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Abstract

In the Atacama Desert, one of the driest places on Earth, the persistent absence of water preserves the record of environmental
change, making it an invaluable proxy for studying the evolution of life on Earth. Due to the scarcity of in-situ measurements
and difficulties in satellite remote sensing, information on precipitation characteristics is limited even for the present climate.
Guided by a case study of extreme precipitation in late January 2019, we derive a conceptual framework to explain how
moisture transport combined with the diurnal circulation produces rainfall. We found a synoptic pattern that we named “moist
northerlies” (MNs) based on surface observations, reanalysis, and high-resolution simulation. During an MN event, moisture
transport from the Tropical Pacific is observed in the lower free-troposphere in the forefront of an 850 hPa low-pressure offshore
Atacama. The diurnal circulation (Rutllant Cell) transports the moist free tropospheric air inland above the coastal marine
boundary layer, triggering clouds and storms. Long-term observations (1960-2020) show that most of the rainy days in the
hyperarid core (75%) are triggered by MNs. A trough over the southeast Pacific and a southward displaced Bolivian High
dynamically drives them, occurring more frequently during the neutral-cold phase of El Nifio-Southern Oscillation (ENSO) and
phases 7-8-1 of the Madden-Julian Oscillation (MJO). A trend analysis (1991-2020) reveals that summer water vapor along
the subtropical west coast of South America has increased rapidly due to the MNs, enhancing summer rainfall in the Atacama.

The implications of climate change and other variability modes are discussed.
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The overlooked role of westerly moisture as a source of
summer rainfall in the hyperarid Atacama Desert
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Key Points:

+ Summer moisture transport, named Moist Northerlies (MNs), brings free tropo-
sphere humidity from the tropical Pacific to the Atacama

+ Along with diurnal circulation, MNs lead to 75% of austral summer rainfall days
in the Atacama’s hyperarid core

« MN frequency has been increasing in the last decades, enhancing water vapor and
rainfall in the Atacama
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Abstract

In the Atacama Desert, one of the driest places on Earth, the persistent absence
of water preserves the record of environmental change, making it an invaluable proxy for
studying the evolution of life on Earth. Due to the scarcity of in-situ measurements and
difficulties in satellite remote sensing, information on precipitation characteristics is lim-
ited even for the present climate. Guided by a case study of extreme precipitation in late
January 2019, we derive a conceptual framework to explain how moisture transport com-
bined with the diurnal circulation produces rainfall. We found a synoptic pattern that
we named "moist northerlies” (MNs) based on surface observations, reanalysis, and high-
resolution simulation. During an MN event, moisture transport from the Tropical Pa-
cific is observed in the lower free-troposphere in the forefront of an 850 hPa low-pressure
offshore Atacama. The diurnal circulation (Rutllant Cell) transports the moist free tro-
pospheric air inland above the coastal marine boundary layer, triggering clouds and storms.
Long-term observations (1960-2020) show that most of the rainy days in the hyperarid
core (75%) are triggered by MNs. A trough over the southeast Pacific and a southward
displaced Bolivian High dynamically drives them, occurring more frequently during the
neutral-cold phase of El Nifo-Southern Oscillation (ENSO) and phases 7-8-1 of the Madden-
Julian Oscillation (MJO). A trend analysis (1991-2020) reveals that summer water va-
por along the subtropical west coast of South America has increased rapidly due to the
MNs, enhancing summer rainfall in the Atacama. The implications of climate change
and other variability modes are discussed.

Plain Language Summary

The Atacama Desert, known as one of the driest places on Earth, holds vital in-
formation about how life on our planet has evolved over time because its lack of water
preserves records of environmental changes. However, despite the dryness, rainfall is ob-
served with some recurrence without being completely understood so far. This study fo-
cuses on understanding the mechanisms behind summer rain in the driest part of the At-
acama Desert. We started investigating a specific extreme rainfall event in January 2019,
discovering a weather pattern called ”moist northerlies” (MNs) that transport moisture
hundreds and thousands of kilometers from the Tropical Pacific to the desert. The mois-
ture is transported inland during the day, triggering rain in the Atacama. Over several
decades, we found that MNs cause most rainy days in the desert. These MN events seem
to be influenced by larger weather patterns like the El Nino-Southern Oscillation and
the Madden-Julian Oscillation. Additionally, a rapid increase in humidity has been ob-
served along the west coast of South America in recent decades, leading to more sum-
mer rainfall in the Atacama and greening in the Andean precordillera. This study also
discusses how climate change and natural variability might affect the MNs.

1 Introduction

The Atacama Desert, located on the west coast of South America (18-28°S), is well-
known for its extreme hyperaridity. It is characterized by remarkably low rainfall in the
hyperarid core (0.15-5 mm year~!, Fig la, Houston & Hartley, 2003), low atmospheric
moisture, and high solar radiation (Rondanelli et al., 2015). The unique desert ecosys-
tem is a natural laboratory for studying the limits of life on Earth and the processes shap-
ing arid environments, which are part of the main objectives of the Collaborative Re-
search Center project 1211 “Earth-Evolution at the dry limit” (CRC1211, Dunai et al.,
2020). Despite being infrequent, rainfall is observed mainly in austral winter linked with
mid-latitude disturbances, e.g., cold fronts (Vuille et al., 1998) and cut-off lows (COLs,
Barrett et al., 2016; Reyers & Shao, 2019). Furthermore, Moisture Conveyor Belts (MCBs)
transport moisture from remote sources, such as the Amazon Basin and the tropical Pa-
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cific, across the Southeast Pacific towards the Atacama and account for 40-80% of the
mean annual precipitation (Bohm et al., 2021).

