
Received: 18 October 2021 Revised: 23 March 2022 Accepted: 31 March 2022 Published on: 30 May 2022

DOI: 10.1002/qj.4285

R E S E A R C H A R T I C L E

Thermodynamics and airstreams of a south foehn event
in different Alpine valleys

Lukas Jansing Michael Sprenger

Institute for Atmospheric and Climate
Science, ETH, Zurich, Switzerland

Correspondence
L. Jansing, IAC, ETH Zürich,
Universitätstrasse 16, Zürich 8092,
Switzerland.
Email: lukas.jansing@env.ethz.ch

Funding information
Swiss National Science Foundation
(Foehn Dynamics - Lagrangian Analysis
and Large-Eddy Simulation, Grant/Award
Number: 181992)

Abstract
Foehn flows are associated with a characteristic warming of the respective air
in lee-side valleys. Recent studies about the physical mechanisms question the
traditional thermodynamic foehn theory, pointing out the potential role of adi-
abatic descent and other diabatic processes, besides upstream latent heating
in clouds, for the warming. This study applies a kilometre-scale simulation
together with online trajectories and a Lagrangian heat budget to investigate
the foehn air warming for an intense, long-lasting Alpine south foehn period
in November 2016. Thereby, the focus lies on the attribution of the warming
to adiabatic descent and the different diabatic processes in six foehn valleys,
as well as the linkage of the warming processes to different airstreams. Over-
all, adiabatic warming emerges as the most important process for 57% of all air
parcels arriving in the foehn valleys. However, upstream latent heating in clouds
is the dominant mechanism for a considerable amount of air parcels (35%). The
heat budget analysis reveals a clear transition along the Alps from west to east,
whereat diabatic warming constitutes the driving mechanism for western val-
leys during the central phase of the event, and adiabatic warming dominates
the foehn air warming in eastern valleys. The foehn trajectories can be sepa-
rated into different air-stream categories according to their diabatic temperature
change. Air parcels experiencing strong diabatic heating are transported in an
easterly barrier jet in the Po Valley before crossing the Alpine crest. Air parcels
experiencing diabatic cooling, in contrast, are advected quasi-horizontally from
the south towards the Alpine crest prior to their descent. The relative strength of
the different airstreams therefore determines the dominating warming process.
These findings strongly point to the combined importance of adiabatic and dia-
batic warming mechanisms, which co-occur with varying relative contributions,
depending on the valley and time period of the event.
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1 INTRODUCTION

The term foehn represents a generic expression for downs-
lope winds occurring whenever the atmospheric flow
needs to overcome orographic obstacles. These winds
exhibit archetypal characteristics, as they are warm, dry,
and often gusty in nature. Their frequent occurrence is
recognised in various regions of the world, among them
being the Chinook in the western United States (Glennf,
1961), the Puelche in Chile (Beusch et al., 2018; Monteci-
nos et al., 2017), and the Inami-kaze in Japan (Koyanagi
and Kusaka, 2020). Their socio-economic impact has been
stated in terms of increased risk for wildfire ignition and
spread (Sharples et al., 2010) or infrastructural damage
and a risk for aviation (Richner and Hächler, 2013). Fur-
thermore, they affect agricultural production in foehn
regions. Whereas foehn winds are found to promote white
head occurrence on Japanese rice plantations (Asano and
Kusaka, 2021), anecdotic evidence indicates that they are
beneficial for wine production in Alpine foehn valleys
(Walker and Ruffner, 1998). Recently, foehn flows have
also been attributed a key role for surface melt on the
Larsen C Ice Shelf in Antarctica (Elvidge et al., 2020) and
in northeast Greenland (Mattingly et al., 2020).

The Alpine foehn has been in the focus of research
for over two centuries. Whereas the pronounced warming
in valleys north of the Alps during south foehn onset is
a well-known fact (Richner and Hächler, 2013; Sprenger
et al., 2016; Steinacker, 2006), a long-lasting debate about
the physical reasoning persists. Hann (1866) was among
the first emphasising the importance of upstream latent
heating for the warmth of the foehn air. Later, he put his
considerations into perspective by mentioning the occur-
rence of foehn events without upstream precipitation and
the role of adiabatic warming during the descent (Hann,
1885). Nevertheless, his original conceptions became a
dominating paradigm (Seibert, 2005). More recently, mul-
tiple studies have re-emphasised the key role of lee-side
adiabatic compression of air originating from elevated
upstream levels, being decoupled from the blocked air
mass underneath (e.g., Seibert, 1990). Elvidge et al. (2015)
and Miltenberger et al. (2016) referred to this process as the
“isentropic drawdown” mechanism. These more recent
studies indicate that several processes can, in fact, con-
tribute to the foehn air warming with varying importance.
Likewise, the Mesoscale Alpine Programme (Bougeault
et al., 2001), which took place in the late 1990s, revealed a
substantial case-to-case variability. Some intensive obser-
vation periods (IOPs) were associated with widespread and
intense upstream precipitation (e.g., IOP 2; Richner et al.,
2006; Rotunno and Houze, 2007). In contrast, other cases
in fact almost completely lacked precipitation (e.g., IOP 13;

Richner et al., 2006). For some IOPs, in turn, the upstream
air mass over the Po Valley was decoupled from the flow
aloft and formed an easterly barrier jet (Bousquet and
Smull, 2003). The pronounced case-to-case differences, as
observed during the Mesoscale Alpine Programme, indi-
cate that isentropic drawdown or latent heating can both
govern the foehn air warming for south foehn events.

Besides these differing explanations for the foehn air
warming, the phenomenon can also be considered from
two contrasting perspectives: In an Eulerian framework,
the foehn air warming depends on the temperature differ-
ence of the foehn air and the precedent valley air mass. The
magnitude of the warming is thus affected by the strength
of the cold pool, which is oftentimes present in the valleys
prior to foehn breakthrough (e.g., Drobinski et al., 2007).
Glennf (1961) already mentioned this air mass replace-
ment as one of the possible processes for the warming
of the Chinook. Foehn–cold-pool interaction and the ero-
sion of cold pools still constitutes a field of active research
on the Alpine foehn (e.g., Haid et al., 2020; Umek et al.,
2021). Refocusing on the warming, newer studies usually
invoked the Lagrangian perspective following the motion
of air parcels. Increasing resolution of numerical weather
prediction (NWP) models allows for the calculation of
air parcel trajectories over complex mountainous terrain,
including the descent of air into specific foehn valleys.
Consequently, they have been applied to study the origin
of foehn air parcels arriving in Innsbruck (Seibert et al.,
2000), to elucidate the role of foehn effects on the forma-
tion of an extreme temperature event near Tokyo (Takane
and Kusaka, 2011), or to investigate the effect of the
upstream flow regime on the downstream foehn develop-
ment along the Antarctic Peninsula (Elvidge et al., 2014).
Würsch and Sprenger (2015) performed a Lagrangian anal-
ysis for an extensive period covering 3 years of foehn
events in Altdorf (Switzerland) and Ellbögen (Austria).
They revealed pronounced regional differences. Altdorf
trajectories experience a larger moisture loss and are more
often related to precipitation than the Ellbögen ones.
Hence, the analysis corroborates the distinction of a “Swiss
foehn” and an “Austrian foehn” as proposed by Steinacker
(2006), whereas the former more closely follows the ther-
modynamic foehn theory. Similarly, Kusaka et al. (2021)
investigated a multitude of south foehn events in Japan.
According to their backward trajectory analysis, adiabatic
compression (isentropic drawdown) governs the foehn air
warming for most cases. Moreover, the trajectories show
that, even during events with precipitation, not all air
parcels are subject to strong ascent. This finding illustrates
the complex nature of foehn flows and highlights a find-
ing that cannot be derived by merely considering Eulerian
fields.
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The combined usage of air parcel trajectories with heat
budget methodologies also allows for a more comprehen-
sive assessment of the foehn air warming. Miltenberger
et al. (2016) quantified the contribution of microphys-
ical processes to the potential temperature change for
an Alpine south foehn case. They however left out the
effects of turbulent mixing and radiation and focused
on one major foehn valley (Rhine Valley). Interestingly,
they found a relation between the magnitude and sign of
the potential temperature change and the cross-Alpine
net vertical displacement of air parcels, referred to as the
“scrambling” of air parcels, a concept originally intro-
duced by Smith et al. (2003). This finding still needs to be
confirmed by other case studies. Furthermore, it is unclear
whether different warming processes can be attributed to
distinct airstreams on the southern side of the Alps, too.
Saigger and Gohm (2022) identified two airstreams with
contrasting diabatic temperature evolution contributing to
a west foehn event in the Inn Valley. Their results highlight
the potential linkage of different warming mechanisms to
distinct airstreams, while they refrained from an explicit
quantification of the contribution of turbulence and radia-
tion towards the heating. Takane et al. (2015) and Elvidge
and Renfrew (2016) applied heat budget analyses includ-
ing the diabatic effects of sensible heating and turbulent
mixing and radiation, respectively. According to Elvidge
and Renfrew (2016), each of the potential mechanisms,
namely adiabatic compression, upstream latent heating
in clouds, and turbulent downward mixing of potentially
warmer air, can be of key importance for the warming,
depending on the case study. However, it remains unclear
whether their findings can be transferred from the Antarc-
tic Peninsula to the Alpine region. Therefore, the main
research questions tackled in this article narrow down to
the following:

1. Which processes are responsible for the foehn air
warming along trajectories arriving in different Alpine
foehn valleys?

