell overlapping_the slope towards the Briinig_Pass so that winds at the junction between Haslital




between ground and 1000 m that are less continuously mez
every—to-minttes
since-November20+-which-altows-for-observed by the
DWL/MEE in January and February and even absent in December.

315 3.2.2 Yattey-winds

speed-and-Along_valley winds
To extend the wind analysis, the data from the SMN/MER station, the DWL/MEE and KENDA-1 at MEE and MER are
transformed according to the valley longitudinal axis directions at MER-and-MEE:

| respectively, and negative wind speeds (blue color) to opposite directions.

320 atthe-strface-Fig. 7.a shows the diurnal and seasonal cycles of the along_valley wind speed at SMN/MER during_the campaign. The
occurrence of along valley winds is confirmed by the etearitrrat

February-2622-diurnal cycle in November and from February to August. A 3-4 hours

delay between sunrise and the onset of up valley winds (> 10 km/h)_is observed. February shows some early up valley wind

but their origin is more linked to synoptic flow intrusions. The transition to down valley winds isclosely-retated-to-sunsetand-exhibitsamaximum
‘ ) i togy_tn2022;

tHy oTe otf—artetr—sunse

e—occurs 1 hours before sunset in

March and June and around sunset otherwise. The maximum median up valley wind speeds are between 15-20 km/h. Down

valley winds are weaker with a median maximum speed of 2-7 km/h reached within the 2 to 3 hours after sunset. €imatotogy{2643-2622)



These results
are in good agreement with the 10-year climatology (Fig. S6),_ which presents however a clear wind speed maximum in July and

an onset of down valley winds 1-2 hours after sunset in spring.

i

Similar diurnal and seasonal cycles of the valley wind at the first level are measured by the DWL/MEE at 775 m (Fig. 7.b).
The onset of the up valley winds occurs with the same delay to sunrise ( €rezee-etat+{2622));

45-4 h)_during_the summer months but their speed is of

reduced maximum amplitude (10-15 km/h)_than at SMN/MER. At 775 m, the up valley wind intensity is also less regular than
at ground with maximum speed around noon for May to August. The strongest down valley winds are also measured in the
first part of the night, with a higher wind speed (5-10 km/h) thz s rehatMERAdditronattyduring

. o o " Ao N P

compared to the ground at MER. Additionally, during_ August,
down valley winds occurring_two hours before sunset are observed by the DWL/MEE whereas the onset to down valley winds
occurred just after sunset at SMN/MER (Fig. 7.a),_a difference linked to the presence of the Briinig_Pass (sect. 3.3).

335 Fhechmatotogypresented—inthissecton vide-from—the
of-wind-speeds-and-directions—Grotund-Overall, KENDA-1/MEE s
evolutionatre

hows similar results as the DWL/MEE (Fig. 16-b)—Fhe-modeted-vattey-winds
7.d). The modeled valley winds evolution is consistent
with the measurements, including the presence of turbulence leading to daytime varying wind direction. The main differences

Monthly evolution of along-valley wind speeds [km/h] a) observed at the SMN/MER, b) observed at MWR/MEE, ¢)_modeled at

winds. The comparison of the first level of KENDA-1/MER (Fig. 7.c) and SMN/MER (Fig. 7.a)_indicates an underestimation
of thermally induced along_valley wind by KENDA-1/MER, which leads to the absence of diurnal cycle in November and

presence of weak up valley wind in the second part of the night. The modeled data at MER and MEE also present marked
differences, principally a stronger presence of up valley wind during_the whole campaign leading_to stronger maximum up valley.

The monthly diurnal cycle of DWL/MEE wind profiles (Fig. 8.a) allows a better visualization of the vertical extent of valley
345 —winds. First, the height of the down valley wind determines the limit of the influence of SW synoptic winds. Thermally induced

wind height increases with temperature, reaching erty+666-mintebruary—+8360-mirtvay-andtp-te




1000 m in February, 1800 m in May_and up to 2000-2200 m in July and
August. Second-the-onset-of-tp-vattey-wind-o imuttaneous{abo 4h ttise)-ove
the-futtvattey-windextent-The clear influence of synoptic winds reaches then ~ 1500 m in winter, 2000 m from April to June and 2500 m in July

whereas the onset of down valley wind is delayed from ground to its maximal extent. tFig—+ta}

shows-thattp-vattey-wind-can-Up valley wind can then persist until 1-3

Fhe-samerepresentation-for KENDA-HAMEE-350 hr after sunset at the ridge's height. Third, down valley wind speed decreases with altitude and
with time after sunset. Finally,

the daytime wind direction between 1000 m and 1500 m does not stay constant even during summer months. This might be
related to potential turbulence in valley wind regime

regimes (Krishnamurthy et al., 2011), especially when synoptic flows interact with

thermally driven fltows-or-to-inflrence-of-flows-from

26

Month

up valley winds are stronger and
more uniform than-a o oo o

—Synoepticwings{ws>—20-+km/h-inFig—8a)-The same representation for KENDA-1/MEE (Fig. 8.b) are-very-simitar-to-DWHAREE-observations—shows

that the vertical extent of the modeled valley wind is comparable

to the observation (£ 100 m) expe

except in April, when KENDA-1/MEE modeled a much stronger and higher wind diurnal cycle.

The main differences are, first,_an underestimation of the down valley wind speed from ground to 1600 m until midnight

16

November, the modeled profiles show continuous up valley winds between 1000 and 1700 m where the DWL/MEE measures
360 —High ceds{w Ok - N-winds-are-alse-presentfromApri-toNevembe the-erotndto 00-r—These

KENBA-HMEE-wind-profites-mostly down valley winds. Finally, KENDA-1/MEE overestimates the influence of the synoptic winds leading_to the
absence of




the KENDA-1/MEE data. Sunrise and sunset at ground level are given by dotted lines.

