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ABSTRACT

Central Chile is a densely populated region along the west coast of subtropical South America (30°-36°S),
limited to the east by the Andes. Precipitation is concentrated in austral winter, mostly associated with the
passage of cold fronts. The freezing level over central Chile is typically between 1500 and 2500 m when
precipitation is present. In about a third of the cases, however, precipitation occurs accompanied by warm
temperatures and freezing levels above 3000 m, leading to a sizeable increment in the pluvial area of
Andean basins and setting the stage for hydrometeorological hazards. Here, warm winter storms in central
Chile are studied, including a statistical description of their occurrence and an estimate of their hydrological
impacts. Remote-sensed data and high-resolution reanalysis are used to explore the synoptic-scale envi-
ronment of a typical case, generalized later by a compositing analysis. The structure of warm storms is also
contrasted with that of the more recurrent cold cases. Precipitation during warm events occurs in the warm
sector of a slow-moving cold front because of the intense moisture flux against the mountains in connection
with a land-falling atmospheric river. This is in turn driven by a strong zonal jet aloft and reduced me-
chanical blocking upstream of the Andes. On a broader scale, a key element is the presence of a slowly
moving anticyclone over the south Pacific, fostering advection of cold air into midlatitudes. The intense and
persistent zonal jet stretches a moist-air corridor from the central Pacific to the west coast of South
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America.

1. Introduction

Central Chile is the narrow (~200km) strip of land
extending from 30° to 36°S along the west coast of South
America and limited to the east by the Andes cordillera
(Fig. 1). This region hosts more than 8 million inhabitants
(about half of the country’s population), key economic
activities, and major cities, including Santiago (33.5°S),
the Chilean capital. Consistent with its location at sub-
tropical latitudes, central Chile is year-round under the
influence of the southeast Pacific anticyclone, featuring
a semiarid climate between extremely dry conditions
to the north and more humid conditions to the south
(e.g., Fig. 2b). In the east-west direction, the Andes
cordillera—rising over 4000 m MSL—acts as a boundary
between the continental climate of central Argentina
and the milder, ocean-controlled climate of central Chile
(e.g., Garreaud et al. 2009). Annual mean precipitation
varies from 200 to 700 mm, depending on latitude and
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altitude, and exhibits significant interannual variability
associated with the El Nino-Southern Oscillation fol-
lowing a warm-wet cold—-dry pattern (Montecinos and
Aceituno 2003). Precipitation is largely concentrated in
austral winter (May—September) but an important frac-
tion of it is retained as snow over the Andes and sub-
sequently delivered to lowland valleys as meltwater during
spring and summer (Cortés et al. 2011) with beneficial
effects on agriculture. However, the sharp, complex to-
pography of the Andes, with steep slopes and narrow
valleys, also sets the stage for hydrometeorological di-
sasters, including localized flash floods, debris flows, and
widespread flooding during wet years (Sepulveda and
Padilla 2008).

The synoptic-scale environment that characterizes cen-
tral Chile frontal rainstorms has been described in recent
works by Falvey and Garreaud (2007), Barrett et al.
(2011), and Viale and Nunez (2011). Between 5 and 15
multiday (1-4) rainfall episodes occur per winter, asso-
ciated with cold fronts arching equatorward from a sur-
face low moving along the storm track to the south of
40°S (Hoskins and Hodges 2005; see also Catto et al.
2012). Low-level northwesterly flow transports air with
high water vapor content from the tropical eastern
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F1G. 1. Topographic maps of (a) southern South America showing the location of the four upper air stations
operated by the DMC, and Juan Fernandez Island, and (b) central Chile, showing several major cities (including
Santiago), the Chile-Argentina border (coinciding with the Andean ridge), and the outlines of the upper Maipo

River basin just east of Santiago.

Pacific moist air reservoir, feeding the precipitating
clouds. In addition to these classical ingredients, the
previous works have found an intense northerly low-
level jet in the prefrontal sector extending eastward
from the Andes to several hundreds of kilometers off-
shore (Barrett et al. 2009), apparently connected with
upstream topographic blocking similar to what occurs
along the western coast of North America (e.g., Neiman
et al. 2004; Lundquist et al. 2010), leading to the for-
mation of a barrier jet (Neiman et al. 2002, 2010).

The study of Viale and Nunez (2011) further revealed
that most of the heavy and extreme precipitation events
in central Chile were associated with atmospheric rivers
impinging on the subtropical Andes prior to the arrival
of the cold front. The term atmospheric river refers to
narrow (<1000 km) but elongated (>2000 km) corridors
of intense water vapor transport in the lower tropo-
sphere, generally located in the broader warm and pre-
frontal zone of the polar front and particularly well
defined over ocean areas (see Ralph and Dettinger 2011
for a review on atmospheric rivers). Since the seminal
work by Zhu and Newell (1998), which coined the term
and quantified their major contribution on the global
poleward water vapor transport, the role of landfalling

atmospheric rivers in producing extreme rainfall events,
major flooding, and heavy snowfall has been recog-
nized in many midlatitude regions around the world
(see Table 1).

By separating rainstorms according to the regional-
mean accumulated precipitation, Viale and Nunez
(2011) and Barrett et al. (2009) showed that extreme
events (e.g., more than 40 mm day ' in Santiago) exhibit
sharper and more intense features than ordinary events
(e.g., a deep low off southern Chile). Falvey and Garreaud
(2007) performed a more quantitative analysis by regres-
sing a regional index of precipitation and selected profiles
measured by the Santo Domingo radiosonde (coastal
site at 33°S, the only upper-air station in central Chile),
finding that the intensity of the low-level zonal flow (i.e.,
the flow against the mountains) accounts for ~40% of
the rainfall variance. The later value is comparable to its
counterpart in mountainous coast of California, where
Neiman et al. (2002) found that 55% of the variance of
rainfall is accounted for wind variations based on hourly
wind profile observations. Orographic enhancement
by forced uplift (e.g., Roe 2005) is behind the strong
relationship between low-level zonal flow and precip-
itation, a mechanism that seems to operate all along the
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FIG. 2. Latitudinal variation of selected hydrometeorological parameters along central Chile.
(top) Freezing level (H,), including median and interquartile range of its empirical distribution
during rainy days based on Santo Domingo radiosonde data (purple error bars) and surface air
temperature (blue error bars; see text). Also included are Hy values at Santo Domingo on 3
May 1993 (major landslides near Santiago) and 11 July 2006 (case study in this work), as well as
the topographic profile of the Andes cordillera (97.5% value of the terrain height distribution at
each latitude). (bottom) Annual mean rainfall (circles, colored according to the station height)
and percent area above 2000 and 3000 m MSL to the west of the Andean crest calculated every

0.5° of latitude.

extratropical west coast of South America at daily and
longer time scales (Garreaud 2007; Garreaud et al. 2013).

