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Abstract From 18 to 27 March 201 5, northern, central, and southern Chile experienced a series of extreme
hydrometeorological events. First, the highest surface air temperature ever recorded in Santiago (with
reliable records dating to 1877), 36.8°C at Quinta Normal, was measured at 15:47 local time on 20 March 2015.
Immediately following this high heat event, an extreme precipitation event, with damaging streamflows from
precipitation totals greater than 45 mm, occurred in the semiarid and hyperarid Atacama regions. Finally,
concurrent with the heavy precipitation event, extremely warm temperatures were recorded throughout
southern Chile. These events were examined from a synoptic perspective with the goal of identifying
forcing mechanisms and potential interaction between each analysis which provides operational context by
which to identify and predict similar events in the future. Primary findings were as follows: (1) record warm
temperatures in central Chile resulted from anomalous lower troposphere ridging and easterly downslope
flow, both of which developed in response to an anomalous midtroposphere ridge-trough pattern; (2) a
cutoff low with anomalous heights near one standard deviation below normal slowly moved east and was
steered ashore near 25°S by circulation around a very strong ridge (anomalies more than 3 standard
deviations above normal) centered near 60°S; (3) anomalously high precipitable water content (20 mm above
climatological norms) over the Peruvian Bight region was advected southward and eastward ahead of the
cutoff low by low-level northwesterly flow, greatly enhancing observed precipitation over northern Chile.

1. Introduction

During the second half of March 2015, extreme warm surface temperature anomalies were registered in
central, southern, and austral Chile, even reaching to the Antarctic continent. Four days later, very heavy
precipitation fell in the northern region of the country affecting the hyperarid and semiarid parts of the
Atacama Desert, generating floods, alluviums, and destruction in several towns. In this paper, we analyze
the synoptic-scale conditions present in Chile, South America, and upstream in the Southeast Pacific, from
18 to 27 March 2015, during which both events occurred.

Extreme surface air temperature events in Chile are important hydrometeorologically because of their connection
to evaporation, long-term drought, and air column stability. Over western North America, extreme heat events are
typically 3 days or longer [Grotjahn and Faure, 2008; Bumbaco et al., 2013] and result from displacement of a hot air
mass that can readily be seen as anomalies in both geopotential height and wind fields [Grotjahn, 2016]. For
California (a region that can be considered analogous to central Chile), hottest surface temperatures are generally
seen when two conditions are met: first, upper troposphere temperatures need to be above normal, and warmer
temperatures aloft often occur concurrently with subsidence, clear skies, a temperature inversion located closer to
the surface, and warmer air temperatures in the boundary layer; second, surface low pressure needs to be present
at the coast, and circulation around this low will drive local downslope conditions and oppose sea breeze forma-
tion [Hughes and Hall, 2010]. Heat events like this can be deadly to the local population, particularly among vulner-
able populations. For example, in Santiago, Bell et al. [2008] found a 2.7% increase in mortality of elderly
population (65 years old or older) when mean daily temperatures exceeded the 95th percentile. Muggeo and
Hajat [2009] noted an increase in all-cause mortality of 5.5% among the same population. Hence, understanding
the synoptic-scale characteristics of the record heat event of March 2015 has important societal implications.

Understanding the synoptic-scale characteristics of the record precipitation event of March 2015 also has
important societal implications, particularly considering that it occurred in one of the driest regions of the

BARRETT ET AL.

EXTREME EVENTS IN MARCH 2015 IN CHILE 1


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2016JD024835
http://dx.doi.org/10.1002/2016JD024835

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD024835

continent. The region between 18.4°S and about 26°S comprises the hyperarid Atacama Desert [Garreaud and
Aceituno, 2007; Schulz et al., 2012], with annual mean of less of 1.7 mm of rainfall [Rutllant et al., 2003].
Between 26°S and 31°S, precipitation becomes more frequent and the Atacama slowly transitions from
hyperarid to semiarid, due to more frequent winter cold frontal passages [e.g., Barrett et al., 2009]. The
entire Atacama, both hyperarid north and semiarid south, falls under the effects of the South East Pacific
Anticyclone (SEPA) [Muroz and Garreaud, 2005; Klein and Hartmann, 1993; Ma et al., 1996; Stephens, 2005;
Rahn and Garreaud, 2010; Mechoso et al., 2014], which generates subsidence and generally blocks convective
precipitation [Garreaud and Aceituno, 2007]. Wintertime frontal activity is also minimized, especially north of
about 25°S, when compared to central and southern Chile, again due to the persistent SEPA over the ocean
[Garreaud, 2009; Valdés-Pineda et al., 2015]. However, in instances when the SEPA shifts, changes intensity, or
is undercut by cutoff low systems, precipitation is possible [Meza, 2013].

Cutoff low systems over the subtropical Pacific Ocean are relatively common features of the synoptic meteor-
ology of South America. In the upper troposphere, these lows develop from preexisting troughs that separate
from their connection with the polar source region [Nieto et al., 2008; Gimeno et al., 2007]. Through quasi-
geostrophic mechanisms, the upper level cutoff low sometimes promotes surface cyclogenesis [e.g.,
Hakim, 2003]. Over southern South America, including Chile, the most frequent seasons for cutoff low forma-
tion are austral autumn (March-May) [Campetella and Possia, 2007] or austral winter (June-August) [Reboita
et al., 2010]. Most cutoff low events last 2 to 3 days and progress eastward. Cutoff lows are important to the
regional climate because they often bring precipitation [Fuenzalida et al., 2005], physically doing so by dee-
pening the boundary layer and increasing near-surface moisture advection [Rahn, 2014]. Because they are
associated with cold air aloft, as they progress over the relatively warmer ocean, the air column can become
statically unstable and lead to deep convection and heavy precipitation [Nieto et al., 2005; Miky-Funatsu et al.,
2004]. Indeed, between 20 and 40% of the annual precipitation between 28°S and 32°S can be attributed to
cutoff lows (C. Barahona, personal communication, 2015), a value that decreases to between 5 and 10% per
year by 36°S [Pizarro and Montecinos, 2000]. Because precipitation equatorward of 28°S is relatively rare, it is
unclear what fraction of precipitation over the Atacama might be related to cutoff lows.

