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Abstract
In this numerical modelling study, we investigate a Puelche foehn event (25–26 March 2014) in the southern
Andes – a region with sparse observations. The synoptic environment as well as the mesoscale structure and
the dynamics of the easterly wind are examined with European Centre for Medium-Range Weather Forecasts
(ECMWF) analyses and a simulation with the mesoscale non-hydrostatic limited-area weather prediction
model COSMO with a grid spacing of 2.2 km.

The large-scale synoptic situation leading to this Puelche event is characterized by a mid-tropospheric cut-
off low above the mountain range, the formation of a coastal surface low, as well as high pressure extending
over the southern Andes. Easterly winds extend throughout the entire troposphere, indicative of a deep foehn
flow. In the free troposphere, the easterlies are geostrophically balanced and develop in association with
increasing pressure to the south. In contrast, within the planetary boundary layer, the easterly winds occur
predominantly due to an increasing cross-range large-scale pressure gradient with only a weak geostrophic
component. Kinematic trajectories indicate that a significant part of the Puelche air mass originates from
above an inversion on the upstream side of the Andes. Some air parcels, however, ascend on the upstream side
to crest height as the boundary layer deepens during daytime and/or flow through gaps across the mountain
range. Hence, this Puelche event shares characteristics of both a blocked and a non-blocked foehn type.

Keywords: Puelche, Andes, foehn mechanisms, downslope flows, COSMO simulation, trajectories

1 Introduction

The Andes Cordillera in the western part of South Amer-
ica extends from ∼ 10° N to ∼ 53° S and has a typical
width of less than 200 km. Its mean height decreases
rapidly from 35° S southward to a mean level of 1500 m,
whereas peaks over 6000 m are common to the north.
Due to their meridional extent and height, the Andes sig-
nificantly influence the atmospheric circulation (Gar-
reaud, 2009). This results in weather phenomena across
various spatial and temporal scales (e.g., cold surges on
the eastern side of the Andes; Sprenger et al., 2013), as
well as distinctly contrasting climate conditions along
the eastern and western sides of the mountain range
(Hobbs et al., 1998). In particular, foehn or foehn-like
flows, defined as strong, warm, and very dry winds de-
scending in the lee of mountains (Brinkmann, 1971),
are abundant in the Andes. These winds carry many dif-
ferent names such as Puelche, Terral, Raco, and Zonda,
depending on the region where they occur (Monteci-
nos et al., 2017)1, and they have tremendous societal

∗Corresponding author: Michael Sprenger, ETH Zürich, Atmospheric
and Climate Science, Universitätsstrasse 16, 8092 Zürich, e-mail:
michael.sprenger@env.ethz.ch
1The easterly Raco and Terral foehn winds are associated with specific
valleys: the Raco with the San José de Maipo valley south of Santiago, and
the Terral with the Elqui valley near La Serena. The easterly Puelche wind, on
the other hand, extends over a region of 600 km in latitude and is not directly
associated with a specific valley. The westerly Zonda occurs in west-central
Argentina.

and environmental impacts. The Puelche, for instance,
is known to induce glacier melt (Brock et al., 2012)
and cause strong mixing in Lake Villarrica which can
result in phytoplankton bloom (Meruane et al., 2006);
the Terral affects agriculture (Montes et al., 2016); the
Raco is held accountable for severe air pollution events
over Santiago (Rutllant and Garreaud, 2004); and
the Zonda can be accompanied by destructive wind gusts
(Seluchi et al., 2003).

The occurrence of foehn winds is not restricted to
the Andes but found all over the world with the most
studied examples located in the European Alps (north
and south foehn; e.g., Drobinski et al., 2007, and refer-
ences therein) and the Rocky Mountains in North Amer-
ica (chinook; e.g., Nkemdirim, 1996). Even though this
phenomenon is so prevalent and has fascinated humans
for centuries (see, e.g., Sprenger et al., 2016, for a his-
tory of foehn research in Switzerland; and Kuhn, 1989,
for a broader overview of foehn history and research
in the European Alps), its underlying mechanisms are
still not fully understood. Furthermore, it remains highly
challenging to accurately forecast these events (Rich-
ner and Hächler, 2013).

In contrast to the foehn winds in the Alps and in the
Rocky Mountains, the foehn winds in the Andes have
not been extensively studied yet, partly due to the sparse
observational network in these regions (Seluchi et al.,
2003). Most studies focus on the synoptic conditions
leading to foehn events. Rutllant and Garreaud
(2004) distinguish three different synoptic and meso-
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scale settings (categories) associated with Raco foehn
winds. Meruane et al. (2006) state that the Puelche
foehn typically develops under similar synoptic condi-
tions as two of these Raco categories, and we therefore
briefly discuss them. The first Raco category, including
about 64 % of all events, is characterized by a surface
anticyclone extending from the Pacific Ocean across
the Andes in southern Chile, and by a narrow near-
surface trough along the coast of Chile (Fig. 6a in Rut-
llant and Garreaud, 2004). The strong southward
pressure gradient between the coastal low and the an-
ticyclone induces an easterly, geostrophically balanced
flow across the Andes (Garreaud et al., 2002). Ac-
cording to Montecinos et al. (2017), Raco and Puelche
events do, however, not occur simultaneously since the
latitudinal position of the anticyclone determines which
one of these easterly foehn systems develops. The mid-
tropospheric flow (at 500 hPa), is governed by a ridge
to the west of the subtropical Andes and a trough to the
east, leading to south-westerlies down to about 700 hPa
over the mountain range (Rutllant and Garreaud,
2004). Hence, easterly winds are restricted to the lower
troposphere (below 700 hPa). In the European Alps, a
similar decoupling of low- and mid-tropospheric flow
during foehn is referred to as a ‘shallow foehn’ (Seib-
ert, 1990; Sprenger and Schär, 2001). The second
category of Raco events (16 %) is similar to the first
category in terms of the near-surface synoptic (anticy-
clone) and mesoscale (coastal low) setting, but the mid-
tropospheric flow differs: The mid-tropospheric ridge
tilts in the NW-SE direction, resulting in a cut-off low
over the Andes, hence leading to a south-easterly flow
across the Andes also at these levels (Rutllant and
Garreaud, 2004). Accordingly, this type of foehn clas-
sifies as a ‘deep foehn’ in the terminology used in the
European Alps (Seibert, 1990; Sprenger and Schär,
2001).

