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ABSTRACT

Raco is the local name given to a strong (gusts up to 17ms '), warm, and dry down-valley wind observed at
the exit of the Maipo River Canyon in central Chile. Its climatology is documented based on eight years of
surface measurements near the canyon exit together with a more complete characterization of its structure
during an intensive observational period (IOP) carried out in July 2018. Raco winds occur in the cold season
under well-defined synoptic conditions, beginning abruptly at any time during the night, reaching maximum
hourly averages around 10 ms !, and terminating around noon with the onset of afternoon westerly up-valley
winds. About 25% of the days in May—August have more than six raco hours between 0100 and 1200 LT, and
raco episodes last typically 1-2 days. The sudden appearance of raco winds at the surface can be accompanied
by conspicuous warming (up to 10°C) and drying (up to 3 gkg'). Raco winds are associated with a strong
along-canyon pressure gradient, a regional pressure fall, and clear skies. During the IOP, radiosondes
launched from both extremes of the canyon exit corridor showed a nocturnal easterly jet at 700 m AGL that
occasionally descended rapidly to the surface, producing the raco. Transects along the canyon performed
with a mobile ceilometer revealed a sharp frontlike feature between the cold pool over the Santiago Valley
and the raco-affected conditions in the Maipo Canyon. Possible factors producing the easterly jet aloft and its
occasional descent toward the surface are discussed, and a gap-wind mechanism is postulated to be at work.
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1. Introduction

The interaction of atmospheric flow with topography
produces a great variety of phenomena on an ample
range of temporal and spatial scales. In many cases, this
interaction has effects that can be hazardous due to the
intensity and gustiness of the resulting winds and wind
shears, or, on the contrary, topographically induced
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stagnation and blocking can exacerbate air pollution in
certain regions. Chile offers a privileged venue to study
these flow—topography interactions in complex terrain,
as the tall Andes Mountains run all along its eastern
border, rising in the central part of the country to mean
altitudes over 4000 m above sea level (MSL) at distances
not more than 200km from the Pacific Ocean (Fig. 1).
Thus, the relief map in the region contains an assortment
of topographic structures including coastal mountains,
inland valleys, isolated peaks, transverse canyons in-
truding into the Andes Mountains, etc., all of them
overlooked by the large Andes massif to the east. One
manifestation of regional flow—terrain interaction is the
occurrence of episodic strong down-valley (easterly)
winds along the foothills of the Andes Cordillera, which,
depending on the region, are known locally as “terral”
(~30°S), “raco” (~33°S), and “‘puelche” (~35°-40°S).
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FIG. 1. (a) Topography of central Chile and its location in South America (inset). (b) Maipo River drainage network and easterly
portion of Santiago Valley. Red circles mark sites with data used in the paper: Department of Geophysics (DGF) in downtown Santiago,
Almenar (ALM), La Obra (LOB), El Manzano (MAN), and Guayacédn (GUA). (c) Close-up of Maipo Canyon exit corridor.
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Scientific studies have recently begun addressing these
local winds, although to date emphasis has been placed
on the large-scale synoptic patterns affecting their oc-
currence (Rutllant and Garreaud 2004; Montes et al.
2016; Montecinos et al. 2017). Besides their intensity,
these winds have been variously related to fire hazards
(Inzunza 2009), air pollution (Rutllant and Garreaud
2004), dust events (Arriagada 2019), and agriculture
impacts (Montes et al. 2016).

Raco is the name given by the locals to a relatively
strong (gusts up to 17 ms '), warm, and dry down-valley
wind affecting the Maipo River Canyon in the south-
eastern region of Santiago’s valley in central Chile, at
the foothills of the Andes Cordillera (Fig. 1), which at
these latitudes reaches heights above 5000m MSL.
Rutllant and Garreaud (2004, hereafter RG2004) pre-
sented the first documentation of basic climatological
aspects of raco winds making use of four years of surface
observations at El Manzano and one year at La Obra
stations (see locations in section 2). According to their
results, raco winds occur mainly in the cold season,
have a marked synoptic-scale variability, and are mostly
felt at the surface during nighttime and early morning
hours. Applying a threshold to the dawn El Manzano
wind speed data in order to define raco days, they con-
cluded that during winter, raco episodes occur about
once per week and have typical durations of 1-2 days. A
concomitant anomalous warming associated with the
raco wind was documented to reach up to about 8°C at
El Manzano, which was hypothesized to be due to the
destruction of the surface radiative inversion by the
strong winds and the subsequent downward mixing of
warmer air from aloft. Based upon 0800, 1100, and 1400 LT
pilot balloons launched from La Obra in several raco
cases, RG2004 showed also that raco surface winds are
accompanied by a low-level easterly jet aloft with max-
imum speeds around 10ms ™" in the first 100-300 m layer
above the surface. Beyond this observational charac-
terization, RG2004 also addressed the synoptic-scale
features associated with raco events. In the majority
(80%) of cases, the strong surface easterly winds were
linked to lower-tropospheric easterly flow ensuing from
postfrontal conditions closely tied to the development of
coastal low systems, which are a major modulating fac-
tor of the weather in central Chile (Garreaud et al. 2002;
Garreaud and Rutllant 2003). At midlevels around
the Andes crest, preridge conditions sustain southwest
winds precluding flow from crossing the Andes from the
east, except in a few cases in which the ridge axis has a
significant northwest—southeast tilt. The remaining 20%
of cases were associated with prefrontal conditions, as a
midlatitude depression approaches the coast of central
Chile, and pretrough conditions with northwest winds

MUNOZET AL.

727

prevail aloft. Both synoptic conditions imply a rapid
lowering of surface pressure to the west of our study
region, which will be deemed significant in our discus-
sion section.

As mentioned earlier, two other locally renowned
easterly winds in Chile are the terral and the puelche
winds, which occur around 30°S and in the region be-
tween 35° and 40°S, respectively (Fig. 1). Montes et al.
(2016) provided a climatology of terral events using
surface data available at the Vicufia station located in
the mid—upper section of the Elqui Valley. Defining
terral hours with a criterion based upon wind speed,
wind direction, air temperature, and relative humidity,
they show that terral is mostly a cold-season phenome-
non (April to August), occurs typically 6-7 times per
season, and has a typical duration of 6-9h, and its syn-
optic forcing is usually a migratory cold anticyclone to
the south moving eastward, similar to what RG2004
found for the raco. Puelche winds, on the other hand, are
more regional in scale and are not restricted to the
winter season. While sharing a similar synoptic setting
with both raco and terral, the easterly flow during
puelche events is generally observed throughout the
lower troposphere, crossing the Andes from Argentina.
The warming and drying associated with puelche events
appear to be due to the topographically induced subsi-
dence connected to this easterly flow (Montecinos et al.
2017; Beusch et al. 2018).

Physical mechanisms by which terrain affects wind
flow are commonly separated in two broad categories:
thermodynamic and dynamic (Whiteman 2000). The
former corresponds to horizontal pressure gradients
arising from differential heating or cooling rates occur-
ring over a topographic complex due to sloped surfaces,
differences in terrain orientations, spatial changes of the
terrain geometry, etc. By their very nature, these effects
normally present a strong diurnal cycle, with resulting
near-surface winds exhibiting opposite directions during
daytime and nighttime. Moreover, while some particular
synoptic patterns may strengthen one or the other di-
urnal phase of these winds, their evolution is best ob-
served under weak large-scale forcing. Examples of
thermodynamically driven winds that can be relevant in
the raco case are katabatic winds and down-valley
winds. The former refer to nocturnal flows over an in-
clined surface as the air in contact with the ground cools,
and a negative buoyancy force accelerates the air parcels
down the surface slope (Mahrt 1982). Intense katabatic
winds have been reported over regions with large ex-
tensions of sloped surfaces subject to strong or long
cooling periods, like the Antarctic continent or the
Atacama Desert (Parish and Bromwich 1987; Muioz
et al. 2013). In less extreme settings, however, katabatic
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winds are typically weak, although they may provide the
supply of air for the other thermodynamically driven flow
of interest here, the down-valley wind. In this case, the
stronger cooling of the valley air mass as compared to that
of the adjacent plain produces an along-valley pressure
gradient that forces the air out of the valley during the
night. This outflow usually takes the shape of a low-level
jet, which at the exit of the valley may intensify and de-
scend to the surface in what is known as a valley exit jet
(Zardi and Whiteman 2013; Chrust et al. 2013).

