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Abstract

This study investigates the spatial structure and the seasonal occurrence of foehn wind to the east of the Andes using a flow
blocking analysis in a 20-year climate simulation. The latter was performed by the Eta-CPTEC regional model at 50-km
horizontal resolution. This version of the model includes a cut-cell scheme to represent topography and a finite-volume verti-
cal advection scheme for dynamic variables. The results indicate that foehn wind more frequently blows during winter and
spring on the eastern slopes of the Andes, except to the south of 37° S where it blows at all seasons. Higher mountains of
the Central Andes (27° S-35° S) and the High Plateau (15° S—-27° S) result in blocked foehn events, with a weak adjustment
to the geostrophic balance. On the Central Andes, rain and snow on mountain tops may also contribute to generate foehn
wind on the eastern slopes. The results show that a low pressure develops to the east of the Central Andes, and also to the
east of the High Plateau when foehn blows. Lower mountains in Patagonia (to the south of 37° S) result in more frequent

non-blocked foehn event, with better adjustment to the geostrophic balance.

1 Introduction

The term foehn refers to the downslope warm and dry wind
that blows on the leeside of mountains (Brinkmann 1971).
Even though the term is worldwide used, it locally received
different names. This is the case, for instance of the zonda
wind in South America, the wind that blows along the east-
ern slopes of the Andes mountains. In addition to the sud-
den increase in temperature and the reduction in relative
humidity, it is usually accompanied by strong gusts (Norte
2015). The most severe events seriously affect activities in
many towns to the east of the Andes, causing damages in
power lines, constructions, fires, air traffic disruption among
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other problems (Norte 1988, 2015; Norte et al. 2008). The
term zonda arises from the way that local inhabitants in the
Andean valleys and the lowlands to the east referred to it in
the province of San Juan, Argentina, around 31° S. How-
ever, according to Schwerdtfeger (1976), downslope winds
with similar characteristics as the zonda also blow in other
valleys east of the Andes between 33° S and 15° S. But the
Andes mountains undergo changes of characteristics along
this range of latitudes (Fig. 1). The Central Andes extend
from 27° S to 35° S where the crest of the main mountain
range is about 3000 m with higher peaks, where the Acon-
cagua with its 6959 m is the highest peak in South America.
To the north of 27° S, the Andes become wider with a High
Plateau (about 4000 m). Between the latitude 35° S and 37°
S, the crest of the main mountain range descends from 3000
to 2300 m. To the south of 37° S, the Andes extend to the
southern tip of the continent. The Patagonia extends from
the Andes to the Atlantic Ocean, rising in terrace fashion
from coastal cliffs to the base of the Andes. This tableland
region rises to an altitude of 1500 m, sometimes similar to
the main mountain range of the Andes. Even though there is
no reference in the literature about foehn wind at Patagonia
tableland, strong and dry westerly winds are well known to
blow in the area.

Zonda to the east of the Central Andes has been the sub-
ject of several studies. Norte (1988) obtained the first cli-
matology of the zonda at Mendoza using observations from
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Fig.1 The Andes mountain range as seen by the Eta-CPTEC model
in the 20-year climate simulation. Shades in meters

ground stations and radiosondes. In his study, Norte (1988)
classifies the zonda as high zonda and surface zonda, accord-
ing to the elevation of the sites where the zonda blows.
Seluchi et al. (2003) used the zonda classification of Norte
(1988) to simulate particular cases of zonda events with the
Eta model. They compared their results with observations
and proposed some explanations for the physical processes
involved in each type of zonda. A numerical simulation of
a severe case of zonda wind was performed by Norte et al.
(2008) with the BRAMS model (the Brazilian version of
the RAMS model). Their results showed the ability of the
model to capture the main features of this particular event.
Later, the same case of severe zonda was analyzed in a fore-
cast experiment with the Eta model, using a version of the
so-called ‘cut-cell’ discretization of topography (Mesinger
et al. 2012; Mesinger and Veljovic 2017). Those results
highlighted the performance achievable using the eta coor-
dinate with its cut-cell formulation to simulate the foehn in
the case of complex topography with steep slopes as in the
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case of the Central Andes. Puliafito et al. (2015) performed
a numerical simulation with the WRF model to reproduce
the main features of two events of zonda wind at Mendoza.