2. To what extent do differential thermodynamic prop-
erties of trajectories relate to origin and pathway of
windward airstreams?

3. What is the temporal evolution of the airstreams during
the foehn event in the six Alpine valleys?

These research questions are addressed by focusing
on a long-lasting foehn event from November 20 to 24,
2016. The main novelty of this study is the comparison of
foehn air warming processes in six Alpine valleys during
the same event, using online trajectories in an NWP sim-
ulation with 1 km grid spacing. In addition, we present
a Lagrangian heat budget considering both adiabatic
warming and all diabatic processes (cloud microphysics,

turbulence, radiation) as potential warming mechanisms
for foehn air parcels.

When studying foehn flows with mesoscale models, it
needs to be kept in mind that these models usually exhibit
distinct biases related to surface variables, namely a cold
bias and a moist bias during foehn hours. These biases
have been described by the Consortium for Small-scale
Modeling (COSMO) for 2.2 km horizontal grid spacing
(COSMO-2) in Switzerland (Wilhelm, 2012) and for 1.1 km
horizontal grid spacing (COSMO-1) in Austria (Sandner,
2020). However, according to Gerstgrasser (2017), the
moist bias already halved for COSMO-1 compared with
COSMO-2. Additionally, Wilhelm (2012) found a decreas-
ing bias for higher model levels. Schmidli et al. (2018)
compared the skill of COSMO-2 and COSMO-1 in simu-
lating thermally driven valley wind systems and noted a
considerable increase in accuracy when moving to 1 km
grid spacing. Therefore, we are confident that our model
set-up is applicable to study detailed aspects of a south
foehn case in the Alpine region.

The remainder of the paper is structured as follows: In
Section 2 we present our main methodology, including the
set-up of the NWP model for the case study from Novem-
ber 19 to 25, the trajectory calculations, and the Lagrangian
heat budget. We then present the distinct synoptic- and
mescoscale flow evolution of the event (Section 3), fol-
lowed by a detailed analysis of the foehn air-warming
mechanisms (Section 4). Thereafter, we subdivide the tra-
jectories into three air-stream categories based on their
diabatic heating strength and analyse the temporal evo-
lution of the airstreams as well as their characteristic
cloud and precipitation patterns (Section 5). Section 6
summarises the key findings.

2 NUMERICAL MODEL AND
LAGRANGIAN DIAGNOSTICS

2.1 The COSMO model

The COSMO limited-area model is a non-hydrostatic
NWP model that integrates the thermo-hydrodynamical
equations on a structured grid (Steppeler et al., 2003).
It has been developed for and extensively tested at the
convection-permitting scale both for operational forecast-
ing (Baldauf et al., 2011) and scientific applications (e.g.,
Ban et al., 2014). This study employs COSMO version 5.6
according to the operational COSMO-1 set-up at the Swiss
national weather service MeteoSwiss. The simulation
domain covers the greater Alpine region (Figure 1a) and
was conducted with a horizontal grid spacing of 1.1 km,
80 vertical levels, and a time step of 10 s. Whereas cloud
processes were parametrised using a single-moment bulk
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F I G U R E 1 (a) COSMO-1 model domain and topography. (b) The trajectory starting points (black dots), the 50 km polygon (violet
contour), the closed 1,500 m contour of the Alpine arc (blue), additional 1,500 m contours (orange), valley boxes for the different valleys—(1)
Lower Valais; (2) Hasli Valley; (3) Reuss Valley; (4) Linth Valley; (5) Rhine Valley; (6) Wipp Valley—and the foehn locations (red crosses). An
enlarged overview map covering the relevant part of the Alps is included in the supplement (Figure S1) [Colour figure can be viewed at
wileyonlinelibrary.com]

mycrophysics scheme including five prognostic hydrom-
eteor classes (Reinhardt and Seifert, 2006), all convec-
tion parametrisations were switched off. Additional active
parametrisations include radiative transfer (Ritter and
Geleyn, 1992), vertical turbulent diffusion and surface
fluxes (Mellor and Yamada, 1982; Raschendorfer, 2001),
and soil processes (Heise et al., 2006). In the context of
this study, COSMO-1 is used to perform a hindcast of a
specific south foehn event. The model was initialised at
1800 UTC on November 19, 2016, and ran for the sub-
sequent 6 days (144 hr). Operational COSMO-1 analyses
from MeteoSwiss at the same spatial resolution as the
hindcast served as initial and boundary conditions for
the integration, thereby preventing the necessity of addi-
tional spin-up time. Three-dimensional model output was
written to disk in 10-min intervals.

2.2 Online trajectory calculation
and selection

Miltenberger et al. (2013) incorporated an online trajectory
module into the COSMO model. This allows for the calcu-
lation of Lagrangian air parcel trajectories online during
model integration, thereby making use of the wind fields
at each native model time step. The benefits of online
trajectories are particularly large in regions where topog-
raphy modulates the atmospheric flow, and trajectories
calculated with input fields at lower temporal resolution
can deviate drastically (Miltenberger et al., 2013). The
sensitivity experiments of Saigger (2021) indicate that

the solution of the trajectory integration does not yet
converge with an input interval of 5 min, which points
out the gain of online trajectories in the context of foehn
events. Inherent to the forward integration of the COSMO
model, the module only allows for calculation of forward
trajectories. Therefore, it is necessary to sample the full
volume of air potentially contributing to the foehn flow
within different valleys. To this end, starting points have
been defined in a three-dimensional latitude–longitude
box on the Alpine south side (6–13.35◦E, 43.175–45.8◦N)
with a horizontal spacing of 0.175◦ and a vertical spac-
ing of 250 m reaching up to 5 km (Figure 1b). The lower
limit of the box is set to 20 m above the surface. The goal
of this study is to sample the full history of air parcels
crossing the Alpine arc. Therefore, in order to prevent
the initialisation of trajectories over mountainous terrain,
the box is cropped by a polygon with 50 km distance to
the innermost closed 1,500 m contour of the Alps. This
design results in 9,394 trajectories per starting time. Tra-
jectories were released in two-hourly intervals starting
from 1800 UTC on November 19, 2016, until 1200 UTC
on November 25, 2016, each calculated until reaching a
length of 36 hr. Besides the standard prognostic variables,
all diabatic temperature tendencies were traced along the
trajectories (see also Section 2.3). For the detailed heat
budget and air-stream analysis, output was written at the
highest possible temporal resolution (10 s).

The study focuses on six major foehn valleys
(Figure 1b). To classify trajectories as foehn trajectories,
a simple geographic criterion is applied: For each val-
ley, a bounding box is defined. A trajectory is selected

http://wileyonlinelibrary.com


JANSING and SPRENGER 2067

T A B L E 1 Table providing the information on the bounding boxes, foehn locations, and altitude thresholds for the six different valleys

Valley Bounding box Foehn location Altitude (800 m AGL)

Lower Valais (1) 6.85–7.1◦E, 46.0–46.35◦N Aigle (6.94◦E, 46.30◦N) 1,166.4 m

Hasli Valley (2) 8.1–8.35◦E, 46.65–46.78◦N Meiringen (8.19◦E, 46.73◦N) 1,443.8 m

Reuss Valley (3) 8.5–8.7◦E, 46.6–46.9◦N Altdorf (8.62◦E, 46.88◦N) 1,241.3 m

Linth Valley (4) 8.95–9.21◦E, 46.85–47.08◦N Glarus (9.07◦E, 47.04◦N) 1,370.1 m

Rhine Valley (5) 9.4–9.6◦E, 46.875–47.28◦N Vaduz (9.51◦E, 47.14◦N) 1,242.2 m

Wipp Valley (6) 11.25–11.55◦E, 47.0–47.2◦N Schönberg (11.40◦E, 47.19◦N) 1,740.7 m

Note: The number after a valley’s name refers to the corresponding boxes in Figure 1b.

if it passes through this valley box and descends below
800 m above the altitude of a predefined foehn location
within each box at the time instant when its latitude is
closest to the latitude of the foehn location. Thereby, the
location-dependent altitude threshold ensures that only
air parcels descending well into the valley atmosphere are
classified as foehn trajectories (see also Table 1).