Dynamic effects of terrain on wind flow, on the other
hand, are also the result of topography-induced pressure
gradients, but these arise not from differential heating or
cooling but from the mechanical interaction between the
flow and the underlying complex surface. Jackson et al.
(2013) have provided a recent theoretical and observa-
tional review of dynamically forced phenomena, including
downslope windstorms and gap winds, among others.
Intense, warm and dry downslope winds at the lee side of a
mountain barrier are commonly referred to as foehn
winds. As illustrated by Richner and Héchler (2013) for a
case in the Alps, the valley stations impacted by the foehn
suffer an abrupt and sudden increase in wind speed to-
gether with simultaneous significant increases in temper-
ature and drops in humidity. While several mechanisms
have been proposed for this phenomenon, most attribute
these observations to the arrival of air parcels that have
been forced to descend by the mechanical interaction of
the incoming flow with the mountain barrier. Besides the
Alps, foehn-type winds have been documented downwind
of many mountain barriers (e.g., Armi and Mayr 2011;
Viillers et al. 2018; Norte et al. 2008).

Another dynamical mechanism that may be relevant for
the raco are gap winds. Instead of the vertical obstacle that
air parcels encounter in the foehn case, gap winds arise
when their path approaches a topographic lateral con-
striction in the form of a channel, a corridor, a narrows, or a
mountain gap (Jackson et al. 2013, and references therein).
Differences in air masses at both sides of the gap (Finn et al.
2016) or large-scale pressure gradients (Whiteman and
Doran 1993; Mass et al. 2014) can force air parcels to ac-
celerate along the gap reaching the highest velocities at the
exit or closely downwind. This increase in kinetic energy of
the air parcels is compensated by a decrease in potential
energy due to a forced descent (Mayr et al. 2007). In foehn
and gap winds, so-called hydraulic models have been suc-
cessfully applied to understand their dynamics, which to a
first approximation resemble the problem of a sloped open-
channel water flow subject to variations in its bottom or
lateral walls (Baines 1995). In the case of gap flows, hy-
draulic models have been extended to consider a continu-
ously stratified flow approaching a channel constriction. An
analytical self-similar solution of the problem was

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 59

presented by Wood (1968), reproduced by laboratory
experiments by Armi and Williams (1993), and ap-
plied in the understanding of so-called shallow-foehn
cases by Armi and Mayr (2007).

As we shall argue in following sections, observations
of the raco wind at the exit of the Maipo Canyon in
central Chile share some aspects of valley exit jets,
foehn, and gap winds. In this regard, a relevant study is
that of Chrust et al. (2013, hereafter CWH2013), who
investigated the wind jet at the exit of Weber Canyon,
Utah, in a topographic setting remarkably similar to that
of the Maipo Canyon in central Chile. Based on their
observations, they find the jet to be thermodynamically
driven by the cooling of the in-canyon air mass com-
bined with descent, acceleration, and thinning of the
flow as it exits the canyon. Similarities and differences
between winds at these two canyons will be discussed in
this paper with the aim of shedding light on the possible
mechanisms behind the raco wind.

While RG2004 provided the first scientific documen-
tation of raco winds and their synoptic-scale environ-
ment, some questions were left open; for example, a more
comprehensive observational characterization of raco
winds and their vertical and along-the-canyon variability
and the nature of the smaller-scale orography effect on
the flow. We address these issues by documenting with
more detail the climatology and characteristics of raco
winds using multiyear surface records and special in-
tensive observational campaigns. Attention is shifted,
though, to the La Obra station, which now has seven
years of measurements and where the raco wind, tem-
perature, and humidity signatures are stronger. Indeed,
by considering mainly winds at E1 Manzano and showing
time series averaged over many raco episodes, a dis-
tinctive feature of raco winds, namely, their very abrupt
and sudden appearance at the surface, was only briefly
commented on by RG2004. Section 2 of the paper de-
scribes the topographic and climatic setting of raco
winds, the long-term observations available and the
special observation periods. Section 3 documents the
climatology of raco winds at La Obra and their covari-
ability with winds elsewhere in the canyon and with
pressure and cloudiness. Section 4 presents the results of
an intensive observational period (IOP) carried out in
July 2018. Section 5 discusses the results in the context of
the possible mechanisms underlying the observations,
and section 6 provides a summary of the results and
some conclusions.

2. Orography, climate, and data

The study region is located in central Chile (Fig. 1a)
around 33.5°S, in the Maipo Valley. The Maipo is the
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TABLE 1. Automated meteorological stations used in the study.
Site Period Measurements (Heights)
La Obra Period 1: May 2001-May 2005 Wind speed and wind direction (4 m AGL)

Lat: 33.5914°S
Lon: 70.4853°W
Alt: 800 m MSL

Period 1: Jun 1997-Dec 2013
Period 2: Jun 2018—current

El Manzano
Lat: 33.5861°S
Lon: 70.3911°W
Alt: 907 m MSL

Almenar Nov 2017—current
Lat: 33.5939°S
Lon: 70.5144°W

Alt: 793 m MSL

Guayacidn 2013—current
Lat: 33.6153°S
Lon: 70.3506°W

Alt: 928 m MSL

Department of Geophysics 2004—current
Lat: 33.4573°S
Lon: 70.6618°W

Alt: 548 m MSL

Period 2: April 2015—current (gap in Feb-Jul 2016)

Temperature and relative humidity (3 m AGL)
Atmospheric pressure (1 m AGL)
Solar radiation (3m AGL)

Wind speed and wind direction (10m AGL)
Temperature and relative humidity (2m AGL)
Atmospheric pressure (1 m AGL,

only in period 2)

Wind speed and wind direction (6 m AGL)
Temperature and relative humidity (2m AGL)
Atmospheric pressure (1 m AGL)

Wind speed and wind direction (10m AGL)
Temperature and relative humidity (2m AGL)
Atmospheric pressure (2m AGL)

Wind speed and wind direction (roof top,
~30m AGL)

Temperature and relative humidity (roof top)

Atmospheric pressure (roof top)

Solar radiation (roof top)

Precipitation (roof top)

principal river in the region, running for about 250 km
from its headwaters (~3000m MSL) at the foot of the
Maipo Volcano (34.16°S, 69.83°W, 5856 m MSL) down
to its outlet to the Pacific near the town of Santo
Domingo (33.62°S, 71.63°W). The upper section of the
river cuts through the complex relief of the Andes
Cordillera in what will be referred to as the Maipo
Canyon (Fig. 1b). The latter has mostly a southeast—
northwest orientation, except near its end where, after
joining the Colorado River arriving from the east-
northeast, it exits the mountains and flows westward
toward the Santiago Valley through a zonally oriented
12km corridor between El Manzano and La Obra
(Figs. 1c and 16a). This exit corridor is a rather deep
V-shaped passage that at its narrowest part has a width
of about 7 km at about 800 m above the valley floor. The
climate of the region is largely defined by the mod-
erating influence of the semipermanent southeast
Pacific anticyclone, providing for a very stable lower
troposphere. During winter, however, the path of
midlatitude weather systems moves northward along
with the equatorward drift of the subtropical anticyclone
and a stronger synoptic variability affects Santiago,
producing rain events that account for most of the an-
nual precipitation ranging between 200 and 700 mm
(Garreaud 2013). In the mesoscale, under synopti-
cally unperturbed conditions, the Santiago Valley
shows a valley-mountain breeze regime characterized by

moderate southwest winds in the afternoon and weak
downslope easterly winds during the night (RG2004;
Muiioz and Corral 2017). Further aloft, the climatological
westerlies are blocked below about 600 hPa by the Andes
resulting in a persistent northerly barrier jet existing above
the valley-mountain circulation (RG2004; Kalthoff et al.
2002). These conditions are synoptically modulated by the
recurrent development of coastal lows moving from north
to south along the Pacific coast that cause the Santiago
Valley to alternate between very stable, dry, and
subsidence-enhanced conditions and less stable con-
ditions in which the marine boundary layer penetrates into
the inland valleys (Garreaud et al. 2002; Garreaud and
Rutllant 2003).

