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Abstract
“Valley-wind days” are characterized by synoptically undisturbed, clear-sky conditions,
which lead to the formation of thermally-driven slope- and valley-wind circulations in moun-
tain regions. A simple method is presented to identify these conditions in the Inn Valley,
Austria, using ERA-Interim geopotential height fields and a clear-sky index, which is calcu-
lated from measurements of longwave incoming radiation, air temperature, and humidity at
a single site on the valley floor. As the method is based on identifying weak synoptic-scale
flows and clear skies, it can also be applied to the identification of ideal conditions for other
thermally-driven circulations. The mean diurnal cycle of the valley-wind circulation on these
days is briefly discussed.

Keywords Clear-sky index · Thermally-driven flows · Valley winds · Weak synoptic forcing

1 Introduction

Regional, thermally-driven circulations can dominate the wind field in the atmospheric
boundary layer during synoptically undisturbed, clear-sky conditions. An example is the
diurnal slope- and valley-wind system in mountain valleys, which forms as a result of hori-
zontal temperature gradients (Zardi and Whiteman 2012). During daytime, the near-surface
air along slopes warms more than the air away from the slope. The resulting buoyancy pro-
duces an upslope flow along the sidewall, while stronger cooling at night-time produces a
downslope flow. Valley winds, on the other hand, form as a result of horizontal temperature
differences between the valley atmosphere and the adjacent plain due to stronger heating of
the valley during daytime and stronger cooling during night-time, which leads to horizontal
pressure gradients (Vergeiner and Dreiseitl 1987). Both slope winds and valley winds are
thus typically characterized by a twice daily reversal of the flow direction, with the transition
from night-time downslope to daytime upslope winds in the morning and vice versa in the
evening occurring almost immediately after sunrise and sunset, respectively. The valley-wind
transition lags the slope-wind transition, with the valley-wind transition oftentimes occurring
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several hours after sunrise or sunset, depending on the size of the valley and thus the volume
of the valley atmosphere (Zardi and Whiteman 2012). Valley and slope winds are typically
characterized by a jet-like profile, with night-time down-valley flows having a wind-speed
maximum several tens to hundreds of metres above the ground, whereas the daytime pro-
files are typically somewhat better mixed (Zardi and Whiteman 2012). Valley winds play an
important role in the transport of energy and mass, including air pollutants in the mountain
boundary layer (Lehner and Rotach 2018).

To study boundary-layer processes and characteristics, it is often useful to distinguish
between entirely thermally-drivenmesoscale flow conditions and largely dynamically-driven
(e.g., foehn) and synoptically-driven conditions, for example, to evaluate the performance
of model parametrizations during valley flow (Goger et al. 2018). A large number of studies
thus deal with the description and analysis of thermally-driven flows in complex terrain
under undisturbed conditions (e.g., Zardi and Whiteman 2012), so-called valley-wind days
(VWDs), as well as their effect on the atmospheric boundary layer (e.g., Lehner and Rotach
2018; Serafin et al. 2018). When working with large datasets rather than individual case
studies, it can thus become necessary to automatically identify VWDs.

Dreiseitl et al. (1980) and Vergeiner and Dreiseitl (1987) determined VWDs in the Inn
Valley, Austria, based on an identification of twice-daily transitions in wind direction, that
is, from down-valley to up-valley and vice versa during predefined time windows in the
morning and evening, respectively. An alternative is to use other parameters to identify
the conditions leading to VWDs or a combination of wind direction and other parameters.
Giovannini et al. (2017), for example, identifiedVWDs for theAdigeValley, Italy, using daily
integrals of global solar radiation, thresholds for daily pressure ranges, and a requirement for
persistent up-valley and down-valley flows during daytime and night-time, respectively,while
Matzinger et al. (2003) used only cloud cover to identify valley-wind days. Martínez et al.
(2008) and Conangla et al. (2018) used criteria to identify clear-sky, undisturbed conditions,
specifically, stable nights. They also compared the observed daily solar irradiation with the
theoretical irradiation at the top of the atmosphere, used a threshold value for the observed
nocturnal wind speed, and a humidity criterion to identify dry conditions.

Here, we present a method to identify synoptically undisturbed, clear-sky days using the
example of the Inn Valley based on geopotential-height gradients in ERA-Interim reanalysis
data and a clear-sky index (CSI ;Marty and Philipona 2000). The identified days are expected
to be determined by the thermally-driven slope- and valley-wind system and are thus termed
VWDs. Local wind data are not considered in the identification of VWDs, but diurnal cycles
of wind speed and direction presented in Sect. 3 show the characteristic development of a
valley-wind circulation and its relation to the local along-valley pressure gradient on the
identified VWDs.