An aspect less explored in central Chile rainstorms is
their thermal structure and evolution. The low-level air
temperature during rain events is important because it
sets the freezing level (i.e., the 0° isotherm height, Hy),
a close proxy of snowline height (e.g., Minder et al. 2011;
White et al. 2010). An early study found that H, in
central Chile varies from 1500 to 3500 m MSL during
rainy days, with a mean value of 2200 m MSL (Garreaud
1992). Since the subtropical Andes reach more than
5000 m MSL, the interstorm and intrastorm variations of
H, lead to major changes in the pluvial area, the terrain
surface that receives rainfall, and thus in the hydrolog-
ical response that ultimately dictates the occurrence of
hazardous events over the mountains and downstream
(Sepulveda and Padilla 2008). As shown later, a rise of

700 m of H, with respect to its mean value doubles the
water volume available for runoff in the upper Maipo
river basin, just south of Santiago. A dramatic example
of this occurred in 3 May 1993, when a moderately
precipitating (25 mm day ') but extremely warm (H, ~
4000m MSL) rainstorm triggered massive landslides
and debris flow along the Andean foothills just east of
Santiago, causing more than 80 fatalities (Garreaud and
Rutllant 1996, and references therein). The connection
between anomalous warm conditions (i.e., higher than
average freezing level) and flooding has also been noted
in western Washington by Neiman et al. (2008a,2011) in
the context of intense land falling atmospheric rivers
events.

Given their relevance and their lack of scrutiny, here I
characterize warm rainstorms in central Chile during
wintertime, providing a statistical description of their
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TABLE 1. Selected references on precipitation events related to
atmospheric rivers around the world. A comprehensive list of
references can be found at http://www.esrl.noaa.gov/psd/atmrivers.

Location References

Southeastern Mediterranean Krichak et al. (2012)

United Kingdom Lavers et al. (2011)

Central United States Moore et al. (2012); Rutz and

Steenburgh (2012)

West coast of North America Neiman et al. (2008a,b, and
references therein)

Ralph et al. (2005, 2006, and
references therein)

Neiman et al. (2011)

California, United States

Western Washington,
United States

Norwegian west coast Stohl et al. (2008)

West coast of South America Viale and Nunez (2011); this study

occurrence and hydrological impacts as well as a synop-
tic analysis of their structure and evolution. One may
speculate that warm rainfalls are just brief periods be-
fore an otherwise ordinary storm. It turns out that warm
rainstorms are long-lasting events, characterized by,
among other things, the presence of an atmospheric
river embedded on a band of strong zonal flow reaching
western South America. The local conditions and syn-
optic environment of the warm storms are also contrasted
against their counterpart during the more frequent cold
rainstorms in central Chile. Thus, my synoptic analysis
may be relevant in an operational context as forecasters
can use it as a template for early detection and prognosis.

The paper is organized as follows. Section 2 describes
the different datasets used later. In section 3, I analyze
the storm-to-storm variability in temperature and
freezing level, estimating the hydrological impacts of the
freezing-level variations in regions where it is relevant.
Examination of half-hourly data allows a classification
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of storms in warm and cold categories, whose local be-
havior is presented in section 4. Section 5 provides a
synoptic analysis of the first two weeks of July 2006 when
a cold, typical storm was followed by a warm case, em-
phasis being placed in the second event. In section 6, I
employ a compositing analysis to generalize some of the
results found in the case study. Section 7 contains the
summary of findings, including a conceptual model of
central Chile warm rainstorms.

2. Datasets

The freezing level in central Chile was estimated using
vertical air temperature profiles (section 3) measured by
radiosondes launched at Santo Domingo, a coastal sta-
tion at 33°S, about 100 km west of Santiago (Table 2). The
radiosondes at Santo Domingo are launched twice daily
(1200 and 0000 UTC, or 0800 and 2000 LT) by the Chil-
ean Weather Service (DMC) since September 1999. Prior
to this date (1968-99), the launching location was at
Quintero, also a coastal station, but about 80 km north of
Santo Domingo. I also used the Santo Domingo radio-
sonde profiles of humidity, wind speed, and wind direction.

DMC also operates a network of surface stations at air
terminals in Chile, from where I obtained daily accu-
mulated rainfall (measured at 1200 UTC) and mean air
temperature calculated as (Tog + Tog + T, + T,,)/4 for
the winter months (April-September) from 1961 to
2011. I used 11 stations located between 28° and 40°S
(Table 2), both at the coast and further inland, but all
of them below 600 m MSL. DMC employs operational-
grade instruments and applies stringent quality control
to their data. Daily rainfall data were also available on
a denser network over central Chile for my case study
(July 2006) from simple, nonautomated gauges operated

TABLE 2. Meteorological station names, coordinates and variables: 7, air temperature; R, rainfall; p, pressure; RH, relative humidity;

V, wind.
Station name Latitude Longitude Elevation (m) Variables

Copiapo 27.2°S 70.3°W 291 Daily 7, R

La Serena 29.9°S 71.2°W 146 Daily 7, R
Valparaiso 33.0°S 71.6°W 41 Daily T, R
Quinta Normal* 33.4°S 70.7°W 520 Daily 7, R
DGF* 33.4°S 70.7°W 535 30-min 7, R, p, RH
Juan Fernandez** 33.6°S 78.8°W 30 Daily 7, R
Santo Domingo (upper air) 33.7°S 71.6°W 75 12-h T, p, V,RH
Curico 35.0°S 71.2°W 225 Daily 7, R
Chillan 36.6°S 72.0°W 148 Daily 7, R
Concepcion 36.8°S 73.1°W 48 Daily 7, R
Temuco 38.8°S 72.6°W 114 Daily 7, R
Valdivia 39.6°S 73.1°W 16 Daily 7, R
Osorno 40.1°S 73.0°W 90 Daily 7, R

* Stations in Santiago.
#* Island 800 km off central Chile.
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TABLE 3. Streamflow (hourly data) station names, rivers, co-
ordinates, and basin area.