The influence of the above-mentioned mechanisms decreases towards the northeast
of the Atacama, resulting in a drier winter season. Consequently, the northeastern part
of the desert is dominated by austral summer rainfall (Fig. la, e.g., Houston & Hart-
ley, 2003; Reyers et al., 2020), for which mechanisms and moisture sources remain de-
bated. The hyperarid core, located mainly but not exclusively <2000 m above sea level
(ASL), is mostly devoid of long-term observations, making climatological investigations
of precipitation challenging. Rainfall increases towards the eastern edge of the Atacama
(Precordillera, 2000-3500 m above sea level, ASL) and the Andes plateau (Altiplano, >3500
m ASL), with amounts exceeding 50 mm year~! almost all of which is observed in sum-
mer (Vuille et al., 1998; Garreaud, 1999). Here, the occurrence of local storms is induced
by moist convection, especially when large-scale conditions strengthen easterly winds over
the Andes, i.e., a southward displaced Bolivian High (BH), facilitating the transport of
moisture from the interior of the continent (Garreaud & Aceituno, 2001) as part of the
South American Monsoon. Some of these storms may propagate westwards from the Al-
tiplano, causing rainfall to spill over into the desert (Reyers et al., 2020). However, the
Atacama is located leeward of the episodic easterly flow, which typically leads to dry con-
ditions by the rainshadow effect described by Houston and Hartley (2003). As a result,
the spillover impact seems confined to the easternmost sector of the desert and cannot
fully explain the occurrence of rainfall and storms along the hyperarid core.

Related to the easterly transport across the Altiplano, the interior continent is fre-
quently considered to be the predominant moisture source for summer precipitation (e.g.,
Valdivielso et al., 2020). This is relevant because the source region determines the iso-
topic composition of water extracted from geological archives (Jordan et al., 2019). How-
ever, recent studies suggest the dominance of Pacific-originated moisture as the source
of summer rainfall in the Atacama. For an extreme rainfall case study in the summer
of 2020, Vicencio (2021) showed that strong moisture transport from the tropical East-
ern Pacific at the foreside of a low-pressure system over the Southeast Pacific located
in ~850hPa led to widespread storms in the hyperarid core of the Atacama Desert. Us-
ing long-term regional climate simulations, Reyers et al. (2020) identified a cluster of rain-
fall events in the precordillera triggered by anomalous low-level moist air at the west of
the Andes, transported upslope by the so-called Rutllant Cell (Rutllant et al., 2013). Also,
Bohm et al. (2021) found a relatively high frequency of nighttime fog in the Precordillera
in summer. It seems likely that westerly air-mass uplift along the steep Andes cordillera
leads to saturation and cloud formation near the surface. Given the role of the Rutllant
cell in transporting air from the coast to the Altiplano during the day as a result of sur-
face heating of the Andes, it is highly conceivable that the rain and fog may originate
primarily from westerly moisture rather than from an overflow of the Altiplano storms.
However, to our knowledge, no study has explicitly discussed this moisture transport mech-
anism.

The role of large-scale oscillations in influencing summer precipitation has not been
fully explored. The Madden-Julian Oscillation (MJO) has been linked to the devastat-
ing floods that occurred in central and southern Atacama in March 2015. Strong con-
vection over the western Pacific triggered a Rossby wave pattern across the Pacific basin,
forming a COL, enhancing moisture transport from the tropics, and triggering intense
precipitation (Rondanelli et al., 2019). However, whether the MJO influence on precip-
itation is a constant pattern or an exceptional case is not clear. Similarly, the influence
of the El Nifio-Southern Oscillation (ENSO) on summer rainfall in the Atacama is likely
limited to the Altiplano. Here, it has been shown that La Nina weakens the westerly winds
in the mid-upper troposphere, increasing the easterly moisture flux and triggering pre-
cipitation over this region (Garreaud et al., 2003). The underlying moisture transport
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mechanisms must be investigated in more detail to study the influence of ENSO and MJO
on summer rainfall in the hyperarid core.

Aside from potential large-scale patterns driving precipitation variability, under-
lying trends of ambient atmospheric conditions and synoptic patterns may change the
rainfall regime over time. However, due to the limited availability of long-term obser-
vations, climate change’s impact on summer precipitation is still unclear. Some studies
based on surface weather station measurements have suggested an increase in summer
rainfall in recent decades. E.g., Meseguer-Ruiz et al. (2020) found a positive trend in to-
tal accumulated rainfall for the period 1966-2015 close to Arica (~18°S), as well in the
precordillera and some areas of the Altiplano up valley from Calama (~23°S). For a more
recent period (1990-2019), Olivares (2020) confirms a generalized positive summer trend
for the main stations in the hyperarid core, as well as in the precordillera and western
Altiplano. Heidinger et al. (2018) discovered an increase in very intense rainfall days over
Southern Peru from 1965 to 2010 by studying rainfall indices derived from satellites, in-
dicating an increase in convective activity. These studies emphasize the importance of
investigating long-term changes in moisture supply in the hyperarid core of Atacama and
its potential impacts on precipitation.

We hypothesize that austral summer rainfall events in the hyperarid core of the
Atacama are mainly triggered by moisture from the Pacific Ocean. To test this hypoth-
esis, we first analyze an extreme precipitation event that occurred in late January 2019.
We apply reanalysis data aided by regional-scale high-resolution weather simulations,
ground-based remote sensing, and weather stations to mitigate the effects of the com-
plex topography of the Atacama and Andes Cordillera. Second, we perform a climato-
logical analysis (1960-2020) by identifying rainfall days in the hyperarid core from rep-
resentative weather stations. We classify the circulation patterns for each day by their
similarities. We conclude our research by investigating trends in moisture and circula-
tion patterns along the Southeast Pacific that could explain the observed changes in sum-
mer rainfall.

2 Data and methods
2.1 Rain gauges and remote sensing

For the 2019 case study, we use daily accumulated rainfall for the period from 28
to 31 January 2019 for 84 stations in the Atacama (17-24°S) provided by the Center for
Climate and Resilience Research (CR2: http://explorador.cr2.cl). These stations are lo-
cated in the hyperarid core of Atacama (<2000 m ASL), the Precordillera (2000-3500
m ASL), and Altiplano (>3500 m ASL, Fig. 1b). To gain insight into Atacama’s sur-
face circulation, we use specific humidity, wind, and rainfall from a group of four weather
stations available via the Collaborative Research Centre database (CRC1211, Hoffmeis-
ter, 2018). All variables are provided as 10-minute averages, and hourly averages are cal-
culated for our analysis. The weather stations shown in Fig. 1b are labeled as 14 (Salar
de Llamara), 15 (Quebrada de Mani), 22 (Cerro San Antonio), and 25 (Quebrada de Soga).