The synoptic classification of Raco and Puelche can
be complemented by a further concept that is well
known from the south foehn in the European Alps. Dur-
ing foehn, the near-surface air on the Alpine south side
(in the Po valley) can either be blocked or surmount
the Alpine ridge (non-blocked). This distinction goes
back to one of the first foehn pioneers, Julius von
Hann, who called it type I and type II foehn, respec-
tively, and used it to explain the warming of foehn air
(Hann, 1866). Over the years, the terminology changed
to ‘Swiss’ and ‘Austrian’ foehn types, where the for-
mer corresponds to the non-blocked and the latter to
the blocked flow situation. Wuersch and Sprenger
(2015) use a Lagrangian approach to assess the rela-
tive frequency of the two foehn types in a Swiss and
Austrian valley. They show that Austrian foehns are in-
deed predominantly, but not exclusively, found in Aus-
tria; and vice versa for the Swiss foehn. We can expect
that blocked foehn types dominate in parts of the An-
des, especially from central Chile northward, where the
mountain range is very high with peaks reaching beyond
6000 m. However, the situation is less clear for Puelche

winds further south. Montecinos et al. (2017) conclude
their study by stating that the “Terral and Raco winds are
not linked with upslope movement in the Argentinian
slope of the Andes [. . . ]. However, the Puelche wind
is part of a zonal circulation from Argentina (upslope)
to Chile (downslope) [. . . ]”. Hence, the Raco might be
similar to the blocked foehn type, whereas the Puelche
might show characteristics of both, blocked and non-
blocked foehn types.

Rutllant and Garreaud (2004) argue that the
across-Andes flow during Raco in central Chile
(∼ 33° S) cannot be explained by the strong cross-range
gradients in near-surface geopotential height because of
the high mountain altitudes. In fact, they show that the
strong zonal gradients in geopotential height are con-
fined to levels below 3000 m, whereas the lowest across-
Andes gaps are at a height of about 3500 m. This is in
contrast to other foehn winds, e.g., in the Washington
Cascade Mountains (Colle and Mass, 1998), where ex-
actly these gradients play a crucial role in driving the
cross-mountain flow. Accordingly, Rutllant and Gar-
reaud (2004) conclude that the across-mountain wind
must be predominantly geostrophically balanced. For
the Puelche, the situation is again less clear. The moun-
tains in the Puelche’s region south of 35° S drop from
4000 m to below 2000 m, and therefore “it is expected
that the easterly winds flowing across the Andes from
Argentina (upslope) to Chile (downslope) may be forced
by both zonal and meridional pressure gradients” (Mon-
tecinos et al., 2017). In the same study, this effect is
quantified based on a reanalysis dataset (from 1979 to
2015) of 0.5° × 0.5° grid spacing. To this aim, the zonal
wind component (as an indicator for Puelche winds) is
correlated with the meridional and zonal near-surface
pressure gradients – the former gradient indicating a
geostrophic across-mountain flow, and the latter gra-
dient indicating a cross-range-pressure-driven across-
mountain flow. A strong anti-correlation exceeding −0.7
between the zonal pressure gradient and the zonal wind,
is found south of 35° S on the western slopes of the An-
des pointing towards the importance of the ageostrophic
cross-range flow. At these latitudes, also a positive cor-
relation between the meridional pressure gradient and
the zonal wind is observed, indicating that the flow is
partly driven by the geostrophic balance. Thereby, the
strongest correlation (exceeding 0.7) is found south of
37° S, where the crest height is below 2000 m.

Of course, one might wonder whether it is acceptable
to restrict the Puelche driving mechanisms to meridional
and zonal large-scale pressure gradients? The question
is justified, given the large list of further processes that
have been found to be important for the dynamics of,
e.g., the Alpine foehn. Among these ingredients we only
list a few (for further processes, please consider the
references in the following articles): (i) gravity waves
(Drobinski et al., 2007); (ii) gap flows (Mayr et al.,
2007); (iii) transitions from sub- to supercritical flows
(Durran, 1990; Gohm and Mayr, 2004); (iv) wave
breaking and critical levels (Klemp and Lilly, 1975);
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(v) inversion layers on the upstream side (Gohm et al.,
2004; Vosper, 2004); (vi) channeling of valley winds
due to the flow aloft (Whiteman and Doran, 1993).
If a pressure gradient favourable to drive an across-
mountain flow exists, the above processes may modify
the local structure of the foehn. However, in this study,
we consider the Puelche structure and evolution on a
regional scale, rather than restricted to a single valley,
for a period during which a Puelche foehn was observed
near Lake Villarrica.