In addition to the aforementioned case studies, Antico
et al. (2017) obtained a climatology of zonda wind occur-
rence near Mendoza from a 20-year climate simulation
with the Eta-CPTEC model. There is a lack of studies that
investigate the foehn to the east of the Andes outside the
Central Andes region. To the west of the Central Andes, the
foehn wind is locally known as raco wind, and to the west
of Patagonia it is known as puelche wind (Rutlant and Gar-
reaud 2004). Montecinos et al. (2017) made a climatic char-
acterization of the puelche wind along a latitudinal range to
the west of the Andes using climate forecast system reanaly-
sis (CFSR) at 0.5° of horizontal resolution.

Because the term zonda is usually reserved for the foehn
to the east of the Central Andes, we adopt the more general
expression foehn to refer to these winds at any latitude south
of 15° S along the eastern slopes of the Andes. The objective
of this study is to investigate the foehn wind to the east of the
Andes using results from a 20-year climate simulation. The
foehn is characterized for different Andean regions in terms
of synoptic scale features of the atmospheric circulation. The
blocking flow to the west of the Andes is analyzed. Then,
the vertical structure of the foehn wind is characterized at
different latitudes.

2 Data and methodology

Data used for foehn detection come from a 20-year climate
simulation described in Antico et al. (2017) for the period
1989-2008. This simulation was produced using the Eta-
CPTEC regional model at 50-km horizontal resolution and
38 vertical levels. The frequency of model output was 6 h.
A spin-up of 1 year was used to allow coupling between the
atmosphere and the soil conditions, then this first year of
model integration was discarded. Lateral boundary condi-
tions were taken from the ERA-Interim global reanalysis
at 150-km horizontal resolution and every 6 h (Dee et al.
2011). Sea surface temperature reanalysis was updated on
a daily basis. Lower boundary conditions were provided
by the four-layer NOAH soil model (Chen et al. 1997; Ek
et al. 2003). Cumulus parameterization was given by the
Betts—Miller scheme modified by Janji¢ (1994), and cloud
microphysics by the Zhao scheme (Zhao et al. 1997). The
Monin—Obukhov similarity was used in the surface layer
with Paulson stability functions coupled to molecular sub-
layer over land and ice (Zilitinkevich 1995) and over water
(Janji¢ 1994). Form drag scheme dependent on wind direc-
tion (Mesinger et al. 1996) was applied. Parameterization of
turbulence above the surface layer was represented by the
Mellor—Yamada 2.5 closure scheme (Mellor and Yamada
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1982) with various refinements (see Janji¢ 1990, 2002; Mes-
inger 1993, 2010).

A particular feature of the Eta model is the so-called
‘sloping-steps’ refinement of the eta discretization (Mesinger
et al. 2012). This discretization is a simple version of what
is generally referred to as a cut-cell scheme for the repre-
sentation of topography. Another special feature is the van
Leer-type finite-volume vertical advection of all dynamic
variables (Mesinger and Jovic 2002).

To detect foehn wind in the climate simulation, we pro-
pose a criterion based on the simultaneous occurrence of
downslope wind, positive anomalies of air temperature, and
negative anomalies of relative humidity. The criterion uses
near surface variables, such as wind at 10 m, temperature
and relative humidity at 2 m above ground. Downslope wind
is considered as detected when surface wind blows against
the terrain elevation gradient. Surface temperature anomaly
is defined as the difference between current surface tem-
perature and the corresponding long-term monthly mean for
each specific hour, i.e. 00, 06, 12, and 18 UTC. Mean values
are obtained as an average over the entire simulated period.
Similar definition is formulated for the relative humidity
anomaly. A lower limit is defined for the slope of the terrain
elevation to filter out very small slopes, whereas a threshold
of 4 m s7! is adopted for wind velocity to filter out light
breezes. Positive temperature anomalies greater than one
standard deviation and negative relative humidity anoma-
lies less than one standard deviation have been defined as
thresholds for foehn detection. These thresholds permit to
filter out cases with light anomalies of temperature and rela-
tive humidity.