Basin

Station Elevation area
name River  Latitude Longitude (m) (km?)
Chacabuquito Aconcagua 32.8°S  70.6°W 1030 836
Rinconada Mapocho 33.5°S  70.9°W 420 3060
El Manzano Maipo 33.6°S  70.4°W 950 4968
El Valle Claro 347°S  70.9°W 476 530

by the National Water Agency (DGA). DGA also pro-
vides hourly streamflow in selected rivers in Chile, and
here I used four stations near Santiago (Table 3) gauging
unregulated basins. To obtain higher temporal resolution
in the meteorological data, I used 30-min averages of air
temperature and precipitation at station DGF in Santiago
(Table 2) from 2004 to 2011. This is a standard tripod-
mounted Campbell automatic weather station (CS500 air
temperature sensor and TES525 mm rainfall sensor) lo-
cated on the roof of a university building about 30 m
above ground level.

To characterize the atmospheric circulation I have used
the recently released Climate Forecast System Reanal-
ysis (CFSR) fully described by Saha et al. (2010) and
provided by the National Centers for Environmental
Prediction (NCEP). As in other reanalyses [e.g., NCEP-
National Center for Atmospheric Research (NCAR) and
40-yr European Centre for Medium-Range Weather
Forecasts (ECMWF) Re-Analysis (ERA-40)], CFSR
employs all available observations (surface and upper
air) and satellite retrievals assimilated on a state-of-the-
art numerical model to produce the best estimate of the
three-dimensional state of the ocean—atmosphere sys-
tem for the 31-yr period 1979-2009. The main novelties
of CFSR are its much higher spatial resolution (T382
horizontal resolution, ~38km and 64 vertical sigma
levels) and temporal resolution (hourly outputs). Fur-
thermore, the atmospheric component of CFSR is fully
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coupled with an ocean model and a two-layer sea ice
model. In this work I used the 3D pressure level data,
available every 6h on a 0.5° X 0.5° latitude—longitude
grid interpolated every 25 hPa in the vertical (from 1000
to 50hPa), provided by the National Climatic Data
Center throughout its National Operational Model Ar-
chive and Distribution System (NOMADS) data server.
To complement my synoptic analysis I used several
satellite datasets, as described in Table 4.

To identify atmospheric rivers in my case study and
compositing analysis, here I used the relatively high-
resolution CFSR data and follow the criteria established
by Ralph et al. (2004) and Neiman et al. (2008b). Namely,
narrow plumes of high moisture [vertically integrated
precipitable water (IPW) in excess of 20mm] that are
more than 2000 km long and less than 1000 km wide are
identified as atmospheric rivers. Since Ralph et al. (2004)
and Neiman et al. (2008b) employed integrated water
vapor (IWV) from the Special Sensor Microwave Imager
(SSM/I; Hollinger et al. 1990), I used one week (6-12 July
2006) of concurrent SSM/I-IWV and CFSR-IPW data to
verify their correspondence. Over the southeast Pacific
(20°-70°S, 180°-70°W), both variables exhibit a linear
relationship with a correlation coefficient » = 0.78, a root-
mean-square of 1.5 mm, and a bias of 1.7 mm. The use of
CFSR data also allowed us to verify that atmospheric
rivers identified on the basis of IPW alone also exhibited
low-level wind speed stronger than 12ms~ ' and in-
tegrated horizontal water vapor transport in excess of
200kgms L.

3. Freezing-level variability and hydrological
impacts

In midlatitude storms most of the hydrometeor pro-
duction occurs in the upper part of the nimbostratus by
water vapor deposition on ice crystal and aggregation
(e.g., Houze 1993). Once the ice crystals fall below the
0°Cisotherm, the melting process can take a few minutes,

TABLE 4. Main characteristics of satellite data employed in this work.

Spatial Temporal
Retrieved variable resolution resolution  Instrument/product Satellite(s) Reference
Precipitable water* 0.25° X 0.25°  Twice daily  SSM/I Defense Meteorological Wentz (1997)
Satellite Program (DMPS)
Surface winds* 0.25° X 0.25° Twice daily ~ QuikScat DMPS Wentz et al. (2001)
(nominally at 10 m)
TRMM-adjusted merged ~ 0.25° X 0.25° 3 hourly TRMM 3B42 TRMM Huffman et al. (2007)
infrared precipitation®*
Visible imagery 1km at nadir 3 hourly Imager, channel 1 ~ GOES-12
Infrared imagery 4km at nadir 3 hourly Imager, channel 4 GOES-12

* Available from http://www.ssmi.com.
** Available from http://disc.sci.gsfc.nasa.gov.
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explaining the coexistence of rain and snow when sur-
face air temperature is in the =3°C range and leading to
a vertical offset of ~(50-200) m between the freezing
level (Hy) and the snow line height (Garreaud 1992;
White et al. 2010). Thus, vertical profiles of air tem-
perature measured by radiosondes or remotely sensed
can help in monitoring the snow line. Close to the
mountains, however, H, may be located a few hundred
meters below its free tropospheric counterpart (Minder
et al. 2011).

To obtain the empirical distribution of Hj in austral
winter (May-September) when precipitation is present,
I interpolated the height of the 0°C level from the ra-
diosonde profiles at Santo Domingo from 1999 onward.
Precipitation events are defined by daily precipitation
=5mm at Santiago (recall the general aridity of this
region; average daily precipitation is 20mm), and I
simply averaged the 1200 and 0000 UTC radiosonde
values of H,. The distribution is near normal, with
amean value of 2200 m MSL and a standard deviation of
~250m. These values agree well with a previous esti-
mation based on Quintero radiosonde data (the former
radiosonde station in the coast of central Chile) for
1968-98 (Garreaud 1992) as well as with a more strin-
gent analysis using only cases with rain at 1200 and 0000
UTC. To spatially extend my analysis I also used surface
air temperature observations to estimate H, at other
latitudes. A persistent low-level temperature inversion
over central Chile (Munoz and Undurraga 2010) results
in a moderate correlation between surface air temper-
ature and lower-troposphere air temperature at a daily
scale (r =~ 0.4). During days with precipitation, however,
the vertical temperature profile tends to follow a moist
adiabat so that H, can be approximated by H; + T,,/T,
where Hj is the station height, 7, is the mean daily
temperature (in °C), and Ty ~ 6°Ckm ™' is the moist
adiabatic lapse rate. Granted, this procedure adds sev-
eral sources of uncertainty to individual H, estimates,
but I am confident that the ground-based H, distribu-
tions are statistically robust. Indeed, the ground-based
H, distribution around 33°S compares favorably’ with its
free tropospheric counterpart (see Fig. 2a).