From a one-year field campaign at Iquique Airport (IQQ, 20.54°S, 70.18°W, Fig.
1b) total column water vapor (TCWYV) and low-resolution vertically resolved specific hu-
midity and potential temperature are used for the January 2019 case study. These data
are retrieved from measurements by a microwave radiometer (MWR), specifically a 14-
channel Humidity and Temperature Profiler (HATPRO, Rose et al., 2005). It performed
high-frequency measurements (1 s) of brightness temperatures in the microwave range,
from which TCWYV and humidity profiles are derived (more details in Schween et al.,
2022). We also derived the Low Troposphere Stability (LTS) as the difference between
the potential temperature at 1.5 km ASL and the surface temperature, measured by HAT-
PRO.
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a) Climatology of summer rainfall b) Accumulated rainfall 28-31/01/2019 ¢) 3-hourlyrainfall from28/01 to 31/01/2019

71fW 70I°W 69|°W 88I°W T1°W 7UfW 63°W 68I°W Hyperarid core  [0-2000 m ASL] )
N =1 ARG, )
) 0.9 mm 16mm 24 mm
%4’%"’} 15mm  3.0mm
; 15
18°S 1 o =
| E
E
=
&
= 05
[+
20°S1{ o
© Andes & > - > 0
© Cerdiilerg 03 06 09 12 15 18 21 00
° Precordillera and Altiplano [>2000 m ASL]
= 1.4 mm 490 mm 25.7 mm 12
- 190 mm  12.5mm [10
22°84 o
E
=
E
E
£
(]
o
24°8
¢
7 \
T — S — . 0
A comiatea [ V2550t (3 o 03 06 09 12 15 18 21 00
rainfall e rainfall
Local Time
1 10 100 150 200 O 5 10 15 20 25 30 35 40 = 2801 — 2001 -~ 30/01 —-=31/01

Rain [mmyr'] Rain [mm]

Figure 1. (a) Geographical location of the Atacama Desert and observed mean summer
(December-March) rainfall from 1991-2020 for 111 rain-gauges (color-filled circles, in mm yr=!).
The gray solid line indicated the approximate border between winter (April-November) domi-
nated rainfall to the south (blue triangles) and summer (December-March) dominated rainfall to
the north (red circles). If the difference is not significant (less than 10%), the station is shown as
a gray square. (b) Accumulated rainfall from 28-31 January 2019 for 85 rain gauges (color-filled
circles, in mm). Red circles denote the four CRC1211 weather stations used for the 2019 case
study (stations 14, 15, 22, and 25). Blue circles show the location of the four long-term weather
stations: Arica (1 ARI), Quillagua (2 QUI), Calama (3 CAL), and Antofagasta (4 ANF). The
location of Arequipa (ARQ) is presented in a black circle. In panels (a) and (b), black lines rep-
resent the coastline and terrain altitude at 2000 and 3500 m ASL. The hyperarid core is shown in

1

(b) with a yellow hatch for areas with an annual mean less than 5 mm yr~". (c) 3-hourly accu-

mulated rainfall between 28 and 31 January 2019 (colored lines) for 15 weather stations in panel
(b) with hourly accumulated rainfall available, divided in the hyperarid core (upper panel) and
Precordillera and Altiplano (bottom panel) for each day between 28-31 January 2019. The total

accumulated rainfall is given in colored numbers at the top panel.

For the climatological analysis, we use daily accumulated rainfall from four weather
stations with continuous records from 1960-2020 to identify rainy days in the Atacama’s
hyperarid core and Precordillera. The stations are Arica (1 ARI, 50 m ASL), Quillagua
(2 QUI, 809 m ASL), Calama (3 CAL, 2321 m ASL), and Antofagasta (4 ANF, 112 m
ASL), shown in Fig. 1b. Data were obtained from the Direccion Meteorologica de Chile
(DMC) for stations 1, 3 and 4, for which 6-hourly precipitation is also available but re-
stricted to the period 1964-2020. From the Direccion General de Aguas (DGA), we ob-
tained daily rainfall for station 2. Using the set of four weather stations, we identified
summer (December—March) rainfall days in the Atacama when more than 0 mm is recorded
at least for one station per day. For example, if 2 stations recorded rainfall on the same
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day, it is considered as 1 rainfall day. In the 60 years, 96 summer rainfall days were de-
tected (~1.6 events per summer), and they are listed in Table SI.

2.2 Regional climate model and reanalysis

We apply data from the ERA5 reanalysis (Hersbach et al., 2020) of the European
Centre for Medium-Range Weather Forecasts (ECMWF). The reanalysis has a time res-
olution of 1 hr and horizontal resolution of 0.25x0.25° latitude-by-longitude. We use the
data from 1960 to 2020, only for the summer period (December-March). The surface-
level variables are listed as follows: TCWYV, sea surface temperature (SST), boundary
layer height (BLH), and sea level pressure (SLP). The pressure level variables (1000-250
hPa) correspond to vertically resolved specific humidity, temperature, horizontal wind,
and geopotential height. We derive the horizontal humidity flux as the specific humid-
ity times the horizontal wind for each pressure level.

Considering the rainy days in the Atacama detected from weather stations from
1960-2020, we use ERA5 to composite daily means for each rainy day of the synoptic
conditions for TCWV, 850 and 500 hPa geopotential height and humidity flux, and 500
hPa geopotential height and winds. We then perform a subjective classification, group-
ing the rainfall cases according to similar synoptic features in the lower and upper free
troposphere. An example of one case of rainfall and its classification according to the
synoptic pattern is shown in Figure S1. The characteristics of the 96 identified rainfall
days are available in Supporting Information 1.