3.2.3 Ateng-vattey-winds

Cross valley winds

The cross-valley winds at MEE can originate from thermally induced slope winds in the Haslital or from valley winds from the

w

influence-the-mean-Sarneraatal passing over the Briinig pass—Stope-winds-are-howevermoretikely-to-be-Pass. Fig. 9.a shows the diurnatand

arong—va VAR peeca oatg

1

monthly diurnal cycle of the cross-valley wind measured by the

DWL/MEE. During winter, the data are scarce and no particular pattern is visible except the presence of Briinig passN-windsfrom-806-mto-—+560-m
Jantary-and-February—€ross-valtey

Pass N winds

from 800 m to 1500 m in January and February. During_all other months, strong_cross valley winds originating_from Briinig
Pass start between midday and sunset and stop around midnight. They are generally first measured near the ground and reach
1200-1500 m after stnset—tntense-sunset, where they reach wind speeds of 20-25 kmth—Fhese

Nwindskm/h and can extend up to 2500 m with weaker speed. These

—FreguentN-flowsfrom-the BrinigPassare-modeted-intense north-facing slope winds (> 25 km/h) are also observed between 1400 and 2000 m

! during some hours around sunset
1 with a much lower intensity in May. This suggests a circular motion with North updraft winds (median vertical velocity of 1

km/h) that cross the valley at a low altitude, rise against the north facing slope and come back at higher altitude with a South

17

downdraft component (median vertical velocity of -2 km/h). KEN MEEalso-shows—crossvalley-wind-patterns(Fig—13-b)-wt
Briintgpass-Plots of radial wind-speed-atong-and-winds perpendicular to the valley trottsed-in-thisstudy)-direction clearly

375 towardsstnset-whereasN-flowsare-KENDA-1/MEE also shows cross valley wind patterns (Fig. 9.b) with strong_winds from Briinig_Pass from
March to August.

| These N winds also develop progressively from ground to 1400 m and stop around midnight. They are however modelled earlier

han measured, at the time (10:00) of the onset of up valley winds in the Sarneraatat-G)—Fhe-absence-orweakentng-of-up-valtey

WTeratet—totnese o116 O Varey

560-windsatEE-Sarneraatal. Winds from the north facing slopes between
1400 and 1800 m are never modeled by KENDA-1/MEE despite their intensity and being systematically meastred:

Fotre—+3—measured from April to
August. The influence of the Sarneraatal wind on the thermal wind system in the Haslital is not only visible near the ground but

Evolution of the diurnal cycle of the acress-vattey-cross-valley wind component [km/h] as a function of altitude for a) the DWL/MEE measurement




i and b) the KENDA-1/MEE. Winds coming from the south-facing slopes take a positive value (red), for the north-facing slope wind speeds
values are negative (blue). Sunrise and sunset at ground level are given by dotted lines.
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wind-s-better-defined-due-to-the-absence-of-18

3.3 Foehnevents

FoehmrHeterogeneity of wind patterns in the Haslital

The design ferPayerne-the-MeteoSwissreference-meastrement

station—cantead-to-somebias{téhnertetal 202 -showed-thatof the Meiringen campaign requires us to compare with-the-modetestimation:
Firaty—ar-modeled data to observations at two different sites with different

valley directions and different topographic features. The presence of additional wind ground observations in the Haslital and in

the Sarneraatal allows a detailed analysis of the effect of the Briinig_Pass during_clear summer days. The modeled data allow

390 some further insight in the difference of the thermal wmd svstem at MER and MEE in the entlre valley volume.
A closer look at the AHAM nd-speeds—during-asertesof clear-warm—da 2 o

values. In MER (Fig. 10.a),_a clear diurnal pattern of thermally induced winds is measured. The onset of up valley winds occurs

at 10:00 and the wind speed strengthens during the day (approximately +4 km/h per hour) to reach a maximum of 25-and-36-kmsh
456-at-25-30 km/h at

395 10-yearchmatotogy(2613-2622ispresentecinTtig—9-b-15:00-16:00. The onset of down valley winds occurs at 19:00. During night, down

valley winds are constant in direction and
drop to 0-5 km/h. It has to be mentioned that the direction of up valley winds at MER gradually shifts from the longitudinal axis
of the Haslital towards an enhanced northern component on the 10 and 11 July during the afternoon.

At the DWL first level (200 m a.g.l.), gtobatradiationstnshine

+66-up valley wind is only measured in DWL/MEE on the 10 July at 13.00-14:00 (Fig. 10.a,

color bar). The wind direction switches thereafter to N and the wind speed increase gradually to reach 40 km/h at 20:00. The

400 wind then weakens until midnight and changes direction afterward with a down valley wind direction that persists semetimes-occasionally.
(e.g. on the 12 July) during the morning. Along valley wind patterns following the valley longitudinal axis (W/E) are only

observed between 1300 m and 2000 m;-m (not shown),_namely higher than the Briinig pass-attitude—Fheypresent-thenPass altitude. They then
present a standard

diurnal cycle with up valley wind measured from 09:00-10:00 to 16:00-17:00 with wind speeds between 15 and 20 km/h.