The Inn Valley is an approximately south-west–north-east oriented valley in the western
part of Austria, with a depth of about 2000 m and a width of about 2 km in the vicinity of
the measurement site. Four years (2014–2017) of half-hourly data are used from a 17-m high
turbulence tower, which is part of the i-Box project (Innsbruck Box; Rotach et al. 2017) and
which is located approximately in the centre of the valley floor (47.305◦N, 11.622◦E, 545 m
above mean sea level). Following Rotach et al. (2017), the site is referred to as the VF0 site
(valley floor, 0◦ slope angle). Longwave and shortwave radiation data are based on measure-
ments from ventilated CGR4 pyrgeometers and CMP21 pyranometers, respectively (Kipp &
Zonen, Delft, The Netherlands), wind direction from a CSAT3 sonic anemometer (Campbell
Scientific, Logan, Utah, USA), and temperature and humidity from a PT100 sensor and HT-1
hygrometer (HC2A-S, Rotronic, Bessersdorf, Switzerland), respectively. Turbulent sensible
and latent heat fluxes for the surface energy balance were calculated frommeasurements with
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the sonic anemometer and a co-located infrared gas analyzer (EC150, Campbell Scientific,
Logan, Utah, USA). Temperature and humidity are measured at 17 m above ground level
(a.g.l.); the sonic anemometer and infrared gas analyzer were installed at 4 m a.g.l., and
radiation measurements are made at 2 m a.g.l. Ground-heat-flux calculations are based on
measurements using a soil heat-flux plate (HFP01, Hukseflux, Delft, The Netherlands) at
0.1 m and soil temperature and moisture measurements approximately 0.05 m farther above
(TRIME-PICO, IMKO, Ettlingen, Germany).

2 Identification of Valley-Wind Days

To identify VWDs, two criteria are combined: (i) a criterion to identify synoptically undis-
turbed days, that is, days with a weak large-scale pressure gradient, and (ii) a criterion to
identify clear-sky days based on a clear-sky index (Marty and Philipona 2000). Both criteria
have to be met to classify a given day as a VWD.

2.1 Synoptically Undisturbed Days

Synoptically undisturbeddays are identified fromERA-Interim (Dee et al. 2011) geopotential-
height gradients at the 700-hPa surface, which is located about 500m above the average ridge
level in the vicinity of the Inn Valley. Gradients are calculated for 0000 and 1200 UTC
in both west–east (i.e., ΔZ/Δx) and south–north (i.e., ΔZ/Δy) directions across 2Δx
(between 12.0◦E, 48.0◦N and 12.0◦E, 46.5◦N) and 2Δy (between 12.75◦E, 47.25◦N and
11.25◦E, 47.25◦N), respectively, with the VF0 site approximately centred in-between. A
threshold value for weak gradients is then applied to both ΔZ/Δx and ΔZ/Δy. Holton
and Hakim (2013) define the magnitude of a typical midlatitude synoptic cyclone with
δ p/L = 10−3 Pa m−1,where δ p = 103 Pa is a typical pressure disturbance and L = 1000 km
is the horizontal scale. This typical pressure gradient corresponds to a geopotential height Z
gradient of δZ/L = δ p/gL = 10−4.

Requiring that both |ΔZ/Δx | and |ΔZ/Δy| are at least one order of magnitude smaller
than the threshold of 10−4 for a typical cyclone given by Holton and Hakim (2013) leaves
only 1.7% of all 0000 and 1200 UTC data points between 2014 and 2017. Based on the
frequency distributions of ΔZ/Δx and ΔZ/Δy in Fig. 1 and using the value of Holton and
Hakim (2013) as a guideline, a slightly more relaxed threshold of 4 × 10−5 was selected to
identify synoptically undisturbed conditions so that at least 25% of all cases are selected.
Specifically, 28% of all 0000 and 1200 UTC geopotential height fields meet this criterion
during 2014–2017. To summarize, a day is identified as a synoptically undisturbed day if
both ΔZ/Δx and ΔZ/Δy are less than or equal to 4 × 10−5 at 0000 and 1200 UTC and at
0000 UTC of the following day, which yields a total of 188 synoptically undisturbed days
during the four years. ERA-Interim reanalysis has a resolution of 0.75◦. Tests with the more
highly resolved ERA5 dataset suggest that as more details of the circulation are resolved
and the fields thus become less smooth, either the threshold needs to be relaxed or averages
over multiple grid points need to be used, particularly if the gradients are evaluated over
comparatively smaller distances.