The methodology to detect foehn wind is applied to each
grid box to the south of 15° S along the main mountain range
of the Andes. The resulting spatial frequency distribution
of the number of foehn events per year is shown in Fig. 2.
Within each region of the Andes shown in Fig. 1, at least one
grid point is selected where the relative maximum of foehn
frequency is detected.

3 Results

The methodology applied to detect foehn wind in the 20-year
climate simulation reveals that foehn occurs on both sides of
the Andes, as shown in Fig. 2. However, the higher frequen-
cies are on the eastern mountain slopes. In general, the foehn
becomes more frequent as the terrain elevation increases
from the lowlands on the east to the mountain crest on the
west. The highest foehn frequencies with more than 140
cases per year occur to the east of the Central Andes and to
the east of the High Plateau. This is the case for the absolute
maximum greater than 200 cases per year on the far eastern
slopes in Bolivia to the north of 22° S. But this maximum
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Fig.2 Detection of foehn in the 20-year climate simulation. Units are
number of events per year

does not result from air flow crossing the Andes, as dis-
cussed in a further section. To the south of 38° S, wide pla-
teaus separate the crest of the Andes from the eastern slopes
where the foehn wind is detected. This situation explains
the gap in the foehn occurrence in the middle of Patagonia.

It is noteworthy that foehn is also detected in the low
mountains to the east of the Central Andes near the city of
Cordoba, Argentina. On the southern coast of the Tierra del
Fuego Island, to the south of the continent, the foehn is also
detected.

In the following subsections, we investigate the foehn
occurrence at different regions along the eastern slopes
of the Andes to the south of 15° S. Composite analysis is
performed when foehn blows at selected points within each
region. These grid points are chosen because they exhibit
the highest foehn event frequency in a given region, as seen
in Fig. 2. The corresponding grid points for each region
are listed in Table 1. Composites consist of mean fields of
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Table 1 Brunt-Viisild frequency (N) and non-dimensional mountain
height (h) at the three Andean regions when maximum foehn fre-
quency occurs

Z (m) P (hPa) N (10725 h
Central Andes (31.5° S 68.5° W)—lJuly

hy=3600m, n=211, U=17m s

3000 700 1.06 0.44
2500 750 1.19 0.84
2000 800 1.29 1.36
High Plateau (25.0° S 65.5° W)—IJune

hy=4100m, n=193,, U=15m s~}

3600 650 1.17 0.47
3000 700 1.19 0.95
2500 750 1.26 1.43

Patagonia (48.5° S 69.0° W)—September
hy=1400 m, n=254, U=10m s

1000 900 1.18 0.59
750 925 1.16 0.87
100 1000 1.11 1.55

The location of the reference point (latitude and longitude), the month
with the maximum foehn frequency, the relative height of the moun-
tain crest (h,), the number of foehn cases (n) and the velocity of the
wind perpendicular to the mountain at the crest level (U) are indi-
cated for each region. Values of N and # are listed for three different
altitudes (Z) with their corresponding pressure (P)

selected meteorological variables and vertical cross sections
perpendicular to the mountain crest. Only those composites
with the highest monthly frequency are shown. Monthly fre-
quencies of foehn at each one of the selected grid points are
shown in Fig. 3a—c. Composites of surface wind, tempera-
ture anomalies, and relative humidity anomalies are shown
in Fig. 4a—c, and composites of mean sea level pressure, total
precipitation, and snow are shown in Fig. Sa—c.

3.1 Central Andes

The foehn is more frequent during winter with slightly
higher frequencies during spring than autumn on the eastern
slopes of the Central Andes (Fig. 3a).

The strongest surface winds blow along the eastern slopes
of the mountain crest when the foehn occurs at the grid point
shown in Fig. 4a.