10a)

wrt-h—t-he—Rheﬁe—vaHey—eveﬁ—ﬁ-July 10 and 12 up vaIIey wind begins at 8: 00 and
405 speetHsofreducedamptitaae{H0-+5+km/)—At866-last until 14:00 with low wind speeds between 5 and 10 km/h. At 14:00, the wind direction

switches towards down valley winds

(17 19 km/h) which last unt|I 20:00. 'S'Fﬁ'a'H-A small dlrect|on change towards Wsw eeewd-uﬁﬁg—t-he—ﬁ@hH-&y—H—t-here-is—ﬁe—u*p

v i 2 W y-wine—occurs during_the night. July 11, there is no up
1 valley wmd phase with only down vaIIey wind (N z )._The wmd speeds are lower in the morning and strengthen to 20 km/h in

I the afternoon before to drop at 21:00.

| The strong influence of the thermal winds from the Sarneraatal over the Briinig passis-evidenced-by-thisanatysis-of-the-wind




: Pass during hot summer ¢ays—days is highlighted
1 410 directiorby this wind analysis at the three stations. An analysis of ground measurements from the BRZ, BRU, LUN, BUC and GIH {G)yatitormatic

stations—shows-that-flowsmeasuredat-the Brinigpass(Eig.

S8)_automatic stations shows that flows measured at the Briinig_Pass switch towards the Haslital (SSW) 2 to 3 hours earlier

(5:00-6:00) compared te-other-stationsof-the onset of up valley wind at other stations in the Sarneraatal (08:00-09:00) and last much longer after
sunset, up to 21 00-22:00. Fhe

These winds from the Briinig_Pass explain first the N wind observed in MEE during_the afternoon,

the early evening_and even sometimes in the morning (e.g. on the 11 of July). These-winds-atso-strongty-inflaence-theditrrat-Second, they als

strongly_influence the diurnal

(o]

cycle at BRZ leading to the onset of down valley winds in the early afternoon or even by suppressing the-ocetrrernce-of-up valley winds (July, 11).
i

MER-tshowever-Finally, their influence at MER is weak with only a sllght shlft of the wmd direction towards N in the late afternoon During

these summer days, a standard thermal wind diurnal cycle is then v M M 8 : ; 8

observed in MER and in MEE at aItltudes h|gher than the Brumg
Pass (not shown).

19

Concernmg the modelled data (Fig. 10. b) the influence of the Sarneraatal thermal wmds is WeII captured by KENDA- 1(ME

so that the differences between MER and MEE are important. At MER, the wind speeds and direction follow a clear thermally

driven valley wind diurnal cycle whereas a relatively stable wind direction from NE during nighttime and NNE during daytime—daytime
is modeled at MEE. Speeds at MEE are always equal or higher than over MER with weaker diurnal cycle. The major differences
compared to the observations are an overestimated influence of the valley winds from the Sarneraatal leading to no modeled down
valley winds at MEE during_the night and the morning_as well as a shift in wind direction toward N at MER. The differences of

sites with differences up to +30 km/h.

a)
MER 350

BRZ

MEE 300

40 km/h
MER

250
BRZ

30 MEE
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a) Measured b) modeled wind speeds (solid lines), wind direction (colored bands and arrow) and sunshine amotmtfora)-the
PWAAWEE(866m)-duration (orange bars).
for a) the DWL/MEE (800 m), the SMN/BRZ, the SMN/MER and b) KENDA-1/MEE {866m)-anc-KENDA-HAMERA(866m):

(800 m) and KENDA-1/MER (800 m).

1 wind during_summer time but also in the previous analysis of median monthly wind. The comparison of KENDA-1/MER and

Strong_heterogeneities in the wind pattern along_the Haslital valley are not only observed in this detailed analysis of thermal



direction durlng all months (ﬂg._7). Generally, the onset of down valley wind is better defined in MER due to the absence of
20
Wind speed [km/h]

Wind direction [°]

winds from the Sarneraatal. It has to be noted that up valley winds modeled at MER take almost the same direction (300-310°)
as at MEE (290-300°), even if the valley bends (= 30°) between the two sites, except in the early morning (sunrise to 10:00)

the observed winds at MEE, but happens earlier (from sunrise) and dlsappears at 10:00. Modelled down valley winds in MER
always follow the main longitudinal valley axis, like in MEE.

3.4 Foehn events

Foehn is a katabatic wind bringing genreratty-strong warm and dry dewndratghts-associated-generatty-with—ctearweather
tfoehnwindow)—Fhe-foltowingcase-study-downdraught usually leading_to clear weather conditions. The study

440 of the T during foehn events combines all the periods where foehn was measured at the SMN station in MER, 25

according to
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i the foehn index. The setected-datarepresent-study on the wind is however performed on only three selected events (10-16 March 2022/19-22
! March
1 2022/26-24 April 2022)_representing_117 hours mainty-occurring-inareh—of foehn during_clear weather in March, while the April and June
| episodes
| presented a slightly overcast sky (50-70% of maximum global radiation).
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3.4.1 Temperature during_foehn events

445 32 AHn-depthanalysisof setected—clearstmmerdays

During_foehn events, the MWR/MEE tends to measure 0.5-1.5°C lower T than the SMN/MER (Fig. 11.a), which can be

partially explained by the different sites locations and altitudes. In contrast, a significant Funderestimation{—2-to—4—=Er-byKENDA-+isobserved
during-foehneventswithotut-the-mean—diurnat

eycte-measured-during-the-whote-campaign{Fig-—5—KENDA-1/MER and KENDA-1/MEE

T underestimation of -2 to -4 °C is observed regardless of time of day. Furthermore, the differences categorized according to

+4byrmeasured wind speed (Fig. 11.b) shows-that-the-verticat-extent-of-the-modeted-vattey-wind-s

show that larger wind speeds (> 20 km/h) induce larger median T underestimations. Saigger

and Gohm (2022) performed simulations in the Inn valley with the Weather Research and Forecasting model and observed

L ow-at .