Most of the historical rainfall events in the coast and valleys from the Antofagasta to Coquimbo regions
(21°S-32°S) occur during the winter time. However, some events are also associated with cutoff lows, and
these have been observed in both winter and summer. For example, the extreme precipitation event in
the Rio Copiapé catchment of June 1997 (27.7°S, 70.2°W) featured more than 92 mm of rainfall in 24 h, esti-
mated to be a near 61 year event [Mdrker et al., 2012]. This event featured a cutoff low centered near 45°S. As a
summer example, in February 2001, heavy rainfall along the elevated Andes cordillera associated with a deep
trough resulted in severe flooding in the Rio Loa (21.2°S, 68.7°W), which inundated the northern town of
Calama [Houston, 2006]. Instantaneous peak flow in a tributary of Rio Loa reached 310m3s~", more than
an order of magnitude higher than ever observed before. Similar to the event of March 2015, heavy precipi-
tation in these arid regions quickly produces damaging landslides and alluviums in the valleys and coast.
Indeed, the city of Antofagasta saw seven such landslide events during the June-to-August period in the
twentieth century [Vargas et al., 2000], and Urrutia and Lanza [1993] documented six events in north-central
Chile in February and March between 1800 and 1992.

In addition to the unusual nature of the cutoff low in this study (it formed early in the season and along 25°S,
an unusually equatorward latitude for South American cutoff lows in late summer or early autumn;
[Fuenzalida et al., 2005]), the low happened to follow in the wake of a heat wave-producing upper tropo-
sphere ridge over the continent. The temporal juxtaposition of these two extreme events was unique: in
the span of only 1 week, central Chile experienced record-breaking temperatures and northern Chile experi-
enced extreme precipitation. Given this close proximity in both time and space, it is likely that the two events
were connected, a hypothesis that was tested in this study.

The primary goal of the paper is to provide a synoptic-scale analysis of these rare but hazardous events. By
identifying the characteristics and forcing mechanisms for both the temperature and precipitation extremes,
events which have important disaster management implications [e.g., Middleton and Sternberg, 2013], our
analysis provides operational meteorologists and forecasters context by which to identify and predict future
extreme events. We also fill a gap in the current literature; we do not know of any studies prior to this one
have examined extreme heat in Chile or connected it to extreme precipitation in the Chilean Atacama. The

BARRETT ET AL.

EXTREME EVENTS IN MARCH 2015 IN CHILE 2



10.1002/2016JD024835

Atmospheres

| Research:

ica

AGU Journal of Geophys

©

suolels €
uolIN|osal apnie|
.§T°0 X 3pnubuo| ,ST'0

UO[IN|0S3J |RIUOZIIOY WY

SUOI}e)S 22BNS Ot

suopels Jie Jaddn ¢

uonN|0S3I |RIUOZIOY S0

uolin|osal |eluozuoy .90

SuoI1LIS 33BUNS 6
SUOIB)S 30eNS 9|

SLOZ YaIe /¢
pue 6| U99M}SQ SUONEAISSCO AlINOY-E

S10T Y21eW L2-0¢

YdJe 9T pue LT
uaM1aq (1e20] 00F L) DLN 00LL e Ajled

SLOTY2BN LZ-€C

S10T Y21\ 9Z-61 ‘(1220] 0060) DLN 00T L

SLOC Y24\ 9¢ pue GLOC YaieN 61
usaM1aq Ajlep D1N 00Z L e saskjeuy

SLOT Y3 1en ¢t
D1N008L pue 5L0C Y21eiN L D1N 0000
usaM13q Y 9 AI9AS pazijeinul s1sedaio4

(eU3I3S B
104 G107-TS61) SL0T-0S61 Y2Iel 0E-SL
SLOC Y2ieN L2-8L

(¥DQ) senby ap |esauan ugiddaIIQ

g€ WINYL

1se3 S309
ew|D0IBY pay Sp ewalsis pue
‘(YD) senby ap |edauan) ugiddalq
‘(ONQ) 311y 9p 2160|003 LI

uonjew.oju| [ejuswuolinug 10}

$I91US) [eUOEN VYON WOl (VYDI)
SAIYDIY SpUOSOIpeY [ego|D pajelBbaiul

saskeue IN4 549

y /1 011no Anoy-¢ ‘suondipaid S45

(OWQ) 3|1y dp ©d160[010313N UOIIRUI]
(OWAQ) 3]1yD dp ©d160[0403I3N QIR

(,_(U€) W uy) |ejures pue (| _s i uj) Mojjuieans

€

(ww ur) parejnwndde uoneyddaid

sainjesadwa) ssaulybLIq pasesu)

(wuwi ur) uoneudaid

uondaIIp pue

(,_s W un) psads puim pue ‘(w ul) ybIay ‘(3 ut yiod)
24njesadwa) uiod map pue ainjesadwsl Jie 1addn

(wuw up) 131em 1qendidaid (D, ul

‘edy 058) ainesadwal ‘(edy ul) ainssaud [9Ad] eSS
‘(s w ul :edy 058 "8dY 00S) PuIM ‘(W Ul edy 00S) W6I19H

s1seda.oy ainjesadwal Jy

ainjesadwsal e
wnuwixew Ajiep “juel pue Aousnbaiy aaneay
(Do Ul ‘Wi Z 1) aunjesadwal Jle wnwixew Ajieq

(uonn|osay [eIUOZIIOH
195 e1e( J0) SUONRIS JO JaqUINN

sabuey a1eq

196 eleq

3|qeuep

ApN1S siyl ul pasn (UOIINJOSY JO) SUOHEIS JO JISqUINN pue ‘sabuey e ‘siaseieq °L djqel

EXTREME EVENTS IN MARCH 2015 IN CHILE

BARRETT ET AL.



