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Abstract: Diurnal valley winds frequently form over complex topography, particularly under fair
weather conditions, and have a significant impact on the local weather and climate. Since diurnal
valley winds result from complex and multi-scale interactions, their representation in numerical
weather prediction models is challenging. Better understanding of these local winds based on
observations is crucial to improve the accuracy of the forecasts. This study investigates the diurnal
evolution of the three-dimensional mean wind structure in a deep Alpine valley, the Rhone valley at
Sion, using data from a radar wind profiler and a surface weather station operated continuously from
1 September 2016 to 17 July 2017. In particular, the wind profiler data was analyzed for a subset of
days on which fair weather conditions allowed for the full development of thermally driven winds.
A pronounced diurnal cycle of the wind speed, as well as a reversal of the wind direction twice per
day is documented for altitudes up to about 2 km above ground level (AGL) in the warm season and
less than 1 km AGL in winter. The diurnal pattern undergoes significant changes during the course
of the year. Particularly during the warm-weather months of May through to September, a low-level
wind maximum occurs, where mean maximum up-valley velocities of 8–10 m s−1 are found between
15–16 UTC at altitudes around 200 m AGL. In addition, during nighttime, a down-valley jet with
maximum wind speeds of 4–8 m s−1 around 1 km AGL is found. A case study of a three-day
period in September 2016 illustrates the occurrence of an elevated layer of cross-valley flow around
1–1.5 km AGL.

Keywords: valley wind; diurnal cycle; radar wind profiler; alpine valley; cross-valley flow

1. Introduction

Diurnal valley winds are local thermally driven wind systems, which typically develop under fair
weather conditions and are characterized by a pronounced daily periodicity with there being a reversal
of the wind direction twice a day (e.g., [1–4]). They are a frequent phenomenon over mountainous
terrain and play an important role in the atmospheric exchange of mass, momentum, and heat.
Moreover, they have a direct impact on the characteristics of local weather and climate conditions over
complex terrain, including diurnal changes in atmospheric variables, such as near-surface temperature,
wind, the formation of clouds, precipitation, and air pollutant concentrations (e.g., [5–10]). Therefore,
an increased understanding of the characteristics of diurnal valley winds is an important task for
air-quality studies, applications sensitive to wind behavior (e.g., aviation, wind energy), as well as for
numerical weather prediction and climate modeling (e.g., [11]).
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Despite the importance of the diurnal valley winds in highly complex terrain, their accurate
simulation using numerical weather prediction models is still a challenge, and has been the focus of
numerous studies (e.g., [12–19]). These and other studies were successful in simulating the essential
aspects of the valley wind systems, but they also pointed to the sensitivity of the results to the soil
conditions, as well as the choice of numerical grids and physical parameterizations. For instance,
Schmidli et al. [12] presented a detailed intercomparison of mesoscale model simulations of a daytime
valley wind system, and found that the largest source of uncertainty is related to the parameterization
of the land surface–atmosphere interactions and radiation transfer. By comparing model simulations
with measurements from the October 2000 Vertical Transport and Mixing experiment in Salt Lake
Valley, Chen et al. [18] studied the influence of grid resolution on the accuracy of the simulations.
The authors found that a finer resolution combined with an enlarged domain size produced the most
accurate simulations.

In this study, a climatology of the diurnal valley wind system throughout the valley depth in
a deep Alpine valley, the Rhone valley at Sion in Switzerland, is presented. Since, in different
valleys, the strength, depth, and timing of the valley flows are highly dependent on climatic and
local factors (e.g., [20]), it is important to sample a wide variety of valleys to further our knowledge
of the diurnal valley wind system in complex terrain. Having such a climatology available allows,
for example, the quantitative evaluation of the representation of the local thermally driven winds in
numerical weather prediction and climate models. The characterization of the structure of diurnal
valley winds over complex topography using observations have been the subject of several previous
studies. For instance, [8] carried out a study of the diurnal wind system of the Kali Gandaki Valley in
Nepal using data from pilot balloons for September and October 1998 and documented an up-valley
wind layer of 1–2 km depth during daytime, as well as a weak drainage flow of ∼1 km depth, which
forms at night. Using surface observations from the MesoWest cooperative networks, [21] examined
the diurnal evolution and consistency of the thermally driven winds in four regions of the U.S.
Intermountain West. The authors found a generally high day-to-day wind consistency at nighttime
and a low consistency of the winds during the transition periods from up-valley to down-valley winds.
The study of [22] provides a climatology of the mean winds in the summer season in the Central Valley
of California using data from 22 radar wind profiler/radio acoustic sounding systems. They observed
a low-level wind maximum with wind speeds up to 10 m s−1 within the lowest 300 m. Other studies
that provide the structure of diurnal valley winds over complex topography using observations are,
for example, [23–26].