Surface meteorological observations are detailed in
Table 1, with site locations shown in Fig. 1b. The main
station for this study, La Obra, is at the exit of the Maipo
Canyon at 800 m MSL. Measurements there were made
during two periods: from 2001 to 2005 and from 2015
onward. Instruments and their specific siting are com-
parable in both periods and only small biases in atmo-
spheric pressure (2.5hPa), relative humidity (2%), and
wind direction (10°) were corrected to homogenize the
datasets (not shown). The other two stations measuring
raco winds are El Manzano and Almenar. The former
has two measurement periods (1997-2013 and from
June 2018 onward) while the latter was installed at the
end of 2017 to collect data during IOPs. These two
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TABLE 2. Instrumentation available in July 2018 special observation period.

System Location Details
Radiosondes Almenar and El Manzano 6-hourly and additional launches when needed. InterMet iMet-4 radiosondes.
Sodar Almenar Scintec MFAS sodar. Vertical resolution: 25 m, time resolution: 15 min, range:

0-1000m AGL (nominal).

Mobile ceilometer 29 transects along the canyon.

Vaisala CL31 ceilometer. Accompanying measurements of surface

temperature, relative humidity, pressure, and GPS position made with
InterMet iMet-XQ sensor.

stations are used to describe the spatial variability of raco
winds along the canyon. Finally, the station at Guayacdn is
used to evaluate pressure gradients inside the canyon
and a station at the Department of Geophysics (DGF)
serves as a Santiago Valley station not directly influenced
by the Maipo Canyon exit flow.

To more completely characterize the dynamic and
thermodynamic structure of the lower troposphere under
raco events, two special IOPs were carried out, one in
September 2017 and another in July 2018. We focus here
on the second IOP since it had a more complete array of
instruments and more observational locations than the
first, although the main characteristics of the phenome-
non were observed to be similar in both cases. The second
IOP was carried out in the Maipo Canyon from 1200 LT
22 July to 1200 LT 26 July 2018. Special observations
included 1) radiosonde launches at Almenar and El
Manzano; 2) continuous sound detection and ranging
(sodar) operation at Almenar; and 3) a mobile ceilometer
measuring transects along the canyon of the vertical dis-
tribution of aerosols together with surface measurements
of temperature and humidity. More details of these ob-
servations are presented in Table 2.

3. Climatology

To help illustrate some key aspects of raco winds,
Fig. 2 shows example time series at La Obra during the
period from 19 to 26 July 2018 (days 22 to 26 cover the
period with special observations described in section 4).
The upper panel of Fig. 2 shows wind speed (VRACO)
as projected along the raco wind direction (57°, to be
justified shortly), so that high positive values are asso-
ciated with raco winds. The raco wind has a very episodic
character with low speeds less than 1ms~' changing
abruptly to a high-intensity mode with speeds generally
surpassing 5ms ' and reaching up to 10ms™ ', as, for
example, in the nights and dawns of days 21 and 23—
26 July. While having a preference for nocturnal and
early morning hours, these raco events have a synoptic-
scale variability that modulates their timing, intensity,
and duration and even makes them absent for some days.
The sudden increases of wind speed are accompanied by

conspicuous and simultaneous increases in temperature
and decreases in water vapor content as shown in Figs. 2b
and 2c. At the onset of a raco event air temperatures jump
by 5°-10°C, which is quite significant given that this
warming occurs at the beginning or in the middle of
rather cold winter nights. At the same time, water vapor
mixing ratio decreases to around 1gkg™' and relative
humidity drops to 5%-10% (not shown). To better ap-
preciate these thermodynamic changes, Figs. 2b and 2c
also show temperature and water vapor mixing ratio at
station DGF located in the Santiago Valley but far from
the Maipo Canyon exit (Fig. 1b). The diurnal cycles in
temperature and water vapor at this site are typical for a
subtropical valley station with daytime warming, noc-
turnal cooling, and low variability in water vapor mixing
ratio. While the nonraco temperature and mixing ratio at
La Obra closely match the corresponding values at DGF,
the raco conditions at La Obra are clearly distinct from
those in the valley.

A broader view of raco winds is presented in Fig. 3 in
which hourly VRACO values are shown for the full year
2017. The figure is comparable to Fig. 4 of CWH2013,
which shows a similar plot of the along-canyon wind
speed measured at the exit of Weber Canyon in Utah,
with the exception of the wind speed scale range, which
has been reduced in order to account for the very dif-
ferent wind measuring heights of both cases [4 m vs 50 m
above ground level (AGL)]. Asin CWH2013, the strong
down valley winds in our case occur mostly during the
night and tend to persist several hours after sunrise. The
seasonality and episodic character of raco winds are
clear from Fig. 3. Stronger nocturnal winds occur mainly
in the cold season, and five or six episodes stand out for
their greater intensity, interspersed between nights of
weaker winds. These features contrast with those of the
CWH2013 case, in which the strong nocturnal winds
occur year-round and maximum intensities are observed
in summer and early fall. Different measuring heights or
mechanisms at work could explain these contrasts.

a. Raco hours, events, and episodes

The joint frequency distribution of hourly wind speed
and wind direction at La Obra is presented in Fig. 4a for
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FIG. 2. (a) Time series of 5-min wind speed at La Obra projected along the raco wind di-
rection (high positive values are associated with raco winds) for the period from 19 to 26 Jul
2018. Day marks indicate 0000 LT (UTC — 4) of the corresponding day. Shades indicate
nocturnal periods. (b) As in (a), but for air temperature at stations La Obra (continuous blue
line) and DGF (dotted red line). (c) As in (b), but for water vapor mixing ratio.
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the full period of record. Three local maxima can be
seen in this distribution: 1) southwesterly (~240°) wind
direction with speeds up to 4ms~! corresponding to
afternoon up-valley flow that is more intense and fre-
quent during summer; 2) very weak northerly (~0°)
winds that occur during the night and are more frequent
in summer; and 3) relatively intense northeasterly (~60°)
winds with magnitudes reaching up to 9ms~'. The latter
are recognized as raco winds, and their most frequent
direction of 57° is used to define the raco intensity

variable VRACO, as described in the previous section.
Figure 4b shows the hourly and monthly frequency of
VRACO = 4ms~ !, which is considered to be a rea-
sonable threshold for moderate and strong raco events
(see below). Consistent with Fig. 3, raco winds are
clearly a nocturnal wintertime phenomenon with maxi-
mum frequency around daybreak in the months of June
and July. During the afternoon and in the summer, raco
winds are generally not observed at La Obra. Figure 4c
shows the histogram of VRACO for hours 0600-0800 LT
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FIG. 3. Annual evolution of hourly wind speed (ms™') at La
Obra projected along the raco wind direction for year 2017. Dashed
lines indicate astronomical sunrise and sunset times.

between May and August. A bimodal distribution is
observed, with a maximum frequency near zero and a
broad secondary maximum with magnitudes greater
than about 4ms~'. This bimodality was also docu-
mented by RG2004 and used by them to choose a
threshold of 5Sms™' at El Manzano to define raco
conditions. In our case, we have selected a VRACO
threshold of 4ms~' at La Obra to define raco hours,
which amount to about 20% of the total number of
hours in the months from May to August. Figure 4a
suggests that even a threshold of 3ms ™' could have
also been a plausible choice, in which case the raco
frequencies documented later in this section (Fig. 7)
would be higher. Methods to distinguish foehnlike
winds from other downslope winds often make use of
more variables than just wind speed and also consider
temperature and humidity (Mayr et al. 2018; Montes
et al. 2016; Montecinos et al. 2017). In our case, how-
ever, the high wind speed mode in the distribution
shown in Fig. 4a is so clearly separated from the other
modes in terms of magnitude and direction, that it was
deemed unnecessary to add a priori other variables in the
method used to define raco conditions. This approach al-
lows us to subsequently examine more generally the rela-
tionship between raco winds and temperature, humidity,
and other variables.