123



438 M. Lehner et al.

Fig. 1 Distributions of ΔZ/Δx and ΔZ/Δy for 0000 and 1200 UTC between 2014 and 2017, with a bin
width of 0.2 × 10−4

2.2 Clear-Sky Days

Clear-sky conditions are identified using a clear-sky index (Marty and Philipona 2000)

CSI = εA

ε
, (1)

where ε is the modelled atmospheric emissivity for clear-sky conditions and εA is the actual
atmospheric emissivity calculated from measurements

εA = L↓
σT 4 , (2)

with L↓ being the measured longwave incoming radiation, T the observed air temperature,
and σ = 5.67× 10−8 W m−2 K−4 is the Stefan–Boltzmann constant. To exclude times with
snow cover or frost on the radiometer from the analysis, the albedo was calculated from
shortwave radiation measurements and the data were excluded if the albedo > 0.9. The sky
is considered clear if CSI ≤ 1, that is, if the actual atmospheric emissivity εA is less than
or equal to the modelled atmospheric emissivity for clear-sky conditions ε. In contrast to
clear-sky identification methods based on solar radiation, the CSI method has the advantage
that it is based on longwave radiation and thus is also applicable during night-time.

Atmospheric emissivity εA is calculated from 30-min averages of 1-min observations of
temperature (17 m a.g.l.) and longwave incoming radiation (2 m a.g.l.) at the VF0 site. A
large number of models exists for the clear-sky emissivity ε, which typically parametrize ε

as a function of air temperature T and water vapour pressure e (see, e.g., Prata (1996) and
Niemelä et al. (2001) for reviews). The models are generally based on fits of εA for clear-sky
conditions at different sites around the world. Several of these models were tested here to
identify the one that provides the best fit to the data from the VF0 site (Table 1).

Histograms of atmospheric emissivity εA calculated from observations and parametrized
emissivity ε are shown in Fig. 2. Since there are no sky observations or automatic all-sky
images available for the VF0 site, there is no direct way of identifying clear-sky data points.
The histograms in Fig. 2, however, reveal two main clusters. The first cluster with low εA
around 0.8 can be assumed to represent clear-sky conditions and the second cluster with high
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Table 1 List of models for clear-sky atmospheric emissivity, where T and e are air temperature in K and water
vapour pressure in hPa, respectively. Coefficients in MP00 are those listed for Payerne, Switzerland

Reference Abbrev. Function

Brutsaert (1975) B75 ε = 1.24 (e/T )1/7

Prata (1996) P96 ε = 1 − (1 + 46.5e/T ) exp
[
− (1.2 + 139.5e/T )1/2

]

Dilley and O’Brien (1998) DO98 ε = [59.38 + 113.7 (T /273.16)6 + 96.96
√
465/25e/T ]/

(
σT 4

)

Marty and Philipona (2000) MP00 ε = 0.23 + 0.47 (100e/T )1/8

Swinbank (1963) S63 ε = 9.2 × 10−6T 2

Idso and Jackson (1969) IJ69 ε = 1 − 0.261 exp
[
−7.77 × 10−4 (273 − T )2

]

Ångström (1916) A16 ε = 0.84 − 0.18 × 10−0.067e

Satterlund (1979) S79 ε = 1.08
[
1 − exp

(
−eT /2016

)]

Idso (1981) I81 ε = 0.7 + 5.95 × 10−5e exp (1500/T )

Fig. 2 Histograms of atmospheric emissivity and parametrized clear-sky emissivity for four years of data
(2014–2017) at VF0. The different parametrizations for clear-sky emissivity are listed in Table 1, where the
abbreviations are defined. Cyan and yellow contour lines highlight areas with percentages larger than 0.3 and
0.5%, respectively. Red solid lines correspond toCSI = εA/ε = 1 and red dashed lines in b and d correspond
to εA/ε = 1/1.05 and 1/1.07
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εA of close to 1 to represent cloudy conditions. There is, however, also a relatively large
number of data points located between the two major data clusters, which cannot be clearly
assigned to one of the two states.

For clear-sky conditions a close correspondence is expected between εA and ε calculated
from the clear-sky parametrizations listed in Table 1, but no agreement for cloudy conditions.
The two parametrizations that do not take humidity into account, that is, S63 and IJ69
(Fig. 2e, f), clearly perform the worst. This was also found by Sedlar and Hock (2009). The
parametrizations that include a dependency on both temperature and humidity all show a
more or less linear relation with observed values of εA for clear-sky conditions, but generally
either underestimate (B75, P96, DO98, and MP00) or overestimate (S79 and I81) εA. While
the maxima related to clear-sky values in the histograms for P96 and MP00 remain relatively
narrowandmaintain a constant slopewith εA over the entire range of clear-sky values (Fig. 2b,
d), the maxima in the other histograms are slightly less homogeneous. Clear-sky emissivity
based on B75, for example, agrees well with εA for values larger than about 0.8, but starts
to deviate for lower values. The parametrizations by A16 and I81, on the other hand, deviate
somewhat more strongly at larger values of εA.