2.3 Lagrangian heat budget

Similar to recent studies on foehn air warming (Elvidge
and Renfrew, 2016; Miltenberger et al., 2016; Takane et al.,
2015), a Lagrangian heat budget is applied to the air parcel
trajectories in order to quantify the warming mechanisms.
The formulation, however, differs slightly from earlier
publications and is therefore briefly discussed here. The
thermodynamic energy equation describes the differential
change in temperature T following the motion of the flow
as a sum of an adiabatic and a diabatic source term:

DT
Dt

= 𝜅T𝜔
p

+ D𝜃
Dt

⋅
(

p0

p

)−𝜅

. (1)

Thus, Equation (1), with 𝜅 = R∕cp = 0.286, 𝜔 = Dp∕Dt,
reference pressure p0, and potential temperature 𝜃 can be
used to quantify temperature changes along a Lagrangian
air parcel trajectory. The incremental summation of tem-
perature changes along a trajectory equates to the total
temperature change of an air parcel ΔT. Following Her-
mann et al. (2020), and in agreement with Saigger and
Gohm (2022), the integrated diabatic temperature change
ΔTdiab in the time period [tstart, tend] is quantified by the
summation of a numerical approximation of the sec-
ond term on the right-hand side of Equation (1) using
upstream finite differences and the average pressure
between respective time steps (dt = 10 s):

ΔTdiab =
∑

t∈{tstart+dt,… ,tend}
(𝜃t − 𝜃t−dt)

(
2p0

pt + pt−dt

)−𝜅

. (2)

The integrated adiabatic temperature change of an air
parcelΔTadiab can then be quantified as the residual of the
total temperature change and the diabatic temperature
change1:

ΔTadiab = ΔT − ΔTdiab. (3)

Equations 1–3 allow for a quantification of the total foehn
air warming as well as for a separation of adiabatic and
diabatic contributions. The heat budget framework is
applied to each trajectory starting from the time instant
it crosses the 50 km distance polygon (Figure 1b) to the
moment when its latitude is closest to the latitude of the
respective foehn location.

Additionally, in order to disentangle the net dia-
batic temperature change into the different diabatic pro-
cesses (microphysical processes, subgrid-scale turbulence,
radiative flux convergence), the retrieval of all diabatic
temperature tendencies and the advection tendency is
re-implemented into COSMO 5.6 based on older COSMO
versions (Joos and Wernli, 2012; Papritz and Pfahl, 2016).
Furthermore, in analogy to Miltenberger et al. (2016),
temperature tendencies associated with phase changes
(e.g., condensation of cloud droplets, evaporation of cloud
and rain droplets) are explicitly retrieved from the micro-
physics scheme. The instantaneous Eulerian temperature
tendencies are traced along the online trajectories and sub-
sequently summed up to quantify the importance of the
different diabatic processes for foehn air parcels:

ΔTdiab =
∑

t∈{tstart+dt,… ,tend}

(
𝜕T
𝜕t

||||mphys
+ 𝜕T
𝜕t

||||tur
+ 𝜕T
𝜕t

||||rad

)

⋅ dt + ΔTresidual. (4)

Although the temperature tendencies form a closed bud-
get at each grid point in the interior model domain,

1We tested an explicit calculation of ΔTadiab in analogy to Equation (2).
The differences to the implicit calculation are negligible (on the order of
1 × 10−3 K). Hence, we prefer the aforementioned formulation, because
Equation (3) is then perfectly closed.
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F I G U R E 2 ERA5 geopotential height (in colours) and horizontal wind on 500 hPa and sea-level pressure (black contours) for (a)
1200 UTC November 21, 2016, and (b) 1200 UTC November 24, 2016. The position of Altdorf is marked with a green circle [Colour figure can
be viewed at wileyonlinelibrary.com]

Equation (4) contains a residual term along the trajecto-
ries (ΔTresidual). It is calculated as the difference between
ΔTdiab from Equation (2) and the integrated diabatic ten-
dencies in Equation (4). The residual can stem from sev-
eral possible sources. First of all, as already illustrated
by Miltenberger et al. (2016), potential temperature is
not a perfectly conserved quantity in the COSMO model
due to the non-conservative and diffusive formulation of
the dynamical core. Second, to maintain a constant sam-
ple size during model integration, trajectories intersecting
with the topography are artificially lifted to 10 m above
the surface. This can introduce additional errors in the
tendency budget. Third, Equation (4) assumes that the
advective temperature tendency retrieved from COSMO
corresponds to the actual temperature advection along an
air parcel pathway, which might be violated due to interpo-
lation and truncation errors in the trajectory calculation.

3 SYNOPTIC- AND MESOSCALE
CHARACTERISTICS

3.1 Large- to Alpine-scale overview

In the course of November 19–21, 2016, an upper-level
trough and its associated surface cyclone formed over
the North Atlantic and subsequently approached Europe
(Figure 2a). Prevailing southwesterlies and the upstream
trough constitute an exemplary synoptic situation prone
to south foehn formation in the Alpine region; for
example, see Richner and Hächler (2013). In accordance
with the large-scale situation, foehn breakthrough was
observed in all major Alpine valleys on November 20.

During November 22 and 23, the trough remained
quasi-stationary, thereby elongating and forming an
upper-level cut-off low over the Iberian Peninsula. The
cut-off persisted during the subsequent 2 days (Figure 2b),
before finally splitting into two separate systems and
ceasing the prolonged 6-day period of southerly flow in
the Alpine region. The event ranked as the longest and
second-longest uninterrupted foehn period since the
start of automated measurements in Vaduz and Altdorf,
respectively (Bader et al., 2017). The longevity of the event
is clearly linked to the characteristic synoptic situation.
Usually, deep foehn events end with an abrupt breakdown
due to the passage of a cold front (Sprenger et al., 2016).
In this case, however, upstream upper-level Rossby wave
breaking and cut-off formation prevented the frontal prop-
agation and enabled an exceptionally long-lasting foehn
event.

As is often the case for south foehn events (Rich-
ner and Hächler, 2013), the case studied was accompa-
nied by orographic precipitation on the windward slope
of the Alpine chain. During both the first and the second
3-day period, local maxima exceeded 160 mm (Figure 3).
Throughout the whole event, precipitation peaked at the
western arc of the Alps along a band from Ticino (south-
ern Switzerland) to the Maritime Alps. In contrast, inten-
sity dropped strongly when moving eastward. The dis-
tribution corresponds to a typical pattern of orographic
precipitation on the Alpine South side: When moist air
from the Mediterranean approaches the Alps, the low-level
inflow can be partially blocked and the curvature of
the orographic obstacle induces an easterly barrier jet
that redirects moisture towards the concavity (Rotunno
and Houze, 2007; Schneidereit and Schär, 2000). Primary

http://wileyonlinelibrary.com
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F I G U R E 3 Accumulated COSMO-1 precipitation during the event for (a) 1800 UTC November 19 to 1800 UTC November 22 and (b)
1800 UTC November 22 to 1800 UTC November 25. The 1,500 m contour of the topography is indicated by the orange line [Colour figure can
be viewed at wileyonlinelibrary.com]

differences between the first and the second half of the
event relate to the synoptic-scale flow evolution. During
the first period, southwesterly to southerly flow leads to
a precipitation maximum in the Lago Maggiore area and
the Maritime Alps (Figure 3a). A frontal rain pattern is
visible over France. As the event progresses, the precipi-
tation maximum extends towards the whole western arc
and, related to the southeasterly flow impinging on the
Alps, the intensity increases (Figure 3b). The modelled
precipitation pattern corresponds to reports on widespread
floods in the southern Piedmont region (Nannoni et al.,
2020). It serves as a first indicator for the potential of
intense diabatic heating of air parcels in the southerly
inflow region.