To investigate the seasonal variability of the local diurnal valley wind system, we analyzed almost
one year of radar wind profiler measurements. In addition, we used data from a surface meteorological
station to evaluate the radar wind profiler measurements and to characterize the local atmospheric
conditions at the surface. We will focus on the thermally-driven along valley winds, since they are often
the dominant feature of the valley’s wind system. Hence, this study gains some basic observational
evidence on the seasonal and diurnal variations of thermally driven valley winds, as well as the spatial
and temporal evolution of their vertical profiles in a deep Alpine valley.

The paper is organized as follows: In Section 2, the study area and the observational datasets are
introduced. The results of our analysis, including the criteria applied to select valley wind days are
presented in Section 3, while the conclusions are summarized in Section 4.

2. Data and Methods

2.1. Key Datasets

The observed data were collected from a radar wind profiler, which was operated continuously
from 1 September 2016 through 17 July 2017 in the Rhone valley in Switzerland, and represents the
observational foundation of this study. This complex valley, which is approximately 150 km long,
stretches from the Rhone glacier to the Lake of Geneva, and its valley floor has a maximum width
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of about 4 km. The 1290 MHz radar wind profiler, which is a LAP3000 manufactured by Vaisala,
was sited at Sion airport (46.21864◦ N latitude, 7.330215◦ E longitude) at 482 m mean sea level (MSL).
The topography and land cover of this portion of the Rhone valley, as well as the location of the
radar wind profiler, is shown in Figure 1. In this region, the valley is approximately oriented along
a west-south-west to east-north-east axis. The highest mountains surrounding the valley to the south
rise up to above 4.5 km MSL, while the average height of the northern ridge line rises from about
2.6 km in the west to 3.8 km MSL in the east. In the region of Sion, the height of the northern ridge
varies between 2.1 km and 3.2 km MSL.

Figure 1. The topography of the Rhone valley around Sion airport and the location of the radar wind
profiler (Google Earth view).

The wind profiler was operated in two separate modes, a low-mode configuration covering
the altitude range from 590 m (corresponding to 108 m AGL) to 3714 m MSL with 58 m grid spacing,
and a high-mode configuration from 797 m (315 m AGL) to 8606 m MSL with grid spacing of 144 m.
To determine profiles of the three-dimensional wind vectors, the wind profiler emitted five beams—four
oblique beams with an elevation angle of 74.8◦, and one vertical beam with an elevation angle of
90◦ (thus, the diameter of the averaging volume at height h m AGL is about h/2). For the low-mode,
a pulse length of 101 m was used, and for the high-mode a pulse length of 405 m was used.

Quality control of the low and high-mode data was done by consensus averaging (calculated
every 10 min with an integration time of 30 min), and the consensus data were manually edited using
a similar method as proposed by [27] (e.g., [28]).

Figure 2 shows the data availability (fraction) of the low and high-mode wind profiler data by the
time of day and month as a function of height (within this study, the height axis always refers to MSL).
On average, the availability of the low- and high-mode wind profiler data depends on the season
and decreases with altitude. For the low-mode wind profiler, the data availability varies only slightly
with the time of day, with higher data availability during the daytime. Both the 50% and 80% data
availability heights are lowest in December and January and highest in June. For the high-mode wind
profiler, the data variability is largest at middle heights (800–2000 m MSL) during daytime (6–18 h).
The 50% availability height is lowest during nighttime and reaches its highest altitudes around 15 h.
Moreover, similar to the low-mode wind profiler data, it is lowest in December and January and
highest in June.

It is also important to note the sensitivity of radar wind profilers to the migration of birds
(e.g., [29]). Typically, bird migration takes place during the nighttime hours in autumn (from September
to November) when birds travel southward, and in spring (from March to May) when birds travel back
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northward, at heights up to 4 km if the wind conditions are favorable. In order to prevent the erroneous
wind speed estimates in the wind profiler data during the migration period, firstly, a data quality filter
using the Gabor technic ([30]) is applied to the data, and then, to remove the remaining contamination,
manual post-processing is performed, which identifies the birds with a high signal-to-noise ratio
(>25 dBz) and a constant direction during nighttime.
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Figure 2. Availability of wind profiler data by time of day (upper row) and by month (lower row) as
a function of height (m MSL) for the low-mode (left) and high-mode (right). Bold contour lines denote
the fraction equal to 80%, and thin contour lines denote 50%.

To evaluate the radar wind profiler measurements and to characterize the local weather conditions,
10 min averaged data of 10 m wind speed and direction, 1.5 m precipitation, 2 m and short-wave
incoming radiation from the surface meteorological station of the MeteoSwiss in Sion (hereinafter
weather station) were used.