With the assumption that the left peak in the histograms of Fig. 2 represents clear-sky con-
ditions, we can look for a parametrization that best envelops these data. The red solid lines in
Fig. 2 correspond to εA = ε orCSI = 1, that is, areas to the left of these lines would be iden-
tified as clear-sky conditions. It has to be noted again that there are no direct sky observations
available and therefore no possibility of ranking the parametrizations entirely objectively.
While the parametrizations by P96 and MP00 underestimate observed ε, adding a constant
multiplication factor to the parametrizations results in a relatively sharp differentiation of the
clear-sky maximum in the histogram. These modified parametrizations are represented by
the dashed red lines in Fig. 2. A comparison of the number of identified clear-sky days and
VWDs between 2014 and 2017 using P96 and MP00 with different multiplication factors is
given in Table 2. A clear-sky day is identified if the calculated CSI ≤ 1 at the VF0 site for
more than 90% of the 48 30-min averages during a day and finally, a VWD is identified if
both criteria for synoptically undisturbed and clear-sky days are met. The parametrizations
by MP00 and P96 give almost identical results. The magnitude of the multiplication factor,
however, affects the results more strongly, with an increase in the factor from 1.05 to 1.07
leading to about 40–50 more clear-sky days in four years and about 10 more VWDs. The
exact days identified by the two methods differ slightly, however, in that only 97.8% and
96.7% of the days identified by one of the two methods are simultaneously identified by the
other method (Fig. 3).

Based on Fig. 2, we finally selected the criterion of Prata (1996) with a multiplication
factor of C = 1.07,

ε = C

{
1 −

(
1 + 46.5

e

T

)
exp

[
−

(
1.2 + 139.5

e

T

)1/2]}
, (3)

where T is in K and e in hPa. This parametrization captures more or less the entire maximum
in the histogram representing clear-sky conditions, that is, the area within the 0.3% isoline
and yields a total of 182 clear-sky days between 2014 and 2017 (Table 2).

2.3 Evaluation of the Clear-Sky IdentificationMethod

To evaluate the performance of the clear-sky identification algorithm, observed incoming
shortwave radiation is compared to calculated extraterrestrial radiation (Fig. 4). The hypothe-
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Table 2 Number of identified clear-sky days andVWDs between 2014 and 2017 for different parametrizations
of clear-sky emissivity. The parametrized ε values aremultiplied by different factors to identify the subjectively
best results for the VF0 site in the Inn Valley

Parametrization Multiplication factor Clear-sky days VWDs

VF0

P96 1.05 134 42

1.06 161 48

1.07 182 54

MP00 1.05 138 42

1.06 163 47

1.07 180 53

Innsbruck (Ibk)

P96 1.07 199 57

MP00 1.00 7 4

MP00 1.07 192 53

Fig. 3 Comparison of days that are simultaneously identified by different methods. The number and back-
ground colour indicate the fraction of days identified by the method listed at the top that is also identified by
the method listed on the left. For example, 97.8% of the days identified by MP00 are also identified by P96
as clear-sky days. Reversely, 96.7% of the days identified by P96 are also identified by MP00. Both P96 and
MP00 refer to the parametrizations with a multiplication factor of 1.07. The numbers in the last two columns
and rows refer to threshold values for the geopotential-height gradient
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(a) (b)

Fig. 4 Histograms of calculated extraterrestrial radiation Rext and observed incoming shortwave radiation R
for periods with aCSI ≤ 1 and bCSI > 1. Both Rext and R are normalized by the maximum extraterrestrial
radiation on a given day. Only data points with Rext and R > 0.1 are shown and included in the calculation
of the correlation coefficient

sis is that during clear-sky conditions, shortwave incoming radiation R is strongly correlated
with extraterrestrial radiation Rext , but deviates during cloudy conditions. Extraterrestrial
radiation Rext was multiplied by a factor Cext = R0/Rext,0 to account for absorption in
the atmosphere, where R0 and Rext,0 are the observed incoming shortwave radiation and
extraterrestrial radiation at the time of solar noon on a given day, respectively. In addition,
both R and Rext are normalized by Rext,0 and only daytime data are analyzed when both
Rext and R > 0.1. Figure 4a shows that most data points are located on the diagonal with a
correlation coefficient of 0.88, that is, most of the identified clear-sky data points are indeed
non-cloudy. Conversely, the scatter is much larger in Fig. 4b, with a correlation coefficient
of only 0.62, indicating that there is correspondingly little correlation between R and Rext as
expected for cloudy periods. Using a more restrictive parametrization, for example, the orig-
inal formulation of Prata (1996) increases the correlation between Rext and R for clear-sky
periods (r = 0.96) since it includes fewer cloudy periods, but also misses more clear-sky
periods, as indicated by a higher correlation coefficient for CSI > 1 (r = 0.80). Therefore
a compromise has to be found between missing as few clear-sky periods as possible and
including as few cloudy periods as possible. The parametrization of Marty and Philipona
(2000) performs almost identically to the parametrization of Prata (1996), resulting in the
same correlation coefficients between R and Rext when using the samemultiplication factors.