A summary of the radiosonde- and surface-based
empirical distributions of H, during rainy events in
central Chile is presented in Fig. 2a by the median value
and interquartile range as a function of latitude. The
median value slightly decreases from ~2500 m MSL in

! Using a Student’s f test and a Fisher test, I found that the mean
value and standard deviation of H derived from the Santo Do-
mingo radiosonde and Valparaiso ground data are not statistically
different at the 2.5% confidence level.
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FIG. 3. Hypsometric curve (area below a given height) in the
upper Maipo River basin defined by a control point at 1000 m MSL
(just south of Santiago, see Fig. 1). The area has been normalized
by the value at # = 2200 m MSL, the median value of the freezing
level (Hy) over central Chile when precipitation is present. Also
shown is the increment in available volume normalized by the
value at & = 2200m MSL (see text), the fitted probability distri-
bution of H, (Gaussian curve), and the Hy values on 3 May 1993
and 11 July 2006 (vertical dashed lines).

the northern part to ~2000m MSL in the south. Nev-
ertheless, the storm-to-storm variability is much higher
than the median trend, and I conclude that freezing level
(and snow line height) is rather uniform along central
Chile. To put these numbers in context, Fig. 2a also
shows the topographic profile of the Andes cordillera,
which exhibits values well over 4000 m MSL to the north
of Santiago but decreases southward down to 1000 m
MSL at 40°S. Figure 2b also shows the fraction of area in
central Chile above 2000 and 3000 m MSL, both of which
rapidly decrease south of 35°S.

From Fig. 2 it is evident that H, variability has little
impact to the south of 36°S, where H, is usually above
the highest terrain so that ground precipitation is pre-
dominantly liquid. In the northern half of central Chile,
however, changes in H, produce significant changes in
the pluvial area, the portion of the terrain receiving
liquid precipitation. On the other hand, to the north of
30°S precipitation is very small, so the region between
35° and 32°S (including the Santiago area) is the most
sensitive to H, changes from a hydrological perspective.

Let us consider the upper Maipo River basin, which
drains from the Andes toward the Pacific Ocean just
south of Santiago. Figure 3 shows the area between
1000m MSL and any given height, normalized by the
area below 2200 m (the median value of H, for central
Chile). This graph also includes the H, fitted distribution.
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FIG. 4. Empirical probability distribution of the surface air temperature at DGF-Santiago
(a proxy of the freezing level, see scale at the bottom) when precipitation is present using daily
and half-hourly averages. Also indicated are the average and 75% quartile value of the half-
hourly precipitation stratified according to air temperature in 1°C bins across the observed range.

If Hj rises to 3100m (as in the case analyzed later), the
pluvial area doubles with respect to the median case. Re-
call that above H, precipitation accumulates as snow that
will melt later, but below H, at least part of the rain will
immediately become surface runoff, unless the previous
snow line is too low. Similar area-increment factors are
found for other Andean basins draining into central Chile.

Quantifying the actual increase in runoff given an
increase in Hy is beyond the scope of this paper because
it requires knowledge of the precipitation distribution
with height and infiltration rates (both variable among
storms). Let us offer here an estimate of the available
volume for runoff simply calculated as the integral
JP(h)dA from the basin outlet (1000m) to the level of
H,, where P(h) is the precipitation dependence with
height. I assume a linear gradient of precipitation with
height of +0.25Smmm ' taken from the climatological
values presented in Falvey and Garreaud (2007). The
increase in available volume as a function of height is
also presented in Fig. 3 and is slightly more pronounced
than the areal increment. If I consider now H = 4000 m
MSL, the value for 3 May 1993, the volume increased by
a factor of 5 with respect to a storm with the same pre-
cipitation but with Hy = 2200 m. This dramatic increase
in the pluvial area was considered a trigger factor of the
deadly landslides that affected the Andean foothills
(between 800 and 1200m MSL) of Santiago that day
(Garreaud and Rutllant 1996).

4. Warm and cold rainstorms

Daily mean temperature and daily accumulated
rainfall are useful for a regional picture, but they blur
their joint frequency distribution. To obtain a more
detailed analysis, I now use half hourly records from
station DGF in Santiago from 2004 to 2011 during aus-
tral winter (May—September). Figure 4 shows the em-
pirical distribution of air temperature for rainy episodes
using the 30-min records and the aggregated daily data
[rainfall = 0.1mm (30min) ' or = 5mmday ', respec-
tively]. Both distributions are near normal and their pa-
rameters do not differ statistically, lending support to the
daily analysis presented in section 3. The half-hourly
probability density function (PDF) is slightly displaced
toward the cold side relative to the daily PDF, possibly
because, in many cases, rainfall does not extend during the
whole day. Figure 4 also shows the mean value and upper
quartile of the rainfall distribution stratified in 1°C bins
throughout the observed temperature range in Santiago
(0°-20°C). The mean value exhibits little dependence with
temperature, but relatively intense rainfall rates tend to
occur under mild conditions (7°~10°C). There is also a peak
in high rainfall rates during warm episodes (7' > 12°C).

The question remains on whether the warm rainfall
30-min periods are isolated episodes or brief prefrontal
conditions or whether they cluster into long-lasting
events. To answer this I visually screened the rainfall
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and air temperature time series at DGF-Santiago. A
rainfall event was defined as a continuous period of
rainfall during more than 6h with accumulation ex-
ceeding 5 mm. This resulted in 73 events, 80% of them
lasting between 12 and 36 h (caution was placed on not
dividing a synoptic event in smaller events). A cursory
analysis reveals a majority of cold, postfrontal cases but
also a sizable number of events with warm conditions and
little temperature change. Considering the unweighted
time average of air temperature at DGF during the pre-
cipitation period (referred to as 7|p), the events were
divided into cold (7]p = 9.5°C, 60% of the events) and
warm cases (7]p = 10.5°C, 30% of the events).