In this study, the 10 min wind profiler and the surface station data have been aggregated to
hourly averages to eliminate higher-frequency fluctuations, as exemplified in Figure 3 (upper and
middle panels). The hourly averages were calculated for the time HH:25, where HH refers to the
corresponding hour. In addition, exemplary hourly averaged time series of the 10 m wind speed
measured by the weather station (sta_1h) in comparison to the low-mode wind profiler observations
(wp_1h) at 108 m AGL are shown in Figure 3 (lower panel). At nighttime, the hourly averaged wind
speed data given by the wind profiler is missing some values (cf. Figure 2), most likely due to the
migration of birds as described above. A clear diurnal cycle of the wind speed can be observed with
strong winds during daytime and much weaker winds during the night. Maximum near-surface winds
(10 m AGL) typically reach velocities around 8–10 m s−1. The agreement of the different time series is
generally quite good, despite the different measurement heights and sampling volumes. The wind
profiler typically measures higher values, as would be expected due to the effect of surface friction
(daytime) and the formation of stably-stratified cold pools (nighttime). The higher values at nighttime
are associated with an elevated down-valley jet (see Section 3.2.3).
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Figure 3. Time series of 10 min and hourly averaged wind speed for the weather station at 10 m AGL
(upper panel), the wind profiler at 108 m AGL (middle panel), and comparison of hourly averaged
wind speed for the wind profiler (wp_1h) and the weather station (sta_1h) (lower panel).

2.2. Weather Type Classification

At MeteoSwiss, a new automatic weather type classification method has been introduced
([31]). Using two different methods (GrossWetterTypes (GWT) and Cluster Analysis of Principal
Components), ten different classifications using various settings are calculated on a daily basis. In this
study, the adapted weather type classification GWTWS is used, which uses three prototype patterns
(a strict zonal pattern, a strict meridional pattern, and a cyclonic pattern with a minimum in the center)
and calculates a combination of the correlation coefficients. As input fields, the 500 hPa geopotential
heights, the mean wind speed in 500 hPa, and the averaged mean sea level pressure (MSL-p) are used.
The latter indicates low (MSL-p ≤ 1010 hPa), high (MSL-p ≥ 1015 hPa), and flat (1010 hPa < MSL-p <
1015 hPa or wind speed < 3 m s−1) pressure systems.

2.3. Selection of Valley Wind Days

This study focuses on the thermally-driven along valley winds, which typically develop on fair
weather days with weak synoptic flows. In order to characterize these winds in detail, we formulate
a set of objective criteria, which enable us to select days on which fair weather conditions allow a full
development of the thermally driven winds. We refer to these days with little or no cloud cover, a large
diurnal range of global radiation and which are typically characterized by a periodic pattern of the
diurnal evolution of the wind field ([4]), as valley wind days (VWDs). Following previous studies of
diurnal valley winds (e.g., [26,32]), we formulated the following set of criteria to select VWDs:

• Daily precipitation sum <1 mm;
• Incoming daily solar radiation >65% of the maximum daily total direct beam radiation;
• Flat pressure (FP) or high pressure (HP) weather type (see Section 2.2).

We refer to the first two conditions as presw.
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3. Results

This section is divided into three parts: in Section 3.1, a general overview of the wind climatology
is given. In Section 3.2, a characterization of the spatial and temporal diurnal evolution of thermally
driven winds is presented. In Section 3.2.4, an additional case study is presented to illustrate the
occurrence of an elevated cross-valley flow.

3.1. Overview of Seasonal Climatologies

To give an overview of the data, seasonal average wind statistics are calculated. The seasons are
autumn (from September 1 to November 30), winter (from December 1 to February 28), spring (from
March 1 to May 31), and summer (from June 1 to July 17). The wind statistics are shown in Figures 4–7.

In Figure 4, the frequency distribution of the wind direction and wind speed at the weather
station is compared with different levels of the low- and high-mode wind profiler data for autumn.
At altitudes below the average mountain ridge height (Figure 4a–d), there is a strong tendency for
the winds to blow parallel to the local valley’s axis (see Figure 1). Therefore, the two predominant
wind directions are west-south-west and east-north-east (corresponding to up-valley and down-valley
wind) with wind speeds mainly between 2–6 m s−1. At the weather station, the wind shows an easterly
component, which likely reflects the impact of nocturnal downslope flows. At higher altitudes and
above the lower sections of the mountain ridge (Figure 4e,f), the influence of the synoptic wind
becomes visible through increasing wind speeds and an increasing tendency for the winds to not be
aligned with the valley’s axis.