While the pioneering climatological analysis by
Montecinos et al. (2017) points a way forward in the
analysis of the Puelche foehn, it cannot be conclusive in
some regional aspects of the Puelche foehn winds be-
cause of the still rather coarse resolution (0.5°× 0.5°) of
the used reanalysis dataset. In this study, we investigate
the detailed regional structure and temporal evolution of
a Puelche foehn event during 25–26 March 2014. More
specifically, we address the following questions:

1. Which synoptic conditions lead to this particular
Puelche foehn event?

2. What is the regional structure of the Puelche foehn
winds, and how does the spatial and temporal evolu-
tion relate to the synoptic forcing?

3. What is the relative importance of zonal and merid-
ional large-scale pressure gradients for the easterly
winds during this specific Puelche event?

4. What is the vertical structure of the foehn and is the
flow on the eastern side of the Andes orographically
blocked or not?

While the first of these questions is addressed
by analyzing meteorological fields from the opera-
tional analysis of the European Centre for Medium-
Range Weather Forecasts (ECMWF; www.ecmwf.int),
the other questions require higher spatial resolution. To
this aim, simulations with the numerical weather predic-
tion model COSMO (COnsortium for Small-Scale Mod-
elling; Steppeler et al., 2003) are performed. With a
grid spacing of 2.2 km, these simulations capture the re-
gional structure (question 2) of the Puelche winds well,
and hence allow for the temporal and spatial evolution
to be studied. We would like to stress, however, that it
is not our goal to understand the very local features of
the Puelche winds and thus we refrain from analyzing
the fine-scale structure of the foehn wind within distinct
valleys or at specific locations in detail. High-resolution
simulations (at ∼ 100 m grid spacing) would be needed
to examine these aspects (e.g., Chow et al., 2006). Cor-
respondingly, question 3, relating the pressure gradients
to the zonal winds, is addressed by means of Eulerian
cross-sections of the pressure field. Finally, we investi-
gate question 4 with both Eulerian and Lagrangian per-
spectives by considering cross-sections, the dimension-
less mountain height, and computing kinematic back-
ward trajectories. The Lagrangian framework, in par-
ticular, has become an invaluable tool improving the

process understanding of foehn in recent years (see,
e.g., Takane and Kusaka, 2011; Elvidge et al., 2015;
Sprenger and Wernli, 2015; Elvidge and Renfrew,
2016; Miltenberger et al., 2016).

To our knowledge, this is the first study focusing
on the mesoscale dynamics of the Puelche foehn and,
hence, it complements the larger-scale study by Mon-
tecinos et al. (2017). The paper is structured as follows:
In Section 2, the data and methods are explained. Then,
in Section 3, the spatial and temporal evolution of the
Puelche foehn event and the origin of the associated air
parcels are investigated. Finally, the results are set into a
broader context in the summary and conclusion in Sec-
tion 4.

2 Data and methods

Operational ECMWF analyses are used to evaluate the
synoptic weather conditions. The data have an equiva-
lent horizontal resolution of ∼ 16 km on a reduced Gaus-
sian grid with 137 vertical levels and are available at
6-hourly intervals. For our purposes, they are interpo-
lated in the horizontal onto a latitude-longitude grid with
a resolution of 0.25°.

To realistically represent the mesoscale dynamics of
this Puelche event, we perform simulations using the
limited-area model COSMO (Steppeler et al., 2003)
in a two-step nesting approach. The coarser COSMO-7
simulation is initialized at 00 UTC 24 March 2014
with the initial and boundary conditions provided by the
ECMWF operational analyses. It has a horizontal grid
spacing of 6.6 km and 40 vertical levels, and provides
the initial and boundary conditions for the finer-scale
COSMO-2 simulation which is initialized at 06 UTC
24 March with a horizontal grid spacing of 2.2 km and
60 vertical levels. The region our study focuses on is
shown with COSMO topography in Fig. 1. For a detailed
description of the physical parameterizations used in the
COSMO model, refer to Doms et al. (2011). The bound-
ary layer height is estimated in the model using a bulk
Richardson number criterion (e.g., Seibert et al., 2000).

Temperature and relative humidity ground measure-
ments are taken from the DGA (Dirección General de
Aguas) real time automated station in Pucón (http://
dgasatel.mop.cl/), and serve to validate the COSMO-2
simulation. The measurements are available at hourly
intervals, with some time steps missing. No wind data
are measured at this station. The measurements are com-
pared to pseudo measurements from COSMO-2 taken
from the spatially averaged nine surface level grid points
closest to the coordinates of Lake Villarrica (39.25° S,
72.08° W). Their location is marked in Figure 1.

Furthermore, air parcel backward trajectories are cal-
culated based on the COSMO-2 wind field (at a higher
15-min interval), using the Lagrangian analysis tool LA-
GRANTO (Wernli and Davies, 1997; Sprenger and
Wernli, 2015). 126 trajectories are started at 160 m
above the ground in a rectangle around Lake Villarrica

www.ecmwf.int
http://dgasatel.mop.cl/
http://dgasatel.mop.cl/
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Figure 1: Region around Lake Villarrica with COSMO-2 topogra-
phy (km, color shading). Its extent is indicated by the blue box in
the subpanel depicting South America’s COSMO-7 topography. The
dashed red lines in the subpanel denote the location of the cross-
sections in Figs. 4 and 7.

(within 72.07–72.3° W and 37.01–40.70° S) at different
relevant time steps during this Puelche event and traced
back in time for 24 h.