450 similar bias at low altitudes during_an intensive foehn event. Additionally, Tian et al. (2022)_also report significant cold and
moist biases in the model during foehn hours. Note that the KENDA-1/MER is in better agreement than KENDA-1/MEE with
SMN/MER (not shown), which can indicate significant differences in the foehn influence at the two stations.

The comparison of T profiles during_foehn events in March (Figs. ##)=S11 and S12) shows that KENDA-1/MEE and KENDA-
1/MER underestimates the T not only at the surface but up to 900-1400 m depending on the event. In some cases, KENDA-1

. .

455 at206:00—Fhe-missed the T increase due to foehn but in other cases, KENDA-1 follows the T evolution but with a smaller T gradient. The
median T bias of 2-4°C is-stmitat



observed at the surface is also measured along_the profile and is relnforced when a T inversion missed

by KENDA-1/MEE precedes the foehn event. The T increase due to the foehn breakthrough measured by the MWR/MEE is
delayed by less than one hour compared to the SMN/MER detection. Similar time delays of about one hour are modelled by
KENDA-1, with shorter delay at MER than at MEE as expected by the orientation of the Haslital and the provenance of foehn.

460 ane-3.4.2 Wind

DWL/MEE measurements (Fig. 12.a)_shows the extend of the higher wind speeds induced by the foehn from ground to the
ridge’s height (1800-2000 #m)—m)_for a selection of three cases in March and April 2022. The foehn breakthroughs are nearly
simultaneous at ground (SMN/MER) and up to 1000-1500 m at MWRAAEEDWL/MEE for the events of March 11 and April 23. However—an

For March

21

Figure 11. Box plots and whiskers of ground T differences between MWR/MEE and SMN/MER (blue), KENDA-1/MEE and SMN/MER

(red)_.and SMN/MER and KENDA-1/MER (pink)_as a function of a)_the hour of the day and b) the 10 m measured wind speed at SMN/MER

for all foehn events during_the campaign. The dashed lines represent the median of the different distributions and n is the number of cases in
each of the categories.

465 at-the-three-statitons-the r|dg e at the same time as at SMN/MER. The maximal measured wind speeds at 800 m in DWL/MEE (60-75 km/h) are
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higher than at the SMN/MER (45 km/h), especially for the event of March 11.
During the first selected episodes (11.03) the foehn arrival is modeled 2 hr too early by KENDA-1/MEE (Fig. 4+5-b)-12.b) with

breakthrouqh (11:00) the KENDA-‘I/MEE wind
direction is coherent with measurements but wind speeds are first overestimated by 15-30 km/h between ground to ridges height

During_the second episode, KENDA-1/MEE models correctly the 3h delay between SMN/MER and DWL/MEE measurement
(Fig._12.b) but extends it up the ridge height contrarily to the measurements. The KENDA-1/MEE wind speeds tend to be

475 wine

overestimated (+15 km/h) from ground to metring-the-entire-even
during_the entire event and underestimated from 1100 m to the ridge’'s hei he|ght

22

(-30 km/h) during
the-first 5-hottrs—the first hours following_the breakthrough. KENDA-1/MER modelled again wind speeds up to 100 km/h with a
foehn breakthrough at the same time as the SMN/MER (Fig. 12.c). At the very end of the event (March 20 at 23:00), kENBA-t+eepsKENDA-

1[MEE and KENDA HMER ke p showmg s-t-reﬁg—f-eehﬁ-wmds—be-t-weeﬁﬂee

DWL/MEE).

d¢-Few DWL/MEE measurements are

observed durlng the thlrd selected eplsode but the tlmlng of the foehn breakthrough and

| the wind speed are similar at SMN/MER and DWL/MEE. The breakthrough is modeled with a long_delay_by KENDA-1/MEE




ut almost in time by KENDA-1/MER and the end of the foehn episode is also delayed by both KENDA-1/MEE and KENDA-
1/MER. The wind speed is also overestimated if compared to SMN/MER,_particularly by KENDA-1/MER with maximum speed
higher than 75 km/h during_the whole event.

asbigas-whatismeastredatMEESkmfurther-three analyzed events exhibit some similarities but also large differences. titeraturetfansingetat:
. ot

The foehn breakthrough is often
observed some hours later by DWL/MEE than by SMN/MER and not always simultaneously in the entire profile. The wind
speed at the DWL/MEE first level is usually similar to the one at SMN/MER. KENDA-1 tends to model the foehn arrival
and end with positive or negative time shifts at both stations. The most critical point tecatedrapproximatety-tthe-middte—o
thepass—t+—Fhe-modetcett

f concerns the very high KENDA-1/MER
modeled speed up to 110 km/h from ground level to 1500 m that is twice faster than the DWL/MEE observation, 5 km further

490 w 9 3 3
Haslital is narrower just before MER, such wind speeds difference is subject to a discussion
about a potential large overestimation of the winds at this location. Fhe-Finally, the simultaneous wind speed overestimation and the
T underestimation by KENDA-1 during_foehn events are difficult to explain since a stronger foehn should allow for a greater T
increase.

down in the valley. Even though the

b binsof . s

23

e t Figure 12. Wind speed profiles [km/h] time series from a) DWL/MEE, b) KENDA-1/MEE and c)
KENDA-1/MER during a selection of 3
foehn events: left 11-12.03.2022, middle 19-22.03.2022 and right 23-24.04.2022. Wind speeds [km/h] from the SMN/MER are given in the

lower part of each figure. The solid line represents the foehn breakthrough.