Clear-sky emissivity depends on the altitude and climatic conditions. The parametrization
for ε is thus site-dependent and the above results cannot be directly transferred to other
locations. However, to test the universality of the selected parametrization (Eq. 3) within a
given valley, we applied it to data from Innsbruck, approximately 20 km west of the VF0
site. The data were collected as part of the Austrian RADiation monitoring network (ARAD,
Olefs et al. 2016) and it has to be noted that the radiation sensor was moved in mid 2016
from the urban centre of Innsbruck to the airport at the outskirts of the city. A slightly higher
number of clear-sky days is identified for Innsbruck, with 199 compared to 182 days for
VF0 (Table 2). Considering that 90% of the day has to be cloud-free to be classified as a
clear-sky day means that many days with scattered, convective clouds are not identified as
clear-sky days. A perfect agreement is thus not to be expected. This is also obvious from the
number of simultaneously identified clear-sky days between sites VF0 (P96) and Innsbruck
(Ibk-P96), with 83.0% and 75.9% depending on the reference site (Fig. 3). In combination
with the criterion for synoptically undisturbed conditions (for the location of the VF0 site)
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Table 3 Number of identified clear-sky days, synoptically undisturbed days, and VWDs for different com-
binations of thresholds for the geopotential-height gradient (δZ/L) and the fraction of clear-sky periods in a
24-h diurnal cycle ( fcs ). The first data column and row list the number of days identified as only synoptically
undisturbed and only clear-sky, respectively

fcs

– 90 80 70 60

δZ/L

– 182 257 339 431

4 × 10−5 188 54 71 86 101

5 × 10−5 301 81 105 128 147

the number of identified VWDs is, however, very similar to the number identified for the VF0
site, with 57 VWDs compared to 54 VWDs. A CSI value is also calculated operationally
for the ARAD network stations based on MP00 (Olefs et al. 2016). Therefore, the number of
clear-sky days andVWDswas also determined based onMP00 for this dataset (Table 2).With
the samemultiplication factor of 1.07 a slightly higher number of clear-sky days and the same
number of VWDs is again identified compared to theVF0 site, with 192 clear-sky days and 53
VWDs compared to 180 clear-sky days and 53 VWDs. Without the additional multiplication
factor, the number of identified clear-sky days is, however, only seven. This shows again that
only very low εA are identified as clear sky when unmodified parametrizations are used for
ε, so that only a small fraction of clear-sky conditions is captured.

Several other studies have based the identification of clear-sky days on solar incoming
radiation, which has the disadvantage that it works only during daytime. For example, Gio-
vannini et al. (2017) defined a clear-sky day if the daily solar radiation exceeds 50% of the
maximum daily solar radiation during that month.Whiteman et al. (1999) compared the daily
incoming solar radiation to the extraterrestrial radiation, defining a clear-sky or partly cloudy
day if the observed radiation exceeds 64% of the extraterrestrial radiation. This threshold
value depends on the altitude but also changes throughout the year, with larger fractions of
the extraterrestrial radiation reached in summer (not shown). Martínez et al. (2008) avoided
this seasonal effect by normalizing the difference between the daily averaged solar radiation
and the daily averaged extra-terrestrial radiation by the latter, defining a clear-sky day if this
normalized difference � 0.4, while Conangla et al. (2018) used a somewhat lower thresh-
old of 0.3. Keeping in mind that these classification schemes and particularly the threshold
values may be more (Whiteman et al. 1999) or less (Giovannini et al. 2017) site-dependent,
they were applied to the VF0 site for comparison. The algorithm by Giovannini et al. (2017)
yielded 823 clear-sky days, Martínez et al. (2008) 449 days, and Whiteman et al. (1999)
591 days. Whiteman et al. (1999) argues that their classification selects clear-sky and partly
cloudy days. Similarly, it is clear that the criterion of Giovannini et al. (2017) selects partly
cloudy days as well, as the clear-sky daily solar radiation does not change by 50% within a
month. The identification method presented above, however, is designed to select only the
most ideal conditions, including cloud-free conditions during 90% of a full 24-h diurnal cycle
(i.e., the fraction of clear-sky conditions fcs = 90%). Relaxing this 90% threshold, yields a
continuously larger number of VWDs (Table 3). Using fcs = 60%, that is, including partly
cloudy conditions, a similar number of clear-sky days is identified as with the above methods
from other studies.
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3 Valley-Wind Days