To complement point observations and the coarse ERA5 resolution, we use the Weather
Research and Forecasting Model (WRF, Skamarock et al., 2008) for a simulation of the
Atacama desert. Via a double one-way nesting, a horizontal resolution of 6 km is achieved
for the output in the inner domain (17-27°S, 74-67°W) and a temporal resolution of 3
hr. This simulation is an update from a previous long-term WRF simulation performed
by Reyers (2018) driven by ERA-Interim and 10 km resolution. The 6-km WRF sim-
ulation performs well for precipitation in the hyperarid core (e.g., Wennrich et al., 2024),
and provides a more realistic representation of meteorological conditions over the Ata-
cama due to a much better resolution of the complex topography (i.e., Andes Cordillera)
than ERA5. From this simulation, we use specific humidity, horizontal and vertical winds,
specific cloud liquid water content, and precipitation for the January 2019 case study.

2.3 Large-scale oscillations

To investigate the potential impact of ENSO on summer rainfall within the hyper-
arid core, we obtain monthly SST anomalies for the Nifio 3.4 and Nino 142 regions. Both
indices are based on the Extended Reconstructed Sea Surface Temperature version 5 (ERSSTv5,
Huang et al., 2017), available from 1950 to nowadays, and obtained from the NOAA’s
Climate Prediction Center database (https://www.cpc.ncep.noaa.gov/data/indices/).
Due to the SST warming in the Pacific Basin (L’Heureux et al., 2013), the Nifo 3.4 in-
dex has been detrended by NOAA using centered 30-year base periods, moving every five
years. The Nino 3.4 and 142 index correspond to the average SST anomalies of the Cen-
tral Pacific (5°N-5°S, 170-120°W) and the Eastern Tropical Pacific (0-10°S, 90-80°W).

For the MJO, we use the real-time Multivariate Index for tropical Intraseasonal os-
cillations (rMII, Wang et al., 2022). This index defines the intensity of the MJO as the
leading Empirical Orthogonal Functions (EOF, rMII 1 and rMII 2) of the projection of
9-day running average anomalies of the eastward filtered Outgoing Longwave Radiation
(OLR), and zonal winds at 850 hPa and 200 hPa. The index is available from 1979 to
nowadays and is obtained from the NOAA Physical Science Laboratory (https://wuw
.psl.noaa.gov/mjo/mjoindex/). The location of the anomalous convective area that
circles the Planet eastward (Madden & Julian, 1972) is classified into phases labeled from
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1 to 8, corresponding to the Western Pacific (phases 6-7), America and Africa (phases
8-1), Indian Ocean (phases 2-3) and Maritime Continent (phases 4-5).

3 Results and discussions
3.1 Extreme rainfall case of 2019

In the course of an extreme event between 28-31 January 2019, up to 20 mm of
rainfall accumulated in some regions of the hyperarid core of the Atacama Desert (<2000
m ASL, Fig. 1b), mainly between 0-12 Local Time (LT, Fig. 1c). These amounts are
considered extreme compared to the summer mean long-term precipitation. For exam-
ple, the stations around Arica recorded up to 3 mm, exceeding ~6 times the long-term
summer average for this location. The stations with the highest accumulated rainfall in
the hyperarid core reached 15-20 mm (Tacna and Sierra Gorda), exceeding 5-10 times
the long-term average. On the eastern margin of the Atacama (Precordillera, 2000-3500
m ASL) as well as in the Altiplano (>3500 m ASL), rainfall accumulated up to 50 mm
(Fig. 1b) with daily peaks around 18 LT and between 00-09 LT (Fig. 1c¢). This event
shows significant rainfall spatial variability across the region, with the lowest values near
the coast and increasing to higher lands (Fig. 1b).

We investigate the environmental conditions for Iquique (20.5°S) from ground-based
measurements (HATPRO) and ERA5. Both time series show a good agreement in mag-
nitude and variability during the second half of January (Fig. 2a), consistent with the
validation performed between March 2019-March 2020 by Vicencio Veloso et al. (2024).
In particular, the increase at the end of January of the ERA5 TCWYV agrees with the
HATPRO retrievals (from 30 to 55 kg m~?2), exceeding the 90th percentile of the reanal-
ysis climatology. Moisture increases over most of the troposphere, but the lower free tro-
posphere (900-800 hPa) shows the strongest signal (Fig. S2). At 850 hPa, the specific
humidity increased from 3-6 g kg=! before the rain event to almost 12 g kg=! during the
event (Fig. 2a). These values are also extreme when compared to the climatology.

The synoptic pattern responsible for the extreme coastal TCWYV values is charac-
terized by a southward displaced Bolivian High (BH) positioned east of the Atacama (23°S,
77°W) and a trough over the Southeast Pacific (Fig. 2b). A field of strong poleward-directed
winds forms between these upper-level systems, resulting in divergence at its left entrance.
This, in turn, supported cyclogenesis in the lower free troposphere starting on 26 Jan-
uary, resulting in a cyclonic circulation in 850 hPa offshore the Atacama Desert and en-
hanced moisture transport along the west coast of South America from the Tropical Pa-
cific in the lower free troposphere (Fig. 2b, Fig. S3).

After arriving offshore the Atacama coast, the moisture-enriched free-tropospheric
air is transported inland and upslope due to the diurnal circulation induced by the sur-
face warming of the west slope of the Andes via the Rutllant Cell. Both stations and WRF
show a strong diurnal cycle in the zonal moisture flux, peaking in the afternoon (~18
LT) and decreasing with elevation more inland (Fig. S4). During the rainfall episode,
specific humidity increases from 6 to 12 g kg™! at the lowermost stations and from 5 to
10 g kg1 in precordillera. These values are similar to the specific humidity observed at
850 hPa offshore Iquique. Additionally, lower troposphere stability (LTS) weakens off-
shore Atacama (Fig. 2¢), which could allow a more efficient mixing between the MBL
and the free troposphere and further increase the transport of coastal moisture towards
the interior of the desert that is usually blocked by the strong inversion at ~1 km ASL.
As a result, the Atacama Desert experiences increasing moisture near the surface, which
is decisive to cloud formation and rain.