I then composited air temperature, surface pressure, and
rainfall for the 24-h period before and after the pre-
cipitation onset (fy). To reduce dispersion and focus in
their temporal evolution, both air temperature and surface
pressure are relative to their value at £y and precipitation
was normalized by the event’s total. The result is presented
in Fig. 5b for each group. Air temperature during cold
events exhibits a weak increase 12 h before the rain onset
and a rapid, marked drop right at #,, followed by cold
conditions (typically in the 3°-8°C range, mean T|p =
7.2°C) that slightly recover afterward. The surface pressure
reaches a minimum about 12 h before the rain onset fol-
lowed by a rapid increase at the beginning of the event by
4 hPa on average. The rainfall has a clear peak within the
first 6h of the event. The surface temperature drop, in-
crease in pressure, and highest rainfall rate at f, are typical
of a precipitation event caused by a cold front moving over
subtropical latitudes (Seluchi et al. 2006).

Warm events, on the other hand, show very distinct
features. Air temperature and surface pressure show little
change before and during the rainfall period. Most cases,
however, do show a small temperature drop and pressure
rise toward the end of the event (24h or more after t),
suggesting a delayed frontal passage. Likewise, rainfall is
more uniformly distributed during the precipitation period.
Average DGF-Santiago air temperature remains over
10.5°C during these warm events, with a mean value of
T|p = 12.2°C, indicative of freezing level above 2700 m
MSL well into the upper quartile of the H, distribution.
The combination of an extended (if not intense) rainfall
period and moderately high air temperatures in these warm
events set the stage for an enhanced hydrological response
over central Chile, as described in section 3. It remains now
to understand the synoptic environment of these events.

5. A case study

a. Local conditions

To illustrate the regional conditions and synoptic-
scale features of a warm storm, I analyzed a moderately
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F1G. 5. Composite evolution of surface pressure, air tempera-
ture, and precipitation rate for the warm (red curves) and cold
(blue curves) cases. Air temperature and pressure were normal-
ized with respect to the value at the rainfall onset; precipitation
was normalized with respect to event total accumulation. Error
bars indicate the standard deviation within each group at selected
times to illustrate dispersion among events.

rainy period on 11-12 July 2006. Figure 6 shows the local
conditions at DGF-Santiago along with the vertical
profiles of temperature and wind at Santo Domingo.
Precipitation started around 0100 LT on 11 July and
extended for the next 48 h, with a total accumulation of
49 mm. Air temperature was about 11°C the day before
and slightly increased during the rainfall period, except
at its end when it dropped about 2°C (but still remained
over 10°C when rainfall was present). Likewise, surface
pressure decreased during 11 July and recovered toward
the final part of the event; rainfall rates were rather
uniform throughout the event. In sum, the 11-12 July
storm in Santiago featured the typical characteristics of
a warm event noted in the previous section. In contrast,
the precedent rainy period on 7-8 July (27 mm total) was
classified as a cold case with temperature drop, pressure
increase, and highest rainfall rates around the onset of
the event. In the following, I focus in the warm event and
contrast its features against the cold case.

The temperature profiles at Santo Domingo reveal a
tropospheric-deep cooling from 4 to 8 July, particularly
marked below 5000 m MSL (Fig. 6, middle). Consistently,
the freezing level dropped from about 4500m MSL in
early July (dry period) to 1500m MSL by 8 July when
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FIG. 6. (top) Time series of surface air temperature (dots), surface pressure (thin line), and rainfall rate (gray
bars) at DGF-Santiago for 2 to 14 July 2006, when warm (11-12 July) and cold (7-8 July) rainstorms took place.
Numbers at the top indicate accumulated rainfall in Santiago. (middle) Time-height diagram of the free tropo-
spheric air temperature at Santo Domingo (contours every 5°C). The freezing level (the zero contour) is shown in
bold. Dark (light) gray shading indicates relative humidity in excess of 90% (80%). (bottom) Time-height diagram
of wind vectors at Santo Domingo. The J indicates maximum westerly flow in excess of 50ms~'. The . indicates
the maximum northerly flow. Gray shading indicates northerly winds in excess of —10 (light), —20 (medium), and —30
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line). (bottom) The lower stations (<500 m) Mapocho in Rinconada (thin line, streamflow X 2) and
Claro in El Valle (thick line). See Table 3 for station location and basin areas.
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most of the precipitation occurred in the first event. The
free troposphere warmed rapidly on 9-10 July, so that
H,j rose above 3000m MSL and remained high during
the warm precipitation period. Such marked storm-to-
storm difference in the freezing level contributed to
a disparate surface hydrological response (also note the
difference in accumulated precipitation). Daily stream
flows measured at four sites in central Chile (Table 3)
are presented in Fig. 7. During the first cold event,
a rainfall-driven increase in streamflow was detected in
the lower-elevation stations but not in the higher sta-
tions located only 500-600 m below Hj in this case. In
contrast, the flood associated with the warm rainfall case
is evident at all stations that recorded a peak flow about
4-5 times larger than the base flow.

The wind profiles at Santo Domingo were also distinct
between the warm and cold rainfall periods (Fig. 6,
bottom). The pre-rainfall conditions of the cold event
featured strong (>30ms ') northwesterly flow in the
upper- and middle-troposphere that changed to north-
erly below 3000 m MSL. During the rainfall period, the
midlevel winds rapidly changed to southwesterly. From
9 July onward, mid- and upper-level winds become al-
most completely westerly, reaching a maximum on 11-12
July. Even though the wind also changed to northwesterly

below the Andean crest level, the zonal flow at 3000 m
MSL in the warm event was nearly twice as large as in
the previous cold case and much stronger than the cli-
matology of rainy events in central Chile (Fig. 8).