24

4 Discussion

495 higherattitude-witha-Seuth-Complex topography, landscape heterogeneity and specific thermal wind regimes challenge the models’ spatial
and temporal
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500 The Haslital presents several peculiar

topographical and landscape characteristics, particularly in the vicinity of the take{<+66-mj)—carralso—cattse-thisdifference-at the BRZstattondueto
L |




H—a)—@ﬁ-campalgn
site (Fig. 1)._Its junction with the Sarneraatet4-km-downstream via-the Brtnigpass-Sarneraatal via the Briinig_Pass links the two valleys with an
angle of =~ 90°, 400 m above the

vaIIey roor

It allows winds from the Sarneraatal to easily reach the Haslital with a cross-valley wind component similar to

down slope winds and to disturb its along valley wind systemFig—+6)—Fhetocationof- MEEjusttnderthe Brimnie
passsystem. The location of MEE just under the Briinig_Pass has to be taken
into account for comparison between MEE and MER results. Based on numerical simulation in the Alpine Inn Valley, Zangl

505 (2004) suggests that variations in wind intensity are mainly related to tributary valleys, which increase or decrease the mass flux
in the main vaIIey As—s-ueh—iew—pass—ln this regard Iow passes can have similar effects as tributaries. Moreover, the model cell over MEE overlaps
the stope yiers M

between the
modeled T/wind withia

averaged values and the observations cannot be only considered as model errors only.

meﬁmﬁaﬁfﬂﬁﬁ-&hm&-&dﬁefﬁﬁedtﬂﬁgﬁeﬁehﬁeﬁﬂy observes wmds in the middle of the Haslltal Consequently, the differences



[9,]
iy
o

he

orientations
along_the Haslital leading_to different heating_by the incoming_solar radiation. The presence of large lakes covering the entire

valley floor in its lower part, 5 km after-down vaIIey of MEE modifies the heat exchange between the surface and the atmosphere due
to thelr hlgh thermal inertia. Fhe e S e g 6 ; ree

time, extent and strength of the thermally induced valley winds. When comparlng observed phenomena with similar studies,

otire-the combination of the above

mentioned pecullar features g|ves explanatory hlnts for the observed dlfferences Finally, this

study is based on monthly median values so that the averaglng artifacts have to be consrdered _e.q. for the analysis of maximum
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forecast sklIIs of COSMO-1E.

4.2 Comparison of observed phenomena with other studies

Occurrence of surface based T inversion in valleys

T patterns in MER follow a classical diurnal and seasonal cycle. The most important feature in the context of this study is the

presence of frequent ground T inversion (Fig. 2.a, 5.a). According to a 3 years study in the French Jura performed over 16

station pairs tfoety-andRichard2649at different altitudes (Joly and Richard, 2019),_T-inversions are equally common in winter and summer (60%
of the

time), but with a larger amplitude (3°C) in winter than in summer (2°C). Additionally, 2

hotrly-atr-temperature-date-temperature inversion occurred also more

the formation and dissipation of inversions consistently I-agg-mg—be-h-rﬁd—bea!—s—um—et

660-and-sunrise-timesby-approximately-fourhours—having_an approximately four hours time difference from sunset and

sunrise. Finally, a 56-year climatology in the Austrian Alps (Hiebl and Schoner, 2018), shows that T inversions occur throughout

the year with a frequency of about 36%;-30% from October to January and 15% from April to August. heirThe intensity, magnitude and
thickness foltow-a-stmitarseasonat-patternasobserved-inthe Hastitattnversions-are
mote-frequentin-easternAustria-and-tessfrequentin-thetarge-of these surface T inversions follow a similar seasonal pattern as observed in the

Haslital. Inversions are more frequent

530 station—The-maximat-meastred-wind-speedsat-866-m-MEE-in eastern Austria and less frequent in the wide western valleys and basirof

Auet-ﬁa—basms and aImost vamshmg in hlgh AIp|ne summlt area.
This stuey-in W at-trear—g ce

campaign (Nov-Aug)_in the Haslital (Fig. 5.a)_shows a similar occurrence of near ground T inversions,_i.e. 30% between

the two ground stations (MER-BRU) and fer46%of-the-time-in

the-MWRprofite—40% in the MWR profiles. Amplitudes are similar to the results from Joly and Richard

(2019) with slightly higher aumber-during-winter

moenth-values during winter months (+ 1°C). The seasonality of the phenomena is mainly characterized by

the frequency of T taversien-inversions along the day in winter and the onset of the erosion process. Similar atmber-thantHiebtand-Schoner;
2018)are-fotnd-concerning-the-evotution

of-the-phenomena-throtghout-the-months-seasonality as in Austria

speed%ﬁis—hmapeﬁs—fer—z—hﬁaﬁdﬁmﬁmﬁy—léEN-BHﬁ%Eﬂs—(Hlebl and Schoner 2018) are found W|th 14 3% of T inversions from April to August

and 46% from November to February.

4.2.2 Yaltey-winds

Characteristics of valley winds in the Alps



Whdth—=35km—4-5 km,

Ridge to Ridge Width = 15 km, Schmid et al. (2020)), in the Adige (L = 140 km, BW = 2-3 hetrsarotnd-stnset—At-1500-mthe-effect-ofsynoptic
wirrds-km, RRW = 8 km, Giovannini

et al. (2017)) and in the Inn valleys (L = +46kmBW—=4-5kmRRW—==26km;

140 km, BW = 4-5 km, RRW = 20 km, Adler et al. (2021)).
RRW-=-"5kmig—B2);-These three valleys are

relatively long_and wide compared to the Haslital (L = 30 km, BW =

1.5 km, RRW = 5 km) which can induce differences in the

thermal valley wind systems. All three studies make a selection of valley wind days by using threshold on minimum global solar
radiation or up valley wind speeds and selected global weather type.