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2016JD024835

o A o s

Maximumtemperature
anomaly (°C)

& @

b A

Maximumtemperature Maximumtemperature
anomaly (°C) anomaly (°C)
(=]

Maximumtemperature

<

19 Mar

19 Mar 21 Mar 23 Mar 25 Mar 27 Mar
Arica @ |
Iquique /lk -20°S
Antofagasta
I —e— Arica —#—|quique —+— Antofagasta —a— Desiertode Atacama Lo5°S
Desierto de
Atacam
-30°S
Santiago
Curico -35°S
Chillan
Concepciéon
Temuco
Valdivia +40°S
Osorno
Puerto Montt
== p Futaleufa
—e— Temuco —=—Valdivia —+— Osomo +PmmMonuI B -45°S
Coyhaique
Balmaceda
+50°S
Punta Arenas
| —e—Futaleufi —=— Coyhaique —+— Balmaceda —a— Punta Arenas | an. F55°S
i EN

21 Mar 23 Mar 25 Mar 27 Mar 75°W 70°W 65°W

Figure 1. Daily anomalies of maximum temperature (in °C), from (a) 18 to 27 March 2015. Anomalies calculated with respect to the 1981-2010 March mean. Data are
from observations maintained by the Direccién de Meteorologia de Chile (DMC). (b) Locations of the temperature and upper air stations used in the analysis.
Purple circles were used to indicate the radiosonde station stations referenced in Figure 7.

paper is organized chronologically, starting with the record warm temperatures in central Chile that peaked
around 20 March 2015,and then analyzing the development of the cut off low and extreme precipitation that
peaked around 24 March 2015. The remainder of this paper is organized as follows. In section 2, data
and methods are presented. A summary of the extreme heat event is presented in section 3.1, and in
section 3.2, the heavy precipitation event is analyzed. A discussion of the two events, as well as conclusions
from both, is presented in section four.

2. Data and Methods

Surface, satellite, model, and reanalysis data sets were used in this analysis (see Table 1 for details of each data
set). Daily maximum surface air temperatures at 16 observing stations across Chile, from Arica in the north to
Punta Arenas in the south (stations indicated in Figure 1b), were examined over the period 18 to 27 March
2015 (data from the Direccién Meteorolégica de Chile, DMC). Anomalies of daily maximum air temperatures
were calculated for each of the 16 stations by subtracting the March 1981-2010 mean from the observed
maximum air temperatures. To put the daily maximum surface air temperatures in historical perspective, rela-
tive frequencies for nine of the stations were calculated for maximum temperatures during the second 15 day
period (days 15-30) of March, from 1950 to 2015 (1952-2015 for La Serena) (data also from the DMC). Ranks
of the observed maximum temperatures during the heat event were also calculated from these historical
observations. Event total rainfall was analyzed from 23 to 27 March 2015 for 46 precipitation measuring sta-
tions, maintained by both the DMC and the Direccién General de Aguas (DGA), between 18°S and 38°S. The
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pattern of observed daily rainfall totals was compared to rainfall totals over consecutive 24 h periods
between 20 and 27 March 2015 using daily accumulated precipitation totals from the Tropical Rainfall
Measuring Mission (TRMM) 3B42 version 7 data set. The TRMM data have some biases and underestimates,
particularly in regions of varied topography [e.g., Tian et al., 2007; Dinku et al., 2009], but (as shown in the next
section) TRMM observations qualitatively agreed with both the timing and spatial distribution of observa-
tions from surface stations. Streamflow data from DGA for three stations was examined from 19 to 27
March 2015. Infrared satellite brightness temperatures from Geostationary Operational Environmental
Satellite (GOES East) were examined from 21 to 26 March 2015. Daily vertical profiles of temperature and
dew point temperature at four upper air observing sites in Chile (Antofagasta, Santo Domingo, Puerto
Montt, and Punta Arenas, indicated by points on Figure 1b) from the NOAA Integrated Global Radiosonde
Archive (IGRA, available at ftp://ftp.ncdc.noaa.gov/pub/data/igra) at 1200 UTC (0900 local) were examined.
Additionally, point values of geopotential height and zonal wind at 925, 850, and 500 hPa from the NOAA
Earth System Research Laboratory radiosonde database were examined. Gridded values of geopotential
height at 500 hPa, u and v wind components at 500 and 850 hPa, temperature at 850 hPa, total column pre-
cipitable water, 2m temperature, and sea level pressure were taken from the National Centers for
Environmental Prediction (NCEP) Global Forecast System (GFS) 0 h analyses, available every 6 h with 0.5° hor-
izontal resolution (available in real time from ftp://ftp.ncep.noaa.gov/pub/data/nccf/com/gfs/prod). Forecasts
of 2m temperature at 3 h intervals were taken from GFS forecasts [Caplan et al., 1997] initialized every 6 h
from 0000 UTC 17 March 2015 through 1800 UTC 22 March 2015. Predictions of 2 m temperature for the
Santiago metropolitan region (33.5°S, 70.5°W) at 3 h intervals initialized at synoptic times (0000, 0600,
1200, and 1800 UTC) starting at 0000 UTC 17 March 2015. Anomalies of 500 hPa height and wind, 850 hPa
temperature and wind, precipitable water, and sea level pressure were calculated by subtracting the NCEP-
National Center for Atmospheric Research Reanalysis Il 1981-2010 March mean from GFS analyses.

These different data sets were selected because together they provide both physical and historical context to
the extreme temperature and precipitation. It is important to note that the data sets have different temporal
periods, including different periods over which anomalies were calculated. A disadvantage to this approach is
that the temporal record is nonstationary, as the presence of various scales of motion in the different time
series complicates the interpretation of long-term trends in the meteorological variables [Eskridge et al.,
1997]. However, an advantage to this approach is that all available data were used, providing the most com-
plete historical context possible.