We define a raco event as a group of successive raco
hours. Successive events separated by three or fewer
hours or with VRACO in the intermediate hours not
falling below 2ms™~ ! are subsequently merged into a
single raco event. This method produces a total of 467
events for the months of May to August over the full
period of record at La Obra (~8 years). For each event,
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their timing, duration, intensity, and concomitant initial
and ending temperature and humidity jumps are char-
acterized with several indices. Timing of the raco events
is simply characterized by their initial and ending hours,
whose histograms are shown in Fig. 5a. The beginnings
of the events are rather uniformly distributed along the
nighttime hours, with very few starting around midday
and in the afternoon between hours 1100 and 1800 LT.
In contrast, ending hours are conspicuously concen-
trated between 0900 and 1300 LT. This ending hour
distribution suggests that the daytime warming of the
valley is generally very effective in suppressing raco
winds at La Obra. Indeed, as mentioned earlier, the
daytime wind in the valley has a direction opposite to the
raco. On the other hand, the fact that the onset time of
raco winds shows absolutely no preference for any
nocturnal hour suggests that their triggering mechanism
may be of a synoptic or mesoscale nature as opposed to
being controlled by the regular diurnal cycle of warming
and cooling to be expected in a subtropical valley. In the
CWH2013 case, for example, the valley exit jet begins
typically within 1-3 h after sunset. Figure 5b describes
the temperature jumps observed at the beginning of raco
events. These jumps are defined as the temperature at
the first hour of the raco event minus the minimum
temperature of the three hours prior to the beginning of
the event. This hour range is considered because the
total temperature jump is not always fully developed in
the exact hour in which VRACO surpasses the 4ms ™"
threshold. The figure shows that temperature jumps are
rather uniformly distributed between 0° and 10°C, with
one extreme value reaching over 15°C. As stated before,
these sudden nocturnal warmings are quite noteworthy
as they occur during cold nights. Ending temperature
falls (not shown) are less prominent than the initial rises.
For the few events that end during the night, the ending
temperature drops are 0°-5°C, but since most of the
events finish during the morning any potential cooling at
the end of the raco event is counteracted by the daytime
warming, resulting in a typical warming at the end of the
event by 0° to 3°C. Analogous results are found for water
vapor mixing ratio jumps (not shown): beginning jumps
show a uniform distribution between 0 and 3gkg ™' of
drying, with maximum values of 5gkg ', while at the
end of the events a moistening between 0 and 3gkg ' is
generally observed. Figure 6a shows the association
between the jumps in temperature and the drops in
water vapor mixing ratio at the beginning of raco events.
A negative correlation is observed (r ~ —0.57) indicat-
ing that in general the larger the initial increase in
temperature, the larger the drop in mixing ratio. This
association suggests that raco air parcels descend from
higher altitudes, with the drier and (potentially) warmer
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FIG. 4. (a) Joint frequency distribution of hourly wind speed and wind direction at La Obra for the full data record
(total number of hours: 61 328). Frequency contours nonlinearly spaced at 0.0025, 0.0063, 0.0159, 0.0400, 0.0634,
0.101, 0.159, 0.252, 0.400, 0.634, and 1.00 [all valuesin % s (m °)’1]. Red dashed line indicates raco wind direction of
57°. (b) Hourly and monthly distribution of the frequency (%) of wind speeds projected along 57° being larger than
4ms~ . (c) Frequency histogram of wind speeds projected along 57° for hours 0600-0800 LT during the months of
May to August (total number of hours: 2778). Red dashed line marks the threshold of 4ms™! used to define

raco hours.

parcels coming from higher elevations. Finally, intensity
and duration indices are shown in Fig. 6b. The former is
simply defined as the maximum VRACO during the
event and the latter by the number of hours it comprises.
Most raco events last less than 18 h, although there are a
few with durations from one up to almost three days. In
the shorter range of durations, a positive correlation
between intensity and duration is found, but the maxi-
mum hourly averaged intensity appears to be limited to
around 8ms™~'. Nevertheless, instantaneous gusts up to
17ms ™! have been measured at this site. No correlation
is observed between raco intensity and initial tempera-
ture or water vapor mixing ratio jumps (not shown).
As seen in Fig. 2, raco events tend to cluster in groups
of several consecutive days, followed by nonraco periods
of comparable length. This is evaluated by characteriz-
ing each day according to the number of raco hours
occurring between 0100 and 1200 LT. Four classes
of days have been defined according to this number:

1) O raco hours, 2) 1-4 raco hours, 3) 5-8 raco hours, and 4)
9-12 raco hours in the 0100-1200 LT period of each day.
Figure 7a shows the frequency distribution of these
classes for the seven years with full May—August rec-
ords. Only about half of the days in the May-August
period show no raco hours during the night, while about
25% of the days have raco during almost all of the night.
These results confirm that raco hours are quite frequent
at this site during winter. We finally define a raco epi-
sode as a group of consecutive days having 5-12 raco
hours in the 0100-1200 LT period. A total of 158 epi-
sodes are detected in the observational period, resulting
in an average of 5-6 episodes per month. Figure 7b
shows the distribution of the duration of raco episodes,
which can last for up to seven days, although about 75%
of the episodes are only one or two days long. These
results are generally consistent with those of RG2004,
who found a return period for raco episodes of about
one per week and a typical duration of 1-2 days, but we
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FIG. 5. (a) Frequency distributions of initial (blue) and ending (red) hours of raco events
during the months of May to August (total number of events: 467). (b) Hourly distribution of
temperature jumps associated with the beginning of a raco event. A uniformly distributed
random number between —0.5 and 0.5 was added to the initial hour of each event in order to

better visualize the variability.

stress here that individual raco hours at La Obra are
quite frequent during winter showing up in 50% of the
days between May and August, a frequency that, as
pointed out previously, could be even larger if a lower
VRACO threshold had been used to define them.

b. Association of raco winds at different locations and
with other variables

The association of raco winds at La Obra with winds at
other sites in the vicinity is explored in Fig. 8. Figure 8a
shows the scatter of VRACO at La Obra with VRACO
at Almenar, located about 3 km to the west of La Obra,
just downwind of the canyon exit toward the Santiago
Valley and about 110m below the altitude of La Obra.
Since the Almenar station was installed only at the end
of 2017, the comparison is made just for the May—
August nights of 2018. The figure shows that raco is
more frequent at La Obra than at Almenar. Considering
all the hours in which VRACO at La Obra surpasses
4ms~ !, in only about 35% of them the value of VRACO
at Almenar surpasses 2ms™ . The intensity of raco at
Almenar is also less than at La Obra, the different
heights above ground level of each sensor notwith-
standing. Figure 8b, on the other hand, explores the
association of VRACO at La Obra and VRACO at El

Manzano located about 9 km east from La Obra, inside
the Maipo Canyon, and at an altitude about 100m
higher than La Obra. In this case, the comparison is
performed for nocturnal hours of May—August in the
2001-04 period in which both stations operated si-
multaneously. Figure 8b suggests that periods with
intensified VRACO at La Obra have also intensified
down-valley winds at El Manzano. The intensities at
both sites are similar, but they are not directly com-
parable because of the different measuring heights
above the ground (4m at La Obra and 10m at El
Manzano). The onset of raco episodes at El Manzano is
less marked than at La Obra, showing a more gradual
increase in winds and smaller jumps in temperature and
humidity (see Fig. 10 in section 4).