Positive anomalies of surface air temperature greater than
two times the standard deviation occur downslope to the east
of the Central Andes. The largest anomalies are found along
the same latitude where the strongest surface winds blow on
the mountain crest. Positive surface temperature anomalies
due to foehn warming spread far to the east over the central
mountains of Argentina. Anomalies of relative humidity are
consistent with the temperature anomalies, with the lowest
values below — 2.5 times the standard deviation in the same
area where higher temperature anomalies occur.
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Precipitation over the western slopes of the Central Andes
(Fig. 5a) is also a typical feature when zonda blows in Men-
doza (Norte 2015), in the eastern slopes of the Andes. At
higher elevations and over the mountain crest, snow may
represent more than 50% of the total precipitation (Fig. 5a).

An intense zonal gradient of sea level pressure (SLP)
develops across the Central Andes (Fig. 5a). This gradient
results from the pressure difference between the high pres-
sures over the Pacific Ocean and the trough to the east of the
Andes. The latter, known as northwestern Argentinean low
(NAL) (Escobar and Seluchi 2012), typically develops when
the zonda blows in Mendoza (Lichtenstein 1980; Seluchi
et al. 2003).

3.2 The High Plateau

The annual distribution of foehn occurrence at the eastern
slopes of the High Plateau is similar to that of the Cen-
tral Andes, despite the maximum frequency occurs in June
instead of July (Fig. 3b).

The surface wind pattern when foehn blows at the east-
ern slopes of the High Plateau shows the strongest winds
between 25° S and 31° S to the east of the mountain crest
(Fig. 4b). The northerly winds that blow east of the Andes
over Bolivia and Paraguay result from the deepening of a
low pressure as it is discussed latter.

A large area of positive temperature anomalies exceeding
2.5 times the standard deviation, extends along the eastern
slopes of the High Plateau, over the reference grid point.
Relative humidity anomalies, that reach — 2.5 times the
standard deviations, are in agreement with the positive tem-
perature anomalies on the eastern slopes. Simultaneously,
an area of positive relative humidity anomalies, greater than
two times the standard deviation develops along the western
Andean slopes between 27° S and 37° S.

There is no precipitation on the western slopes of the
High Plateau when the foehn wind blows on the eastern
slopes except for some snow around 27° S (Fig. 5b). Pre-
cipitation over the western slopes only occurs around the
Central Andes, where the latitudes are relatively lower.

Similar to the case of the Central Andes foehn, an intense
zonal gradient of SLP develops across the High Plateau
(Fig. 5b). This gradient results from the pressure difference
between the high pressure over the Pacific Ocean and the
low pressure to the east of the High Plateau. This low pres-
sure should not be confused with the Chaco Low, which is a
feature of the low-level circulation during summer as part of
the South America monsoonal system. Instead, the low pres-
sure in Fig. 5b is a feature of low-level circulation related to
the foehn event on the eastern slopes of the High Plateau.
Thus, it may be regarded as the northernmost position of
the NAL (Escobar and Seluchi 2012) when the foehn wind
blows at these latitudes.
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Fig.4 Composites of surface
wind (m s™) (left column),
anomalies of surface tem-
perature (in standard deviations)
(middle column), and anomalies
of relative humidity (in standard
deviations) (right column) for
the Central Andes in July (a),
the High Plateau in June (b)
and Patagonia in September (c).
Contours are terrain elevation in
meters. Dots indicate the loca-
tion of the reference point in
each region (see Table 1)
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Fig. 5 Composites of total
precipitation (mm/day) (middle
column), snow (mm/day) (right
column) and sea level pressure
(in hPa) (left column) for the
Central Andes in July (a), the
High Plateau in June (b) and
Patagonia in September (c).
Contours are terrain elevation in
meters (shaded in the left col-
umn). Dots indicate the location
of the reference point in each
region (see Table 1)

a JUL
SLP TOTAL PREC.
185 ‘ D) )
218
245
275
308
338
365
395 1006
oo™ T
425 1004—""
T5W 7ZW G9W B6W 63W TEW 72W BIW GEW BIW 7SW 7ZW BYN GEW BawW
5 10 20 30 40 0 20 40 60 &0 2 5 10 15 20
b JUN
SLP TOTAL PREC.
155 155 — T H
185 1008, o
215 e 215
248 24$
278 4 275
308 308
<
335 335
ses " 35S
395 ‘Fm/ 395 1l
72W BIW GEW B3W BOW 72W 6OW 6N B3W 6OW 750 630 66N B3W 60W
5 10 20 30 40 10 20 40 60 80 2 5 10 15 20
c SEP
TOTAL PREC.
308 308
338 338
36S 365
39S 395
425 425
458 455
485 48S
518 518
545 545
78W 75W 72W BAW B6W 63W 78W 75W 72W 69W B6W 63W 78W 75W 720 69W 66W 63W

5

10 20

30 40

10 20 40 80 &0

2 5 10 15 20

@ Springer



324

P.L. Antico et al.