3.2 A detailed valley perspective

Changing the focus towards the northern side of the Alps,
it is evident that the flow within the foehn valleys is gov-
erned by the large-scale flow conditions, but modified
through local topography. Model-based pseudo-lidar plots
from three valleys (Figure 4) demonstrate this relationship.
The mid-tropospheric flow turns from a southwesterly to
a southeasterly direction during the course of the event
for all the valleys. Concurrently, south-easterlies pre-
vail within the valley atmosphere of the Lower Valais
(Figure 4a) and the Reuss Valley (Figure 4b), likely related
to the orientation of the local valley axes and, in the case
of the Reuss Valley, potentially also owing to the local
outflow of the Schächen Valley (a tributary valley). During

the first 12 h of the event, downward-sloping isentropes
indicate a deep warming. During mid November 20, the
onset of the foehn close to the valley grounds can be
observed, approximately matching the observed onsets
(not shown). The foehn breakthrough induces a rapid
growth of the boundary layer and reduces the static sta-
bility at low levels, corresponding to the turbulent nature
of foehn flows. The onset is followed by the most intense
phase of the event on November 21 and the first half of
November 22, during which wind velocities peak and
momentum mixes down to the surface (not shown). After-
wards, the mid-tropospheric flow weakens and maximum
wind speeds are confined to the regions of contracted
isentropes above the boundary layer. The final cessation
on November 25 is accompanied by deep cooling. Besides
the common overall evolution, some notable differences
between these three valleys exist: Whereas the maxi-
mum wind velocities in the Reuss and the Rhine Valley
(Figure 4b,c) extend throughout the entire boundary layer,
peak winds are mostly restricted to the boundary layer top
in the Lower Valais (Figure 4a). Furthermore, the region
of maximum wind speeds propagates upward during the
event in the Lower Valais. Finally, a short reintensification
is observed during November 24, yet this finding is mainly
restricted to the Reuss and the Rhine Valley.

The distinct evolution in foehn intensity (discernible as
varying wind velocities in Figure 4) is clearly linked to the
temporal evolution of the cross-Alpine geopotential height
difference on 850 hPa between Lugano (8.95◦E, 46.00◦N)
and Kloten (8.54◦E, 47.48◦N) as depicted in Figure 5.
The difference increases rapidly during the first 12 hr of

http://wileyonlinelibrary.com
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F I G U R E 4 COSMO-based
lidar plots of the horizontal
velocity field (colour and vectors;
the wind vectors indicate wind
direction and speed in the
horizontal plane) and potential
temperature (grey contours) as
well as the height of the boundary
layer (sky blue) are shown for (a)
Lower Valais, (b) Reuss Valley,
and (c) Rhine Valley. The exact
locations used for the lidar plots
are specified in Table 1 [Colour
figure can be viewed at
wileyonlinelibrary.com]

the event and peaks on November 21. The maximum is
followed by a subsequent decrease and a minor reinten-
sification on November 24, before the difference drops to
near-zero values on November 25. The link between foehn
intensity and the cross-Alpine pressure gradient is well
known among forecasters (Gerstgrasser, 2017) and has
been mentioned in earlier publications as well (Sprenger
et al., 2017). Figure 5, however, points out that this relation
can be expanded to the Lagrangian air parcel perspective:
The number of air parcels arriving within the foehn val-
leys exhibits a considerable co-variability with respect to
the cross-Alpine geopotential height gradient (mean Pear-
son correlation of 0.62). An elevated flow velocity leads
to a larger volume of air being transported through the
valleys per time, which reflects in a larger number of air
parcels passing by (see Figures 4 and 5). It is a striking
feature that the number of trajectories arriving within the
foehn valleys only increases with a time lag of ∼18 hr on
November 20. Potentially, this time lag is caused by the
residual cold-air pools within the different valleys (see
also Figure 4), which need to be eroded prior to foehn
breakthrough at the valley floor. However, it is probably

further amplified, since air parcels require a certain time
span to arrive within the foehn valleys after being released
upwind, whereby the trajectory set-up inherently intro-
duces a certain time lag. Having established the synoptic-
and mesoscale flow evolution and its linkage to the air
parcel transport, the study will now focus on the foehn
air warming during the event using the Lagrangian heat
budget methodology (Section 2.3).

4 LAGRANGIAN HEAT BUDGET

4.1 The heat budget methodology: An
illustrative example

The goal of the heat budget is to assess the magnitude and
the temporal evolution of both the net foehn air warm-
ing and its contributing processes, including adiabatic
contraction/expansion, cloud microphysical processes,
turbulent mixing, and radiation. The theoretical frame-
work of the heat budget methodology was introduced in
Section 2.3. Here, a practical example is presented first.
Figure 6a shows a subset of trajectories arriving in the
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F I G U R E 5 Time series of the geopotential height difference on 850 hPa between Lugano and Kloten (grey, star markers) and the
number of trajectories arriving within the six valleys (coloured, diamond markers). The number of trajectories is binned in six-hourly
windows [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 6 Illustrative example of trajectories and heat budget terms. (a) Trajectories arriving in the Reuss Valley in a six-hourly time
window centred around 1200 UTC November 21, 2016. The upstream reference points (blue), crest points (white), and valley reference points
(black) are marked and the 50 km polygon is shown (violet). The coloured segments of the trajectories correspond to the segments considered
for the heat budget. An enlarged version of this figure can be found in the supplement (Figure S2). (b) The distribution and box plots of ΔT,
ΔTadiab, and ΔTdiab for this specific subsample of trajectories [Colour figure can be viewed at wileyonlinelibrary.com]

Reuss Valley in a six-hourly time window centred around
1200 UTC on November 21. To have a consistent upstream
reference point for all trajectories and valleys, the 50 km
distance polygon around the Alps (see Figure 1b) is again
considered. The integration of the heat budget for each
trajectory is initialised (tstart) at the time the trajectory
intersects with the polygon for the first time. It then con-
tinues until the trajectory is located within the valley
bounding box and has reached the latitude closest to the
foehn location (tend). In Section 4.3, the diabatic processes
will be split into upstream and downstream contributions.

The dividing crest position along a trajectory is defined as
the time instant the air parcel passes the highest topogra-
phy beneath. Having defined the integration window for
the heat budget (see also coloured segments in Figure 6a),
the net warming and both the adiabatic and the diabatic
contributions according to Equations 1–3 for this spe-
cific subset of trajectories can be quantified as displayed
in Figure 6b: Most trajectories experience a net warm-
ing governed by diabatic heating, whereas the adiabatic
temperature change is negligible in the median, although
exhibiting a considerable spread. In the following, the heat
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F I G U R E 7 Temporal evolution of the Lagrangian heat budget terms for the six different valleys displayed in six-hourly bins. (a) Total
temperature change ΔT; (b) adiabatic temperature change ΔTadiab; (c) diabatic temperature change ΔTdiab. The red arrows mark the box plots
for the Reuss Valley at 1200 UTC on November 21, 2016, that were shown in Figure 6 [Colour figure can be viewed at wileyonlinelibrary.com]

budget methodology will be applied to all six-hourly time
windows for the six different Alpine valleys considered in
this study.

4.2 Magnitude and temporal evolution
of the warming mechanisms

The net temperature change along trajectories agrees with
the traditional Eulerian perspective on foehn air warm-
ing (Figure 7a): Air parcels predominantly experience a
net warming along their pathway for all valleys (overall

92.6%). The warming has a characteristic magnitude of
∼5 K, but the variability between distinct air parcels is
considerable and ranges from an overall cooling to warm-
ing with a magnitude larger than 15 K. The six different
Alpine valleys share a common temporal evolution that
can be divided into three time periods (see also Figure
S3 showing the medians to highlight the temporal evolu-
tion). At first, the foehn air warming is elevated during
November 20 and 21. During the subsequent 2 days, the
magnitude is slightly reduced before it recovers again on
the evening of November 23, while the intra-valley vari-
ability increases as well. The overall strongest warming is
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F I G U R E 8 Relation between adiabatic and diabatic
temperature change coloured by the net vertical displacement for all
trajectories and all valleys in a binned histogram. Q1–Q4 refer to the
four quadrants (coloured areas) spanned by the diagonals. Q1 (red):
warming dominated by adiabatic heating; Q2 (green): warming
dominated by diabatic heating; Q3 (blue): cooling dominated by
adiabatic cooling; Q4 (yellow): cooling dominated by diabatic
cooling [Colour figure can be viewed at wileyonlinelibrary.com]

diagnosed on November 24. The Wipp Valley deviates from
the consistent evolution among the valleys in terms of a
reduced magnitude, but it shares a similar temporal evolu-
tion to the other valleys. The reduction in warming during
November 22 and 23 is more pronounced for the western
Alpine valleys, especially in Lower Valais and Hasli Valley.