Another covariability of interest is that of raco winds
and the pressure field. The pressure gradient along the
canyon is characterized with pressure observations at La
Obra and Guayacdn, a station located about 12km in-
side the Maipo Canyon (see Fig. 1). To eliminate the
effect of the different altitudes of both stations, the
analysis is based on anomalies of their pressures with
respect to their corresponding overall mean value. The
relationship between VRACO at La Obra and the dif-
ference of pressure anomalies at Guayacan minus La
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FIG. 6. (a) Relationship between jumps in temperature and water vapor mixing ratio associated with the be-
ginning of raco events in the period from May to August. (b) Relationship between maximum hourly wind speed
during each event, as projected along the raco wind direction, and the duration of the raco event for the period from

May to August.

Obra is shown in Fig. 9a, for nighttime hours of May to
August. Two rather separated point clouds appear in
this figure. When the pressure anomaly difference is
smaller than about 1hPa, VRACO is small, but when
that value exceeds +1hPa, VRACO increases to above
4ms~" and a direct relationship between pressure
gradient and raco intensity is observed. The highest
VRACO values of about 8ms~!' are obtained with
pressure anomaly differences of up to 3 hPa, which are
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quite significant given the relatively small horizontal
distance between the stations. Moreover, the strong
association between VRACO and pressure gradient
highlights the nongeostrophic character of the raco
wind. In terms of the relationship between VRACO
and the synoptic variation of the pressure field, there
is a tendency to observe raco events during periods in
which surface atmospheric pressure is decreasing. This
is evaluated in Fig. 9b by showing histograms of hourly

b) Length of Raco episodes, N=158
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FIG. 7. (a) Percentage of days in the May—August period having days with 0 (white), 1-4 (yellow), 5-8 (red), and
9-12 (blue) raco hours in the period between 0100 and 1200 LT of each day. (b) Frequency histogram of the length
of raco episodes defined as successive days having 5-12 raco hours in the period between 0100 and 1200 LT of each
day. Years 2005 and 2016 of the database have not been considered because of missing data.
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months from May to August of 2001-04 are considered.

pressure changes at La Obra. Before computing the
pressure changes, however, a 25-h moving-average fil-
ter has been applied in order to smooth out the diurnal
and semidiurnal cycles of atmospheric pressure at the
site and keeping only the synoptic variability in the
time series. Furthermore, the nocturnal hours from
May to August have been separated between raco and
nonraco hours as described before. As must be, the
global histogram of hourly pressure changes is quite
symmetric with respect to zero. Pressure changes during
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raco hours, however, are clearly biased toward negative
pressure changes, and the more intense the pressure
drop, the larger the conditional probability of having
raco wind at La Obra. This points to the preference for
raco winds to occur during the development of coastal
lows (e.g., Garreaud et al. 2002) or the approach of
synoptic low pressure systems, as was also found by
RG2004. Moreover, the weaker synoptic variability
during summer makes the observed range of hourly
pressure changes more restricted than during winter
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FIG. 9. (a) Scatterplot between La Obra hourly wind speeds projected along the raco wind direction and the

pressure anomaly differences between Guayacdn (GUA) and La Obra (LOB) stations. Only hours between 0100
and 1200 LT and months from May to August are considered (years 2015-18). (b) Frequency histogram (left scale)
of hourly pressure changes at La Obra for raco (blue) and nonraco (red) hours in the months from May to August
and hours 0100-1200. The pressure time series has been smoothed with a centered 25-h moving average before
computing hourly changes. Black line indicates the fraction of raco hours for each class of pressure change

(right scale).
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(not shown), which could be related to the near absence
of raco events during the warm period of the year.
Regarding the association between raco and cloudi-
ness, the solar radiation measurements at La Obra allow
for a preliminary analysis. To do so, we compute the sum
of solar radiation received at the station over the
morning hours between 0700 and 1200 LT of each day in
the May—August period. That sum divided by the cor-
responding value for a clear day is used as a proxy for a
clear-sky index, and 1 minus the latter defines a cloudi-
ness index. We consider the histogram of this index
over all days that have VRACO > 4ms ™! in at least 4
of the 6h between 0700 and 1200 LT. In about 80% of
the resulting cases, the cloudiness index is less than 0.2,
confirming that raco episodes typically occur under
clear-sky conditions. However, about 10% of cases have
cloudiness index greater than 0.5, which point to raco
episodes under cloudy skies. Whether these two types of
raco episodes match the two different synoptic patterns
described by RG2004 deserves further study, but the fact
that raco winds can also occur during cloudy conditions
suggests that radiative cooling of the canyon air mass is
not always needed for the phenomenon to be observed.

4. Special observations

Synoptic-scale weather conditions during the 22-26 July
2018 IOP were characterized at the 500 hPa level by an
incipient cutoff low (COL; e.g., Fuenzalida et al. 2005) on
23 July [Fig. D(a) in the online supplemental material],
that develops centered at about 35°S as strong ridging
progresses south of this area. The COL develops over the
coast between dawn and early morning of 24 July, drifting
steadily eastward thereafter (not shown). A strong west-
erly flow dominates the mid- and upper troposphere over
central Chile on 23 July, according to the Santo Domingo
radiosonde [Fig. D(e)]. This condition ends late on 25 July
when a new trough heads toward central Chile [Fig. D(b)].
Near-surface (1000 hPa level) weather chart depicts a type
A coastal low (e.g., Garreaud et al. 2002; their Fig. 6a) for
23 July [Fig. D(c)] that deepens as the cold anticyclone
drifts eastward. Low coastal surface pressure deepens
again on 25 July [Fig. D(d)] as the trough-associated
frontal depression approaches the continent, shaping
now a type B coastal low (Garreaud et al. 2002; their
Fig. 6b). Here, the Santo Domingo radiosonde [Fig. D(f)]
looks similar to the one depicted in Fig. D(e) in terms of
the strong warming/drying of the lower troposphere and
strong westerlies aloft. However, middle to high clouds
complete the characterization of these type B coastal lows.
These synoptic weather conditions do not differ substan-
tially from the conditions described by RG2004, although
COLs can modulate their intensity and duration.
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Surface observations of wind, temperature, and water
vapor mixing ratio at La Obra for an eight-day period
including the IOP were shown in Fig. 2. Corresponding
time series for stations Almenar and El Manzano are
presented in Fig. 10. While raco events were observed at
La Obra every day from 23 to 26 July (Fig. 2a), the
phenomenon was less frequent at Almenar and El
Manzano (Fig. 10a), where it was even absent at both
sites in the night of 24 July. Temperature and humidity
values also show marked jumps associated with raco
winds at Almenar, but they are not as apparent at El
Manzano. The changes of wind and temperature vertical
profiles caused by a raco event are illustrated in Fig. 11
for that occurring at Almenar between 0000 and 0600 LT
25 July. Before the raco event (0000 LT), the zonal wind
profile at Almenar shows a well-defined maximum
(~10ms™") of easterly flow at about 1500m MSL
(~700m AGL) and a surface-based inversion in the
temperature profile. The profiles at E1 Manzano, on the
other hand, show a deeper and more complex-structured
layer of easterly flow and a less marked surface inversion.
During raco conditions at Almenar (0600 LT), the level of
maximum easterly flow descends about 500 m, the maxi-
mum wind speed increases up to almost 15ms ™' and sur-
face winds vary between 5 and 10ms™'. Concurrently, the
layer below 1200m MSL (~400m AGL) over Almenar
experiences a significant warming of around 5°C, whereas
near the ground temperatures increase up to 12°C due to
the dissipation of the surface inversion that existed at
0000 LT. Changes of the zonal wind and temperature at
El Manzano are much less dramatic as compared to those
over Almenar.