The strong flow against the Andes was associated with
the westerly jet aloft but also suggests a weak topographic
blocking consistent with a conditionally unstable profile
in this event (e.g., Pierrehumbert and Wyman 1985;
Smith 2006). The 1-3-km average of the moist Brunt
Viisild frequency (N,2) at 0000 UTC 12 July is —0.15s "
while N;2 ~ +0.1s" " in the rainy composite of Falvey
and Garreaud (2007, see their Fig. 6). Both the warm
temperatures and high humidity in a deep layer contrib-
uted to the conditionally unstable profile. On the other
hand, the strong zonal moisture flux at midlevels un-
doubtedly contributed to the extended prefrontal rainfall
event by producing topographically enhanced precip-
itation (e.g., Roe 2005). I discuss later the relative roles of
the orographic and background precipitation in this case.

b. Synoptic environment

For an initial picture of the synoptic environment
during the warm and cold cases, Fig. 9 shows the CFSR
500-hPa wind vectors superimposed on the Geostation-
ary Operational Environmental Satellite 12 (GOES-12)
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FIG. 8. Vertical profiles of the zonal (closed circles) and meridi-
onal (open circles) wind for Santo Domingo at 1200 UTC 11 Jul
2006. Also shown are the empirical distributions (shading for 5%,
25%,75%, and 95% values) of the wind for days with precipitation in
central Chile, regardless of the air temperature (adapted from Falvey
and Garreaud 2007), as well as the interquartile range of the zonal
and meridional components at 3 and 5 km during warm storms.

infrared (IR4) imagery at 1400 UTC 7 and 11 July 2006.
The salient feature on 11 July was a nearly zonal band of
high clouds at 32°-35°S over the Pacific that widens upon
reaching the west coast of the continent. Collocated with
the cloud band there were strong midlevel westerly
winds. Farther south over the east Pacific there is a region
of southerly flow that turns cyclonically over Patagonia,
defining a trough limited to midlatitudes. In contrast, the
midlevel trough on 7 July extended well into the sub-
tropical Pacific (~18°S), producing the aforementioned
northwesterly flow over central Chile. In this case, the
high cloud deck was less extensive, but there is a clear
hint of northwest—southeast—oriented cloud bands over
the southeast Pacific in connection with the cold front
(more evident in the visible channel, not shown).

A broader view of the atmospheric circulation reveals
two key aspects of this warm event (Fig. 10). First,
a band of high moisture air (IPW > 40 mm) extended all
the way from the tropical western Pacific to subtropical
South America, along the equatorward side of an upper-
level westerly jet. Most of the moisture was concen-
trated below the 850-hPa level in the form of an intense,
well-defined atmospheric river (as per the identification
criteria at the end of section 2). Examination of the IPW
fields during the previous week (Fig. 11) shows a steady
progress of the high water vapor corridor at subtropical
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FIG. 9. GOES-12 IR4 imagery and 500-hPa CFSR wind over the
southeast Pacific and southern South America at (a) 1400 UTC 7
Jul 2006 and (b) 2200 UTC 11 Jul 2002. White line indicates ap-
proximate position of the midlevel trough. The black circle indi-
cates the location of Santiago in central Chile.

latitudes from the central Pacific (~140°W) to the
Chilean coast with a phase speed of about 7ms™~'. This
atmospheric river originated in the western—central
tropical Pacific moist reservoir, but it is well separated
from the tropical east Pacific reservoir. The evolution of
this atmospheric river across the Pacific as seen in the
CFSR data is replicated in water vapor and rainfall
satellite estimates [SSM/I-PW and Tropical Rainfall
Measuring Mission (TRMM) not shown].

Second, heavily precipitating storms are often asso-
ciated with a deep low off southern Chile (e.g., Viale and
Nunez 2011), but the surface analysis in Fig. 10 only
exhibits a trough over Patagonia extending westward at
38°S and a closed low much farther east. Over the central
Pacific, however, a strong anticyclone (central pressure >
1030hPa) is found at high latitudes that, in connection
with the inverted omega pattern of the flow aloft, sug-
gests a blocking situation. Indeed, a Hovmoller diagram
of sea level pressure (SLP) along 55°S (Fig. 12) reveals
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FIG. 10. Selected CFSR fields at 1800 UTC 11 Jul 2006 over the
broad Pacific-South America region: IPW (shaded), 200-hPa wind
(vectors, longest arrows ar 50ms '), and SLP (contoured every
5hPa).
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the stagnation of this extratropical high over the South
Pacific from 7 to 13 July. Similar evolution is seen at
500 hPa. The key role of the blocking high was the pro-
longed supply of cold air from higher latitudes around
its eastern flank, enhancing the north-south tempera-
ture gradient that in turn maintained the zonal jet and,
thus, the moisture transport, across the subtropical
Pacific.

The relation between low-level circulation and pre-
cipitation is exposed in Fig. 13 using CFSR fields of
accumulated precipitation and 950-hPa wind and tem-
perature. Once again, I focus on the low-level evolution
of the warm case (right column), but I also provide a de-
scription of the cold case (left column) to emphasize their
differences. In the cold case, the cold front over the ocean
is oriented from northwest to southeast, and it advances
along the Chilean coast from 38°S to 30°S in less than 24 h,
crossing over Santiago around 0000 UTC 8 July. South-
erly winds over 10ms~' prevail in the postfrontal air
mass. Precipitation occurs in a narrow band along the
front that widens upon reaching the continent, with pre-
frontal precipitation restricted to the Andean ridge (a
similar pattern is described in further detail in the study of
Barrett et al. 2009). During the warm case, the cold front
is more zonally oriented, with strong westerlies in the
warm sector offshore and northwest closer to the coast
because of the low-level mechanical blocking upstream of
the Andes cordillera. Consistent with the weak south-
erlies in its cold sector (v = Sms™ '), the front advanced
slowly northward, reaching ~32°S toward the end of
12 July and causing the air temperature drop at DGF-
Santiago noted before (Fig. 6, top). Precipitation fell on
an ample prefrontal wedge over central Chile, with
highest accumulation over the western slope of the Andes
rapidly decreasing offshore. These CFSR precipitation
features are in good agreement with surface observations
and TRMM estimates (not shown). I attribute the slim
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FIG. 11. (top to bottom) Time sequence of CFSR IPW (cm,
shaded) over the Pacific-South America region at 1200 UTC from
3 to 12 Jul 2006 (every 2 days except for the last two). The white
circle indicates the location of Santiago in central Chile.

background precipitation offshore to the weak low-level
convergence over open ocean.

A pair of meridional and zonal cross sections (Fig. 14)
helps to vertically expand my description, confirming
the widespread cloud formation in the warm, moist
sector ahead of the cold front, the intense westerlies
impinging on the Andes of central Chile, and the deep
area of upward motion upstream of the Andes. Thus, the
larger precipitation inland, especially over the western
slope of the Andes in central Chile, results from the lo-
calized uplift of the atmospheric river over the moun-
tainous terrain within a warm, conditionally unstable air
mass. This mechanism is similar to the cases described in
California (Ralph et al. 2005; Smith et al. 2010) and over
western Washington (Neiman et al. 2011) in connection
with heavy rainfall and flooding events.