3. Results

The temperature and precipitation events of 18-27 March 2015 in Chile were notable for their extremity: all-
time record high temperatures (in the instrument record) were set in central Chile, including Santiago the
capital, where instrument records extend back to 1877, and rainfall records and flooding in the arid north
of Chile. The events will be considered chronologically, with the extreme heat in central Chile examined first,
followed by the extreme precipitation in northern Chile. In addition, notable positive surface and lower tropo-
sphere temperature anomalies were seen in south-central and southern Chile, concurrent with the cutoff low
and heavy precipitation in the north, and these will also be examined.

3.1. Extreme Temperatures

From 19 to 27 March 2015, positive daily surface temperature anomalies were recorded throughout central
and southern Chile (Figure 1). Highest daily surface temperature anomalies (generally +4°C to +8°C) were
seen in central Chile (30°S to 38°S; Figure 1) from 18 to 22 March 2015. Then, highest temperature anomalies
(generally +8°C to +11.5°C) were seen in south-central and southern Chile (38°S to 48°S) from 21 to 27 March.
The absolute highest temperature anomaly (+11.2°C) was recorded in Valdivia (39.8°S, 73.2°W) on 26 March.
In the capital Santiago, at Pudahuel station (330021), an all-time record maximum temperature of 36.8°C was
recorded on 20 March 2015 at 15:47 (local time), and at Quinta Normal (station 330020), an all-time record
maximum temperature of 36.2°C was recorded on 20 March 2015 at 16:23 (local time).

Histograms of relative frequency of maximum daily 2 m air temperature (Figure 2) showed that the maximum
daily 2 m air temperatures recorded throughout north-central, central, and south-central Chile, a region span-
ning more than 20° latitude, all fell at the extreme right end of the distributions for each city (Figure 2). At
Santiago, the maximum air temperature at Pudahuel on 20 March 2015 was greater than any other recorded
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Figure 2. Histograms of relative frequency (in %; gray bars) of daily maximum surface air temperatures over the second half of March (15-30 March) from 1950 to
2015 (for La Serena, 1952-2015). Maximum surface air temperatures recorded at each station between 19 and 27 March 2015 reported as text and indicated by a
black dot. Rank of each maximum temperature (and sample size n) is reported also. Data from the Direccién de Meteorologia de Chile (DMC).
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Figure 3. Predictions every 3 h of 2 m air temperature from the GFS model
for 33.5°S, 70.5°W, the model location closest to (and including) the
Santiago metropolitan region. Model simulations were initialized every 6 h
beginning 0000 UTC 17 March 2015 and continuing through 1800 UTC 22
March 2015. Line color indicates initialization time (darker colors initialized
earlier). Gray triangles indicate hourly temperature observed at Quinta
Normal (station 330020), and black circles indicate temperature observed
at Pudahuel (station 330021), both of which are in the central west portion
of the metropolitan region.

in the history of the city (reliable
records spanning back to 1877), and
the observation ranked first out of
1122 observations for the second half
of March (Figure 2c). At La Serena,
Curicé, Valdivia, and Osorno (Figures 2b,
2d, 2h, and 2i, respectively), the observed
maximum temperatures were the sec-
ond highest in the 15-30 March histori-
cal record (of between 984 and 1087
observations). In Chillan (Figure 2e), the
temperature was the third highest (of
1003 observations). It was the fourth
highest (of 971 observations) in Temuco
(Figure 2g), the fifth highest (of 1122
observations) in Antofagasta (Figure 2a),
and the eleventh highest maximum tem-
perature in the historical record (1122
observations) in Concepcién (Figure 2f),
confirming that the heat was a very rare
event at all those stations.

To explore operational predictability
of this extreme temperature event in
Santiago, predictions of 2 m temperature
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Figure 4. Analyses of 500 hPa height (black curves; in m), height anomalies (red and blue shading; in m), and wind anomalies (vectors), from GFS Final (FNL) analyses
between (a) 1200 UTC 19 March 2015 and (h) 1200 UTC 26 March 2015. Anomalies determined by departure from March mean 1981-2010.

from the operational GFS model were examined for a 6 day period from 0000 UTC 17 March 2015 to 0000 UTC
23 March 2015 (Figure 3). Observed temperatures at both Quinta Normal (330020; 33.45°S 70.68°W, 510 m
above sea level) and Pudahuel (330021; 33.37°S 70.77°W, 476 m above sea level) showed that the record
temperatures observed on 20 March 2015 were predicted by the GFS with a lead time of as much as 4 days
(Figure 3). Indeed, predictions from the GFS simulations initialized at 0000 UTC 20 March and 0600 UTC 20
March both overpredicted temperatures by nearly 4°C (green curves Figure 3). However, that overprediction
could be due to the horizontal resolution of the GFS model, as the grid box that includes Santiago (with a dia-
meter of approximately 40 km at the latitude of Santiago) spans nearly the entire central valley and includes
both Pudahuel and Quinta Normal. Predictions from GFS simulations initialized on 18 and 19 March (dark blue
and cyan curves, Figure 3) best predicted the extreme maximum surface air temperatures. None of the GFS
simulations examined for this study accurately predicted the cooler maximum temperatures observed on
21 and 22 March (black circles and grey triangles, Figure 3), instead indicating a continuation of the heat
event through 22 March 2015.