The adiabatic temperature change (Figure 7b) resem-
bles the temporal evolution of the net contribution and
supports the trisection of the event: An enhanced adia-
batic warming period is followed by a reduction and a
subsequent re-enhancement. This finding agrees with Mil-
tenberger et al. (2016), where they point out the predom-
inance of adiabatic warming for the overall heat budget.
There is, however, a pronounced contrast between west-
ern and eastern Alpine valleys during the central phase
of the event that was not discussed by Miltenberger et al.
(2016) because of their restriction to a single valley (Rhine
Valley): Whereas the eastern valleys experience a slight
(Rhine Valley and Linth Valley) or no decrease (Wipp
Valley) in adiabatic warming, the contribution drops con-
siderably for the western valleys (Lower Valais, Hasli
Valley, and Reuss Valley), thereby reaching negative val-
ues. These trajectories thus experience adiabatic cooling,
which can be explained upon considering their original
altitude over the Po Valley. They stem from lower levels
compared with their arrival altitude within the foehn
valleys (see also hexagons with ΔTadiab < 0 in Figure 8).

Focusing on the diabatic temperature change
(Figure 7c), it is evident that the contribution is

anti-correlated to the net change and the adiabatic com-
ponent. This results in a rather complex combined effect
of both heat budget terms. If the diabatic temperature
change is of opposite sign to the adiabatic temperature
change, the magnitude of the net temperature change
is reduced, otherwise it is magnified. At first, the dia-
batic heating ranges at ∼2 K for all valleys. Afterwards,
the inter-valley spread is strongly enhanced: The eastern
Alpine valleys experience almost no increase in dia-
batic heating, whereas a pronounced increase to ∼5 K
is observed for the western Alpine valleys. This striking
contrast between the two valley categories provides an
explanation for the evolution of the net warming during
the central phase of the event. Air parcels of the western
valleys experience an adiabatic cooling due to net ascent,
but the cooling is overcompensated by diabatic warm-
ing, resulting in a reduced, yet positive, net warming (see
hexagons in Q2 with ΔTadiab < 0 in Figure 8). Later, the
contrast between the valleys shrinks and the overall dia-
batic contribution drops to predominantly negative values
during the last 1.5 days. The findings partly agree with the
moist foehn case in Miltenberger et al. (2016), but some
important differences need to be pointed out: Whereas
Miltenberger et al. (2016) only observed a warming for
∼50% of the foehn trajectories, we register a warming for
the vast majority of air parcels. The overall importance of
the adiabatic and the diabatic temperature change for the
Rhine Valley quantified according to the formulation in
Miltenberger et al. (2016) is comparable (72.8% in the 2016
event versus ∼70% in the 2013 moist case), but we observe
a more accentuated temporal evolution. In particular, the
comparison of major Alpine valleys reveals pronounced
differences between them: Whereas the warming in east-
ern Alpine valleys is driven by adiabatic contraction, the
heat budget of the western Alpine valleys experiences
considerable modulation by diabatic processes during the
most intense phase of the foehn event.

The two-dimensional phase space spanned by the adia-
batic and diabatic temperature change of all trajectories in
the six valleys (Figure 8) helps to summarise the key find-
ings related to the net heat budget as follows: Most of the
air parcels experience a net warming (Q1+Q2 sum up to
92.6%). The majority of air parcels (Q2: 57.2%) are mainly
warmed by adiabatic descent, although a considerable
fraction of the warming (Q2: 35.4%) is driven by diabatic
processes. The adiabatic temperature change is essentially
governed by the sign and magnitude of the cross-Alpine
net vertical displacement of air parcels: Most trajectories
experience a negative net vertical displacement, pointing
out their elevated origin over the Po Valley before descend-
ing along strongly sloping isentropes downstream of the
crest (isentropic drawdown mechanism). A smaller frac-
tion of air parcels experiences adiabatic cooling related
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to their positive net vertical displacement, hence their
low-level upstream sourcing. Oftentimes, these trajecto-
ries are subject to intense diabatic heating, which some-
times exceeds the adiabatic cooling and results in net
warming (hexagons in Q2 with ΔTadiab < 0). The small
fraction of cooled air parcels is, to a large extent, cooled by
adiabatic ascent (Q3: 6.8%), while a minor share is exposed
to net cooling due to diabatic processes (Q4: 0.6%). The
anti-correlation of the adiabatic and diabatic temperature
change prevents the occurrence of extreme net tempera-
ture changes, as both extreme adiabatic and diabatic heat-
ing are likewise dampened by the other respective process
of opposite sign. Consequently, the spread of the net tem-
perature change (−8 to 22 K) is smaller than the spread of
the adiabatic temperature change (−13 to 31 K).

4.3 Upstream and downstream
diabatic processes

The previous section revealed a considerable effect of dia-
batic processes on the heat budget of the foehn trajecto-
ries. Accordingly, in a next step, the diabatic heating and
cooling are disentangled into the possible mechanisms to
gain further insight into the thermodynamics of the event.
The net effect of the different processes for all six val-
leys is shown in Figure 9, whereas each process is further
subdivided into an upstream (i.e., before crest) contribu-
tion and its downstream counterpart. This adds spatial
information to the heat budget.

The net diabatic contribution (black boxes) resembles
the pattern previously observed in Figure 8c: The magni-
tude is larger for the western valleys, peaking for the Hasli
Valley (∼5 K), and then continuously drops as the focus
shifts eastward. The net diabatic effect nearly vanishes
(∼0 K) for the Rhine Valley and becomes negative for the
Wipp Valley. As a consistent pattern for all valleys, the net
diabatic change is composed of a larger upstream diabatic
warming (black boxes with dashed edges) that exceeds the
net effect by ∼1–3 K and a corresponding diabatic cooling
between crest and the different foehn valleys.

Focusing on the upstream side, it is evident that
the upstream diabatic heating is almost entirely caused
by upstream latent heating in clouds (essentially
condensation—see Figure S4) for all valleys. Turbulence
does not induce any net diabatic effect, although individ-
ual trajectories experience turbulent cooling or warming
on the upstream side of the Alps. Radiation is mostly
unimportant for this particular foehn case except for the
Rhine Valley (where minor contributions of long-wave
cooling emerge) and for the Wipp Valley (where small con-
tributions by short-wave heating and long-wave cooling
modulate the diabatic heat budget).

Downstream of the Alpine crest, diabatic cooling of air
parcels is induced by two different processes. The slightly
more important (∼0.7–1.4 K) contribution is again related
to cloud microphysical processes: During the descent into
a foehn valley, cloud and rain droplets in an air parcel
start to evaporate (Figure S4) as it is warmed by adiabatic
contraction, thereby leading to diabatic cooling.2 The sec-
ond driver for the diabatic cooling stems from turbulent
mixing (∼0.3–0.8 K). The identified effect of turbulence in
this study is seemingly opposed to an earlier finding from
Elvidge and Renfrew (2016). However, it depends upon the
exact arrival altitude and position of individual air parcels
that are considered whether they experience turbulent
heating or cooling. In a stably stratified atmosphere,
mechanical downward mixing is expected to increase
potential temperature along a foehn valley (Seibert, 1985).
However, the exact effect of turbulent mixing, as indicated
by the simulation, is rather heterogeneous. Furthermore,
the temperature tendencies due to turbulence and advec-
tion are mostly compensating each other, resulting in a
net effect that is usually much smaller (similar to Umek
et al., 2021; not shown). More comprehensively assess-
ing the turbulence effect on the temperature evolution of
the near-surface air in the foehn valleys would require a
detailed Eulerian heat budget analysis, which is beyond
the scope of this study. In summary, evaporative cooling
and turbulent mixing together explain the diabatic cooling
of air parcels during their descent.

Although the heat budget contains all diabatic pro-
cesses that potentially affect an air parcel, there still exists
a residual. The median of the residual is close to zero for
all foehn valleys (largest deviation of −0.3 K for the Lower
Valais), but it tends to be slightly negative overall. This
might indicate that our method overestimates upstream
diabatic heating or underestimates downstream turbu-
lent cooling or evaporative cooling. Since the residual is
smallest for the Hasli Valley, where cloud microphysical
processes dominate both the upstream and the down-
stream components of the heat budget, the residual is
likely caused by an underestimation of the turbulent
cooling effect. Downstream turbulence is also the driver
for the unrealistic outliers of some trajectories. They are
related to trajectories very close to the surface, where
the advective temperature tendency and the turbulence

2Seibert (1985) highlighted that the evaporative cooling of cloud
droplets in the lee completely compensates the upstream latent heating
if an air parcel does not precipitate and interpreted it as an argument
against the applicability of the thermodynamic foehn theory in the
Austrian Alps. Indeed, we can confirm that most of the upstream
heating is compensated by downstream cooling for the Austrian Wipp
Valley. However, the compensational effect shrinks for the western
valleys, where air parcels experience stronger rainout during their
Alpine crossing.