To further understand how moisture transport interacts with local circulation and
topography, we focus on the 72 hours between 28 January 12 LT and 31 January 12 LT
with surface weather stations (Fig. S4), satellite (Fig. S5), and high-resolution WRF sim-
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Figure 2. Three-hourly time series of (a) TCWV and specific humidity in 850 hPa, and (c)
low troposphere stability (LTS, potential temperature difference between 1.6 km ASL and sur-
face) and SST. Data are shown for HATPRO retrievals (black dotted line) from Iquique Airport
(see IQQ location in panel b) and for ERA5 for the average of the four nearest grid points to
Iquique (red line). For the SST, the four closest ocean grid points from ERA5 were used. ERA5
climatological (1991-2020) information is provided as a boxplot for the interquartile range, and
the upper/bottom whiskers are the 10th/90th percentile, respectively, smoothed with a 30-day
window average. (b) 850 hPa humidity flux (shaded color and white arrows above 30 g kg™! m
~1), 850 hPa geopotential height (red lines, every 10 m) and 250 hPa geopotential height (blue
lines, every 50 m) on 29 January 2019 00 UTC from ERAS5. The location of the Bolivian high
(BH) and 850 hPa low pressure (L) are indicated. The Andes cordillera is patched white for al-
titudes above 850 hPa. (d) Cloud snow-ice product (Bands M3-13-M11) from NOAA-20/VIIRS
at 19:03 UTC (15:03 LT) 29 January 2019 (https://worldview.earthdata.nasa.gov). Yellow lines
represent the coastline and terrain altitude at 2000 and 3500 m ASL. The main weather stations

used are also shown in white circles.
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Figure 3. Schematic figure of a cross-section over the Atacama Desert between 18-22°S and
71-68°W for the 2019 extreme rainfall event. Meridional moisture transport from the north and
south is shown in green and orange ovals, respectively. Zonal humidity flux is presented in green
arrows. In black, the predominant easterly upper troposphere wind is given. Clouds are shown in
gray. Rainfall is presented in blue bars (mm 6 hr™!). Four-time segments: (a) afternoon (12-18
LT), (b) evening (18-00 LT), (c) night (00-06 LT), and morning (06-12 LT).

ulation (Fig. S6). We summarize our findings in the schematic Figure 3. In the after-
noon (12-18 LT, Fig. 3a), the Andean pumping peaks in westerly moisture transport from
the lower free troposphere offshore Atacama towards the Andes. The forced topographic
uplift leads to cloud formation along the hyperarid core, identified as low clouds (mainly
stratus clouds). In the Precordillera, the stratiform cloud is also observed but with some
cumulonimbus embedded (Fig. 2d, Fig. S5), explaining the enhanced rainfall peak at
around 18 LT observed at the weather stations (Fig. 1c). Westerly moisture reaches the
Altiplano as far east as 68°W, triggering storms in this region as well (Fig. 3a).

In the evening (18-00 LT, Fig. 3b), the return circulation at 3 km ASL is now cou-
pled with the mid-upper tropospheric easterlies, further inducing cloud development closer
to the coast. Easterly winds intensify at night (00-06 LT, Fig. 3c), and the lower tro-
pospheric circulation over the Atacama weakens. Nevertheless, stratiform clouds con-
tinue to form over the desert and are displaced towards the west, producing the strongest
period of precipitation in the hyperarid core, according to the measurements. Addition-
ally, a descending branch of moisture is observed across the precordillera, potentially in-
ducing rain spillover from Altiplano storms. This pattern is present until the next morn-
ing (06-12 LT, Fig. 3d) when the radiative heating of the surface again initiates the west-
erly moisture flux from the Pacific to the Andes, further inducing cloud formation in the
Precordillera.
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Our results strongly suggest that this rainfall episode is triggered by moisture com-
ing from the Pacific Ocean transported by moist northerlies in the lower free troposphere,
as opposed to the more common Amazonian source connected with easterly winds in the
mid-upper troposphere. Further evidence supporting this conclusion can be found in Welp
et al. (2022), who measured stable water isotopes at Arequipa (16.3°N, 71.5°W, at 2300
m ASL, Fig. 1b). They found isotopically depleted rain during the period from 31 Jan-
uary 2019 to 14 February 2019 (i.e., the same rainfall event of our study), indicating a
predominance of oceanic originated precipitation rather than a continental source. We
suspect that these results are also valid for the Atacama, which, although located about
200 km south of Arequipa, is affected by the same low-level synoptic pattern. Further-
more, we found evidence that the Rutllant Cell can transport high humidity levels to-
ward the Atacama when the free-troposphere offshore is moist. This complements the
findings of Schween et al. (2020), who described a net moisture transport to the east dur-
ing daytime between 2017-2019 derived from the CRC1211 weather stations network.

3.2 Composite analysis and teleconnections

Given the strong impact of the case analyzed in Section 3.1, we now want to un-
derstand how frequently such cases occur and what their driving mechanisms are. We
use the 96 rainfall days identified in the hyperarid core identified from 1960-2020 (see
Section 2.1) and group them by similar synoptic characteristics. Most of the rainy days
(72 cases, ~75%) have in common a well-developed Bolivian high to the east of the At-
acama and an offshore low-pressure at 850 hPa, which induces moisture transport from
the north along the southeast Pacific, consistent with the 2019 study case. Based on the
strong moisture transport, we refer to these cases as Moist Northerlies (MNs). Another
group of rainy days is characterized by a southward displaced BH but without the low-
pressure offshore Atacama in the lower free troposphere. Here, rainfall over the Altiplano
is likely spilled over the Andean mountain range (9 cases, ~9%). The rest of the rainy
days (15 cases, ~15%) show a mid-upper tropospheric trough (TT) or a cut-off low (COL)
approaching from the west, inducing large-scale instability and moisture transport to the
Atacama.