Taking both criteria together, that is, synoptically undisturbed days and clear-sky days, a
total of 54 VWDs are identified, with 12–16 days per year. The small number of VWDs is
also a result of the small overlap between the 188 synoptically undisturbed days and the 182
clear-sky days (Table 3) so that only about 30% of the clear-sky days are also synoptically
undisturbed and vice-versa (Fig. 3). While the number of clear-sky days increases when
the fraction for clear-sky periods of 90% is relaxed, the resulting increase in the number of
VWDs remains small, since the fraction of identified clear-sky days that are simultaneously
identified as synoptically undisturbed decreases (Fig. 3). Similarly relaxing the threshold on
the geopotential-height gradient to 5 × 10−5 leads to an increase in the number of VWDs
(Table 3), mainly because the fraction of clear-sky days identified as synoptically undisturbed
increases from about 30% to about 45%, while the fraction of synoptically undisturbed days
identified as clear-sky days does not change much (Fig. 3).

The presented method is thus fairly restrictive so that only about 15 VWDs are identified
per year, which is less than 5%. Vergeiner and Dreiseitl (1987) used a criterion based on a
twice-daily wind transition in Innsbruck to identify VWDs in the Inn Valley and found that
a valley-wind system formed on 30% of all days. Whiteman (1990) lists similar numbers
from other studies, with VWDs on about 40% of the days in a dry valley in the California
coastal range and the Brush Creek Valley, Colorado. Saigger (2017, unpublished BS the-
sis), however, developed an automatic VWD detection algorithm for Innsbruck based on
the criteria of Vergeiner and Dreiseitl (1987) and found also a lower number of VWDs for
2015–2016, with 19%. Vergeiner and Dreiseitl (1987) also identified days with weak pres-
sure gradients on 28% of all days, with a valley-wind circulation forming on only 43% of
these weak-pressure-gradient days. Their results indicate that a valley-wind circulation does
not necessarily form on synoptically undisturbed days. This also agrees with the findings
presented above in that only a fraction of the synoptically undisturbed days (corresponding
to the weak pressure-gradient days by Vergeiner and Dreiseitl (1987)) are also clear-sky days
and thus expected to develop a more or less undisturbed valley-wind circulation. The number
of synoptically undisturbed days is somewhat lower than the 28% weak pressure-gradient
days by Vergeiner and Dreiseitl (1987), with about 13%, even with a relaxed threshold value
for the geopotential-height gradient of 5×10−5 (about 21%). Vergeiner and Dreiseitl (1987)
also show that a valley-wind circulation can form even if the conditions are not entirely
synoptically undisturbed, which may partly explain why our method yields relatively few
VWDs, since it is not based on the valley-wind circulation and a valley-wind circulation may
thus be present even on some of the less perfect days.

To record only days with a pure thermally-driven valley-wind circulation, foehn days are
excluded using the foehn diagnosis of Plavcan et al. (2014), resulting in a total of 46 VWDs,
with 9–13 days per year. It has to be noted that the foehn days have been identified based on
observations in Innsbruck and in Ellbögen in the Wipp Valley, south of Innsbruck. Figure 5a
shows the distribution of the 30-min averaged wind direction at the valley floor between
2014 and 2017. The flow is generally aligned in the direction of the valley axis independent
of the synoptic situation, as the flow is channeled in the valley. There is a higher frequency
for flow from the east-north-east (≈ 60−90◦) than from the west-south-west (≈ 240◦), but
the wind direction is mostly independent of the time of day, with flow from either direction
occurring at any time of the day. When looking only at data from the identified VWDs, the
wind direction is more frequently from the west-south-west, that is, down-valley (Fig. 5b).
There is also a distinct diurnal cycle, with the flow almost exclusively down-valley before
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(a) (b)

Fig. 5 Wind-direction distribution at the VF0 site for a all days from 2014 to 2017 and b only VWDs. The
colour coding indicates the local time of day with respect to astronomical sunrise and sunset

solar noon and similarly, almost exclusively up-valley between noon and sunset, with the
wind direction changing back to down-valley sometime after sunset. The wind field thus
shows the twice daily flow reversal on the identified VWDs characteristic of a valley-wind
circulation (e.g., Zardi andWhiteman 2012), changing from down-valley to up-valley around
noon and vice versa in the evening.

To illustrate the average diurnal cycle of the valley-wind circulation, mean diurnal cycles
of wind speed andwind direction at theVF0 site during 38VWDs are shown in Fig. 6b, c. The
lower number of averaged diurnal cycles compared to the total number of identified VWDs is
a result of missing data. Short data gaps of two hours or less were filled by linear interpolation
before averaging, but days with longer gaps were excluded from the analysis. In addition,
Fig. 6a shows the pressure difference between Innsbruck and Kufstein, approximately 60 km
to the east of the VF0 site. The pressure data are from the respective operational weather
stations of the Austrian weather service (Zentralanstalt für Meteorologie und Geodynamik
ZAMG) and the pressure from Kufstein was first reduced hydrostatically to the altitude of
Innsbruck before calculating horizontal differences, using the mean temperature between
Innsbruck and Kufstein. The exact VWDs used for calculating mean diurnal cycles of wind-
speed and pressure differences differ since both datasets are incomplete and data on several
of the identified VWDs are missing.