(a) Weather station, 10 m AGL
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Figure 4. Observed frequency distribution of the wind (with wind speed in m s−1) for autumn
(September 1 to November 30) for the weather station (a), the low-mode wind profiler data (b), and the
high-mode data (c–f). Note that the low-level up-valley winds are parallel to the valley’s axis.
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Since relatively similar results were found for the other seasons, in Figure 5, only the frequency
distribution of the wind direction and wind speed at the 224 m AGL level of the low-mode wind
profiler data is compared with weather-station data for winter (a and d), spring (b and e), and summer
(c and f). Here, again, the two predominant wind directions are west-south-west and east-north-east,
with higher variability near the surface. In spring and summer, the strongest up-valley winds can
be observed, with wind speeds up to 10 m s−1, whereas in winter, down-valley winds occur more
frequently than up-valley winds. Above 2.5 km MSL, the wind speeds increase with altitude, and the
two main wind directions are west-south-west and north-west (not shown).

Weather station, 10 m AGL
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Figure 5. As in Figure 4, but for winter (December 1 to February 28), spring (March 1 to May 31),
and summer (June 1 to July 17). Note that only the weather station and low-mode data are shown.

Figure 6 shows the mean diurnal cycle of the vector-averaged valley winds for each season for
the low-mode wind profiler data combined with the weather station data. The wind speed is masked
if more than 50% of the values are missing, and wind barbs are plotted if the wind speed is greater
than 2.5 knots. The valley’s axis is determined from the direction of the average up-valley jet, and is
found to be at an angle of 28◦. All seasons show a strong diurnal cycle in the vertical structure of the
winds. In autumn (Figure 6a), dominant up-valley flows can be observed during daytime. They are
characterized by a low-level wind maximum of 4–6 m s−1 occurring around 100–400 m AGL and
a decrease of the wind speed above the maximum. The transition from down-valley to up-valley
winds takes place around 9 UTC (10 local time) and depends on the synoptic conditions, as well as
the local sunrise time during the season. Therefore, within this seasonal overview, it is not possible to
specify an exact transition time.
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In winter (Figure 6b), during nighttime and in the morning, predominantly down-valley winds
are found with maximum wind speeds of 2–4 m s−1 around 200 m AGL. Thereby, the slight cross-valley
component at altitudes between 200–500 m AGL might result from winds descending from slopes.
In the afternoon, we find up-valley winds of 2–4 m s−1. Unlike in autumn, where the vertical profiles
reveal a low-level jetlike flow in the afternoon, no clear jet signal can be observed in winter. The average
length of the up-valley flow period is two hours shorter than in autumn.

Spring and summer (Figure 6c,d) show similar diurnal and vertical wind structures. Up-valley
flows dominate during the day, whereas in the early morning (2–7 UTC), weak down-valley winds
occur in the lowest 2 km MSL. The up-valley wind period becomes longer compared to the down-valley
wind period. Similarly to autumn, in the afternoon, the winds are characterized by a low-level jet
like structure of 4–6 m s−1 in spring, and 8–10 m s−1 in summer occurring around 200 m AGL. Above
2.5 km MSL, the influence of the synoptic wind becomes visible—increased wind speeds of∼4–8 m s−1

with a west-south-westerly direction. Moreover, the alignment of the wind direction with the valley’s
axis and the enhanced wind speed at these altitudes might come due to forced channeling by the
sidewalls of the valley [23].
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Figure 6. Mean diurnal cycle of the valley wind (vector-averaged) for the four seasons, based on the
low-mode wind profiler and the weather station data. The filled contours indicate the along-valley
wind speed (m s−1) with positive values for up-valley wind, the barbs denote the wind direction with
respect to the valley’s axis. The wind speed is masked if more than 50% of the values are missing and
wind barbs are plotted if the wind speed is greater than 2.5 knots.
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Figure 7. As in Figure 6, but for the directional consistency (color). The barbs denote the absolute wind
direction (not relative to valley’s axis).

The directional consistency C(ti) ([21]) for a given season at a given time of the day is shown
in Figure 7. It is defined as the ratio of the vector-averaged wind velocity to the scalar-averaged wind
velocity at that time

C(ti) =

√(
1
M

M
∑

i=1
u(ti)

)2

+

(
1
M

M
∑

i=1
v(ti)

)2

1
M

M
∑

i=1

√
u2(ti) + v2(ti)