3.3 Patagonia

The foehn wind on the eastern slopes of Patagonia may
occur throughout year, but more frequently in September
(Fig. 3c¢).

Stronger surface winds blow at higher terrain elevations,
both on the Andes mountains crest and on the Patagonian
plateau to the east (Fig. 4c). The highest wind speeds found
over the southwestern coast of the continent result from the
intense pressure gradient (Fig. 5c¢).

Positive temperature anomalies, which exceed 2.5 times
the standard deviation, extend all over the Patagonia and
spreads downslope to the east of the reference grid point
(Fig. 4c). Consistently, minimum anomalies of relative
humidity, less than — 2 times the standard deviation occur
in the same area.

Precipitation occurs upwind of the main mountain range
along the Patagonian Andes. The maximum precipitation
values are found on the western slopes of the Andes almost
at the same latitude of the reference grid point. Figure 5c
reveals that approximately 25% of this precipitation is snow.

Figure 5c shows the SLP pattern with a ridge to the west
and a trough to the east of Patagonia; however, this pattern
is not as an intense cross-mountain pressure gradient as in
the case of the other Andean regions.

a b

POTENTIAL TEMPERATURE (K) (Pr = 1000 hPa)
LAT: 315 S foehn at 68.5W LAT: 25 S

POTENTIAL TEMPERATURE (K) (Pr = 1000 hPa)

4 Vertical structure of the atmosphere

To gain insight of the vertical structure of the atmosphere
when the foehn blows at the eastern slopes of the Andes, we
perform an analysis of vertical sections across the mountains
at the latitudes of the reference points in Table 1. These
vertical cross sections are obtained from the composites pre-
viously discussed in Sect. 3. For each Andean region, the
corresponding composites of potential temperature, zonal
wind, and vertical motion are shown in Figs. 6a—c, 7a—c
and 8a—c, respectively. We assume adiabatic flow, so that
the isentropes may be regarded as mean streamlines that
describe the flow around the mountains. This flow may pass
over the mountains or become blocked, as it is further dis-
cussed. The zonal wind represents mostly the wind compo-
nent perpendicular to the main mountain crest. This is the
case for the Andes Mountains at the selected latitudes.

The steep slopes of the Central Andes (Fig. 6a) act as
barriers for the westerly flow. The analysis of the isentropes
suggests that the low-level flow over the Pacific Ocean is
blocked. On the other hand, the flow near the mountain
crest overpasses the mountains. On the lee side, isentropes
increase their slope as they follow the terrain slope. This
indicates that the upper air is descending downslope, but
the depth of this downward motion is bounded by a strongly
stratified layer beneath the 850-hPa level to the east of the
Andes. Above this layer, subsiding air is diverted to the east
up to the lower mountains in central Argentina. The vertical
cross section of zonal wind (Fig. 7a) shows the increase in
wind speed on the lee of the Andes where downward motion

c

POTENTIAL TEMPERATURE (K) (Pr = 1000 hPa)
foehn at 65.5W LAT: 48,5 S foehn at 6IW

300 300

300

Fig.6 Vertical cross sections with composites of potential temperature (K) at the latitude of the reference points of the Central Andes in July (a),

the High Plateau in June (b) and Patagonia in September (c)
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Fig.7 Same as in Fig. 6 but for zonal wind (m s71). Thick contour denotes the zero line
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Fig.8 Same as in Fig. 6 but for vertical motion (Pa s™"). Thick contour denotes the zero line

also occurs (Fig. 8a). Downward transport of zonal momen-
tum occurs to the east of the mountain crest, as the combina-
tion of the Figs. 7a and 8a show. Calm winds occur within
the stratified layer beneath the 850-hPa level. Similar situ-
ation, but to a lesser extent, occurs to the east of the lower
mountains in central Argentina at 65° W.