The number of rainfall days and summer accumulated precipitation associated with
each mechanism show large interannual variability (Fig. 4a,b). The MN episodes have
a higher recurrence between 1987-1991, 2000-2006, and 2018-2020. In fact, the summer
of 2020 shows the highest number of days with precipitation so far (10 days), all asso-
ciated with MNs. The increase in MN rainfall days is mainly driven by Arica, which ob-
serves a significant growth in the number of days and rainfall associated with MNs in
the decade 2011-2020 compared to the 60s and 70s (Fig. 4c,d). Summer rainfall in Quil-
lagua has only been observed recently, for which MNs account for 6 rainfall days between
2001-2020. In Calama, the MNs peaked in the decades of 1971-1980 and 2001-2020, with
8 episodes per summer, each accounting for between 16-20 mm. In the southern part
of the study area, Antofagasta, MNs peaked in duration and intensity in the 1970s (3
days and ~7 mm), but have not been observed since (Fig. 4c,d).

While the MNs account for 65% of the total rainfall, they are not associated with
the most extreme precipitation cases (such as the COLs in 2015, Fig. 4b,d), but they
are more recurrent from year to year, becoming the most reliable water source in the hy-
perarid core. The sub-daily distribution of rainfall intensity for Arica, Antofagasta, and
Calama (stations with sub-daily rainfall available) also shows that the MNs are usually
associated with light rain (<3.0 mm in 6 hr, Fig. 4e), and often occur during the night
(Fig. 4f) in agreement with the 2019 case study. The COL, despite being responsible only
for 11% of the rainy days (Fig. 4a), accounts for 25% of the precipitation (Fig. 4b) and
higher sub-daily intensity (Fig. 4e).

—10—
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Figure 4. Top: time series of the (a) number of rainy days per summer and (b) total precipi-
tation between 1960-2020, identified from the four weather stations with long-term observations.
Middle: decadal (a) rainfall days per summer and (b) total rainfall per summer, divided in the
four weather stations used (Arica, Iquique, Calama, and Antofagasta). Bottom: sub-daily distri-
bution of (e) rainfall intensity (mm 6 hr~*) and (f) period of rainfall occurrence. The calculation
was made for standard periods of 6 hours (i.e., 03-09 LT, 09-15 LT, 15-21 LT and 21-03 LT). This
subdaily rainfall data is only available for Arica, Calama, and Antofagasta weather stations for
the period 1964—2020. The type of synoptic configuration is identified by colored bars: red for
Moist Northerlies (MN), black for the Bolivian High (BH), green for Cut-off Lows (COL), and
blue for Tropospheric Troughs (TT).

The spatial variability of the rainfall associated with MNs reveals that they rarely
affect the city of Antofagasta, in which only 29% of the precipitation days have been caused
by this mechanism (4 days out of 14). The proportion of rainfall explained by the MNs
increases toward the north and east, reaching 74% in Calama (29 days out of 39), 75%
in Quillagua (6 days out of 8), and 88% in Arica (38 days out of 43). We suspect that
a short distance between the coast and the Andes is crucial to allow the nighttime clouds
and precipitation to reach the shoreline. While in Antofagasta, this distance is ~200 km,
in Arica is roughly 60 km. However, a lack of more weather stations prevents further anal-
yses. To link these rainfall characteristics to the typical synoptic conditions, we inves-
tigate the composite means and anomalies of the atmospheric state for the identified MN
cases in the following.
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Figure 5. Composite of MN rainfall days (N = 72) of the mean of the MN days (black con-
tours) and the mean anomaly of MN days (shaded colors). The anomalies were computed as the
difference between each rainfall day and its respective climatological average (1991-2020) for
that specific day for: (a) the 250 hPa geopotential height (in m), (b) 850 hPa geopotential height
(in m), (c) Sea level pressure (SLP, in hPa), (d) 850 hPa humidity flux (in g kg™" m s™'), (e)
TCWYV (in kg m™?), and (f) SST (in K). Low and high-pressure locations are shown in black for
the mean and white for anomalies, including the SEPA and BH. Black circles show the location
of the four main weather stations for identifying rain events. In panels b, ¢, and d, the Andes
cordillera is patched white for altitudes above 850 hPa. In panel e), the hyperarid core is shown
in the orange patch, and the Atacama offshore region (18-23°S, 74-71°W) is shown in the black

box.
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The MNs composite, derived from ERAS, shows a southward displaced BH, expressed
through a strong 250 hPa ridge anomaly over the central Andes (33°S, 69°W, Fig. 5a).
Concurrently, a trough anomaly is formed to the west of the BH over the southeastern
Pacific (18°S, 95°W). The upper-troposphere anomaly dipole is likely conducive to in-
fluencing the lower levels of the troposphere and forming the 850 hPa low-pressure off-
shore Atacama and a retreat to the south of the Southeast Pacific Anticyclone (SEPA,
Fig. 5b). The low pressure is not projected at the surface, and the SEPA dominates the
composite. Nevertheless, we observe a generalized weakening of the anticyclone over the
Southeast Pacific (Fig. 5¢). The weakened SEPA and the 850 hPa low pressure during
MN episodes produce weaker moisture transport from the south within the MBL and
stronger than normal moisture transport from the north in most of the free troposphere,
especially between 900-700 hPa in a box offshore Atacama (18-23°S, 74-70°W, Fig. 6).