During night-time and in the morning before sunrise, mean wind speeds are low and the
wind direction is south-westerly, that is, down-valley, in agreement with the positive pressure
difference between Innsbruck and Kufstein. After sunrise, the pressure difference decreases
and wind speed increases, but the wind direction remains down-valley until approximately
noon. Around noon, the flow reverses to an up-valley direction together with a change in
the sign of the pressure difference. The wind speed can drop to almost zero during the flow
reversal, but increases again afterwards. The diurnal cycle of wind speed thus shows two
maxima, a first maximum during the down-valley flow in the morning after sunrise and a
second maximum during the up-valley flow in the afternoon. The two maxima in the along-
valley wind were also shown by Dreiseitl et al. (1980) in their Fig. 10 (reproduced in Egger
2003). We hypothesize that the morning maximum is caused by the downward mixing of
momentum in the growing mixed layer.
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Fig. 6 Mean diurnal cycle of, a the pressure difference between Innsbruck and Kufstein, b wind speed, and c
wind direction at the VF0 site. The pressure from Kufstein was reduced to the elevation of Innsbruck before
calculating differences. The blue and orange lines are for VWDs in winter and summer, respectively, and the
green line is for VWDs identified by using modified threshold values (see text). Shading indicates the standard
deviation. The numbers in parentheses indicate the number of days used for averaging, with the same number
of days for wind speed and wind direction

Wind speed starts to decrease again in the afternoon when the along-valley pressure
difference weakens, but the flow does not reverse to a down-valley direction until after sunset.
A delay of several hours between sunrise and the morning wind reversal and sunset and the
evening wind reversal is typical (Conangla et al. 2018), since the entire valley atmosphere
has to warm or cool for the valley–plain pressure gradient to reverse (Zardi and Whiteman
2012). The timing of the reversal thus depends on the size and shape of the valley, with a
morning transition from down-valley to up-valley flow at almost precisely solar noon in the
Inn Valley (Fig. 6c).

Diurnal cycles of wind speed and wind direction for VWDs based on more relaxed thresh-
olds for the geopotential-height gradient and fraction of clear-sky periods per day still show
a very similar valley-wind circulation on average, with somewhat higher standard deviations
(Fig. 6). This is not too surprising since even partly cloudy days, for example, due to afternoon
convection in summer, are still likely to be determined mainly by a valley-wind circulation.

The majority of VWDs are found in autumn (September–November), with 19 days, that
is, almost four times as many as during spring (March–May) with only 5 VWDs. Win-
ter (December–February) and summer (June–August) are somewhere in-between, with 11
identified VWDs each. While conditions for a thermally-driven valley-wind circulation thus
occur throughout the year although not evenly distributed, the resulting valley-wind circu-
lation differs significantly in strength and timing between summer and winter (Fig. 6) as a
result of shorter days and thus reduced irradiation in winter. In winter, the period with higher
pressure down-valley of Innsbruck and an up-valley flow is shorter than in summer, which
was also found by Vergeiner and Dreiseitl (1987), who, however, looked at absolute times,
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(a) (b)

Fig. 7 Mean energy balance for, a all complete days between 2014 and 2017, and b only VWDs: R—net
radiation, H—sensible heat flux, LE—latent heat flux, G—ground heat flux, and res—residual. The fluxes are
normalized by the calculated daily maximum solar irradiation at the top of the atmosphere at the VF0 site.
The numbers in the legend show the respective numbers of complete days available for averaging

which further enhance this effect. The shorter up-valley-flow period is mainly a result of a
later transition from down-valley to up-valley flow, whereas the evening transition occurs on
average at a similar time as in summer. In addition, the diurnal cycle in wind speed is much
more pronounced in summer, with the two wind-speed maxima somewhat delayed in winter
and particularly the afternoon maximum strongly reduced in strength.

Differences in themean surface energy balance at the VF0 site between all days from 2014
to 2017 and only VWDs are highlighted in Fig. 7. Since clear-sky conditions are one criterion
for the identification of VWDs, the magnitude of net radiation is expected to be larger during
VWDs. The increase in net radiation after sunrise is indeed steeper for the VWDs, and it
reaches an approximately 30% higher peak at noon. Reduced incoming longwave radiation
leads to correspondingly more negative net radiation for VWDs during night-time. The gain
in net radiation during VWDs is mostly balanced by a loss in latent heat flux at this site during
daytime, which is about twice as large during VWDs than the overall mean. The sensible
heat flux and the ground heat flux are much smaller in magnitude than the latent heat flux
and show little difference between VWDs and the overall mean. Since only nine days with
complete latent heat flux data were available for averaging compared to amuch larger number
for the other components, the average budgets were also calculated for just these nine days.
The results are very similar to Fig. 7b, suggesting that the shown averaged energy balance for
VWDs is robust. During night-time, the larger negative net radiation during VWDs compared
to the overall average is not balanced by a similar increase in the latent heat flux, so that the
residual is much larger during these days.