a. Radiosondes

The complete evolution of the vertical structure of
wind and temperature profiles during the IOP can be
observed in Figs. 12 and 13 based on the radiosondes at
Almenar and El Manzano. A jetlike structure of the
zonal wind (along the valley axis) is quite prominent at
Almenar (Fig. 12a), with maximum speeds of up to
12ms~! at about 1500m MSL or 700m AGL, con-
trasting to the ~30ms ™' and 100m AGL height of the
CWH2013 valley exit jet. The easterly jetin Fig. 12 has a
diurnal modulation: the jet weakens during the after-
noon of some days. It also features a vertical displace-
ment, touching the surface for some hours at the dawn of
23 July and for most of the night of 25 July. These pe-
riods coincide with the raco observations at the surface
shown in Fig. 10a. The low-level easterly flow is confined
below 2500m MSL, with westerly components domi-
nating aloft as also described by RG2004. Just about
10km inside the Canyon to the east, the zonal flow over
El Manzano (Fig. 12b) shows a strikingly different
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FIG. 10. (a) As in Fig. 2a, but for stations Almenar (blue) and El Manzano (green). (b) As in
Figs. 2b and 2c, but for stations Almenar (continuous bold) and El Manzano (dotted fine).
Temperature (water vapor mixing ratio) shown in red (blue) at the left (right) scale. The
RACO2018 IOP extended from noon 22 to noon 26 Jul 2018. Solid lines at the top of (a) mark
raco conditions as defined for each station with a threshold of 3ms™'.
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structure. The layer with easterly wind here is present
through a deeper height range up to about 3000 m MSL
but its intensity is weaker and has no well-defined jet
maximum as compared to the Almenar profiles. With
weaker easterlies, the diurnal modulation over this site
appears more marked than over Almenar. With respect
to the meridional wind component, the easterly jet layer
at Almenar is accompanied by a weak northerly com-
ponent (Fig. 12¢) while at El Manzano a weak southerly
component prevails (Fig. 12d). These meridional com-
ponents are probably driven by the local orientation of
the canyon at each site (Fig. 1b). Above the layer of
easterly flow, strong north-northwest winds also with a
jetlike structure (i.e., up to 16ms~' below 4000 m over
Almenar) are observed and are most readily interpreted
as barrier winds resulting from the blocking of the
westerly upper airflow by the Andes (e.g., section 3 in
RG2004 and references therein).

The evolution of the vertical structure of potential
temperature and water vapor mixing ratio is shown in
Fig. 13. A two-layer structure in the vertical is apparent,
loosely defined by the white contours in Fig. 13. The
bottom layer is relatively cold and humid compared to
the upper layer. While the former has large synoptic
variability in terms of height, the latter displays signifi-
cant temporal changes in temperature and humidity. As

shown by the red isotachs, the easterly flow at Almenar
resides in the upper warmer and drier layer, especially in
the region with significant stability atop the cold and
humid bottom layer. Raco events at the surface are as-
sociated with the upper warm and dry layer reaching
down to the surface, which is especially clear in the
humidity plots (Figs. 13c,d). The warming and drying,
however, is experienced not only by the near-surface air
but throughout the lower troposphere, a sign of possible
regional forced subsidence as discussed in the context of
coastal lows by Garreaud and Rutllant (2003).

Figure 14a shows the time-height evolution of the pres-
sure difference between El Manzano and Almenar together
with bottom marks indicating the occurrence of surface raco
conditions at El Manzano, La Obra, and Almenar, and a
reference red contour delimiting the —4ms™! isotach of
zonal wind at Almenar. Figure 14b shows surface pressure
anomalies at Guayacédn and La Obra for the same period.
As was described for the climatology, the raco wind at the
surface closely follows the in-valley pressure gradient,
occurring when the pressure anomaly at Guayacén is
larger than at La Obra (Fig. 14b). This surface pressure
signal is consistent with the pressure gradient aloft as
shown by Fig. 14a, at least up to about 1000 m above the
ground, coinciding with the region of enhanced east-
erly flow at Almenar (red dashed contours). In contrast
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MSL (arbitrary units).

to the CWH2013 case, in which the along-canyon
pressure difference responded to a cooling of the air
mass inside the canyon, the pressure difference in the
raco case responds mainly to the warming at the exit of
the canyon, as illustrated by Fig. 11b.

b. Sodar

A finer-grain picture of the evolution of the vertical
profile of wind over Almenar is provided by the sodar
(Fig. 15). Unfortunately, due to measurement con-
straints with the sodar, the data do not extend vertically
beyond the level of maximum speed, so that it charac-
terizes mainly the layer below the easterly jet described
with radiosondes in Fig. 12a. Nonetheless, Fig. 15a il-
lustrates well the dramatic changes of the zonal wind
vertical profile over this site. Consistent with the radio-
sondes, the sodar suggests the existence of an easterly
flow above 400 m AGL for most of the period. The raco
events at Almenar constitute a surface manifestation
of arapid descent and intensification of this easterly flow
that in a couple of hours drops from about 700m AGL to

the surface (days 23 and 25). Interestingly, at the end of
25 July there is a brief raco event at the surface that is
observed by the sodar but completely overlooked by the
poorer-temporal-resolution radiosondes. The strength
of the easterly flow aloft may be a factor on the occur-
rence, intensity, and duration of the raco wind at the
surface, as the largest magnitudes of the (negative) zonal
wind are generally observed when the easterly jet moves
down toward the surface. The sodar-derived profiles of
vertical velocity (Fig. 15b), on the other hand, show a
tendency for negative values (subsidence) in the region
below the easterly flow, with magnitudes that can be up
to2ms ™!, similar to those reported by CWH2013 for the
Weber Canyon valley exit jet. These are very large
values that support the hypothesis that the dry and warm
raco air parcels have been forced to descend by a strong
interaction between the flow and the topography.

c. Mobile ceilometer

In the July 2018 IOP a Vaisala CL31 ceilometer was
mounted in the back of a pickup truck in order to
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FIG. 12. (a) Time-height cross section of zonal wind at Almenar obtained with radiosondes launched at the times
marked with a red cross at the bottom of the figure. Contours every 2ms ™', Blue (green) colors indicate negative
(positive) values and white contour marks the 0ms ™' value. (b) As in (a), but for El Manzano station. (c) Asin (a),
but for the meridional wind component. (d) As in (c), but for El Manzano station. In all panels, solid lines at the
bottom mark the occurrence of surface raco conditions as described in Fig. 10.

describe the variation along the canyon of the near-
surface aerosol layer during raco events. Concurrently,
an iMet-XQ sensor was installed on the truck roof to
measure instantaneous temperature, relative humidity,
pressure, and GPS position along the path followed.
While stationary ceilometers have been for some time
successfully used in Santiago and elsewhere to charac-
terize the vertical structure of aerosols in the planetary
boundary layer (PBL) with high temporal and vertical
resolution (Mufioz and Undurraga 2010; Caicedo et al.
2017), the application of a mobile ceilometer to char-
acterize the horizontal variability of aerosol layers in the
PBL is rather new with only few reports in the literature
(Peng et al. 2017). Figures 16 and 17 provide two examples
of the measurements with the mobile system. Figure 16
shows a down-valley transect from El Manzano to the
canyon exit performed between 0746 and 0814 LT 23 July
2018 with a length of about 18 km and an altitude drop of
about 200m between the initial and ending points
(Fig. 16a). Figure 16b shows the time-height cross

section of the backscatter intensity measured by the
ceilometer along the route. Warm color regions are
interpreted as aerosol-loaded air layers and blue re-
gions as aerosol-free layers with low backscatter. Data
near the surface below about 50m AGL have been
masked out because this instrument cannot fully mea-
sure backscatter very close to its telescope (Kotthaus
et al. 2016). Also, intermittent peaks of backscatter
along the transect are believed to correspond to tree
branches above the street that momentarily block the
laser ray as the truck passes below them. Figure 16b
shows a strong contrast in the aerosol content of the
near-surface atmospheric layer between the western
and eastern portions of the transect, with the transition
being located around Almenar at the time of mea-
surement. To the west of this station, in the canyon exit
region toward Santiago Valley, a higher aerosol load is
observed in a layer whose top goes from about 100 m
AGL near Almenar up to about 400m AGL at the
western end of the transect. To the east, inside the
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FIG. 13. (a) Time-height cross section of potential temperature at Almenar obtained with radiosondes launched
at the times marked with a red cross at the bottom of the figure. Contours every 1°C. White contour marks the 20°C
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mark the —4 ms™! zonal wind isotach.