3 Results

On 25–26 March 2014, a strong Puelche event is
recorded in Pucón during which near-surface tempera-
ture increases from 12 °C to 30 °C and relative humid-
ity drops from above 90 % to below 20 % (Fig. 2a).
These changes are smaller in the representative near-
surface (at 10 m above the ground) model fields; but
the onset time (06 UTC 25 March 2014; 03 local time)
and the temporal evolution are captured remarkably well
(Fig. 2b). In particular, the sharp increase (+3 °C) of
simulated temperature at 03 local time associated with
a sudden decrease in relative humidity cannot be re-
lated to the diurnal cycle since it occurs at night. Thus,
it must be attributed to the Puelche’s onset. Both, the
model and the measurements show a short period of
stagnation in the temperature increase before solar radi-
ation sets in, and the foehn effect is no longer separable
from the strong diurnal cycle. However, the COSMO-2
model’s 2.2 km resolution limits its ability to simu-
late the local conditions at Pucón accurately because of
the smoothed representation of topography (Fig. 1) and
partly unresolved small-scale processes, including grav-
ity waves, hydraulic jumps, mountain-valley circulation
among others (see Section 1). Therefore, a direct com-
parison of the amplitude with point measurements is not
meaningful, and we focus on the synoptic and regional
scales in the following.

In the next section, the synoptic weather conditions
associated with this specific Puelche event are exam-
ined based on ECMWF operational analyses. Then,

the mesoscale structure, the driving mechanisms, and
the origin of the foehn air parcels are investigated us-
ing Eulerian and Lagrangian diagnostics based on the
COSMO-2 model data.

3.1 Synoptic weather conditions

On 24 March until the beginning of 25 March, a mid-
and upper tropospheric ridge is located west of South
America and a trough above the continent (shown in
Figs. 3a, b at 500 hPa). During 25 March, a cut-off low
forms north of the eastward propagating ridge, giving
rise to easterly winds in the mid- and upper troposphere
above Lake Villarrica (Fig. 3c). The cut-off low remains
stationary until 00 UTC 27 March (Fig. 3d). In the lower
troposphere, a persistent shallow coastal low develops
north of Lake Villarrica on 25 March, which extends ver-
tically from the surface to ∼ 700 hPa (shown in Fig. 3b
for 850 hPa), and advances further south (Figs. 3b, c)
until it completely divides the zonal band of high geo-
potential height in the south (Fig. 3d). The geostrophic
cyclonic flow around this coastal low is easterly near
Lake Villarrica during the Puelche event. This synoptic
configuration is consistent with the one found in the cli-
matological analysis of Puelche events of Montecinos
et al. (2017).

Even though the ECMWF operational analyses fea-
ture easterlies throughout the entire tropospheric column
in the region of Lake Villarrica, the strong Puelche wind
magnitude is not detected: The maximum wind speed in
the lower troposphere never reaches 15 m s−1 and rarely
exceedes 10 m s−1 in the first 200 m above the ground
(not shown). Additionally, neither foehn effects in tem-
perature nor in relative humidity are discernible in the
ECMWF analyses (not shown). Hence, the synoptic en-
vironment is clearly favourable for a Puelche foehn, but
the higher resolution of the COSMO-2 simulations is
needed to capture the regional and temporal structure of
the Puelche.

3.2 Spatio-temporal structure and driving
mechanisms of the Puelche

The COSMO-2 model simulates strong near-surface
Puelche winds over and in the lee of the Andes, which,
in the lee, reach intensities of up to 24 m s−1 during the
night of 26 March and extend meridionally over more
than 400 km (Fig. 4). These maxima in near-surface
wind speed are concomitant with the strongest easterlies
in the mid- and upper troposphere. However, although
easterlies prevail throughout the atmospheric column,
the surface wind maxima are clearly separated from
the wind maximum above 5000 m and there is no ob-
vious link between them. While the zonal component
of the mid- and upper tropospheric easterly winds is
in geostrophic balance2 (black contours in Fig. 4), this

2The computation of the zonal component of the geostrophic wind shown in
Fig. 4 is described in Appendix A.
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Figure 2: Time series of temperature (°C, blue line) and relative humidity (RH, %, orange line) of (a) in-situ measurements in Pucón and
(b) the average over the nine COSMO-2 grid points closest to Lake Villarrica at the surface level at 10 m above the ground. The x-axes
display UTC time in hours/day and the gray areas depict the time frame during which the model wind speed at the surface level exceeds
4 m s−1. The discontinuities in panel a refer to missing data.

Figure 3: ECMWF analysis geopotential height at 500 hPa (m, black lines with a spacing of 20 m) and at 850 hPa (m, color). The gray
arrows indicate the wind at 850 hPa and the blue cross marks Lake Villarrica’s location. The dashed blue lines in panel a denote the location
of the cross-sections in Figs. 4 and 7.

is not the case for the zonal winds closer to the sur-
face: There, geostrophic balance would imply signif-
icantly weaker (maximum magnitude 14 m s−1) zonal
wind speeds; in particular, the fine-scale structure of the
wind field near the surface is completely missed by the
geostrophic winds.

Easterly near-surface winds first occur in the night of
24 March northeast of Lake Villarrica (Fig. 5a). Later,
the Puelche winds set in near Lake Villarrica at 06 UTC
25 March (Fig. 5b), i.e., at the time when temperature
and relative humidity show a distinct foehn signal in

the COSMO pseudo measurements (Fig. 2b). During the
next hours, the meridional and the zonal extent of the
strong Puelche easterlies further increases until 13 UTC
25 March (10 local time, Fig. 5c). Afterwards, the east-
erly winds weaken for a short period (Fig. 5d), but inten-
sify and reach peak intensity and extent in the night of
26 March (Fig. 5e). At 16 UTC 26 March, the easterlies
have ceased to the north and at Lake Villarrica but are
still weakly observable south of it (Fig. 5f).