6. Large-scale composites

Let us now extend my compositing analysis to the
large-scale circulation in order to generalize some of the
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results obtained in my case study. To this effect I con-
sider the same pool of warm (22) and cold (44) events
selected in section 4 on the basis of the local conditions
at DGF-Santiago and averaged selected fields at 0000,
0600, 1200, or 1800 UTC, whichever was closer to t,.
Figure 15 shows the composite vertically IPW and 200-
hPa wind for each group. The cold composite (Fig. 15b)
captures most of the features described in previous
synoptic analysis of central Chile rainfall (e.g., Barrett
etal.2011). They include a well-defined midlevel trough
extending well into the subtropics and with its axis off
the west coast of South America causing midlevel
northwesterly winds over central Chile, as well as
a surface closed low off southern Chile or over the
Drake passage. The cold composite field of IPW exhibits

ern tropical Pacific toward central Chile. Indeed, al-
though a band of moist air just ahead of the cold front
(i-e., embedded in the broad warm conveyor belt) was
found in all individual cold cases, only half of those can
be classified as atmospheric rivers, in agreement with the
findings of Viale and Nunez (2011).

The warm composite exhibits a zonal band of high
moisture across the eastern Pacific that reaches South
America at 30°-35°S (Fig. 15a). Even the mean com-
posite IPW field marginally satisfies the criteria for an
atmospheric river, and I verified the existence of such
a feature off central Chile in 18 out of the 22 warm cases.
The composite atmospheric river is located along the
equatorward side of the upper-level zonal jet stream and
is well separated from the tropical eastern Pacific moist
air reservoir that often feeds winter storms in central
Chile. Using the SLP field I also determine the position
of a closed cyclone, if any, around southern South
America. It turns out that more than half of the warm
cases feature only a trough in this area, and if a cyclone is
present it is often located over the South Atlantic.
Therefore, the warm composite pattern is quite similar
to the case study (cf. Fig. 12) in two key aspects: a zonal
atmospheric river reaching central Chile under a west-
erly jet aloft and a lack of a deep cyclone off southern
Chile. Also noteworthy in the warm composite is the jet
exit region just to the west of the subtropical Andes and
weak flow at midlatitudes around 120°W.

The composite anomalies (i.e., departures from the
wintertime long-term mean) of 500-hPa air temperature
and SLP are shown in Fig. 16. The wide area of weakly
negative SLP anomalies over southern South America
in the warm composite is consistent with the low density
of cyclones commented before. Farther west over the
South Pacific, there is an elongated band of positive SLP
anomalies indicative of recurrent blocking episodes (or
slowly moving anticyclones) in this group (Fig. 16a). In
between the positive and negative centers (~100°W)
there is anomalous flow right from the south sustaining
an area of cold midlevel temperature anomalies that ex-
tends zonally at 40°S. Farther north over the subtropical
east Pacific there is also an area of intense warm anoma-
lies whose origin remains unclear but may be associated
with upper-level subsidence at the equatorward side of
the jet stream exit (R. Rondanelli 2012, personal com-
munication). In any case, the westerly jet aloft at sub-
tropical latitudes is in thermal wind balance with this
marked meridional temperature gradient. On the other
hand, the cold composite (Fig. 16b) features a transient,
baroclinic wave train with the midlevel thermal anoma-
lies a quarter of the cycle out of phase with their SLP
counterparts.
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meridional (shaded) wind components; dashed line encloses area of ascending motion.

I also used the radiosonde data at Santo Domingo
(1200 UTC) to obtain the mean value of selected vari-
ables during wintertime warm storms and compare them
with their background value for all winter rainstorms in
central Chile (from Falvey and Garreaud 2007). Figure 8
illustrates the much stronger zonal wind component at

3000m and 5000 m MSL in the warm composite. The
mean meridional wind tends to be slightly stronger at
lower levels (consistent with the stronger flow impinging
the mountains) but rapidly decreases at higher levels.
Likewise, the warm-composite, low-tropospheric moist

Brunt Viisili frequency results —0.1 =0.1s ™!, revealing
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FIG. 15. Mean large-scale circulation for (a) 22 warm and (b) 44 cold rainstorms in central Chile.
The composited CFSR fields are 200-hPa wind vectors and wind speed (contours are 30 and
50ms ') and integrated precipitable water (shaded). The black with enclosed white circle indicates
the location of Santiago in central Chile. Visual inspection of the SLP field in each case allowed

determination of the cyclone (if any) center positions, indicated by dark-light blue solid circles.

the recurrence of conditional instability during warm
storms in contrast with more stable conditions in the ma-
jority of the cold cases. Furthermore, my warm composite
wind, moisture, temperature, and stability profiles are
similar to the mean profiles of the “mountain enhanced
precipitation” group presented in Falvey and Garreaud
(2007) on the basis of the events with much higher
precipitation up in the Andes compared with stations at
lower levels in central Chile (their Figs. 11 and 13). This
is consistent with the prominent role of the orographic
precipitation relative to the background (frontal) pre-
cipitation during warm rainstorms.

7. Conclusions

Using surface and upper-air observations, remote-
sensed data, and high-resolution atmospheric reanalysis,

I have characterized winter storms in central Chile, with
emphasis on their low-level thermal structure that is
important for the surface hydrological response. I began
by describing the frequency distribution of the freezing
level (Hy), a close proxy of the snowline separating rain
and snow in the vertical. The median value of Hy (when
precipitation is present) slightly decreases southward
along the western slope of the Andes, from ~2300m
MSL at 25°S to ~1900m MSL at 40°S. Interstorm H,
variability is large (o0 =~ 250 m) and especially relevant
between 35° and 32°S (including the Santiago metro-
politan area), where Andean basins have their head-
waters above 5000m MSL. If I consider a basin outlet
point at 1000m MSL, an increase in H, from 2200 (its
mean value) to 3200m MSL (80% percentile) leads to
a twofold pluvial area increment and an even larger in-
crease in the available rain volume, leading to possible
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FIG. 16. Mean large-scale circulation for (a) 22 warm and
(b) 44 cold rainstorms in central Chile. The composited CFSR
fields are 500-hPa air temperature anomalies (shaded) and SLP
anomalies (contoured every 2hPa; the zero line is omitted,
negative anomalies in dashed lines) The black with enclosed
white circle indicates the location of Santiago in central Chile.
The thick dashed line indicates the axis of the upper jet stream
(from Fig. 15).

flooding, landslides, and debris flows along the Andean
foothills if precipitation is high or prolonged.