, (1)

where M is the total number of hourly wind values. The parameters u and v describe the zonal and
meridional wind velocity, respectively. The range of values is C(ti) ∈ [0, 1] because the vector-averaged
wind speed is always smaller than or equal to the scalar-averaged wind speed. A wind that blows from
the same direction at a given time each day will have a directional consistency of 1, whereas a randomly
varying wind will have a directional consistency of 0. In general, the consistency is relatively high
near the surface, decreasing somewhat with altitude (particularly in autumn). The wind directions
appear to be least consistent during the morning and evening transition from down-valley to up-valley
winds and vice versa, which reflects the fact that the time of wind reversal changes over the year due
to the variations of the sunrise and sunset times, as well as being due to synoptic conditions and other
random factors. It can be clearly seen that the morning and evening wind reversal starts at the surface,
and then propagates upwards. The period of up-valley flow is also shortest in winter (11–18 UTC)
and longest in summer (8–22 UTC). During all seasons, below 1 km MSL the winds are dominated
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by thermally driven flows and are much more consistent, with wind consistencies of approximately
60–80%. Around noon and in the afternoon, the values of directional consistency are high (≥90% in
summer and ≥60–80% in autumn, winter, and spring), which indicates a high day-to-day consistency
of the low-level wind maximum (especially during the summer season). In summary, the diurnal
valley winds have a strong impact on the seasonal climatology, even when all days of a season, and not
only valley wind days, are considered.

3.2. Diurnal Valley Winds

3.2.1. Valley Wind Days

For further investigation of the typical characteristics of the diurnal valley wind system of the
Rhone valley at Sion, the following analyses have been made for a subset of days on which fair weather
conditions allowed for full development of the thermally driven winds. Following the criteria of
Section 2.3, a total of 119 VWDs were identified.

Exemplary time–height cross-sections of along-valley wind speed and wind direction with respect
to the valley’s axis for the low-mode wind profiler data combined with weather station data are shown
in Figure 8 for the first few days of September 2016. The observations show a pronounced diurnal
cycle of the wind speed and wind direction, as well as a strong variation of the winds with height.
Especially for the VWDs (September 1–3), very similar diurnal signals can be observed, with a reversal
of the wind direction twice per day. The winds usually blow down-valley at night and up-valley
during daytime, with maximum daytime velocities of 8–12 m s−1 at altitudes between 100–400 m AGL.
The missing data points during nighttime are most likely due to the migration of birds. Note also the
elevated layer of cross-valley flow between 1.5–2 km MSL.
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Figure 8. Time–height cross-section of along-valley wind speed (color) and wind direction (barbs)
relative to valley’s axis for the low-mode wind profiler data combined with the weather station data
for the first few days of September 2016.

3.2.2. Monthly Climatologies

Figures 9 and 10 show the monthly, mean diurnal cycle of the along-valley wind speed and
wind direction with respect to the valley’s axis for the low-mode and high-mode wind profiler
data combined with weather station data averaged over the VWDs, respectively. This provides
a refined characterization of the diurnal wind patterns in comparison to the time–height cross-sections
discussed in the previous paragraph. In general, we found that the results including only valley
wind days are similar to the seasonal climatologies in Section 3.1. For all months, strong diurnal
wind patterns are visible, but there is a large seasonal variation in the strength, depth, and timing of
the along-valley winds. At night, we observe weaker down-valley winds near the surface, whereas
stronger down-valley winds are found at higher altitudes. In particular, around 6 UTC, a down-valley
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wind maximum of 4–6 m s−1 is found at altitudes between approximately 0.5–1 km AGL in the warmer
months (see Figures 9 and 10a,j,k, respectively). In contrast, we find that the low-level jet-like structure
during the afternoon regime is particularly pronounced from May to July and in September with
mean maximum wind speeds exceeding 8 m s−1 around 200 m AGL, whereas in the winter months,
only weak up-valley winds are found. Moreover, the depth of the up-valley wind layer in winter
reaches only altitudes up to 1 km MSL, while during the other seasons, a much deeper layer with
up-valley winds is found. In addition, we observe in Figures 9 and 10 during the summer season
(especially in September) and additionally in April, hints of layers with a north-west to north flow
between 1.5–2.5 km MSL.

Next, the along-valley wind speed as a function of month and time of day for the low-mode wind
profiler at different altitudes is shown in Figure 11. During the morning transition period, which starts
approximately 3 h after the local sunrise, the down-valley winds weaken and transition into up-valley
winds. The earliest time of wind reversal at the surface is observed in summer, where it takes place
at around 9 UTC and extends vertically up to ∼2 km MSL (i.e., Figure 10). In contrast, during the
winter months, the time of wind reversal takes place at the surface around noon and extends only up
to 1 km MSL. The highest wind speeds are found in Figure 11 c around 15–16 UTC, corresponding to
altitudes of 224 m AGL. Similar to the morning transition, in the evening (∼3 h after the local sunset),
the up-valley winds weaken and turn again to the down-valley. Looking at Figure 11, the earliest
time of the wind reversal at the surface can be observed around 17 UTC in winter, whereas during the
summer months it takes place around 20–22 UTC.