West-east cross-sections at the latitude of Lake Vil-
larrica (Fig. 6) give insight into the vertical structure of
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Figure 4: Vertical north-south cross-section of COSMO-2 zonal
wind (m s−1, color) dissecting Lake Villarrica at 00 UTC
26 March 2014. Additionally, the geostrophic wind (m s−1, black
lines with a spacing of 2 m s−1) is shown. The dashed vertical blue
line indicates Lake Villarrica’s location and the covered region is
marked by a dashed blue line in Fig. 3a and a dashed red line in
Fig. 1.

the wind field. Before the start of the Puelche event,
westerlies dominate near the surface over Lake Villar-
rica, while at higher levels, a band of weak easterlies is
discernible (Fig. 6a). At 06 UTC 25 March, the decou-
pling of mid- and low-tropospheric flow disappears, and
the easterlies extend down to the surface (Fig. 6b) con-
comitant with the observed foehn signatures above Lake
Villarrica (Fig. 2b). As time progresses, the vertical and
zonal extent of the strong easterlies increases in the early
morning hours (Fig. 6c) before declining again (Fig. 6d).
Then, in the night of 26 March, the strongest easter-
lies are observed which extend all the way to the coast
(Fig. 6e). Finally, at 16 UTC 26 March, surface wester-
lies prevail again at Lake Villarrica, indicating the end
of the Puelche foehn (Fig. 6f).

To better understand the large-scale driving mech-
anisms of the easterlies, and thus determine the re-
spective importance of geostrophically balanced and
cross-range-pressure-driven flow, we examine two lev-
els, namely, 5000 m above sea level and 160 m above
ground level. The evolution of zonal wind speed and
pressure in the zonal and meridional directions are ex-
amined using Hovmöller diagrams and point values
(Fig. 7).

As evident for the timing of peak easterlies (Fig. 4),
the flow is geostrophically balanced in the free tropo-
sphere sufficiently far above the mountain range. Indeed,
the evolution of the easterlies at 5000 m closely follows
the evolution of the meridional large-scale pressure gra-
dient force at this level (Fig. 7a). Specifically, at this
height, the turning of the wind to easterlies coincides
with a reversal in the meridional pressure gradient asso-

ciated with the buildup of high pressure on the southern
side. Although the deepening of the cut-off low on the
northern side continues during 27 March, the meridional
pressure gradient reverses again due to the weakening of
the high-pressure anomaly to the south, and thus, weak
westerlies ensue.

Next, we examine the formation of easterly winds
near the surface and how they depend on the merid-
ional and zonal components of the pressure gradi-
ent (Figs. 7b–e). To this aim, we consider the evolu-
tion of the surface pressure anomaly, which is com-
puted as the deviation relative to the surface pressure
at the time before the Puelche sets in (namely 12 UTC
24 March, marked with the dashed horizontal blue line
in Figs. 7b, c). A meridional pressure gradient, respon-
sible for the weak geostrophic component of the east-
erlies, is established initially (starting around 00 UTC
25 March) due to increasing pressure to the south and
the subsequent deepening of the coastal low to the north
(Figs. 3 and 7b, d). At this near-surface level, however,
the zonal component of the pressure gradient develop-
ing across the ridge strongly exceeds the meridional one
(Figs. 3 and 7c, d). Hence, easterlies develop around
00 UTC 25 March (Fig. 7e) in accordance with the in-
creasing pressure on the eastern and southern side of
the mountain range, and, later, enhanced by the pres-
sure drop on the lee side associated with the coastal low
(Figs. 7b, c). Thereby, the strongest easterlies, occurring
around 00 UTC 26 March (Fig. 7e), coincide with the
strongest meridional as well as zonal pressure gradients
(Fig. 7d). Shortly after, the north-south gradient weak-
ens while the easterly wind speed remains high which
can be explained by the continuously strong east-west
gradient (Figs. 7d, e). The reduction of pressure east of
Lake Villarrica around 14 UTC 26 March is concurrent
with the complete demise of the easterlies near the sur-
face, even though the coastal low continues to intensify
(Figs. 7c–e). Hence, ageostrophic flow associated with
a cross-range pressure gradient is the dominant mecha-
nism establishing near-surface easterlies. This analysis
shows, however, that two transient features of the evo-
lution of the easterlies cannot be attributed directly to
the large-scale pressure gradient forces, namely the de-
crease in the intensity around 18 UTC 25 March, and the
westerlies around 18 UTC 26 March (Fig. 7e), which
may be caused by other, smaller-scale processes and
linked to the daily cycle of thermally driven circulations.

3.3 Origin of the air parcels participating in
the downslope winds

The absence of precipitation on the upstream side of
the Andes implies that latent heat release does not play
an important role for this Puelche event (not shown).
Therefore, isolines of potential temperature approximate
streamlines of the easterlies and the origin of the foehn
air parcels can be estimated from the vertical structure of
potential temperature (Fig. 6). During the Puelche event,
the air is stably stratified on the eastern side of the Andes
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Figure 5: COSMO-2 wind speed (m s−1, color) and the associated wind vectors (black) at 160 m above the ground. The golden line marks
the coast and the purple line the 1500 m contour line of topography. Lake Villarrica’s location is given by the blue cross and the covered
region corresponds to the region shown in Fig. 1. The dashed blue line in panel a denotes the location of the vertical cross-sections in Fig. 6.

at nighttime (e.g., Fig. 6b), thereby preventing ascent
to crest level. In contrast, a deep well-mixed boundary
layer develops throughout the day, which, however, is
still capped by an inversion located at about crest height
(e.g., Fig. 6d). The presence of an inversion at or below
crest level suggests that the Puelche air parcels originate
from the mid-troposphere before they descend on the
lee side of the Andes. Interestingly, however, easterlies,
albeit weaker than at higher levels, are also present in the
levels below the inversion (Figures 6c–e), indicating that
some low-level air parcels may partake in the Puelche
winds by flowing through gaps in the mountain range.