To better understand the physical mechanisms behind the high surface temperatures recorded in central
Chile, synoptic charts of different variables and their anomalies (i.e., height, wind, sea level pressure, and tem-
perature) were examined at different levels (500 hPa, surface, and 850 hPa) for the period 19 March 2015 to 26
March 2015. This period was selected to encompass both the extreme temperature event in central Chile of
19-21 March 2015, the extreme precipitation event in northern Chile of 22-25 March 2015, and the extreme
heat event in south-central and southern Chile of 22-26 March 2015. The precipitation event is explored in
more detail in the next section. At 500 hPa (Figure 4), on 19 March, weak anomalous ridging (+50 m heights)
was seen over central Chile, extending to stronger anomalous ridging (+200 m) east of Argentina (Figure 4a).
A deep anomalous trough (height anomalies of —250 m) was centered west of southern Chile. The northwes-
tern extent of the anomalous ridge-trough axis terminated in a cutoff, closed low (height anomaly of —150 m)
near 30°S, 100°W. This cutoff low slowly progressed east (translating eastward at approximately 2.5ms™")
and later served as a catalyst for the heavy precipitation event. This anomalous trough-ridge pattern was
identified by Rutllant and Garreaud [2004] as typical during approximately 20% of “Raco” wind (warm easterly
downslope winds) episodes: the 500 hPa height pattern in their Figure 6b compares very favorably with the
500 hPa height field seen in our Figure 4a at 1200 UTC 19 March. This similarity in height fields is notable
despite the seasonal difference (Rutllant and Garreaud [2004] studied winter, and this was a late summer
event that featured anomalous troughing and ridging more typical of winter). This synoptic-scale pattern
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Figure 5. As in Figure 4 but for sea level pressure (black curves) and anomalies (shading), in hectopascal from GFS FNL analyses.

on 19 March 2015, favoring warm air atop a cool stable boundary layer, served as a precursor to the record
temperature event of 20 March 2015 in the Santiago metropolitan area. On 20 March 2015, 500 hPa heights
were characterized by a wave train extending across southern South America with a ridge west of Chile
near 50°S, 85°W, a trough over eastern Argentina near 45°S, 60°W, and another ridge in the South Atlantic
near 50°S, 40°W (Figure 4b). In the subtropics, an anomalous ridge (+50 to +100m height anomalies)
extended down the coast of northern Chile to a maximum centered nearly over Santiago (Figures 4b and
4c). This ridge weakened and shifted slowly north after the extreme temperature event, and by 22 March
2015 (Figure 4d), neutral 500 hPa heights were found over central Chile. By 23 March 2015 (Figure 4e), height
anomalies at 500 hPa turned negative over central Chile and strongly positive (+300 m anomaly) over southern
Chile and the straits between Chile and Antarctica. That pattern of negative height anomalies over central Chile
and strongly positive height anomalies over southern Chile continued through 26 March 2015 (Figure 4h).

Sea level pressures and anomalies during this 8-day period resembled 500-hPa height field and anomalies
(Figure 5). For example, at 1200 UTC on 19 March 2015, two surface troughs were identified, one west of
southern Chile extending NNW to a surface low near 30°S, 90°W (with spherical Langmuir probe (SLP)
anomalies approaching —10 hPa) and another over western Argentina in the lee of the Andes (SLP anomalies
approaching -5 hPa) (Figure 5a). Over central and northern Chile, subtle surface ridging (anomalies up to
+5hPa) was seen. By 20 March 2015, surface ridging was seen over southern Chile (SLP anomalies up to
+15 hPa), and subtle surface troughing (anomalies up to —2 hPa) was seen along the coast of central and north-
ern Chile, with ridging still seen over the northern Chilean Andes and the Bolivian Altiplano (Figure 5b). The
coastal trough amplified by 21 March 2015, the day after the highest temperatures were recorded, with SLP
anomalies of —5 hPa seen centered near 35°S (Figure 5¢). For the next 5 days, sea level pressures continued with
a pattern of coastal troughing, and on 25 March 2015 (Figure 5g), the coastal trough was seen to have merged
with the cutoff low that slowly approached from the west. Along with the approach of the cutoff low, SLP
anomalies in southern Chile and the strait between South America and Antarctica increased, peaking on 24
March 2015 (Figure 5f) nearly +30 hPa above March monthly normal.

At 850 hPa, temperature and circulation anomalies at the start of the period at 1200 UTC 19 March 2015
showed above normal temperatures (+2°C to +5°C) extending from central Chile eastward into the southwest
South Atlantic (Figure 6), roughly colocated with the anomalous ridge at 500 hPa. Circulation at 850 hPa over
central Chile was southeasterly. On both 20 and 21 March 2015, anomalous 850 hPa temperatures of +8°C
were seen over central and south-central Chile, together with easterly and southeasterly anticyclonic flow
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Figure 6. As in Figure 4 but for 850-hPa temperature anomalies (shaded; in °C) and actual winds (vectors) from GFS FNL analyses.

immediately along the coast. The larger-scale flow at 850 hPa on both days was mostly anticyclonic south of
40°S and cyclonic north of 40°S (Figures 6b and 6c). The largest expanse of positive 850 hPa temperature
anomalies (over +5°C extending north from 40°S along the Chilean coast to about 25°S 75°W) was seen at
1200 UTC on 21 March 2015 (Figure 6b), the day after the highest surface temperatures were seen. In general,
anomalous 850 hPa temperatures over much of the southern half of South America in Figures 6e-6g were
colocated with the similarly signed 500 hPa height anomalies (Figures 4e-4g). Thus, as the 500 hPa circulation
anomaly shifted away from ridging and toward troughing over central and northern Chile (Figures 4e-4h),
the 850 hPa temperature anomalies also changed signs, with weak (+1°C to +2°C) positive anomalies on 23
March 2015 (Figure 6e) turning negative (—1°C to —2°C) by 24 March 2015 (Figure 6f) and staying negative
through 26 March 2015 (Figure 6h).