JANSING and SPRENGER 2075

F I G U R E 9 Accumulated diabatic temperature tendencies along trajectories (see Section 2.3 for technical details) for the six different
valleys. Colours indicate the different diabatic processes. For each process, three boxes are displayed showing the total temperature change
(left; solid whiskers), the upstream temperature change (centre; dashed whiskers), and the downstream temperature change (right; dotted
whiskers) [Colour figure can be viewed at wileyonlinelibrary.com]

tendency both reach high numbers and strongly com-
pensate each other in the model, leading to unrealistic
overestimations of turbulent cooling and heating effects.
For an additional discussion regarding the residual term,
the reader is referred to Section 2.3.

Despite the outliers and the slightly negative resid-
ual, we are confident to deduce several key findings
from the diabatic tendency budget. First, foehn trajec-
tories in all valleys experience upstream diabatic heat-
ing and downstream diabatic cooling, which again agrees
with Miltenberger et al. (2016). We identify condensa-
tion in clouds as the main driver for upstream latent
heating. Second, the downstream diabatic cooling is
driven by two different processes: Both evaporation of
rain and cloud droplets and turbulent mixing tend to

induce diabatic cooling during the descent of foehn air
parcels.

5 THERMODYNAMIC
AIRSTREAMS

5.1 Definition and differences between
valleys

The previous section revealed a strong spread in the adia-
batic and diabatic warming contributions towards the net
heat budget for the different valleys. Next, the aim is to
relate this spread to the potentially different pathways that
air parcels undergo between the upstream Po Valley and
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F I G U R E 10 Thermodynamic trajectory classifications for (a)–(c) the Lower Valais, (d)–(f) the Hasli Valley, and (g)–(i) the Reuss Valley.
Strongly heated airstream: right column; weakly heated airstream: centre column; cooled airstream: left column. The number of trajectories
n within each category and for each valley is given in the upper right corner [Colour figure can be viewed at wileyonlinelibrary.com]

their descent into the foehn valleys. To this end, a sim-
ple criterion based on the integrated diabatic temperature
change ΔTdiab is applied to distribute the trajectories into
three categories as follows:

• trajectories with ΔTdiab ≥ 2.5 K, strongly heated
airstream (SHAS);

• trajectories with 0 K ≤ ΔTdiab < 2.5 K, weakly heated
airstream (WHAS);

• trajectories with ΔTdiab < 0 K, cooled airstream (CAS).

The resulting trajectory clusters are shown in
Figures 10 and 11 for the western and eastern Alpine
valleys, respectively. A striking feature is the pronounced

contrast in position and altitude of origin between the
three categories for the different valleys. SHAS trajec-
tories (e.g., Figure 11a) predominantly originate in the
eastern Po Valley at low levels. Subsequently, easterly
winds gather these air parcels before they ascend and
cross the Alps. SHAS reveals the presence of near-surface
easterlies in the Po Valley related to the low-level flow
blocking, as it is often observed when synoptic-scale
southerly flow approaches the Alps (Rotunno and Houze,
2007; Schneidereit and Schär, 2000). A small number of
air parcels within the SHAS category originate over the
Gulf of Genua and are advected with the southwesterly
flow before they are integrated into the low-level barrier
jet structure. The Lower Valais (Figure 11a) stands out,
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since some of its marine trajectories do not join the Po
Valley airstream but ascend as soon as they make landfall,
whereat they cross the Alps through the inlet of the Great
St Bernard Pass. This ascent is likely caused by orographic
lifting along the southeastern foothills of the Maritime
Alps and potentially supported by convective activity
along the Ligurian coastline (especially on the evening
of November 20; not shown). During their strong ascent,
SHAS trajectories experience intense diabatic heating. In
agreement with the overall reduced diabatic heating in
the eastern Alpine valleys (see Figure 9), the number of
trajectories within this category drops substantially for
the eastern valleys (Figure 11a,d,g), whereas it constitutes
the overall most important airstream for western valleys
(Figure 10a,d,g).

CAS contrasts the SHAS airstream: The majority of air
parcels originate at a more southerly location and at sub-
stantially higher levels (e.g., Figure 11c). These air parcels
get advected quasi-horizontally without deflection by oro-
graphic flow blocking during their approach of the Alps,
before descending in the lee. Owing to the small upstream
ascent, CAS trajectories experience reduced upstream dia-
batic heating. Overall, these air parcels are cooled diabati-
cally when they arrive within the foehn valleys.

The WHAS airstream represents a mixture between
the other two categories, both in terms of altitude and
also origin of air parcels (e.g., Figure 11b). Some of the
WHAS trajectories also tend to curve anticyclonically,
but they approach the Alps at a higher level compared
with the low-level SHAS trajectories. The Lower Valais,
again, stands out, since WHAS air parcels also originate at
near-surface altitudes (Figure 10b). Potentially, low-level
air parcels that do not experience intense diabatic heat-
ing are subject to forced orographic lifting in the concavity
close to Lago Maggiore and, therefore, enabled to cross the
Alpine barrier into the Valais region.

Overall, the categorisation reveals a strong linkage
between the pathway of foehn air parcels and their ther-
modynamic history: Low-level trajectories experience oro-
graphic blocking and are preferentially redirected towards
the Alpine concavity. They need to ascend more strongly,
thereby experiencing enhanced latent heating. In contrast,
trajectories from higher levels approach the Alps in a more
linear pathway due to the absence of orographic blocking
at higher levels. They experience little diabatic heating or
diabatic cooling during their progress. SHAS resembles the
“Swiss foehn type”, whereas CAS indicates an “Austrian
foehn type” (Steinacker, 2006; Würsch and Sprenger,
2015). The concurrent consideration of a range of Alpine
valleys reveals that these archetypes exist in the west and
east Alps, whereas, in between, a continuous transition
with a mixed-type variant is discernible (WHAS). Hav-
ing established the linkage of air parcel thermodynamics

and distinct airstreams, as well as the importance of the
airstreams for the different valleys, the next sections will
analyse their temporal evolution in the context of the over-
all event evolution (Section 5.2) and their characteristic
cloud and precipitation pattern, as well as the differential
ascent and descent behaviour (Section 5.3).

5.2 Temporal evolution of airstreams

Upon consideration of the three-phase evolution of the net
diabatic temperature change (ΔTdiab; see Section 4.2), it
can be anticipated that the dominant occurrence of the
three air-stream categories is limited to specific time peri-
ods of the event. To illustrate this, Figure 12 depicts the
relative fraction of trajectories belonging to the different
categories in six-hourly time steps. Indeed, SHAS trajecto-
ries (Figure 12a) are the dominating contributor to foehn
air parcels for the western Alpine valleys from Novem-
ber 21 until mid November 23. Peak values of virtually
100% are reached for the Hasli Valley during this period.
On the other hand, SHAS contributes 20–60% to the foehn
air parcels arriving within the Linth and the Rhine valleys.
For the Wipp Valley, this airstream is no relevant con-
tributor to the foehn flow (contribution always <20%). It
should be emphasised that the important period of SHAS
coincides with the peak in the total number of trajecto-
ries arriving within the foehn valleys (see Figure 5), which
underlines the significance of this airstream for the most
intense time period of the event and explains the enhance-
ment in diabatic heating for the western valleys during
November 21–23 (Figure 9c). Accordingly, the SHAS con-
tribution is reduced during November 20 and 24–25, when
the total number of trajectories is smaller.

CAS exhibits an anticorrelated evolution to SHAS:
During the first 6 hr, it constitutes the dominating
airstream. This demonstrates the fact that, at first, foehn
air parcels approach the Alps close to crest level and are
advected quasi-horizontally prior to their descent. Dur-
ing the central period, CAS is unimportant except for the
Rhine Valley and the Wipp Valley, which exhibit “Austrian
foehn type” characteristics throughout the whole event.
During November 24–25 , CAS trajectories dominate the
overall budget and contribute most strongly to the foehn
flow. The maxima in CAS importance match with the time
periods when the overall warming is driven by the adia-
batic contribution (Figure 8), highlighting its importance
for the foehn air warming during the beginning and the
last phase of the event.

WHAS trajectories represent a mixed type between
the two boundary categories (SHAS and CAS). Con-
sequently, WHAS does not exhibit a distinct tempo-
ral evolution (Figure 12b). Its contribution ranges from
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F I G U R E 11 Same as Figure 10, but for (a)–(c) the Linth Valley, (d)–(f) the Rhine Valley, and (g)–(i) the Wipp Valley [Colour figure can
be viewed at wileyonlinelibrary.com]

20 to 60% during the first 5 days of the foehn event,
except for the Hasli Valley, where values rapidly drop.
During the last day, WHAS contributes most of the
foehn air parcels to the Linth Valley and Hasli Valley,
whereas the importance tends to decrease for the other
valleys.