As in the Central Andes, the low-level flow from the
Pacific Ocean is blocked by the Andean High Plateau, but
the upper level flow crosses the mountain near the 600-
hPa level. On the lee of the mountain, the steep slopes of
the isentropes indicate subsidence of the upper air. This

downward motion is bounded by the top of a stable layer
to the east of the Andes at the 800-hPa level. Downward
transport of zonal momentum along the eastern slopes may
be inferred by combining the vertical cross sections of the
zonal wind (Fig. 7b) and of the vertical motion (Fig. 8b).

Despite the lower elevation, the Patagonian plateau
(Fig. 6¢) still blocks the low-level flow to the west of the
Andes below the 900-hPa level. However, only the air
flow at the crest level crosses the mountain and descends
along the eastern slopes. Vertical cross section of zonal
wind (Fig. 7c) shows a well-defined maximum above the
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mountain crest that spans over the Patagonian plateau to
the east (Fig. 8c).

The previous analysis of vertical cross sections suggests
that part of the impinging flow is blocked by the mountain.
This partial blocking of the upwind flow leads to a foehn
classification into blocked or non-blocked foehn. Beusch
et al. (2017) applied this classification to the foehn on the
western slopes of the Andes, somewhat similar to the one
applied by Wiirsch and Sprenger (2015) to the foehn in
the Alps. They found that both types of foehn occur to the
west of the Andes depending on the latitude and conse-
quently on the mountain height.

To determine the height under which the flow is oro-
graphically blocked in our study, we use a non-dimen-
sional mountain height according to the theory of Smith
(1988) (see Appendix A). Table 1 shows the resulting
values for each of the Andean regions. The lowest level
of each region with A greater than unity represents the
maximum height under which the impinging flow cannot
overpass the mountain. We will refer to it as the block-
ing level above which the flow overpasses the mountain.
The blocking level rises as the mountain crest increase,
from 2000 m in the Central Andes to 2500 m in the High
Plateau. This increase of A results from the increase of
hy, the relative mountain height, since U, the mean zonal
wind, and N, the Brunt—Viisild frequency remain almost
the same in both regions. In Patagonia, the low blocking
level results from lower A, and to a lesser extent, from
weaker U.

a b

POTENTIAL TEMPERATURE 307 K (Pr = 1000 hPa)
o0 LAT: 31.5 S foehn at 68.5W 100

LAT: 25 S

POTENTIAL TEMPERATURE 314 K

As stated by the theory of Smith (1988), the condition
for flow collapse onto the mountain lee slopes depends on
the values of 4. It may be inferred from the results showed
in Table 1, that the air flow of the layer immediately above
the blocking level fulfills this condition in the three Andean
regions. Hence, the downslope wind on the lee slope origi-
nates from the upper layers.

According to the same theory, low values of / at higher
elevations indicate that air flow may overpass the mountain.
This is the case for the highest levels with /4 less than %2
listed in Table 1 in the Central Andes and the High Pla-
teau. We will refer to it as the free overpassing level above
which the flow overpasses the mountain without streamline
collapse on the lee slope. The free overpassing level varies
from 600 to 500 m below the mountain crest in the Central
Andes and the High Plateau, respectively. No free overpass-
ing level is found in Patagonia. Thus, the impinging flow
above the blocking level leads to the streamline collapse on
the lee slope.