The vertical structure of temperature at 1200 UTC (0800 local time) at four stations (Antofagasta, Santo
Domingo, Puerto Montt, and Punta Arenas) over the 19-26 March 2015 period also showed variability
(Figure 7). At Santo Domingo, the only regular sounding station in central Chile, a temperature inversion
was seen on both 20 to 21 March 2015, with maximum temperatures in the inversion peaking near 27°C
around 915hPa on 20 March 2015, coinciding with the day of highest maximum temperatures. By 22
March 2015, the temperature inversion at Santo Domingo had substantially eroded. This temperature pattern
evolution is consistent with work by Rutllant and Garreaud [2004] during easterly “Raco” downslope wind
events. For example, between 19 and 21 March 2015, 850 hPa observed wind directions on the Santo
Domingo radiosonde were between 145° and 160° (southeasterly), with speeds increasing from 5ms™" on
19 March 2015 to 12ms™ ' on 20 March 2015. This easterly component flow is in accordance with the mini-
mum in sea level pressure along the coast (Figure 5c), and the southeasterly low-level jet is consistent with a
“Raco” wind event favoring increased subsidence and warming in the interior valleys of central Chile. Along
with the transition to coastal troughing (Figure 5) and northerly near-surface winds (Figure 6) in the subse-
quent 5 days, the troposphere also moistened at Santo Domingo between 21 and 25 March. During that per-
iod, dew point temperatures above the inversion increased from near —20°C on 19 March 2015 to +10°C on
25 March 2015. At Puerto Montt (41.5°S, 72.9°W), temperatures just above the boundary layer (near 975 hPa)
increased from around 5°C on 19 March 2015 to above 20°C on 25 March 2015. This increase in temperature
coincided with the onset of strong positive anomalies in maximum surface temperature recorded across
south-central and southern Chile and agrees with Bumbaco et al. [2013] who found similar temperature
anomalies over the areas west of the Cascade Mountains (a region with a climate similar to southern
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Figure 9. Accumulated precipitation (black squares; size indicates precipitation total in mm) from 23 to 27 March 2015.
Maximum precipitation recorded was 87 mm at El Salvador station (26.2°S, 69.6°W, elevation 2260 m). Labeled white
circles indicate locations of streamflow observation stations in Figure 12. Data are from the Chilean Direccién
Meteoroldgica and Direccién de Aguas.

Chile). Boundary layer drying was also noted leading up to the heat event, as dew point temperatures at
950 hPa decreased from near 10°C on 19 March 2015 to 0°C on 25 March 2015. At Punta Arenas (53.2°S,
70.9°W), temperatures throughout the lower and middle troposphere (extending up to 400 hPa) warmed
nearly 10°C between 19 and 26 March 2015. This warming is very consistent with the development of
the pronounced, expansive, and anomalously strong upper ridge and surface high pressure seen in
Figures 4 and 5.

Although the highest surface air temperatures were recorded in central Chile, the largest low and middle tro-
posphere height anomalies were observed in southern Chile. This anomaly pattern was confirmed in analysis
of heights at 925, 850, and 500 hPa at the four radiosonde upper air sites in Chile (Figure 8). Between 23 and
25 March, Punta Arenas recorded anomalies over 2 standard deviations above normal in the lower and mid-
dle troposphere (anomalies were based on the Punta Arenas radiosonde record from 1994 to 2015). The
observed 500 hPa height observed at 1200 UTC on 24 March 2015, 5820 m, was the highest since upper air
observations began there in 1994. Heights at 925, 850, and 500 hPa exceeded the 99th percentile of March
values. These record heights confirmed the presence of a strong, deep blocking anticyclone whose circula-
tion advected the cutoff eastward into northern Chile. At Puerto Montt (500 km to the north of Punta
Arenas), similarly anomalous positive heights were seen, although not as strong as at Punta Arenas, indicat-
ing the confinement of the blocking high to the south and the closer proximity to the cutoff low. At Santo
Domingo, 850 hPa height anomalies were more than 2 standard deviations above normal on 20 March
2015, anomalies that were seen on the day of the record warmth in Santiago. Finally, in northern Chile at
Antofagasta, 500 hPa heights were 1 standard deviation below normal at 1200 UTC on 24 March 2015. This
observation indicates that the height depression of the cutoff low was anomalous, but not extremely so, only
around one standard deviation below normal. Interestingly, 925 hPa and 850 hPa heights at Antofagasta on
24 March were approximately 1 standard deviation above normal, indicating the presence of warm air in the
lower troposphere that contributed to instability just before the onset of the period of heaviest precipitation.
(upper air observations at Antofagasta were unavailable from 25 to 27 March 2015).
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Figure 10. Infrared satellite images from GOES East (GOES 13), daily at 1700 UTC (1400 Local), from (a) 21 March 2015 to
(f) 26 March 2015. White curves indicate 500 hPa height (in m) from GFS analyses.

To summarize, the presence of the blocking anticyclone to the south effectively reversed the mean climato-
logical latitudinal height and pressure gradient along the Chilean coast. This reversal of the climatological
mean surface pressure gradient (Figure 5) created an easterly wind component in the lower to middle tropo-
sphere in central Chile as seen in Figures 6a-6c, which was especially evident during 20 and 21 March. The
peak anomalous zonal winds of —3.2m's™" at 1200 UTC on 20 March 2015 were in the 98th percentile for
zonal winds at 850 hPa in March from 1988 to 2015, implying that only 2% of March observations in the
28years prior to this event had stronger zonal wind components. Given the presence of the Andes,
850 hPa winds with an easterly component produce strong descent and clear sky conditions that favor the
formation of surface troughing or the development of coastally trapped lows [Garreaud et al., 2002]. Given
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Figure 11. Accumulated precipitation from Tropical Rainfall Measuring Mission (TRMM) 3B42 version 7 satellite observations (in mm) for 24 h periods ending at
(@) 0000 UTC 21 March 2015 (2100 local time 20 March 2015) to (h) 0000 UTC 28 March 2015.

the already demonstrated connection between the southern migrating anticyclones and the development of
easterly component winds in central Chile with compensating subsidence, it is reasonable to hypothesize
that the extremeness of the high associated with this event produced an extreme realization of the coastal
low mechanism. These types of coastal lows are a relatively common occurrence during the passage of strong
migrating anticyclones and baroclinic activity in southern Chile [Garreaud et al,, 2002]. In typical coastal low
events, the surface circulation may still be from the west and therefore act to ventilate air from the marine
boundary layer into the central valleys, including into Santiago. However, given that the timing of this parti-
cular coastal low event coincided with the climatological annual maximum in sea surface temperatures along
the central Chilean coast, the reduction of near-surface air temperatures by mixing of the maritime air
advected inland was less effective, thus contributing to the extreme heat event. Additional influences from
other modes of atmospheric variability, including the intraseasonal through the decadal, also potentially
influenced this event, and future work may consider their roles.