The distinct temporal evolution points out that we not
only observe the typical transition from more “Swiss foehn
type” to “Austrian foehn type” when moving from the
western to the eastern valleys, but the same transition is
also observed over time. Indeed, at first, trajectories are
advected quasi-horizontally towards the Alpine crest, and
only afterwards, along with the event intensification, air
parcels from lower levels are able to ascend over the Po
Valley. Finally, during the last phase, foehn air parcels

again stem from elevated upstream source regions, as it is
typical for the “Austrian foehn type”.

5.3 Linkage to cloud and precipitation
pattern

Having found a clear linkage between the temporal
evolution of the foehn air warming and the respective
airstreams, this last section aims at analysing the spatial
pattern of cloud and precipitation formation as well as
the major diabatic tendencies (condensation, evaporation,
turbulence) during the upstream ascent and subsequent
descent. To this end, each trajectory is subdivided into
an upstream and a downstream fragment separated by its
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F I G U R E 12 Temporal
evolution of the relative
fraction (%) of the different
air-stream categories: (a)
SHAS; (b) WHAS; (c) CAS
[Colour figure can be viewed at
wileyonlinelibrary.com]

crest point, whereas both fragments are normalised to a
common time axis by linear interpolation.3 Then, a lidar
scan using the 10-min resolved three-dimensional fields
is created along all trajectories. Mean lidar scans of SHAS
(left column) and CAS trajectories (right column) are
shown in Figure 13a,b for the Lower Valais, Figure 13c,d
for the Reuss Valley, and Figure 13e,f for the Rhine Valley.

SHAS air parcels ascend cross-isentropically from a
common altitude of ∼1 km to the crest level. During their
ascent, they are subject to intense cloud and rain water
formation within the atmospheric column of the lowest
4 km. SHAS trajectories tend to pass just below the region
of maximum cloud water and ice, while their pathway is
still above the maximum in precipitating hydrometeors
during the crest approach. Both maxima are located fur-
ther upstream for the Lower Valais, whereas they are more
closely bound to the southern foothills of the Alps for the

3The interpolation procedure is performed as follows: Along each
trajectory, the point above maximum surface altitude between the
intersection with the 50 km polygon and the arrival within the bounding
box of the foehn valleys is identified, serving as definition for the crest.
Subsequently, the upstream and downstream fragments of the
trajectories are normalised to arrays of common length by linear
interpolation. The temporal axis is therefore dimensionless, as the time
required to cover upstream and downstream fragments can vary
between trajectories.

Reuss Valley and the Rhine Valley. The spatial cloud dis-
tribution largely corresponds to the areas where condensa-
tional heating is enhanced (yellow contours in Figure 13).
Trajectories tend to ascend at the lower edge of the conden-
sational heating maximum in clouds. Potentially, this can
be explained invoking a buoyancy argumentation, similar
to Smith et al. (2003): Along the diagnosed ascent path-
way, trajectories experience just enough condensational
heating to ascend cross-isentropically to the crest, while
their buoyancy still allows for a steep downstream descent.
Air parcels travelling further aloft this ascent pathway
might be subject to additional latent heating and, hence,
are too positively buoyant to descend to near-surface lev-
els downstream of the crest. This finding also implies the
absence of air parcel scrambling as identified by Smith
et al. (2003) and Miltenberger et al. (2016) in their respec-
tive case studies. At the same time, trajectories below the
ascent pathway need to pass through the maximum in
precipitating hydrometeors, which tend to hinder efficient
ascent by increasing the density of air parcels and inducing
evaporative cooling when rain droplets fall into unsatu-
rated regions. Accordingly, in the near-surface region of
the southern Alpine valleys, a downvalley circulation is
diagnosed during the event, preventing the ascent of air
parcels from within these valleys (not shown). Such down-
valley flow has been previously observed on the southern
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F I G U R E 13 Normalised Lagrangian lidar plots for SHAS (left) and CAS trajectories (right) of (a, b) the Lower Valais, (c, d) the Reuss
Valley, and (e, f) the Rhine Valley. Shown are the mean altitude of the trajectories (green line), cloud water and cloud ice in the column along
the trajectory path (blue colour map), and the precipitating hydrometeor content (in pink to reddish contours for 0.005, 0.01, 0.05, 0.1 g⋅kg−1).
Isentropes are indicated as black contours, and the precipitation rate along the trajectory path is shown (blue bars at the bottom of the
panels). Additionally, different contours for the diabatic temperature tendencies are shown: yellow indicates condensational heating
(2 K⋅hr−1), light-blue indicates evaporative cooling (−2 K⋅hr−1) and light-green indicates turbulent cooling (−0.5 K⋅hr−1) [Colour figure can
be viewed at wileyonlinelibrary.com]

side of the Alps for orographic precipitation events (e.g.,
Bousquet and Smull, 2003). In agreement with the maxima
of precipitating hydrometeors, intense precipitation rates
are observed at the surface in the same regions, peaking at
over 2 mm⋅hr−1 for the Lower Valais in the mean over all
SHAS trajectories.

Shortly before reaching crest level, all trajectories expe-
rience a short time period of rapid ascent and, concur-
rently, a second maximum in cloud water, cloud ice,
and surface precipitation. This pattern should, however,
be considered with some caution, since it might partly
be inherent to the crest definition of this study, which
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prescribes an orographic obstacle before reaching the crest
position and, therefore, favours peaks in cloud and pre-
cipitation shortly before arriving at crest level for all air
parcels.

Considering Figure 13a,c,e, it is apparent that the
airstream categorisation is not able to explain the full vari-
ance in between the valleys, since SHAS lidar scans of
the Lower Valais and the Rhine Valley still exhibit consid-
erable differences, whereby Rhine Valley trajectories are
subject to less intense cloud and precipitation formation.
However, the contrast between the different air-stream cat-
egories is of similar magnitude to the difference between
the two valleys.

CAS trajectories pass through regions of consider-
ably reduced cloud and precipitation formation as well as
lower condensational heating (Figure 13b,d,e). Further-
more, they share a common original altitude of ∼2 km.
During their crest approach, the CAS air parcels are either
transported along isentropes (Rhine Valley) or experience
a slight diabatic descent (Lower Valais and Reuss Valley).
Shortly before their arrival at the crest, they experience a
brief period of enhanced diabatic ascent.

In the lee of the Alpine crest, all trajectories
immediately experience a short time period of rapid
cross-isentropic descent. The diabatic cooling in the first
descent phase is mainly induced by the evaporation of
remaining cloud and rain droplets in the air parcels (see
light-blue contours in Figure 13). Furthermore, a striking
feature is the vast downward advection of precipitating
hydrometeors into the foehn valleys, especially for the
Lower Valais and the Reuss Valley. This points out the
potential for evaporative cooling during a significant time
period of the descent, although the effect tends to be less
important further away from the crest.4 In most cases, tra-
jectories experience a second, rapid descent prior to their
arrival in the foehn valleys, where the air parcel transport
is again cross-isentropic. This last phase potentially corre-
sponds to the period where the air parcels are mixed with
residual cold air pools within the valleys, thereby experi-
encing additional diabatic cooling due to turbulence (see
light-green contours in Figure 13).

In summary, the different air-stream categories are
clearly linked to a characteristic upstream cloud and
precipitation pattern, although the categorisation can-
not account for the full variability between the val-
leys. The cross-isentropic transport is related to distinct
diabatic processes upwind of the Alps (condensational
heating) and in the lee (evaporative cooling, turbulent

4Potentially, the evaporative cooling of descending air parcels can induce
negative buoyancy and, therefore, contribute to a density-driven descent,
a theory first proposed by Rossmann (1950). Future studies are necessary
to elucidate the importance of this effect on descending air parcels.

cooling). The upstream ascent of SHAS trajectories is
found to happen preferably at the lower edge of the
maxima in cloud hydrometeors and condensational heat-
ing. We interpret this finding invoking a buoyancy argu-
mentation: Above this main ascent pathway, trajectories
experience additional latent heating preventing a down-
stream descent into the valleys. Further below, trajecto-
ries are trapped within the blocked downvalley flow on
the southern side of the Alps, preventing their ascent to
crest level.

6 CONCLUSIONS

In this study, a simulation with the kilometre-scale,
limited-area model COSMO, including the calculation of
online trajectories, was the basis for the application of a
Lagrangian heat budget in order to study the foehn air
warming and its associated airstreams in six major Alpine
valleys. Thereby, the study focuses on a specific south
foehn event lasting from November 20 to 24, 2016. The
foehn event was induced by a distinct synoptic situation:
Upstream upper-level Rossby wave breaking and cut-off
formation led to a prolonged period of southwesterly
large-scale flow conditions in the Alpine region and, there-
fore, to a foehn event of especially long duration. Intense
orographic precipitation occurred during the event, par-
ticularly along the western slopes of the Alpine arc. The
foehn intensity in the valleys varied in accordance with
the evolution of the free tropospheric flow and the associ-
ated cross-Alpine pressure gradient, whereby differences
between valleys can partly be attributed to different orien-
tations of the valley axes.