These arguments can be further extended by intro-
ducing the concept of a dimensionless mountain height

(e.g., Reinecke and Durran, 2008) with which we can
quantify whether the upstream environment is indicative
of blocked, unblocked, or mixed foehn flow. The dimen-
sionless mountain height, H∗, is given by H∗ = N·H

U ,
where N is the Brunt-Väisälä frequency, H the moun-
tain height and U the upstream wind velocity. A sys-
tematic analysis is carried out for three locations up-
stream (4° east) of Lake Villarrica (indicated by the as-
terisks in Fig. 8a), at different times during the Puelche
event. At each of the locations, H is the maximum to-
pography height in the westward direction relative to the
height of the upstream point. Because this height fluctu-
ates strongly along single transects due to local peaks
and gaps, the topography is meridionally averaged in a



74 Beusch et al.: Puelche foehn in the Andes Meteorol. Z., 27, 2018

Figure 6: Vertical west-east cross-sections of COSMO-2 zonal wind speed (m s−1, color) and potential temperature (K, black lines with a
spacing of 2 K) dissecting Lake Villarrica. The dashed vertical blue line indicates Lake Villarrica’s location and the covered region is marked
by the dashed blue line in Fig. 5a.

band of 50 km width, as indicated by the dashed lines
in Fig. 8a. The wind component in the westward direc-
tion at the upstream point is averaged in the layer below
crest height and over the 50 km band width to obtain U.
Finally, the Brunt-Väisälä frequency N is calculated us-
ing a bulk method (see e.g., Reinecke and Durran,
2008) as the square root of N2 =

2·g
(θt+θb) ·

(θt−θb)
H , where

θt and θb are the band-width-averaged potential temper-
atures at the crest height and the surface, respectively.
The resulting H∗ is highly variable in space and time
but always > 1 and thus indicative of blocked easterly
flow (Table 1). Between 12 UTC 25 March and 00 UTC
26 March, H∗ decreases monotonously to the east and

northeast of Lake Villarrica. In the southeast, a transient
minimum is reached at 18 UTC 25 March.

To gain further dynamical insight, we investigate the
latitude of Lake Villarrica (location A in Fig. 8a) at
a specific time slot, namely 18 UTC 25 March, when
H∗ = 2.5 (Fig. 8). In this latitudinal band, easterlies
dominate throughout most of the troposphere, while the
northerly wind component is also non-negligible up to
a height of ∼ 3.5 km above sea level (Fig. 8b). Accord-
ing to the static stability profile, the top of the planetary
boundary layer is above 2 km above sea level (Fig. 8c).
The very stable layer at the top of the boundary layer
(Fig. 8c) is associated with strong wind speed and a
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Figure 7: (a)–(c): Hovmöller diagrams dissecting Lake Villarrica showing COSMO-2 (a) zonal wind (m s−1, color) and pressure (hPa, black
lines with a spacing of 1 hPa) at 5000 m MSL in the north-south direction; (b) zonal wind (m s−1, color) and pressure anomaly (hPa, black
lines with a spacing of 1 hPa) at 160 m above ground in the north-south direction; (c) same as panel b but in the west-east direction. The
y-axes display UTC time in hours/day. The pressure anomalies (panels b, c) are calculated as deviations relative to the pressure at 12 UTC
24 March 2014 (dashed horizontal blue lines). The dashed vertical blue lines indicate Lake Villarrica’s location. The Hovmöller transects are
marked by the dashed blue lines in Fig. 3a and the dashed red lines in Fig. 1. (d)–(e): Time series at 160 m above the surface of COSMO-2
(d) pressure difference relative to the pressure difference at 12 UTC 24 March 2014 taken over a distance of 1° in the meridional direction
(psouth–pnorth, blue line) and zonal direction (peast–pwest, red line) centered at the position of Lake Villarrica (hPa) and (e) zonal wind speed
(m s−1, black line) at Lake Villarrica. The magenta lines indicate the nighttime periods (18–06 local time), the dashed vertical green lines
the reference time to which pressure differences are calculated, and the dashed horizontal green lines the turning of the pressure gradient
relative to the reference time (d) and the turning between westerlies and easterlies (e). The x-axes display UTC time in hours/day.

Table 1: Dimensionless mountain height, H∗, calculated for three upstream locations at different times. H is the averaged maximum relative
mountain height (m) along the westward transects A–C, as indicated in Fig. 8a. The two numbers in brackets correspond to the averaged
easterly wind component (m s−1) and Brunt-Väisälä frequency (s−1). See text for details on the determination of the parameters.