3.2. Extreme Precipitation

From 19 to 26 March 2015, northern Chile experienced an unusual and extreme rainfall event. Unlike nearly
all precipitation events in Chile, maximum rainfall was located equatorward of 32°S (for example, El Salvador
station, 26.2°S, 69.6°W at 2240 m elevation, recorded 87.0 mm, the maximum observed during this event)
(Figure 9). Indeed, in central Chile from 32°S to 38°S, most stations recorded fewer than 15 mm, while in
north-central Chile from 29°S to 32°S, mean station precipitation was between 15 and 45 mm. North of 29°
S, several stations recorded greater than 45 mm. The primary forcing for this precipitation event came from
an eastward moving cutoff low. This cutoff low was seen in height anomalies at 500 hPa (—200 m) and pres-
sure anomalies at sea level (—10hPa) as early as 19 March 2015, centered near 30°S, 100°W (Figures 4 and 5).
By 22 March 2015, both the 500 hPa height anomalies and sea level pressure anomalies had diminished, indi-
cating that the low had weakened. However, this weakening was temporary, and by 24 and 25 March 2015,
500 hPa heights were again as low as 100 m below normal, and sea level pressures were 5 hPa below normal.
By 26 March, the closed low had arrived at the coast and was centered near 25°S (Figure 4h). From 20 to 23
March, in the days leading up to the heavy precipitation event, scattered convective precipitation was seen in
the Peruvian and Bolivian Altiplanos, over the Chilean Andes, and east in the plains of Argentina (Figures 10a
and 10b and 11a-11d). The 24 h period ending 1200 UTC 24 March 2015 saw substantial precipitation (over
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Figure 12. (top) Streamflow (in m> 571) and (bottom) accumulated precipitation (in mm (3 h)71) at three stations in

northern Chile. Stations ordered from north to south and indicated by white dots in Figure 9. Data are from the Chilean
Direccion de Aguas.

85 mm) over the central Chilean Andes (Figure 11e), indicative of the approach of the cutoff low and reduc-
tion in static stability. The heavy precipitation event itself began in the afternoon of 24 March (seen as cold
cloud tops in infrared imagery; Figure 10d) and lasted through 27 March (Figures 11f-11h). Heaviest precipi-
tation over the Atacama was centered between 24°S and 28°S on 24 and 25 March. The spatial and temporal
distribution of precipitation totals from TRMM observations agreed qualitatively with gauge observations:
maximum TRMM observations were seen from 23° to 30°S on 24 and 25 March 2015 (Figures 11e and 11f),
similar to gauge observations. Streamflow measurements in the heart of the region of heaviest precipitation
indicated flow rates, sometimes extreme, that lagged precipitation by several hours (Figure 12). Three
stations analyzed for this study, Copiapd, Huasco, and Elqui (positions labeled in Figure 9), featured baseline
flow rates of less than 2m>s™" (Figure 12a). At Copiapo, 10 mm of precipitation was observed around midday
24 March 2015, followed by another 20 mm of precipitation on 25 March (Figure 12b). By the end of the day
on 25 March, volumetric flow rates at Copiapé approached 30 m>s~". Volumetric flow at Huasco spiked to
similar rates on 25 March, although because of the high rainfall and streamflow, Huasco station stopped
reporting on at 2300 UTC (1900 local) 25 March 2015 (Figure 12a), making it more difficult to determine if
high streamflow rates there were the result of upstream precipitation collecting and flowing into the
catchment or if it was the result of in situ precipitation. The farthest south station, Elqui, had lower flow
rates and fewer spikes, this despite several periods of 3 h rain rates approaching 10 mm (3 h)~! (Figure 12d),
and this agreed with the civil protection service reports of strongest and most damaging mudflows in the north-
ern stations.

The primary forcing for this heavy precipitation event came from the approach of an upper troposphere
cutoff low. However, as noted by Garreaud and Fuenzalida [2007], cutoff lows in March do not always produce
precipitation in the Atacama. The northward position of the cutoff low contributed to the northward
expansion of precipitation, although the 500 hPa height anomaly at Antofagasta on 24 March 2015 was only
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1 standard deviation below normal (Figure 8). Another likely contributor to both the northern location and
the heavy nature of the precipitation was the very high precipitable water anomalies observed over the
Peruvian bight and adjacent coastal zones (Figure 13). Precipitable water anomalies approaching 20 mm above
normal were seen throughout the 8 day period leading up to the heavy rainfall event. Starting on 22 March 2015
(Figure 13d), 850 hPa winds adjacent to the coast became northerly ahead of the approaching cutoff low (wind
speeds as much as 4m s~ above normal). These northerly winds advected high precipitable water content air
onto the Atacama. They also advected warmer than normal air in the lower troposphere, seen as an increase in
lower troposphere temperatures in the Antofagasta sounding (Figures 7 and 8). Accordingly, positive values of
Convective Available Potential Energy (CAPE) were recorded for surface parcels from the 1200 UTC 24 March
2015 Antofagasta sounding, and relatively higher values of CAPE were recorded for parcels with origin above
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Figure 14. Sea surface temperature anomalies (in °C) for 20-24 March
2015. Sea surface temperature values averaged from ERA Interim 6 h
analyses across the 5 day period and calculated from March 1981-2010
climatological norms.

700 hPa (not shown). These high precipi-
table water values and surface and mid-
troposphere instability then enhanced
convective precipitation rates once
the cutoff low reached the coast. By
1200 UTC 26 March (Figure 13h), toward
the conclusion of the heavy rain event,
precipitable water anomalies had fallen
back to near +5 mm over the immediate
coastal zone. The high precipitable water
values were likely the result of anoma-
lously warm sea surface temperatures
(SSTs) off the coast of Perd, as much as
3°C above 1981-2010 climatological
March normal values (Figure 14). These
warmer than normal SSTs were poten-
tially a consequence of the warming of
the eastern equatorial Pacific Ocean
during the 2015 El Nifo event [Bell
et al, 2015], although it is notable that
anomalies in the Nifio 1.2 region jumped
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from —0.5°C on 04 March 2015 to +1.2°C on 25 March 2015, a difference of 1.7°C in only 3 weeks. This differ-
ence suggests those SST changes may have occurred on a faster time scale than El Nifio alone.