The main goals of this study include a quantification
of the Lagrangian warming and its decomposition into the
contributing processes. Accordingly, the key findings of
the first part can be formulated as follows.

• During the whole event, the majority of foehn air
parcels experiences a net warming (92.6%), whereby
the adiabatic warming exceeds the diabatic contribution
for 57.2% of the air parcels. However, diabatic heating
still constitutes the dominating warming mechanism
for more than one-third of all air parcels (35.4%). Net
cooling is, to a large extent, caused by adiabatic cooling
and dominates in 6.8% of all air parcels.

• The net cross-Alpine vertical displacement of air parcels
determines the sign and magnitude of the adiabatic
temperature change. Strongly ascending trajectories
experience more intense diabatic heating, but, at the
same time, the adiabatic contribution decreases (or
becomes negative) due to their low-level origin. Weakly
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ascending trajectories are subject to reduced diabatic
heating (or diabatic cooling), though upstream adia-
batic cooling diminishes simultaneously. Hence, the
balance between these two mechanisms controls the
temporal evolution of the net warming for the differ-
ent valleys. This also points towards a complementary
perspective on isentropic drawdown, whereby the net
adiabatic effect is modulated by both the magnitude
of the upstream adiabatic ascent and the downstream
adiabatic descent.

• A distinct, three-phase evolution in the warming
is observed during the event: Enhanced net warm-
ing mainly due to adiabatic descent during the first
(November 19–20) and the last phases (Novem-
ber 24–25) is intercepted by reduced warming during
the central phase (November 21–23). The western
Alpine valleys show a clear decrease in the adiabatic
warming and, concurrently, enhanced diabatic heating
during this most intense, central period. The strong dia-
batic heating is partly able to overcompensate for the
adiabatic cooling, thereby maintaining net warming for
most air parcels.

• The upstream diabatic heating can almost completely
be attributed to condensational heating in clouds,
whereas downstream diabatic cooling is driven by both
evaporative cooling of cloud and rain droplets as well
as turbulent mixing. Radiative processes overall exhibit
little impact on the diabatic heat budget.

The goals of the second part comprise the linkage of the
thermodynamic history to distinct pathways of air parcels,
as well as to the spatial and temporal characterisation of
the airstreams identified. To this end, three types of ther-
modynamic airstreams are defined based on the net dia-
batic temperature change along trajectories, which were
determined with the Lagrangian heat budget methodol-
ogy. The three airstreams are referred to as SHAS (strong
diabatic heating, ΔTdiab ≥ 2.5 K), WHAS (weak diabatic
heating, 0 K ≤ ΔTdiab < 2.5 K), and CAS (diabatic cooling,
ΔTdiab < 0 K). The characteristics of these airstreams are
as follows.

• The net diabatic temperature change is clearly linked
to distinct airstreams: SHAS trajectories originate in
the eastern Po Valley close to the surface. They are
transported westward along the orographic obstacle in
a low-level barrier jet before crossing the Alps (“Swiss
foehn type”). On the other hand, CAS trajectories
approach the Alps at ∼2 km altitude without experi-
encing noteworthy ascent (“Austrian foehn type”). In
between, a mixed variant exists incorporating character-
istics from both these categories.

• These airstreams, in turn, exhibit a distinct temporal
evolution in agreement with the heat budget analysis:
SHAS trajectories are more important for the western
Alpine valleys and during the central phase, whereas
CAS trajectories become more relevant during the first
and last phase of the event in all valleys.

• SHAS trajectories originate at ∼1 km altitude and expe-
rience strong upstream cloud and precipitation forma-
tion. Their cross-isentropic ascent can be explained by
condensational heating. In contrast, CAS trajectories
are advected quasi-horizontally in drier environmen-
tal conditions. Downstream of the Alpine crest, a first
phase of rapid descent is accompanied by the evapora-
tion of the remaining cloud and rain droplets for most of
the SHAS and CAS trajectories. Shortly before arrival in
the foehn valleys, turbulent mixing close to the surface
results in additional diabatic cooling for the trajectories
of both air-stream categories.

Considering the different contributions of the heat
budget along the airstreams, we gain an all-encompassing
picture on the Lagrangian foehn air warming: SHAS trajec-
tories originate from near-surface levels over the Po Valley.
During their strong ascent, they experience intense latent
heating. This heating compensates for the lack in net adi-
abatic warming compared with the air parcels of CAS,
which are transported towards the Alps just below crest
level, therefore experiencing less adiabatic cooling on the
windward side. In summary, the Lagrangian warming of
foehn air trajectories is always determined by the balance
of diabatic heating they experience during the ascent, the
magnitude of upstream ascent, and the elevation differ-
ence they are able to gain during the descent in the lee. In
most cases, the downstream descent is expected to exceed
the upstream ascent, so that the net adiabatic heating
effect dominates the heat budget. In this case study, how-
ever, we illustrate that the “Swiss foehn type” can govern
the overall warming for certain valleys and time periods
if the atmospheric conditions are suitable. The findings
thus also challenge the simplified distinction between the
“Swiss foehn type” and the “Austrian foehn type”, since the
Lagrangian analysis reveals a continuum of mixed types,
depending on the valley one focuses on or on the time
period of an event.

When quantifying the foehn air warming, some cau-
tion is required regarding the frame of reference. As
mentioned in Section 1, in a pure Eulerian framework,
the warming depends on the precedent valley air mass
(Glennf, 1961). As a first estimate for the cross-Alpine air
mass change, surface potential temperature maps can be
considered (Seibert, 1990). In a Lagrangian framework,
the temperature change along an air parcel pathway is
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quantified as the foehn air warming. However, even with
the Lagrangian approach, it remains open which upstream
point of reference has to be considered. Actually, Seibert
(1990) pointed towards the fact that foehn air parcels
originate from crest level, making their upstream history
insignificant, since it does not matter for their lee-side
warming whether they experienced prior ascent. How-
ever, this perspective neglects the physics of upstream
processes and their potential effects on air parcel prop-
erties at crest level. For example, ascending air parcels
in clouds can be more buoyant than air parcels subject
to horizontal isentropic advection, which, in turn, affects
their downstream behaviour. In a more holistic approach,
Elvidge and Renfrew (2016) defined the foehn air warming
as the temperature difference between the temperature of
an air parcel after its lee-side descent and the temperature
at the same level upwind of the orographic obstacle. Yet,
depending upon the upstream stratification, this temper-
ature difference can be smaller or larger than the actual
Lagrangian temperature change along the air parcel
pathway considered in this study.

Lastly, a few caveats of the study shall be discussed at
this point, giving an outlook for possible future studies.
Though the heat budget formulation (see Section 2.3) aims
for a closed heat budget, outliers exist for trajectories expe-
riencing unrealistically strong turbulence effects, espe-
cially if they are close to the surface (not shown). Possible
reasons were mentioned in Section 2.3 and include numer-
ical errors in the model (e.g., non-conservative advec-
tion) and errors arising from the trajectory calculation
(e.g., the artificial lifting of terrain-intersecting trajecto-
ries). Furthermore, the reasons for the temporal evolution
of the airstreams during the event remain open. We can
only speculate about the possible roles of the shift in the
large-scale flow direction (southwesterly to southeasterly),
of a reduction in condensational heating due to a reduced
moist inflow at low levels, and of a change in the Po Val-
ley stratification. Future studies will focus on the role of
the Po Valley stratification and the low-level easterly jet for
the formation of these airstreams, and in particular for the
SHAS airstream.

In summary, the results partly confirm earlier findings
regarding the foehn air warming from Takane et al. (2015),
Elvidge and Renfrew (2016), and Miltenberger et al. (2016),
whereas the Lagrangian heat budget analysis is expanded
to all diabatic tendencies and linked to distinct airstreams
descending into major Alpine foehn valleys. Therefore, the
study confirms the more balanced view of other recent
studies on foehn air warming (Elvidge and Renfrew, 2016;
Miltenberger et al., 2016; Saigger and Gohm, 2022; Takane
et al., 2015). We thus want to point out that, usually, a
combination of processes with varying relative contribu-
tions is responsible for the warming, instead of a pure

thermodynamic or isentropic drawdown mechanism. The
findings, however, are only based on one specific case
study of an intense, long-lasting foehn period. An analy-
sis of the foehn air warming and the presence of differ-
ent airstreams for a multitude of different foehn flavours
(moist foehn, dry foehn, shallow foehn, … ) remains to be
investigated in future studies.
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