Similarly to the observations in the Haslital, the wind direction change in the Rhone valley (Schmid et al., 2020) occurs
for altitudes up to about 2 km a.g.l. with diurnal pattern undergoing significant changes during the course of the year. During

545 summer,_maximum up valley speeds of 30-35 km/h are found above the Rhone valley during_the early afternoon at 200 m
a.g.l. Similar timing_for maximum up valley winds are found at both MER and MEE, but with reduced speeds both at ground

(SMN/MER, 20-30 km/h) and at 200-300 m a.g.l. everMEE(H5-260-km/h)—Fhe-appliedmonthly-median;

h+g-hes—t—whd—s—peeds—of%9—teﬂ4-5—km+h—afe-fetmd—,(DWLzMEE 15-20 km/h) that reIates to some extend to the absence of
clear-sky days selection in this study. At MEE, the highest wind speeds of 30 to 45 km/h are found however later on, at 18:00

and 19:00, between 800 and 1400 rm—TFhey-correspond-to

at the campaign site in Sion ant

on-the-interactionofatongand-crossvattey-flows—can also explain the time and altitude differences

of the strongest winds. Concerning_down valley wind speeds, Schmid et al. (2020) report their presence between 500 and 1000
m.a.g.l with a speed of about 15-20 km/h. They occur in the second part of the night in spring and summer, and during the entire
night in winter. Several differences are observed in the Haslital: 1) down valley winds reach ground even in summer (Fig. 95-7)_and
extend up to 800-1000 m.a.g.l., 2) their speed gradually decrease around the night with almost no wind between 00:00 and the

555 differences:

new onset of up valley winds for all the studied period and 3) at MEE, maximum down valley wind speeds are measured from
March to July at the same altitude as in the Rhone valley but with lower wind speeds (10-15 km/h). If the last difference can also
be explained by the applied monthly average, the timing and extent of the down valley winds probably relates to topography
differences.

ﬁea-ﬁt-he—c—a-m—pa-rg—ﬁ—s—rt-e—Wlnd speeds between 15 OO and 16 OO that are stronger near the vaIIey outlet (20- 30 km/h) and g adually weaken (8-10
km/h)

towards the highest valley parts situated 100 km further up. Surface down vaIIey wind speed appears to be very weak, between 0
and 5 km/h and nearly constant in the entire valley. However, the aye o s




and the Rhone vaIIey, the down vaIIey
wind onset is delayed to 00:00. Wind profiler data from the outlet of the Adige valley show that the strongest up valley winds are

recorded in the late afternoon, similarly to the observations at MEE (Fig.8.a). Contrarily to both, Schmid et al. (2020)_and this

565 simitarty-study, the down valley winds of the Adige valley gradually weaken towards higher altitudes around midnight. For the rest of the
night,_stronger wind are also found between 500 and 1000 m.a.g.l. similarly to the observation in the Rhone valley (Schmid
et al., 2020).

Adige and the Haslital vattey

valley. The onset occurs 3-4 hours after sunrise with flows that move almost simultaneously between 0

570
ﬂ%te—aeeeu-nt—i-ne‘eed—a—p-art—e-f—t%s—eeﬂ-to 1500 m.a.g. I from June onwards. The morning transition occurs at the same time at all heights white-the
up-vﬁtey—wned—&taﬁs—we&keﬁfﬁg-ﬂ@m-ﬂee—bc«t-tem—whlle during_the evenlng

during the night. Note that, Schmid et al. (2020) reported a delayed onset as a function of altitude in autumn but unfortunately,
no data were acquired theHastitat

du i g E .S pe AOd.

during_this period in the Haslital.

Additionaty-the-change-inortentation-and focused on cross valley winds. During two days of September, the wind field in the vertical plane across
the valley show

subsidence around 13:30 and 14:30 without any particular cross valley wind direction above the valley floor center. In the second
part of the afternoon (15:00-17:00), the valley atmosphere presents an enhanced cross valley wind circulation. Over the south
facing slope of the valley, subsidence prevails, while over the north facing slope upward motion is measured. This flow pattern
form a closed circulation cell with a clear cross-valley component with-comprising_a northerly component in the lower 700 m.a.g.l.

580 MERbeing-more-orientated-towardsEthanatMEE-and a southerly component above. Similarly to the Inn valley, the Haslital at MEE also lies
in the E-W directton{stope-however

direction. A cross-valley
circulation is also observed from March to Auqust (qu 9.a), with a W|nd direction change from N to S between 450 and 850 m
agI and a stronger pattern in Summer. ta-th e -atrd 3 Liemiinie etween

ttat-However,_in MEE, valley winds

from the Sarneraatal are probably the main drlvers of
this circulation cell at sunset.

4.3 Model performance

According_to the presented monthly median values, KENDA-1 is generally able to capture the main features of the observed

atmospheric conditions and the differences to the observations are comparable to those obtaired-fromREM-instraments—Fprofites—climatotogies
| T st o 0 L :
the-ditrnat-vattey-winds-are-inagreement-with-the-measurements—found in standard MeteoSwiss seasonal




i verification with radiosonde and surface observations averaged over the whole model domain. This is remarkable given the
complex topography in the region of this study. However, some meteorological phenomena specific to mountainous regions

590 observations.
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Hotre15-4.3.1 Temperature
Fhe-anatysisof-the-daity-cycteaveraged-overthe-entire-campaign-KENDA-1 skills in temperature estimate

The analysis of the dally cycle . shows that the maJorlty of ground T differences with respect to observations lays between +-3