4 Concluding Remarks

A method has been presented that identifies valley-wind days (VWDs) in the Inn Valley,
Austria, which requires relatively few measured parameters (longwave incoming radiation,
air temperature, and humidity). Since themethod is based on the identification of synoptically
undisturbed, clear-sky conditions rather than thewind circulation, it is also applicable to other
thermally-driven circulation systems, such as land–sea breezes. By definition, the method
does not identify days with a valley-wind circulation but rather days with the conditions (i.e.,
clear-sky and weak large-scale pressure gradient) when thermally-driven flows are expected
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to dominate the wind field. Even though a twice daily flow reversal is characteristic for
thermally-driven flows, including valley winds (Zardi and Whiteman 2012), down-valley
winds are the dominant feature during the winter season (Vergeiner and Dreiseitl 1987) and
even in the possible absence of a transition to a daytime up-valley flow during winter days, a
persistent down-valley flow can still be called a thermally-driven valley wind. The proposed
method therefore does not make any a priori assumptions about the diurnal cycle of the
valley-wind circulation.

Synoptically undisturbed conditions are identified using a threshold value for the ERA
Interim geopotential-height gradient at 700 hPa, that is, above the surrounding mountain
ridges. The evaluated gradients are thus representative of the large-scale pressure gradient
at the measurement site. Vergeiner and Dreiseitl (1987) manually identified days with weak
pressure gradients in their classification. Here we defined a threshold value based on the
definition of extra-tropical synoptic pressure disturbances (Holton and Hakim 2013) and the
distribution of the geopotential-height gradients at the location over a few years. Clear-sky
conditions are identified using a clear-sky index,which is the ratio between actual atmospheric
emissivity calculated from longwave incoming radiation and parametrized clear-sky emis-
sivity. Using a clear-sky index based on longwave radiation has the advantage that it works
equally well during day and night in contrast to the more commonly used criteria based on
solar incoming radiation. Konzelmann et al. (1994), however, mention that longwave incom-
ing radiation is relatively insensitive to high clouds, which implies that the identification of
clear-sky conditions based on longwave incoming radiation may thus fail to recognize high
cirrus clouds.

The proposed method is not site-independent, since the appropriate parametrization for
clear-sky emissivity varies from site to site and has to be first determined, for which a rela-
tively long dataset should be used. By testing different parametrizations for the Inn Valley,
it was shown that while some of the parametrizations clearly performed worse than others,
suggesting their inappropriateness for this location, other parametrizations performed sim-
ilarly well. While we eventually selected a parametrization due to Prata (1996), a different
parametrization of Marty and Philipona (2000) gave very similar results in terms of identi-
fying clear-sky days and thus VWDs. The need for a multi-month radiation dataset clearly
limits the application of the proposed method for short-term field campaigns, unless repre-
sentative routine long-term observations of longwave radiation, temperature, and humidity
are available from a nearby station.

The identification of clear-sky conditions in our example relies entirely on observations
at a single site at the valley floor. Days with scattered clouds over the surrounding mountains
can thus be classified as clear-sky days, as is indeed the case for some of our VWDs. A
comparison between two sites that are both located in the Inn Valley and are approximately
20 km apart also shows small differences in the identified days. The presence of scattered
clouds, however, does not necessarily prevent the formation of a valley-wind circulation.
Depending on the application and on the availability of measurements at multiple sites,
the clear-sky index could, however, also be evaluated at multiple sites within a valley. In
addition, other processes that occur during synoptically undisturbed, clear-sky conditions
may still disturb the valley-wind circulation on the identified VWDs. For example, in the
Inn Valley, foehn is present during some of the identified VWDs, which had to be excluded
separately through the use of an additional filter.

The presented method is also sensitive to the selected thresholds, for example, for the
geopotential-height gradient to identify synoptically undisturbed conditions, and to the
required fraction of clear-sky periods within a day. The thresholds used here are fairly restric-
tive, resulting in a relatively small number of VWDs. These thresholds were selected to
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identify only the most ideal days for thermally driven winds. Relaxing the thresholds yields
a larger number of VWDs, which include, for example, more partly cloudy days, which may,
however, still develop pronounced thermal circulations. The selection of these thresholds
thus also depends on the objectives.
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