Similar moisture transport structures in the free troposphere have been described
by Bohm et al. (2021), who used the term MCB. The MCBs detection algorithm is based
on the Guan and Waliser (2015) Atmospheric River (AR) catalog, for which ARs are iden-
tified according to a percentile threshold regarding integrated water vapor transport (IVT)
together with shape criteria. This identification might not be sensitive to the MN dis-
cussed here, for which enhanced northerly moisture transport is limited to the lower free
troposphere over a depth of ~200 hPa (Fig. 6). This moisture transport is insufficient
to produce an outstanding IVT signal, given that moist southerlies in the MBL are still
present during the MN episodes, counteracting the integrated moisture transport. This
explains why, from the 15 summer MCBs found by Bohm et al. (2021) between 1979—
2019, none correspond to MN episodes identified in this study. Nevertheless, the hori-
zontal moisture transport structure of the MNs resembles an AR in the lower free tro-
posphere (~850 hPa, Fig. 5d), bringing enough humidity to produce above-normal TCWV
anomalies offshore Atacama (Fig. 5e).

Warmer than normal SST has been acknowledged as a significant factor in precip-
itation events in the Atacama, primarily by enhancing humidity and instability (Bozkurt
et al., 2016). During MN episodes, SST increases in the Southeast Pacific, with anoma-
lies up to +1 K (Fig. 5f). However, we suspect that this warming is the consequence of
the MN synoptic pattern expressed with the overall weakening of the SEPA (Fig. 5c¢)
and reduced southerly winds at the surface, which lower the transport of cold waters from
the south and hinder coastal upwelling. Additionally, warmer SST during MN episodes
is typically confined to the coastal areas and coincides with neutral (~35%) or weak La
Nina conditions (~38%) in the Central Pacific (Fig. 7a), and with mainly neutral con-
ditions in El Nifio 142 (~69%, Fig. 7a). Thus, it is suspected that the observed warm-
ing offshore Pert and northern Chile during MN episodes is predominantly influenced
by changes in atmospheric circulation rather than being the primary cause of the MN
pattern and the associated precipitation.

Furthermore, the relationship between La Nina in the Central Pacific and MNs can
be partially explained by the weakening of the subtropical jet due to the reduction of
the meridional temperature gradient between the tropics and mid-latitudes. A weaker
jet stream allows the anomalous southward displacement of the BH (Garreaud et al., 2003),
enhancing the formation of the 850 hPa low-pressure offshore the Atacama and weak-
ening the SEPA. A similar impact can result from the active phases of MJO. For the pe-
riod 1979-2020 (period of data availability of the index), most of the MN cases are re-
lated to phases 7, 8, and 1 (~40%, Fig. 7b). These phases are associated with summer
heatwaves in central Chile (32-38°S, Jacques-Coper et al., 2021; Demortier et al., 2021)
due to a synoptic configuration over the Pacific and South America analogous to the MN
composite, i.e., an exacerbated strong ridge anomaly over the central Andes accompa-
nied by a trough anomaly over the Southeast Pacific. This upper-troposphere pattern
can also contribute to displacing the BH and the SEPA poleward, further helping to form
the 850 hPa low-pressure offshore Atacama. An example of this compound event was
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Figure 6. Vertical profile of the meridional humidity flux (red dotted line) for a box offshore
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horizontal lines. Data from ERAS5.

observed during the January 2019 study case, in which several cities south of 33°S recorded
record heat a few days before the extreme rainfall event in the Atacama (Jacques-Coper

et al., 2021). Yet, around 37% of the MN days still occur in the inactive phase of the MJO
(Fig. 7b).

3.3 Long-term trends and impacts of MNs

Given the importance of MNs in supplying moisture to the Atacama, the question
arises whether their frequency is affected by global climate change. The summer-averaged
TCWYV for a box offshore Atacama (18-23°S, 74-71°W) shows a positive trend, especially
evident in the periods starting between 1970-1998 and ending between 2018-2020, rang-
ing from 0.7 to 1.6 kg m~2 decade™! (Fig. 8a). These changes in the summer mean are
also observed in the daily means of TCWV (Fig. 8c). The probability distribution shows
that the upper-right tail extends to higher values during the 2011-2020 period compared
to previous decades, with the maximum values shifting from 45 to 55 kg m~2. The change
in the distribution also includes a shift from an unimodal to a bimodal distribution in
TCWYV, e.g., a secondary mode around 40 kg m~2 appears in the 2011-2020 distribu-
tion (Fig. 8c).

The increase in TCWYV observed in the box offshore Atacama is part of a regional
pattern in the Southeast Pacific. Taking the period 1991-2020, the mean TCWYV trend
reaches up to 2 kg m~2 decade™! and is significant at the 95% confidence level offshore
Peru and northern Chile (Fig. 9a). The 90" percentile of summer TCWYV shows a sim-
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Figure 7. (a) Scatter plot of monthly SST anomalies for Nifio 3.4 (x-axis) and Nifio 142
(y-axis) for each summer rainfall day in the Atacama Desert between 1960-2020, and (b) MJO
index (Wang et al., 2022) for each summer rainfall day in the Atacama Desert between 1979—
2020. It includes the previous 7-day MJO phase (thin line). In both panels, the color and shape
of the symbol represent the type of rainfall mechanism identified: red circle for moist northerlies
(MN), black diamonds for the Bolivian High (BH), green triangles for cut-off lows (COL), and
blue squares for tropospheric troughs (TT). In the upper left corner, the number of rainy days

(N) and the number of rainy days associated with MN are shown.

ilar spatial pattern, but almost doubles the trend of the mean, reaching up to 3 kg m—?2

decade™! near the Atacama coast (Fig. 9b).

The positive TCWYV trend results from a general increase in moisture throughout
most of the free troposphere and is most prominent in its lower levels (800-900 hPa, Fig.
10a). We attribute this trend to the rising frequency of the MN condition, this is, a de-

cline in the 850 hPa geopotential height offshore Atacama (Fig. 9c) that reinforces northerly

winds along the western coast of South America due to increased zonal pressured gra-
dient (Fig. 10b), enhancing moisture transport from the tropics in the lower free tropo-
sphere and leading to a positive trend in specific humidity at 850 hPa (Fig. 9d). The
warm trend in the SST offshore Atacama is spatially much more limited (Fig. 9¢) than
the general increase in TCWV. We suspect that this trend is potentially moistening the
MBL (Fig. 10a), although other factors may play a role (e.g., weaker southerly winds,
Fig. 10b).