595 ﬂ%seﬁceet—ﬂ‘equm%t—gmmd%fersreﬁ%rg—?;—aq—a?—error in COSMO- 1E forecasts but of reduced amplitude (-0.5 °C bias during day and a
+0.5 °C bias during ntght—A "

night). Despite
the complex topography around MER and the induced elevation bias, the modeled climatology_of ground T is comparable to

standard verification results,_even if dlfferences up to 8° C are terund—'Hte—m-am—expl-aﬂrﬁed

found in some periods. The main explained source of ground
T differences is caused by missed surface T inversion. The frequency of this phenomenon is partially missed by KENDA-1

from March to August (Fig. 5.a)_and its amplitude is underestimated for all months. This is especially the case at the end of

600 March, when enhanced night time radiative cooling_and important global solar radiation form strong_inversions. The observed
amplitude difference are mainly due to an underestimation of T at ground (Fig. 4). A work carried by Sekula et al. (2019) on

the nonhydrostatic model CY40T1 AROME CMC (2km horizontal resolution) showed the same general overestimation of the
minimum T in valleys bottom. The Iargest dlfferences were measured durlng strong h|gh pressure systems which favors cold air
pools formation leading to exg—F¢ y v

T overestimations of up + 7 to 9°C during_10 days in March.

7-A preliminary analysis on KENDA-1 behaviour during

this strong T inversions ﬁet—s—hewn%—shew—t—hat—t—he—ebs—efved—dﬁerenees
show that the observed differences are

probably due to a too low model first guess ensemble spread. The model is too much trusted in the model-observation weighting
scheme and measured T at MER are therefore not used in the model assimilation step. Another hypothesis is that a too large
observatlon error is assngned to the statlon of MER (1 17K end of March) Add|t|onally, at this perlod the modetpredictive

et d|fference between

observed and modeled ground reIatlve humldrty (RH) tate

but, during_night, the model is heavily

610 drier (-20 to -30 % Rth—Accordingto

766-RH,_not shown). According_to Westerhuis et al. (2021), artifacts from the NWP are-te-can be expected under
conditions favourable to surface T-inversion. The COSMO-1E vertical coordinates follow the terrain. Therefore, evercomptextopography—

etin complex
topograp_hy numerlcal artlfacts may._ori orlglnate from the intersection between T-inversions and the surface of the vertical grid

used by the model. The systematic T underestimation during_night can also be driven by an overestimated modeled cloudiness
cotitd-prevent-the-modetsurface-to

cootdowndte-toteotow-involving_underestimated out-going long-wave radiation. Further investigationhave-to-be-done-tsingeitherthe

vity-are within + 5% during_day



|

have to be performed using_ceilometer and/or

615 (t=H40kmBW=2-3kmRRW==38km-DWL observations to estimate the model skill with respect to cloud cover. Finally, the differences with
observations can also

originate from a modeled ongoing turbulent mixing inthe-modet-canbepresent-white-whereas in reality a cold pool mightbe-formed-and-with a

full or partial decoupling from the

above flow is present in the valley.

For profile comparison, MWR T is considered-taken as the reference, but the-MWRTF-its reliability, especially at higherattitudeHasto
be-takenntoaccounthigh altitude, has to be considered in
the evaluation of KENDA-1 results. Lohnert and Maier (2012) performed a MWR-RS comparison and showed that random error

620 inherent to the measurement principle can be important in some cases. RandormThey showed that random errors range grows up to 1.7 K
at 4 km height, due to a 95% influence from the used apriori profile. KENDA-1 and MWR T profiles differences are constrained

to = 1 °C for all altitudes between 1400 and 2200 m both day and night except in June and July (Fig. 6)—bBifferences
tp-to—3-2C-can-occtrnearthe-grotuntHmwinteroratridgetevetnruly—Fhis-2.b). Differences up to

-3 °C can occur near the ground in winter or at ridge level in July. The near overall negative bias can be-exptairned-by

severatway—First-mainly be explained by
two factors: first, the MWR is susceptible of errors especially for higher altitudes with RMSE between 1 and 1.5 °C (Liu et al.,

28

expﬁm—A—625 2022) and second the MWR/MEE has been trained Wlth Droflles from Paverne so that the dlfference in altitude between both
stations (+100 m) and in atmospheric conditions could induce a larger RMSE or even a bias in the MWR measurements. Tre-directinfiuence-of

Desplte

amount overestimation mentioned before can also explain this T profile bias.

4.3.2 Wind

Fhe-vattey-witrd-monthty-chmatotogy-KENDA-1 skill in wind estimate

good performance of the model. Up and down-valley wind are in qood aqreement with the
observations from March to July and, to a lesser extent, in Nove ed he

November. KENDA-1 is also able to get the seasonal evolution of the

vertical extent of the valley wind system. The onset of up valley winds is however predicted with-atarger

too early after sunrise (Fig. 6 and 8).

This 1-2 hours difference with the observations is partially explained by the absence of surface T inversion in the model (sect.
3.1.3),_so the time allowing_an erosion of the stable layer is not taken into account.

635 The capability of COSMO models to estimate the diurnal along-valley winds in real valleys has been investigated by Schmidli
et al. (2018) for 3 summer weeks with weak synoptic forcing and intense solar heating. The model results are compared to
observations at the MeteoSwiss ANETZ stations, the automatic monitoring network preceding the present-day SMN. They
showed that the wind diurnal cycle was-is well represented by COSMO1-E in large valleys such as the Rhine Valley at Chur (base
width of 3 km and width at half height of 8 km), and medium valleys (e.g. the Rhone Valley at Visp a with base width of 1 km