Figure 9a—c illustrates the dispersion of individual
foehn cases around the corresponding composite mean.
A constant value of potential temperature is drawn for
each individual foehn case in a given region. The thick
line represents that value of potential temperature, which
coincides with the corresponding isentrope of Fig. 6. The
potential temperature value was selected in such a way
that isentrope line is positioned above the free overpass-
ing level. Consistently with the previous A diagnostics,
upper air from above the blocking level reaches the terrain

C

Pr = 1000 hP¢

g POTENTIAL TEMPERATURE 288 K (Pr = 1000 hPa)
oW

foehn at LAT: 485 S foehn at 6IW

1000 +
7

Fig.9 Vertical cross sections of potential temperature (K) for every
foehn case at the Central Andes in July (a), the High Plateau in June
(b) and Patagonia in September (c¢). The thick contour line is the
isentrope for the average composite value of 307 K (a), 314 K (b)
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and 288 K (c). Thin contour lines are the same isentrope but for each
foehn cases. The number of cases in each panel is indicated as n in
Table 1
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at the longitude where the foehn occurs. In some cases,
the descending air originates from a level below the free
overpassing level, both in the Central Andes and the High
Plateau. This is not the case for Patagonia, where most of
the isentropes intersect the terrain even from elevations
above the mountain crest level. Few cases of blocked flow
seem to occur in the three Andean regions, as seen when
the isentropes intersect the windward slopes to the west
of the mountain.

To complete the analysis of the vertical structure of the
atmosphere, geopotential heights are analyzed at certain
pressure levels in Fig. 10. These correspond to the surface
pressure of the reference grid point, the mountain crest
and a constant pressure of 400 hPa. Cloud covering from
the 20-year climate simulation is also shown in the same
panels and is classified as low, midlevel, and high clouds.

Left panel of Fig. 10a reveals a weak meridional pres-
sure gradient at foehn level on the eastern slopes of the
Central Andes. Low cloud pattern results from the low-
level blocking of maritime air to the west of the Andes.
At the mountain crest level (middle panel), geopotential
height exhibits a strong meridional gradient with a pro-
nounced mountain wave. The sharp edge on the midlevel
cloud pattern along the mountain crest is consistent with
upslope precipitation (rain and snow) and downwind sub-
sidence. At upperlevels (right panel), the mountain wave
persists, which is also evident in the gap of high clouds
downwind of the mountain crest.

Geopotential height gradient to the east of the High Pla-
teau at foehn level (Fig. 10b, left panel) corresponds to the
weak northwesterly geostrophic wind. Low cloud pattern
to the west of the High Plateau reveals the shallow layer of
blocked maritime air. At the High Plateau level, the strong
meridional geopotential gradient is perturbed by mountain
waves (middle panel), which propagate vertically upwards
(right panel). Neither midlevel nor high clouds form at the
High Plateau latitudes when foehn blows on the eastern
slopes. Cloud deck is confined to the south of 27° S and
resembles that of the foehn case on the eastern slopes of
the Central Andes.

The atmospheric circulation at foehn level over Patago-
nia (Fig. 10c, left panel) is characterized by a meridional
pressure gradient over the entire region and adjacent
oceans. A weak trough develops along the Atlantic coast,
and a weak ridge along the Pacific coast. Shallow clouds
are clustered along the upwind slopes, which is consistent
with the orographic lifting of low-level flow. At the crest
level (middle panel), geopotential height is characterized
by straight lines to the east of the mountain. Midlevel
clouds are partially suppressed to the east of the mountain
crest. There is no evidence of mountain wave activity or
cloud suppression at upperlevels (right panel).

5 Conclusions

Foehn wind is detected in a 20-year regional climate simu-
lation along a broad latitudinal range on the eastern slopes
of the Andes. Although the foehn wind is known to blow
to the east of the Andes, this is the first time that a com-
prehensive study shows its regional character to the south
of the latitude 15° S. The results show that foehn wind is
more frequent to the east of the Central Andes where pre-
vious studies investigate zonda wind between the latitudes
of 30° S and 35° S (e.g., Norte 1988; Antico et al. 2017).

The foehn wind is more frequent during winter in the
eastern slopes of the Central Andes and the High Plateau,
which agrees with previous results for Mendoza area based
on observations (e.g., Norte 1988) and on numerical simu-
lations (Antico et al. 2017). These previous studies found
the relative maximum of foehn frequency during spring,
which is also evident in our results. Foehn frequency does
not exhibit an annual cycle at Patagonia, where it evenly
blows at all seasons with weak maximum in September.