In addition, corresponding results for the seasonal directional consistency during the VWDs are
shown in Figure A1 in the Appendix A. The figures generally reveal the high variability of the time of
the wind reversal during the year, a very high consistency of the up-valley winds in autumn, spring,
and summer, as well as a high consistency of the nocturnal down-valley winds during wintertime.

In order to complement the picture, we have provided a rough characterization of the annual
cycle of the thermal stratification of the valley atmosphere. As no soundings were available in the
region, the stratification of the lower and upper part of the valley atmosphere was estimated from
differences in potential temperature between three stations. These include Sion on the valley floor (SIO,
482 m MSL), Montana on a slope to the north-east of Sion (MVE, 1427 m MSL), and Les Diablerets on
the mountain ridge to the north-west of Sion (DIA, 2964 m MSL). As a first step, the monthly mean
diurnal cycle of potential temperature is calculated for the valley wind days for each station. Then,
the daytime minimum and the nighttime maximum differences in potential temperature between two
stations is calculated for each month. Figure 12 shows the resulting annual cycle of the stratification
of the lower part of the valley atmosphere (MVE-SIO) and over the depth of the valley atmosphere
(DIA-SIO). As expected, the stratification is strong during the winter months, but even during the
summer months, the valley remains stably stratified throughout the day, protecting the lower part of
the valley atmosphere from external influences.
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(g) March (n = 8)
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(j) June (n = 10)
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Figure 9. Mean diurnal cycle of the along-valley wind speed (color) and wind direction with respect to
the valley’s axis (barbs) for the combined low-mode wind profiler and weather station data, averaged
over the valley wind days (n). Note that the mean diurnal cycle is determined by vector-averaging,
thus a wind with random variations of the direction would average to zero. The wind speed is masked
if more than 50% of the values are missing, and wind barbs are plotted if the wind speed is greater
than 2.5 knots.
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(g) March (n = 8)
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(j) June (n = 10)
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Figure 10. As in Figure 9, but for the high-mode wind profiler data.
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(b) 108 m AGL
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(c) 224 m AGL
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Figure 11. Along-valley wind speed (color, vector-averaged) as a function of time of day and month for
the weather station data (a) and the low-mode wind profiler data at different altitudes (b,c). The bold
lines denote the time of local sunrise and sunset (on the 15th of each month), respectively.
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Figure 12. Annual cycle of minimum daytime (sold lines) and maximum nighttime (dashed lines)
mean stratification on valley wind days in the lower part of the valley atmosphere (MVE-SIO) and
over the depth of the valley atmosphere (DIA-SIO). The stratification is indicated in terms of potential
temperature differences between the three stations: Sion (SIO, 482 m MSL), Montana (MVE, 1427 m
MSL), and Diablerets (DIA, 2964 m MSL).

3.2.3. Characteristics of the Daytime Up-Valley Wind and the Nocturnal Down-Valley Wind

In the above, we presented an overview of the climatological characteristics of the diurnal
valley winds in Sion, where especially during the warm season months, a strong daytime up-valley
wind, as well as a pronounced nocturnal down-valley jet were been observed. In this section, some
general characteristics of these along-valley winds are discussed for two selected warm season
months, September 2016 and June 2017, since within these, the data availability of the wind profiler is
high. Moreover, the observed along-valley winds are most pronounced during the selected months.
Therefore, for each of these two warm season months, the mean diurnal cycle of valley wind measured
by the weather station at 10 m AGL is compared to the low-mode wind profiler data at 224 m AGL
(see Figure 13). Overall, a very similar diurnal evolution can be observed, with strong up-valley winds
during daytime and weaker down-valley winds at nighttime.

In September, a maximum mean up-valley wind of 9 m s−1 is observed around 15–16 UTC at 224 m
AGL, whereas at the same altitude in June, a value of 10 m s−1 is found around 18 UTC. During daytime,
the wind direction at both altitudes is well-aligned with the valley’s axis with a slightly more westerly
component at the surface. In both months, the up-valley wind at higher elevations persists longer than
at lower elevations. In contrast, at nighttime, the wind direction differs substantially between the two
levels. At the upper level, the down-valley wind is well-aligned with the valley’s axis, while at the
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surface, the wind also has a downslope component. Note the very similar values of the vector-averaged
and median wind speed during daytime but the larger differences between the two quantities during
the nighttime, indicative of the very consistent daytime up-valley wind and the larger variability of the
wind direction at nighttime. Next, we present the monthly averaged profiles (over VWDs) of the valley
wind at 6 UTC and 16 UTC measured by the low- and high-mode wind profiler (see Figure 13). During
daytime, the up-valley wind forms a pronounced jet with maximum wind speeds between 8–10 m s−1