canyon, the air is relatively aerosol free. Concurrent
measurements of near-surface potential temperature
and water vapor mixing ratio along the transect are
shown in Fig. 16c. Very sharp changes in temperature
(~10°C) and humidity (~2gkg ') are observed at the
aerosol transition location in Fig. 16b. Based on the
time labels and matching positions of the ceilometer,
this temperature-humidity—aerosol front is located at
this time about 500 m to the west of Almenar, leaving
the station in its warm-dry-clean-windy side. In fact, on
this day the Almenar station was under raco conditions
between 0730 and 1030 LT (Fig. 10a). This front can be
considered the limit between a cold pool residing to the
west over the Santiago Valley and the warm, dry, and
clean air associated with the raco wind to the east. At
the front, the raco appears to separate from the surface
and keep flowing westward atop the cold pool.
Interestingly, a similar front appears farther up in the
valley near the El Manzano station. This second front is

clearly noticeable in temperature and humidity discon-
tinuities, but not as much in the aerosol signal, as both
sides of the front appear to have relatively clean air.
Time series at El Manzano for this day (Fig. 18) suggest
that this second front passes over the station around
0930 LT. Before this time, potential temperature and
mixing ratio are about 13°C and 2 gkg ™', respectively,
putting the station on the western side of the front ac-
cording to Fig. 16c. Around 0930 LT, the mixing ratio
drops rapidly to about 1.5gkg™" suggesting that the
front has moved west and has left the El Manzano sta-
tion on its eastern side. The temperature increases also
rapidly at this time, with the frontal effect adding to the
warming associated with the solar heating of the surface.
While the wind speeds are similar before and after the
frontal passage, wind direction shifts noticeably from
east-southeast to north-northeast (Fig. 18a). Later in
the day, around 1430 LT the up-valley flow reaches
El Manzano producing a complete reversal in wind
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Almenar.

direction, a sudden moistening and a slight cooling,
marking the arrival of the more humid and potentially
cooler valley air mass.

A couple of additional features are worth noticing in
Fig. 16c. First, in the region between the two fronts at
Almenar and El Manzano the surface potential tem-
perature decreases significantly with altitude in the up-
valley direction (by ~8°C) while water vapor mixing
ratio increases (by ~1gkg ). As these variables can be
considered approximately conservative in this setting
(nighttime subsaturated conditions), it follows that the
truck is moving across trajectories of significantly dif-
ferent air parcels. Moreover, the potential cooling and
moistening with ground altitude suggest that surface air
parcels around Almenar are subsiding from higher al-
titudes than those near El Manzano, similar to what
Fig. 1 of Mayr et al. (2018) suggests happens for air
parcels impinging on the lee slope of a classical foehn
flow downstream of a mountain barrier. Finally, a last
curious feature of Fig. 16c is the contrasting spatial
correlation between potential temperature and mixing
ratio variability at each side of the Almenar front. To the
west, in the cold pool air mass, there is a positive

correlation between both variables, while the opposite
occurs to the east. Positive correlations between tem-
perature and water vapor mixing ratio are typically
quoted in the literature for the atmospheric surface layer
above sea and land (Platis et al. 2017 and references
therein). Thus, the special condition in our measure-
ments is the spatial anticorrelation between tempera-
ture and humidity observed on the eastern side of the
raco front. Again, this pattern may be inherited from the
general anticorrelation of potential temperature and
water vapor content with altitude in a vertical profile,
which may be imprinted on the surface transect as the
truck successively probes parcels that have originated at
various altitudes. As the temperature-humidity corre-
lation has important practical and theoretical implica-
tions (Ward 2017; De Bruin et al. 1999), this problem
may be investigated further in the future.

Twenty-nine transects with the mobile ceilometer
system were performed during the nights and early
mornings of 23-25 July 2018 (general time frame from
0630 LT until 1200 LT of each day; available as sup-
plemental material). Like that of Fig. 16, the longest legs
covered the route between El Manzano and the canyon
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exit in about 30 min, although there were also shorter
legs and static periods. Unfortunately, in 11 transects the
iMet-XQ sensor malfunctioned, so that surface tem-
perature and humidity measurements were not avail-
able. Nonetheless, most of the features observed in
Fig. 16 appear also in the remaining transects: the exis-
tence of the Almenar and the El Manzano fronts in the
early morning, the negative surface potential tempera-
ture gradient between Almenar and El Manzano, and
the contrasting correlations between temperature and
mixing ratio variability. As the morning hours evolve,
the Almenar front appears to move inside the canyon,
with the aerosol-loaded valley air mass reaching FEl
Manzano on 24 July around 1130 LT but being unable to
do so on 25 July (see the supplemental material). The
jumps in temperature and humidity, though, become
less sharp in the later morning hours, especially in the
case of temperature. On occasions, some layering in the
valley air mass is observed, as shown in Fig. 17. This
shorter transect probed the region from Almenar to-
ward the Santiago Valley. Two or three aerosol layers
are apparent in this figure as well as some undulations
atop them, which could indicate some instability in the
shear region between the near-surface slow-moving cold

at the bottom mark the occurrence of raco
rtical velocity (ms ™). A gray mask for values

! has been applied in order to emphasize regions with larger

pool layer and the upper layer in which the easterly jet
resides.

5. Discussion

In this final section we explore how the raco cli-
matology and variability presented in the previous
sections match the physical mechanisms described in
the introduction, by which the terrain affects near-surface
winds, namely, the thermodynamic (e.g., katabatic and
valley winds) and dynamic (e.g., foehn and gap winds)
forcings. As shown by Figs. 11a, 12a, and 15a, the raco
wind appears to be the surface impact of an easterly wind
jet residing typically at around 1500m MSL (~700m
AGL at the valley exit). At La Obra and Almenar sta-
tions, the raco onset is characterized by an abrupt in-
crease of wind speed along a well-defined down-valley
direction, accompanied by a simultaneous increase in
temperature and drops in absolute humidity and aerosol
content. These sudden changes in surface variables are
reminiscent of what is observed at stations subject to
foehn winds (Richner and Héchler 2013), and can be in-
terpreted as the surface arrival of air parcels that have
been forced to descend rapidly from aloft, bringing with
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left scale) and water vapor mixing ratio (blue,

right scale) measured concurrently with mobile

ceilometer. The time scales in (b) and (c) are backward so that left and right sides correspond to

panel (a).

them (potentially) warmer, dryer, and cleaner air. We shall
reserve the name “‘raco” to refer to the strong winds at the
surface and use the generic expression “upper jet” to refer
to the easterly winds aloft. Accordingly, two main mech-
anistic questions can be addressed: 1) what is the forcing of
the upper jet? 2) What forces this upper jet to eventually
reach down to the surface and produce the raco?

Direct observations tell us little about the climato-
logical characteristics (e.g., seasonal variability) of the
upper easterly jet, as no long-term upper-air measure-
ments exist in the Maipo Canyon. Its diurnal variation,
however, was captured by observations during the IOPs
showing that its intensity is greatest during the night and it
weakens during daytime (Figs. 12a,b), more prominently
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FIG. 17. As in Fig. 16, but for the mobile ceilometer transect in the period between 0834 and
0845 LT 23 Jul 2018.

so at El Manzano. The vertical extent and the structure of
the zonal wind profile also differ between Almenar and
El Manzano. At the exit of the canyon (Almenar) the
upper jet has a well-defined nose-shaped profile with
maximum speeds up to 12ms ! in a layer with easterly
winds about 1000 m in depth. At Manzano, the easterly
flow layer is about 1500 m deep and the wind profile has
one or two maxima with speeds up to 10ms™'. The di-
urnal variation and the intensification of the jet at the
canyon exit suggest that the valley exit jet mechanism
may be operating in this case. An upper easterly jet at
about 1500m MSL (~700m AGL) exiting from the
Maipo Canyon has been reproduced by mesoscale nu-
merical simulations of other events (Fig. 13 in Garreaud
and Rutllant 2003; Castro 2018), suggesting that it
is a feature common to all raco episodes. Moreover, the

models produce similar jets emerging from the other
neighboring valleys to the south and to the north of the
Maipo Canyon. If the simulations are correct, then the
upper jet is not a special feature of the Maipo Canyon, but
it occurs in all similar valleys in the region, which is
consistent with a thermodynamic mechanism like that of
valley exit winds.