SE of Villarrica (C) East of Villarrica (A) NE of Villarrica (B)
40.25° S, 68.08° W 39.25° S, 68.08° W 37.25° S, 68.08° W
H = 685 m H = 1125 m H = 1625 m

12 UTC 25 March 5.1 (2.0, 1.5 · 10−2) 3.0 (5.7, 1.5 · 10−2) 9.5 (2.3, 1.3 · 10−2)
18 UTC 25 March 1.3 (3.0, 0.6 · 10−2) 2.5 (3.3, 0.8 · 10−2) 4.5 (3.9, 1.1 · 10−2)
00 UTC 26 March 1.6 (3.6, 0.8 · 10−2) 1.9 (5.4, 0.9 · 10−2) 4.0 (5.1, 1.2 · 10−2)

decoupling between the high- and low-level winds can
be observed (Fig. 8b). The boundary layer surpasses
the mountain barrier on the upstream side of the An-
des along the transect (Fig. 8d). Thus, it should be pos-
sible for the air mass within the boundary layer close
to the barrier to be advected over it with the low-level
easterlies. This is in contradiction with the value of H∗

of 2.5 (Table 1) indicating blocked flow. However, it
needs to be emphasized that H∗ does not take into ac-

count the detailed structure of the profiles of wind and
Brunt-Väisälä frequency and is sensitive to the method-
ology it is computed with, potentially leading to mis-
leading results. The bulk method H∗ is calculated with
the values: U = 3.3 m s−1, N = 0.8 · 10−2 s−1. If the
averaging method is used instead, the values become
U = 3.3 m s−1, N = 0.6 · 10−2 s−1, H∗ = 2.0. Finally,
one might take the values at mid-crest level and get
U = 3.2 m s−1, N = 0.4 · 10−2 s−1, H∗ = 1.4. In con-
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Figure 8: COSMO-2 parameters related to the dimensionless mountain height at 39.25° S, 68.08° W (asterisk A in panel a) at 18 UTC
25 March 2014: (a) Map view of model topography (m, color) and the locations where the dimensionless mountain height, H∗, is calculated
(asterisks). While all three locations are used to determine H∗ in Table 1, the parameters in this figure all relate to asterisk A and are averaged
over the band covered by the dashed black lines. (b) Vertical profiles of the parallel (Up, m s−1, blue line) and normal (Um, m s−1, red line)
wind components with respect to the black line orientation in panel a, and of the full velocity (VEL, m s−1, green line). (c) Vertical profiles
of potential temperature (θ, K, red line) and squared Brunt-Väisälä frequency (N2, s−2, black line). (d) Height of topography (km, black line)
and planetary boundary layer above sea level (km, dashed red line), as a function of distance away from the upstream location (asterisk A)
along the black line marked in panel a.

clusion, the estimates of H∗ must be taken with some
care.

At this time, similar conditions occur 1° south of
Lake Villarrica (Table 1; location C in Fig. 8a). To
the north (location B), although the upstream boundary
layer height is around 2000 m (not shown), the flow is
blocked more effectively by the higher mountain barrier
and H∗ is even higher (Table 1). The upstream boundary
layer height is subject to a strong diurnal cycle and,
consistent with the blocked flow conditions, often does
not reach the crest height. It needs to be noted that
the boundary layer height is taken as a direct model
output which has to be treated with care, especially over
complex topography. However, here, only the qualitative
state of the boundary layer on the upstream side of
the mountain range is examined. Hence, the modelled
boundary layer height is a suitable indicator for our
purpose.

A complementary view can be provided by the La-
grangian perspective, offering a comprehensive under-
standing of the Puelche wind by taking into account
the realistic spatio-temporal variations of the flow field.
Backward trajectories are initiated at six different times
(as in Figs. 5 and 6) from the locations indicated by
the black points in Fig. 9 from a height of 160 m above
the ground. At 22 UTC 24 March (Fig. 9a), the air on
the western side of the mountain range has not previ-
ously crossed the Andes, but instead originates from fur-
ther south. During the night, easterlies develop over the
mountain range (Figs. 5 and 6), and air parcels arriving
at 06 UTC 25 March originate partially from the east-
ern side (Fig. 9b). The subsequent strengthening of the
easterlies over the Andes (Figs. 5 and 6) implies that
virtually all air parcels on the lee side have previously
crossed the mountain range and thus, participate in the
foehn flow (Fig. 9c).
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Figure 9: COSMO-2 backward trajectories from a region impacted by the Puelche foehn at 160 m above the ground, marked by the black
dots. The trajectories are colored according to their height above sea level (km). The golden contour line depicts the coast, gray and green
denote an elevation of 500 m and 1500 m respectively. The blue cross marks Lake Villarrica’s location. The air parcel trajectories are started
at the time indicated at each panel and run backwards in time for 24 h. Except for panel a and b where they are run back only until 12 UTC
24 March 2014 to account for the spin-up time of the model.

Air parcels arriving at 13 UTC 25 March to the north
of Lake Villarrica originate from low altitudes, while
air arriving south of Lake Villarrica originates largely
from the Andes crest level above the inversion layer
(Fig. 9c). This is interesting because the mountain bar-
rier is higher in the north compared to the south. Still,
the trajectories indicate non-blocked flow in the north
while the southern air mass originates from higher up
and turns from southerly to easterly before descending
on the lee side. Note that the dimensionless mountain
height H∗ northeast of Lake Villarica (Table 1), in con-
trast, points towards blocked flow throughout the event
(see next paragraph for a critical discussion). The tran-
sient weakening of the easterlies at 18 UTC 25 March
(Figs. 5d and 6d), especially to the south of Lake Vil-

larrica, is particularly concurrent with air originating
from low levels and crossing the Andes through moun-
tain gaps (Fig. 9d). Air parcels originating from both
mid-tropospheric (4000 m) and near-surface levels, are
also discernible at the time of maximum wind speed
(Fig. 9e). Hence, non-blocked, and therefore, upslope
flow is possible on the Andes eastern side, with the air
being channeled through mountain gaps.