around 200 m AGL, and only small changes in wind direction with altitude are found during both
months. A weak signal of a cross-valley flow is observed at heights between 1.5–2.5 km MSL. During
nighttime, a pronounced signal of an elevated nocturnal down-valley jet of ∼6 m s−1 is observed in
June at altitudes between 0.5–1 km AGL, while only a weak nocturnal down-valley wind of 2–3 m s−1

is observed in September. Note the similar values of the vector-averaged and median wind speed at
lower altitudes and the larger differences at higher altitudes, indicative of larger directional variability
of the wind at higher altitudes.
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Figure 13. Left column: Mean diurnal cycle of the valley wind (vector-averaged) measured by the
weather station (10 m AGL) and by the low-mode wind profiler (224 m AGL) for the valley wind days
in September 2016 and June 2017. Solid lines denote wind speed and symbols the wind’s direction.
The thin dashed line represents the median wind speed at 224 m AGL. Right column: Vector-averaged
profiles of the wind at 6 UTC and 16 UTC for the same valley wind days. Thin dashed lines represent
the median of the wind speed. For September (June), the low-mode wind profiler data is used for
heights below 1000 m MSL (3000 m MSL), whereas at altitudes above 1000 m MSL (3000 m MSL),
the high-mode wind profiler data is shown. The dashed line marks the valley’s axis.
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3.2.4. Case Study of Cross-Valley Flow

Overall, the monthly analysis of the wind profiler data for days with fair weather conditions
has revealed several interesting characteristics of the along-valley winds within the Rhone valley at
Sion, including a strong up-valley jet in the afternoon, a moderate to strong down-valley jet during
the night (in particular in the summer months), and the strong seasonal variation of the strength,
timing, and extent of the along-valley winds. Another phenomenon partly visible in Figure 13 is
an elevated layer of cross-valley flow. An examination of the data shows that this cross-valley flow is
a recurring phenomenon. To illustrate this peculiar phenomenon, a more detailed view of the flow
evolution during the first three VWDs in September 2016 is presented in Figure 14a. The figure shows
a time–height cross-section of the along-valley wind speed and wind direction from the surface up to
an altitude of 3 km. Overall, a very similar day-to-day evolution can be observed. Similarly to Figure 3,
there are strong up-valley winds during daytime, whereas at night, weaker down-valley winds are
found. The morning and evening transition takes place around 10 UTC and 20 UTC, respectively.
At higher altitudes, between 1500 and 2000–2500 m MSL, a pronounced signal of an elevated layer of
cross-valley flow is visible in the early afternoon on all three days. It can be seen that this layer of
cross-valley flow is associated with downward motion (see contour lines of vertical velocity), indicative
of a katabatic flow. The likely origin of this flow is a thermally-induced cross-ridge flow from the cooler
Berneese Oberland to the warmer Rhone valley. Such a cross-ridge flow is known from gliding pilots
(MeteoSwiss, personal communication) and has been observed in preliminary numerical simulations.
One would expect such a cross-ridge flow to follow the slopes until it reaches its level of neutral
buoyancy, leaves the slope, and flows into the valley atmosphere. The situation is summarized in
a conceptual model in Figure 15. To provide a more quantitative view of the cross-valley flow, profiles
of the wind speed and wind direction at 14 UTC on the three consecutive VWDs are shown in Figure 14
b. Similarly to the results discussed in the previous paragraph, maximum wind speeds are found
around 200 m AGL. The profiles of wind direction show winds aligned with the valley’s axis up to
about 1.5 km MSL, whereas between 2–2.5 km AGL, a clear signal of an elevated layer of cross-valley
flow (corresponding to a north-west-north flow) with wind speeds of about 4 m s−1 and downward
motion can be observed.
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Figure 14. (a): Time–height cross-section of along-valley wind speed (color) and wind direction (barbs)
with respect to the valley’s axis for high-mode wind profiler data (for height >1100 m MSL) combined
with low-mode wind profiler and weather station data for the first three days of September 2016.
Bold and thin contour lines denote vertical velocity with contour values of −0.4 m s−1 and −0.2 m s−1,
respectively. (b): Profiles of wind speed (bold lines), wind direction (symbols), and vertical velocity
(thin lines) for the first three days of September 2016 for the high- (height > 1100 m MSL) and low-mode
wind profiler. The solid grey line marks the zero line for vertical velocity, and the dashed grey line
marks the valley’s axis.
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4. Conclusions

In this study, the local structure of the valley winds and particularly of the thermally driven diurnal
valley winds in a deep Alpine valley (the Rhone valley at Sion) has been systematically investigated,
using almost one year of continuous data from a 1290 MHz radar wind profiler. In addition, data
from a surface weather station were used to extend the measurements of the wind profiler to obtain
near-surface winds, precipitation, and short-wave incoming radiation. The analysis was refined using
only a subset of the data selected using a set of objective criteria. The purpose of the selection was
to identify days with fair weather conditions—valley wind days—in order to better characterize the
thermally driven valley wind system. Nevertheless, the results from the analysis of the valley wind
days are similar to those using all available data, confirming the importance of the diurnal winds for
the seasonal climatology.