Half-hourly meteorological records at DGF-Santiago
allowed a detailed examination of local conditions during
winter storms. As expected from previous studies and my
synoptic experience, events often last 12-36 h and exhibit
an air temperature drop (>3°C), a pressure increase
(>4hPa), and the highest precipitation rates within the
first hours of the rainfall onset. Indeed, about 60% of the
cases scrutinized between 2004 and 2011 follow this be-
havior associated with the passage of a cold front over
central Chile. After the initial drop, air temperature in
Santiago remains below 8°C during the rainfall period,
and the freezing level over central Chile is typically lo-
cated between 1700 and 2300 m MSL. About 30% of the
storms, however, exhibit warm near-surface air tem-
peratures in central Chile (>11°C at DGF-Santiago) and
freezing levels in the upper quartile (Hy > 2700 m MSL)
of the distribution. In these cases there is little temperature
and pressure change, as well as rather uniform precip-
itation rates, throughout the rainfall period. Eventually,
a cold front crossed the region, but a day or more after
the rainfall onset.
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The synoptic-scale environment during warm rainstorms
was analyzed in detail for a typical case on 11-12 July
2006 and then generalized using a compositing analysis
of 22 of such cases. The study case was contrasted with
a precedent cold event on 7-8 July, and I also performed
a compositing analysis of 44 cold cases. The main find-
ings of these analyses—complemented by previous re-
sults on cold events—are shown schematically in Fig. 17.
To guide this description let us consider two main ques-
tions: 1) what are the regional-scale conditions producing
precipitation? and 2) how is the large-scale circulation
pattern supporting these events?

Precipitation in the cold storms is concentrated along
a cold front arching equatorward over the eastern Pa-
cific, where intense low-level convergence takes place
(Fig. 17a). An atmospheric river was found in more than
half of the cases in this category, and their presence
presumably dictates the rainfall intensity inland (Viale
and Nunez 2011). Closer to the coast, mechanical block-
ing upstream of the Andes results in a northerly, coast-
parallel, low-level jet, further enhancing convergence in
the near-shore region and causing a precipitation maxi-
mum (Barrett et al. 2009). Inland, precipitation is initiated
over the sloping frontal surface, thus falling mostly over
the cold air sector, although prefrontal precipitation may
occur at higher elevations because of mechanical uplift of
the midlevel, zonal flow over the western slope of the
Andes (Falvey and Garreaud 2007). As per the large-scale
circulation pattern, cold events feature a mid- and upper-
level trough extending well into the subtropics and with
its axis to the west of the continent so that strong north-
westerlies prevail over central Chile. A closed low is often
located off southern Chile, providing the dynamical forc-
ing of the southerly winds in the cold, postfrontal sector.

During most part of a warm storm, precipitation over
central Chile is not caused by convergence along a front
(which is often weak and reaches the coast farther south)
but rather by mechanical uplift of moist air over the
western slope of the Andes (Fig. 17b). Indeed, atmo-
spheric rivers were detected off central Chile in more than
80% of the warm cases, and even the mean composite
field of IPW features an atmospheric river. Consistently,
maximum precipitation occurs inland and presumably at
mid-elevations, as reported by Falvey and Garreaud
(2007) in their mountain-enhanced composite storms (see
their Fig. 11). Furthermore, this mechanism is similar to
the cases described in the Sierra Nevada (Smith et al.
2010) and over western Washington (Neiman et al. 2011)
in connection with heavy rainfall and flooding events.

The dominant role of the orographic precipitation
during warm storms stems from two ingredients. First,
these cases are characterized by an intense, mostly zonal
jet stream aloft right over central Chile and, hence, strong



1532

(a) Cold storm

(b) Warm storm

20°S
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F1G. 17. Conceptual model of cold and warm rainstorms in central Chile superimposed on
a 3D view from the northwest (see inset). In each case, the illustration shows the position of the
cold front (conventional symbol), upper-level jet stream (orange arrow), low-level jet (thick
white arrows), surface winds (thin white arrows), areas of moderate-heavy precipitation (blue
shades), atmospheric rivers (moderate-heavy IPW, magenta shades), and pressure centers at

midlatitudes (white contours).

winds impinging against the mountain range. Second, the
moist, warm conditions that prevail in these events sig-
nificantly reduce the mechanical blocking of the Andes
leading to a broad layer of ascending motion just up-
stream of the mountains capable of drawing moist low-
level air. The forced ascent can also release any potential
instability present in the prefrontal air mass, as seems the
case in the warm event on 3 May 1993 (Garreaud and
Rutllant 1996).

The large-scale environment during warm storms often
features just a trough around southern South America but
a strong high farther to the west. As hinted in the com-
posite (Fig. 15) and evident in the study case (Figs. 12, 14),
the extratropical anticyclone remains nearly stationary
for several days over the south—central Pacific, fostering

advection of cold air along its eastern flank that subse-
quently spreads westward around 40°S. The so-produced
cold anomalies at midlatitudes result in a marked north—
south thermal gradient at low and midlevels sustaining
an intense, tropospheric deep zonal jet across the central—
eastern Pacific. At low levels the strong, persistent west-
erlies create a nearly zonal atmospheric river (just to the
north of the jet axis) extending across the subtropical
Pacific to the subtropical west coast of South America.
In the 11 July 2006 case (and in many others), the water
vapor that ultimately precipitates over central Chile can
be traced back to the central Pacific over the course of
the previous week.

While in this work I have provided a description of the
common features of warm rainstorms in central Chile
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during wintertime, there are many issues that need to be
explored in the future. These include analysis of the
differences among storms and related hydrological re-
sponses and sensitivity of the accumulated rainfall and
streamflow with respect to the atmospheric river posi-
tion and orientation, as well as the predictability of these
events. Given the connection of warm rainstorms and
blocking conditions over the South Pacific, a phenom-
ena with intraseasonal and interannual dependence, I
also plan to address year-to-year changes of these storms as
well as their occurrence under global warming scenarios.
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