While both the Lagrangian and the Eulerian perspec-
tives indicate that mixed blocked and non-blocked flow
co-exists during this Puelche event, the Lagrangian ap-
proach captures the complex nature of the foehn flow in
more detail. For instance, H∗ always clearly exceeds 1 at
the location northeast of Lake Villarrica but the trajecto-
ries reveal that nevertheless, some air parcels originate
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from the lower troposphere there. Since the Lagrangian
perspective follows individual air parcels it can take into
account changes in the vertical stability – and thus also
in H∗ – connected to the diurnal cycle the air parcel ex-
periences along its way. Hence, a deeper understanding
of the origin of the air parcels participating in the foehn
event can be gained by the inherent consideration of the
complex flow evolution in the Lagrangian approach.

4 Summary and conclusion

In this numerical modelling study, we examined re-
gional aspects of the dynamics of a Puelche event ob-
served on 25–26 March 2014 near Lake Villarrica – a
region in the southern Andes where only sparse observa-
tions are available. The COSMO-2 model successfully
captures the Puelche event and yields novel dynamical
insights into the structure and driving mechanisms of
foehn winds in this region. In the following we sum-
marize the main results in light of the questions posed in
Section 1:

1. At the beginning of the Puelche event, a mid-
tropospheric ridge is present west of the subtropical
Andes and a trough over land. In the lower tropo-
sphere, a narrow coastal low forms along the western
coast of South America with its tip reaching as far
south as Lake Villarrica while the pressure increases
on the eastern side of the Andes. Further south, high
pressure dominates on both sides of the mountain
range. In the mid- and upper levels, a cut-off low de-
velops north of the eastward propagating ridge above
the continent.

2. The easterly Puelche winds occur above the Andes
and manifest as elongated jets of increased wind
speeds along valleys on the lee side. Low-level east-
erlies exceeding 18 m s−1 extend over 400 km along,
and 100 km across the mountain range. The event
lasts about 32 h, which is a common lifetime of
Puelche winds (Montecinos et al., 2017). Its dura-
tion is governed by the intensification and later the
decay of the high-pressure system south and east of
the mountain range, while the coastal low and the up-
per level cut-off low contribute as well.

3. Flow along isohypses in geostrophic balance is the
key factor in explaining the easterly wind through-
out the free troposphere. But within the planetary
boundary layer, where frictional dissipation is strong,
flow is also driven by large-scale cross-mountain
pressure gradients – potentially enhanced by meso-
scale processes, e.g., gravity waves and/or lee side
subsidence and cyclogenesis. The easterly flow, ini-
tially in geostrophic balance upstream of the oro-
graphic barrier, is disturbed from geostrophy while
crossing the barrier. The length scale required for the
flow on the lee side to return to balanced conditions
can be estimated as u

f , where u is the zonal wind

speed, ∼O(10 m s−1), and f is the Coriolis parameter,
∼O(10−4 s−1), i.e., resulting in ∼ 100 km. The prox-
imity of Lake Villarrica to the barrier, considerably
below this length scale, implies that in this region, the
easterlies which depart from geostrophy, cannot yet
be adjusted back to geostrophic balance. Indeed, as
demonstrated in detail in this study, the near-surface
easterlies are to a large extent ageostrophic in nature.

4. This Puelche event can be classified as a mixed
blocked and non-blocked foehn type. According to
combined Eulerian and Lagrangian analyses, many
air parcels arrive from above the capping inversion
around crest height on the eastern side of the An-
des, hence, indicative of blocked foehn. Neverthe-
less, some air parcels originate from the lowermost
troposphere east of the Andes and are channeled
through gaps in the mountain range. Furthermore,
the event can be regarded as a deep foehn since the
turning of the wind vectors with height is negligible,
and easterlies span throughout the entire tropospheric
column.

This study provides a first detailed numerical simu-
lation of a Puelche event, in a region where the sparse
observational network limits the inclusion of such cases
as an integral component of mountain meteorology re-
search. It remains an open question whether thermally
driven circulations modulate the easterlies. For Raco
cases, Rutllant and Garreaud (2004) suggest that
under clear sky conditions, the strongest easterly wind
anomalies occur preferably during night and in the early
mornings which is also observed in this Puelche event.
Additionally, smaller-scale processes affect the dynam-
ics of the Puelche winds, which are yet to be studied us-
ing high-resolution modelling strategies in this region.
Specifically, it would be interesting to explore how the
Puelche is affected by the development of an inversion
layer upstream of the mountain range and the associated
lee waves.

Appendix A

The geostrophic wind, Ug, in Fig. 4 is calculated accord-
ing to Ug = R·T

f ·p ·
∂p
∂y where f = 2 ·Ω · sin(φ) is the Cori-

olis parameter at Lake Villarrica’s latitude φ = 39.25° S,
T the temperature, p the pressure and, correspondingly,
∂p
∂y the meridional pressure gradient at a given height,

as well as Ω = 7.29 · 10−5 s−1 the Earth angular ve-
locity, and R = 287.05 J kg−1 K−1 the specific gas con-
stant of dry air. To obtain the vertical cross-section of Ug
in Fig. 4, we interpolate the COSMO fields to a stack
of height levels from the surface up to 10 km, in steps
of 100 m. The pressure gradient is approximated by a
meridional pressure difference across 12 grid points,
centered at Lake Villarrica, and corresponding to a dis-
tance of 26.4 km.
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In the non-hydrostatic COSMO model, the pressure
field on a specific height level exhibits many small-scale
spatial variations, e.g., due to gravity waves. Hence, we
smooth pressure and temperature with a 40-point mov-
ing average in the meridional direction prior to comput-
ing the geostrophic wind. Accordingly, the geostrophic
winds shown in Fig. 4 do not reflect the small-scale vari-
ations in the pressure fields, particularly at near-surface
levels. Instead, they characterize the zonal wind speed
resulting from the large-scale pressure field.
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