640 v
Magg|a VaIIey in Cevio (base wndth of 500 m, width at half- he|ght

of 3 km), the valley wind amplitude was underestimated. Despite an underestimation of the maximal valley wind speed, the

onset of up and down valley winds was correctly modeled. The results of the modeled wind speed and direction at MEE are
comparable to the analysis in Visp (Fig. 8),_a valley with a similar cross-section. However, the onset of up and down valley

winds is in less agreement with the observations at Meiringen,_probably due to the four time shorter length of the Haslital and its

o-and width at half height of 4 km). For smaller valleys, e.g. the




modeled influence of the Sarneraatal thermal winds or as an effect of the grid cell overlap on the north-facing_slope. The
presence of strong down slope winds at the Briinig_Pass may_have a direct influence on the along_valley wind diurnal cycle.
In a recent study in the Rhone valley at Sion, Schmidli and Quimbayo-Duarte (2023) reports a correctly modeled evening

650 transition but an inadequate representation of the morning wind reversal by €OSMO-tE-whereas-the-evening-transitioniscorrectly-modeted:

e-COSMO-1E. Like in the

Haslital (Fig. 13)too-strong-modeted—cross-valtey-wind-reaching

9),_too strong

modeled cross-valley wind reaching_the valley floor interrupt the formation of the up-valley flows—flows for certain days. At Sion, the
cross-valley flow is restricted to upper levels so that the stronger lower valley atmosphere stratification protects the up-valley

flow.

Accordlng to (Schmldll et al, 2018) the

655 Finatty rattey-y ;
valley base cross section. A more important feature is the altitude blas of the model at the ground.

For the MER station, the width of the valley can contain 1.5 grid cells (Fig. 1) but the fact that no cell issuperimposed-onthe-vatey
floeor-onty-contains only the valle: vaIIey

floor leads to this disfavouring 2

moisture is a key factor of stratification, which in turn favors
the cross valley winds influence. Simulations performed by Schmidli and Quimbayo-Duarte (2023) show that a 30% increased

29

soil moisture relative to KENDA-1 data leads to better along valley wind modeling. Even though stronger smoothing of the

the quallty of forecasts of vaIIey wmds and orographlcally

induced convection (Westerhuis et al., 2021).
Finally, despite the fact that KENDA-1 proposes good etimatetogies—monthly median values, the case-by-case analysis shows important

differences with meastrements—whether-theyare-particutareventsernot—observations. Non-systematic differences are observed in most profiles.
Even 35

thought these differences show
regular patterns in the case of foehn or valley winds, it is common that unpredictable behavior affects the model.

665 mean-5 Conclusion

The anatystsof thedatafrom-the MERcampatgnin-thetHastitat-extensive measurement campaign in MER yields valuable information on the

Meiringen
campatgnare-the-foowing:

—alpine middle size valleys. The observations of the
MWR, DWL and of the nearby SMN stations allowed to determine the particularities of this

r-at least 1-2 grid cells in the



i the Haslital valley between November
12021 and July 2022. In parallel to these observations, the data of two cells of the KENDA-1 assimilation model has been

nalyzed and compared
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1

1

1

1

1

1

1

1

1

1

1

i

1
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Regarding_the wind, thermal valley winds are observed in the monthly wind direction for all the months under study except in

680 to-meastrementsof-thenearby-grotnd-statton-December and January. This diurnal flow patterns develop in a more distinct way for the

summer months (June to August). The

vertical extent of down-valley winds after sunset increases from March to August: from 1000 ma-gt-to-+666-mag+
respectively:

urbation from fremadjacentvateyswind-system—ttere

—adjacent valleys wind system. At MEE, N winds from the tributary valley (Sarneraatal)
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| through the low altitude Briinig_Pass are observed from mid-afternoon to sunset. At MEE, they affect the evening_transition
, and sometimes even the along_valley wind pattern during_daytime below the altitude of the pass. If these N flows only slightly.

1 modify the up valley wind direction at MER, they are able to suppress the up valley winds at BRZ. Ferthe-climatetegy-ofin summer, a cross valley
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690 radhation re-opsServea—amp ttade-difference—arematphy—o ratto a
formation of this closed circulation cell is influenced by the strong_wind from the Sarneraatal.

3




The comparison with observations shows that KENDA-1 was able to simulate climatotogiesin—close-agreement-with-median directions and speeds

of the diurnal
valley winds. The vertical extent of the thermal winds, the onset time of down valley winds and the interaction with synoptic

winds are also appropriately modeled. However, some-phenomenaare ot

KENDA-1 shows a too early (1-2 hours)_onset of up-valley winds due to the
absence of the near surface stable layer caused by the nighttime inversion. Moreover, the observed cross circulation in MEE at

695 sunset is not modeled by KENDA-1.
Contrarily to monthly values, the analysis of single profiles shows important differences between the model and the

measurements. This is particularly true during foehn events with a

—t-the-case-of-near systematic underestimation of 2 to 4°C by KENDA-1

in both the ground and the profile temperatures. SMN-grote-meastrementsare-also
‘ L. 1 oms.

Fhe-evetutiorof FnMEEfromFebraaryteJuty-Wind speeds simulation during foehn show significant difference over MEE
and MER: the KEN-BA—-?—M—EE—pfeHe

—-KENDA-1/MEE show a good match up to

1000 m a.g.l. whereas KENDA 1/ MER reDorts wmd speed twice

700 higher (120 km/h). A detailed analysis of three clear sky summer days also allows to underline clear differences between the
observations and the model concerning_the wind direction (up to 90°), the wind speed (up to 30 km/h) and the timing_(up to 4-6
h)_of the along_valley transition.

The results obtained in this study allowed to deepen consensual knowledge about atmospheric phenomena in complex
topography and to identify processes specific to the studied valley. Complex interactions between the Haslital and the tributary

705 valley of the Sarneraatal have been observed and could explain some differences observed with the literature. However, many

observed phenomena are not yet satisfactorily ebserved-characterized and modeled and require further investigation. A better understanding
of the exchange processes in complex topography and the ability of the model to take them into account is an essential condition
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mountainous terrain.
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