In contrast, the sudden surface impingement of the
strong easterly flow appears to be highly localized, oc-
curring mainly in the exit corridor of the Maipo Canyon,
between La Obra and Manzano, and being both more
frequent and stronger at the corridor exit than at the
entrance. Stations deeper inside the Maipo Valley show
only hints of raco conditions in traces of tempera-
ture and wind (not shown). With respect to their tem-
poral variability, raco winds can start at La Obra
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indistinctively any time between 2100 and 0800 during
the cold season (May—August) and they typically stop
between 1000 and 1200 (Fig. 5Sa) when daytime up-valley
winds develop. While their preference for nocturnal
hours suggests a thermodynamic factor related to cool-
ing or stability development in the valley, their sudden
onset at any time during the night and the lack of any
strong relationship between onset time and intensity put
them at odds with purely thermodynamic mechanisms,
which are usually repetitive and evolve continuously
along the night. The same can be said with respect to their
seasonal and synoptic variability. Thermodynamically
forced nighttime valley winds are typically favored in
summer conditions under weak synoptic forcing (Zardi
and Whiteman 2013; CWH2013). On the contrary, the
raco wind occurs almost solely in the cold season and has
been associated with two well-defined synoptic patterns
(RG2004), both characterized by rapid lowering of sur-
face pressure to the west of the raco region (Fig. 9).
Based on the previous discussions, we hypothesize
that a dynamic factor is playing a role at least in the
second mechanistic question posed at the beginning of
this section, namely, that of what forces the upper jet
to descend to the surface producing the raco in the
Maipo Canyon exit. Particularly appealing in this regard
is the gap-wind mechanism, which has been proposed by
Armi and Mayr (2007) to explain shallow-foehn cases

along the Brenner Pass in the Alps. Based upon the hy-
draulic theory of stratified flow moving through a con-
traction (Wood 1968; Armi and Williams 1993), Armi and
Mayr (2007) mention distinctive features that such flow
may have in the downwind side of a gap: the development
of a parabolic wind profile in a layer with a temperature
inversion limited above and below by stagnant and more
well-mixed layers. In the nomenclature of Armi and
Williams (1993), this parabolic wind profile corresponds
to “structure 2"’ of the possible solutions of the problem,
but, depending on the forcing level, a “‘structure 1’ so-
lution is also possible, in which the maximum speed is at
the surface. In the raco setting some of these features are
indeed observed: the upper easterly jet often has a
parabolic shape (see Fig. 11 and the complete set of
vertical profiles in the supplemental material) and oc-
curs in a stable layer between two more strongly mixed
layers (Fig. 13a and supplemental material). The terrain
constriction appears to be located within the exit corri-
dor of the Maipo Canyon, where topographic contours
(Fig. 16a) indicate a significant narrowing of the valley
exit at 70.42°W, just about 6km upstream of La Obra
station. At this point, the transverse area below 2000 m
MSL is only a third of the area immediately to the east
and to the west (shaded region in Fig. 11a). This con-
striction may well be controlling the response of the
down-valley flow, occasionally inducing the transition



APRIL 2020

to a fast supercritical descending flow on its downwind
side toward the canyon exit. Alternatively, the level of
the jet downwind of the constriction may be controlled
by the dynamics of the cold pool existing at the bottom
of the Santiago Valley and its intrusion into the Maipo
Canyon, as illustrated by the ceilometer observations in
Figs. 16 and 17, and those in the supplemental material.
In both cases, the pressure gradient driving the outflow
can result from the in-canyon pressure increase as the
cool air draining down the Colorado and upper Maipo
Valleys converges toward El Manzano or from the
rapidly falling pressures to the west produced by the
synoptic-scale setting (coastal low or approaching low
pressure system). Thus, while the topographic constraint of
the raco wind is fixed, several factors may play a role in its
development (cold air pool properties, lower-tropospheric
thermodynamic conditions, mesoscale pressure gradients,
in-valley radiative cooling, etc.) providing for the signifi-
cant observed variability in raco wind strength and asso-
ciated temperature and humidity jumps.

6. Conclusions

We have presented a climatological characterization
of the raco winds exiting the Maipo Canyon toward the
Santiago Valley in central Chile, that complements and
extends earlier work by RG2004. These episodic win-
tertime easterly winds begin abruptly at any time during
the night at La Obra station, reach maximum hourly
averages between 8 and 10ms™ ' (with gusts up to
17ms~ ') and terminate around noon with the onset of
the up-valley westerly wind predominant during the
afternoon. The sudden appearance of raco winds at the
surface can be accompanied by a significant warming
(up to 10°C) and drying (up to 3gkg ™ '). About half of
the days in the period from May-August show at least
one raco hour during the night, 25% of the days have
more than six raco hours between 0100 and 1200 LT, and
raco episodes last between 1 and 7 days with typical
duration of 1-2 days. These findings are generally con-
sistent with those reported previously by RG2004, but
we have emphasized the sudden character of raco
events and the abrupt changes in surface temperature
and humidity associated with them. Furthermore, we
documented the direct relationship between the in-
tensity of raco winds and the along-canyon pressure
gradient as well as the preference of raco events to
occur during rapidly decreasing regional pressure pat-
terns and clear skies, although still 10% of raco days
are cloudy.

A 4-day observational campaign performed in July
2018 that included 6-hourly radiosondes launched from
both extremes of the exit corridor of the Maipo Canyon,
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provided a more complete characterization of the vertical
structure of a raco episode. A very marked upper easterly
jet appears during the nights in the soundings at the exit
of the corridor, at about 700m AGL and with maximum
intensity around 10ms~'. As shown by sodar measure-
ments at the Almenar station, this jet descends rapidly on
some occasions and impacts the surface as a raco event.
Transects along the canyon performed with a mobile
ceilometer and temperature and humidity sensors
reveal that a frontlike feature exists between the cold
pool at the bottom of the Santiago Valley to the west
and the raco-affected conditions in the Maipo Canyon
to the east. The very well-defined front shows signifi-
cant changes of aerosol loads, temperature, humidity,
and winds.

In the discussion section we examined how the
aforementioned observations match the thermody-
namic and dynamic mechanisms by which complex
terrain can affect low-level winds. The upper easterly
jet at the Maipo Canyon exit shares some features
with the thermodynamically driven valley exit jet
studied by CWH2013 in a similar topographical set-
ting: preference for nighttime conditions and inten-
sification at the canyon exit. However, it has a higher
altitude above the ground, an opposite seasonal pref-
erence, and it is associated with well-defined synoptic
patterns. On the other hand, the warming and drying
associated with the onset of the raco wind at the surface
resemble that of foehn events when parcels dynamically
forced to rapidly descend by the topography produce
such effects on stations downwind of a cross barrier. In
the absence of a clear cross barrier in our case, however,
we speculate that a gap mechanism may be acting like
that described for shallow-foehn cases in the Alps by
Armi and Mayr (2007). A lateral 3:1:3 constriction in-
deed exists in the Maipo Canyon exit corridor between
La Obra and Manzano stations, which could be con-
trolling the acceleration and descent of the flow exiting
the canyon.

RG2004 showed that raco episodes occur under condi-
tions of regional lower-tropospheric (below ~700hPa)
easterly flow intensification and warming. Furthermore,
they suggested that “‘strong downvalley flow within the
zonally oriented Andean valleys is triggered and sus-
tained by the regional-scale flow, being modified by local
orographic effects.” The hydraulic gap-wind hypothesis
to explain the intense raco wind at the exit of the Maipo
Canyon provides a concrete example of how the oro-
graphic modification suggested by RG2004 may take
place. Numerical modeling to be performed in future
work may help to verify the gap-wind hypothesis and,
more generally, to elucidate the relative roles of the
dynamic and thermodynamic forcings of the raco.
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