Flow blocking occurs when foehn blows on the eastern
slopes of the Central Andes and the High Plateau. We
defined a blocking level that prevents low-level flow to
lift along the upwind slopes of the Andes. Instead, the
downslope wind which causes foehn seems to originate
from a layer above the blocking level. At the Central
Andes, rising air produces rain and snow that may con-
tribute to foehn development.

An intense cross-mountain horizontal gradient of sea
level pressure develops when foehn blows on the eastern
slopes of the Central Andes and the High Plateau. This
gradient results from pressure difference between the high
pressure on the Pacific Ocean and the low pressure to the
east of the Andes. The resulting sea level pressure pattern
is consistent with the low-level flow blocking to the west
of the Andes. The low pressure to the east of the Andes
is a known feature of the regional circulation when zonda
blows at Mendoza (Lichtenstein 1980; Seluchi et al. 2003).
Our results show that a similar low pressure also devel-
ops when zonda blows on the eastern slopes of the High
Plateau.

Foehn is not necessarily in geostrophic balance to the
east of the Central Andes and the High Plateau. Mountain
wave activity supports this hypothesis together with the
cross-mountain pressure gradient at foehn level. This is not
the case for Patagonia, where foehn wind is in geostrophic
balance. The low-blocking height is consistent with more
frequent non-blocked flow. The analysis of individual val-
ues of the non-dimensional mountain height (not shown)
supports this hypothesis. Because the high frequency of
transient synoptic disturbances at Patagonia, sea level
pressure commonly fluctuates below and above 1000 hPa.
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Fig. 10 Composites of geo-
potential height (in m) and
cloud covering from the 20-year
climate simulation. Pressure

of the geopotential height cor-
responds to the reference point
level where foehn is detected
(left column), the mountain
crest level (middle column) and
the 400 hPa level (right column)
for the Central Andes in July
(a), the High Plateau in June (b)
and Patagonia in September (c).
Cloud covering is represented
with shades in light blue as
percentages of low clouds (left
column), midlevel clouds (mid-
dle column) and high clouds
(right column). Terrain eleva-
tion is shaded for reference
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As aresult, low-level flow may be blocked or not. In both
situations, the flow over the mountains tends to descend
downslope. This result is consistent with the permanent
foehn effect during the whole year in Patagonia, a known
desert region.

The resolution used in the climate simulation is not the
most appropriate to represent small-scale circulations. How-
ever, results obtained from a 20-year period are consistent
enough to make the diagnostics of foehn wind to the east of
the Andes at a regional scale. Individual case studies should
be investigated in higher spatial and temporal resolutions, in
which the effect of physical processes may be investigated
in more detail. In all cases, results from observational data
are required to validate numerical simulations.
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Appendix A

Non-dimensional mountain height and blocking diagnosis.

The parameter & as defined by Smith (1988), also known
as the inverse Froude number, represents the non-dimen-
sional mountain height. It depends on the mountain height,
the wind velocity, and the static stability of the incident flow,
as follows:

where N is the Brunt—Viisila frequency, A, is the relative
height of the mountain crest defined as Z_.., — Z,, where
Z.es 18 the altitude of the mountain crest and Z;, the altitude
of the 1000 hPa pressure level, U is the velocity of the wind
perpendicular to the mountain at the crest level.

The bulk method of Reinecke and Durran (2008) is

applied to calculate N, as follows:

where g=9.8 m s~ is the gravity acceleration, 0, is the air
temperature at the LOOO hPa level upwind of the mountain,

and @, =T < %) “ is the potential temperature at the crest

level upwind of the mountain, where 7 is the air temperature
at the crest level upwind of the mountain, p is the air pres-
sure at the crest level, R=2871] kg" K !is the gas constant
for dry air and ¢,=1004J kg™! K! is the specific heat at
constant pressure for dry air.

The theory presented by Smith (1988) estimates condi-
tions under which orographic blocking occurs based on the
linear theory for air flow over an isolated mountain. The
following conditions are obtained:

O<h<'a Flux overpasses the mountain

h=" Streamlines collapse on the lee
slope

Ya<h<1 Region of collapsed streamlines
spreads to cover more of the lee
slope

h=1 Collapsed region reaches the
mountain crest

1<h Windward blocking occurs. Flow
may overpass aloft
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