4, Discussion and Conclusions

An extreme precipitation event in northern Chile occurred immediately after an extreme heat event in central
Chile and concurrent with an extreme heat event in south-central and southern Chile. Evolution of 500 hPa
height and wind fields, 850 hPa temperature and wind fields, and SLP fields suggested that the events
occurred during an amplified and blocked flow pattern. For example, while height anomalies at 500 hPa over
central and northern Chile switched signs over the week-long period (providing evidence against flow block-
ing at the northern latitudes), a pronounced ridge at 500 hPa (centered near 100°W on 19 March 2015) moved
eastward, and by 20 March 2015, the axis was located near 80°W, evidence for flow blocking in the southern
latitudes. By 26 March 2015, the ridge axis was centered near 90°W, and the 500 hPa height anomalies—only
100 m above normal on 20 March—grew in both spatial extent and amplitude (300+ m above normal)
through 26 March 2015. This expansive and strong upper level ridge provided at least three important phy-
sical forcing mechanisms for the extreme temperature and precipitation events of the week. First, as it
approached Chile from 19 to 20 March 2015, the upper level ridge acted to reverse the climatological latitu-
dinal surface pressure gradient and thereby produced anomalous easterly flow and subsidence, leading to
strong insolation and warm boundary layer conditions that produced the extreme heat in central Chile.
Indeed, at Santo Domingo, maximum easterly 850 hPa wind anomaly (—3.2ms™", in the 98th percentile of
March observations from 1988 to 2015) was observed at 1200 UTC on 20 March 2015, and easterly 850 hPa
wind anomalies at Santo Domingo began on 15 March 2015. Second, by amplifying and expanding from
21 to 26 March 2015, circulation associated with the upper level ridge acted to advect anomalous potential
vorticity along its leading western edge, promoting the formation and strengthening of the upper level low
to its north. As shown by Renwick and Revell [1999], atmospheric blocking anticyclones, such as the one pre-
sent during March 2015, are associated with cyclonic anomalies downstream over Southern South America,
which composites show also as negative anomalies of vorticity over central Chile resembling the northeast to
southwest tilt of the precursor of the cutoff low. By the date of the landfall of the cutoff low in northern Chile
(25 March 2015), height anomalies over 200 m above normal extended along 60°S from 110°W to 30°W,
nearly a 5000 km expanse. This type of high-over-low tropospheric height pattern was identified by Rex
[1950] as a classic atmospheric blocking pattern. Third, this southern blocking ridge [e.g., Trenberth and
Mo, 1985; Marques and Rao, 1999; Damiéo Mendes and Albuquerque Cavalcanti, 2014] provided subsidence
and insolation needed for the strong positive surface temperature anomalies observed in south-central
and southern Chile at the end of the 1 week period. Perhaps because of the established synoptic forcing
for the heat event, global model predictions (from the GFS) captured the potential for record-setting heat
as much as 4 days before it occurred. As such, one operational implication from this event is for forecasters
to realize the current capabilities of large-scale models to accurately predict this type of extreme event.

Although circulation around the strong midtroposphere ridge seen over southern Chile aided in advecting
the cutoff upper low mostly eastward during its approach to the coast, it is important to recognize that other
conditions, besides forcing from the cutoff low itself, were also instrumental in producing the heavy rains and
resulting catastrophic streamflow. Indeed, Garreaud and Fuenzalida [2007] discussed a cutoff low from March
2005 that drifted eastward and came ashore in central Chile (near 30°S) but without extreme precipitation.
Perhaps the most important contributing factor in this 2015 case, and one different from the March 2005
case, was the presence of anomalous above normal precipitable water equatorward of the upper level low.
On 19 March 2015, the entire Peruvian bight region featured atmospheric precipitable water (PW) values
15-20 mm above normal. The circulation around the cutoff low advected this moisture southward, parallel
to the coast. By 24 March 2015, precipitable water anomalies of +20mm were seen along the entire
Chilean coast from Arica (18°S) south to 35°S. Anomalies on the eastern side of the Andes were near zero,
or even negative, suggesting that all of this moisture was trapped against the cordillera. Convective precipi-
tation developed in the unstable conditions characteristic of the leading part of the upper level low and
tapped this anomalous PW, leading to the extreme precipitation and very high streamflows observed
in the Atacama. Once the cutoff low moved into Argentina, negative PW anomalies were seen in the
Peruvian bight region. The connection between the atmospheric PW anomaly and the sea surface tempera-
ture anomaly over the coast of Pert was shown to be related to the precipitation over the hyperarid region
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(D. Bozkurt et al., Impact of warmer eastern tropical Pacific SST on the March 2015 Atacama floods, submitted
to Monthly Weather Review, 2016). Because of the synoptic-scale conditions preceding this heavy precipita-
tion event, operationally, forecasters facing the possibility of a similar extreme precipitation event could take
into account precipitable water anomalies and predicted boundary layer wind trajectories. They should also
be aware that it does not take an extreme cutoff low to produce extreme precipitation, evidenced by 500 hPa
height anomalies at Antofagasta reaching only one standard deviation below normal at 1200 UTC 24 March
2015. Forecasters could take into account tropospheric blocking over central and southern Chile as a precur-
sor to forcing the eventual trajectory of a cutoff upper low. Anecdotal reports from northern Chile after the
extreme flooding suggest lack of awareness of the potential severity of this event. Furthermore, it is possible
that other atmospheric phenomena operating on larger spatial and temporal scales, including the El Nifio-
Southern Oscillation, the Madden-Julian Oscillation, and the Southern Annular Mode, contributed to the
evolution of the synoptic-scale patterns observed during this event, and future work could focus on those
influences.
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