The analysis of the data led to the following results:

1. At lower altitudes, the winds in the Rhone valley at Sion exhibit, as expected, a strong tendency to
blow parallel to the local valley’s axis. There is a strong diurnal signal with up-valley flow during
the daytime, and down-valley flow during the nighttime. During the warm summer months,
the time of the wind reversal at the surface takes place around 9 UTC, whereas in winter it takes
place around noon. The vertical extent of the (mean) diurnal valley wind compares relatively well
with valley flow heights found in different valleys (e.g., [20]). It varies from about 1 km MSL in
winter to over 2.5 km MSL in summer. At higher elevations, there is still some diurnal variation
of the mean wind, but without a clear flow reversal. The wind climatology in terms of wind
direction transitions to that of the large-scale winds, although with lower wind speeds up to the
height of the surrounding mountains.

2. During the warm season (May to September), the up-valley wind typically forms a strong
low-level jet with maximum wind speeds at around 200 m AGL. This low-level jet attains mean
maximum velocities of 8–10 m s−1, typically between 15–16 UTC. The nocturnal down-valley
wind typically forms an elevated jet with mean maximum velocities of about 4–8 m s−1 at
500–1000 m AGL.

3. During the daytime, high directional consistency values are found, indicating a high day-to-day
consistency of the low-level up-valley winds, whereas moderate values for the directional
consistency are found during nighttime. Moreover, especially during the valley wind days,
a very high directional consistency is observed. In contrast, the directional consistency is generally
very low during the morning and evening transition periods, since the time of wind reversal
changes due to seasonal variations of the local sunrise and sunset times as well as due to synoptic
conditions and other random factors.

4. At altitudes around 1.5–2.5 km MSL a clear signal of an elevated layer of cross-valley flow with
downward motion is regularly observed on valley wind days. It is likely related to a regional
katabatic cross-ridge flow originating from the Berneese Oberland, as illustrated in Figure 15.
Note that the flow below and above the layer of cross-valley flow is in the up-valley direction.

To sum up, this study provides a solid basis to extend our understanding of the complexity
and characteristics of diurnal valley winds in a deep Alpine valley. However, since the analyzed
wind profiler data only gave insights for a period of less than 11 months, some questions still remain.
Therefore, additional high-resolution numerical simulations of the wind system of the Rhone valley
at Sion could provide additional insights into the evolution of thermally driven winds in the valley.
Moreover, a qualitative comparison between the wind profiler and a numerical weather prediction
model would allow to draw further conclusions on the skill of those models to forecast the diurnal
valley winds in a deep Alpine valley. In addition, if the data were assimilated in a numerical weather
prediction model, it could potentially improve the forecast skills.
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Figure 15. Conceptual model of the formation of the elevated layer of cross-valley flow observed by the
wind profiler stationed in the valley center. It is hypothesized that cooler air from the Berneese Oberland
crosses the mountain ridge to the north of the Rhone valley (blue dashed arrows), preferentially through
lower-lying passes, follows the slopes as a katabatic flow until it reaches its level of neutral buoyancy
and flows into the valley center. Below and above the cross-valley flow layer, the flow is in the up-valley
direction (

⊗
).

Author Contributions: F.S. wrote the paper and partly conducted the data analysis. J.S. designed the study,
conducted the main part of the data analysis, prepared the figures, and contributed input to the manuscript. A.H.
and M.H. were responsible for the measurement campaign and provided the wind profiler data, supported its
interpretation, and commented on the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: Fabienne Schmid and Juerg Schmidli were partly supported by the Hans Ertel Centre for
Weather Research.

Acknowledgments: We would like to thank Ludovic Ranaud and Antoine Vessaz from MeteoSwiss for organizing
the measurement campaign and for taking care of the instruments during the deployment. We further thank
Dominique Ruffieux, former collaborator of MeteoSwiss, for thorough quality checking of the windprofiler data.
Analyses and figures were produced using the open source software Python and Matplotlib [33].

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

(a) Autumn (n = 34)
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(b) Winter (n = 35)
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(c) Spring (n = 34)
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(d) Summer (n = 15)
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Figure A1. As in Figure 7 for directional consistency (color).
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