The negative trend in the form of the 850 hPa low-pressure off the coast of Ata-
cama is a somewhat curious feature, considering that most of the subtropical and mid-
latitude regions exhibit a marked positive trend in the geopotential height and sea level
pressure as a consequence of global warming (Fig. 9c¢,f, and e.g., Gillett & Stott, 2009).
However, we suspect that both factors are linked. The poleward displacement of the sub-
tropical jet due to the Hadley cell expansion (Lu et al., 2007) allows a more frequent for-
mation of the BH in the upper troposphere at the synoptic scale as proposed by Garreaud
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Figure 8. (a) Heatmap of the multi-trend analysis of TCWV summer mean (December—
March) for a box offshore Atacama (18-23°S, 74-71°W) for different periods starting in 1971

and ending in 2020. Significance at 95% is marked with a black dot in the center of the box. (b)
Time series of summer TCWV from 1971-2020 averaged for the same box offshore Atacama.

The blue time series corresponds to the period 1991-2020, highlighted in the heatmap with a
black square. (c) The probability density of daily means of summer TCWYV in the same Atacama
offshore region for different decades (colored lines). TCWYV is obtained from ERAS5.

(1999). As discussed in the previous section, the anomalous poleward displaced BH is
conducive to forming the 850 hPa low-pressure offshore Atacama.

Additionally, the expansion of the Hadley cell results in a shift of the SEPA towards
the pole, relaxing the pressure gradient along the west coast of South America and po-
tentially helping the low pressure to form. The tropical expansion has been linked to global
warming induced by greenhouse gases (GHG) forcing (Lu et al., 2007), but other fac-
tors may also play a role. For example, the positive trend in the Southern Annular Mode
(SAM, Marshall, 2003), in which the polar jet weakens and displaced poleward, espe-
cially in austral summer (Fogt & Marshall, 2020), help to displace the southern edge of
the SEPA poleward. This trend is partially linked to the stratospheric ozone loss, with
GHG and tropical variability playing secondary roles (Fogt & Marshall, 2020). There-
fore, it is highly likely that the observed trend in moisture and circulation along the west
coast of South America results from several processes occurring at different time scales,
conspiring to produce a generalized increase in humidity transport to the Atacama Desert.

The MN episodes were identified in this study using a set of four weather stations
located in the hyperarid core. Nevertheless, we suspect that the MN can have an influ-
ence beyond this region. As few precipitation measurements exist in the Atacama, the
presence of vegetation could serve as an indirect proxy for past changes in the rainfall
regime. For example, the blooming desert or ”desierto florido” is frequently observed in
Southern Atacama (25-30°S) and is a good tracer of winter rainfall episodes. Similarly,
Chévez et al. (2019) found the first evidence of a ”pre-Altiplanic blooming desert”, trig-
gered by an anomalous wet summer in 2012 in the precordillera. This anomalous bloom-
ing was only observed recently despite research spanning from 1981 to 2015. This aligns
well with a wet year in the hyperarid core with at least four rainy days related to MNs
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significance of 95% of confidence level. In panels c, d, e, and f, the Andes cordillera is patched
white for altitudes above 850 hPa. Data from ERAS5.

(Fig.4a). The blooming seems to be part of a greater greening pattern affecting eastern
Atacama. Lepage et al. (2023) found a marked positive trend of the normalized differ-
ence vegetation index (NDVI) between 2000-2020 in a greening strip between Southern
Perti and Northern Chile (7.5-22.5°S). As the greening is so extended, it is unlikely to
be linked to land-use changes. We propose that the more frequent MN mechanism off-
shore Atacama observed in the last decades complements the classic easterly moisture
source for summer storms, increasing moisture availability on the eastern edge of the At-
acama and the precordillera, and inducing more frequent precipitation. The increased
moisture advected from the coast into the desert matches with recent estimations of rel-
atively high fog frequency in the precordillera (Bohm et al., 2021), which could further
provide water to vegetation.

4 Summary and conclusions

We have investigated summer rainfall episodes in the Atacama Desert using a case
study and a composite analysis from reanalysis ERAS, high-resolution WRF simulations,
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interquartile range of the boundary layer height (BLH, dashed thin black line) and the mean
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surface observations, satellites, and remote sensing. Around 75% of rainfall days and 65%
of total rainfall in summer in the hyperarid core of the Atacama are triggered by mois-
ture coming from the Pacific. We called these episodes Moist Northerlies (MNs), asso-
ciated with an anomalous southward displaced BH and a trough anomaly in the upper
troposphere over the southeast Pacific. This upper-troposphere dipole is conducive to
forming a non-frontal low-pressure system at 850 hPa offshore Perti and northern Chile.
In the forefront of the low pressure, an atmospheric river-like structure transports the
moisture from the tropical eastern Pacific to the south. This produces a marked increase
in TCWV offshore Atacama, reaching extreme values (up to ~55 kg m~2) that are typ-
ically observed over the Amazon basin.

Based on a case study, we found that the classic Rutllant Cell that brings dry air
from the subsidence region along the west coast of South America to the Andes is also
a moist circulation, pumping the moisture-enriched air from the lower free-troposphere
offshore Atacama to the interior. Surface-specific humidity can increase from 3 to 12 g
kg~! in the hyperid core and precordillera during the rainfall episode. The topographic
uplift triggers clouds along the precordillera, mainly as stratus clouds but with some cu-
mulonimbus embedded. Part of the moisture can reach the Altiplano and serve as a source
for the evening thunderstorms. Mid-troposphere easterly winds at night bring clouds to
the pampas and the coast. Evidence from 72 rainfall episodes in the Atacama shows that
this mechanism produces mainly light rain during the night (03-09 LT), although rain
can occur at any time of the day. The MNs affect mostly the northern part of the desert
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(i-e., Arica), the east (i.e., Quillagua and Calama), and decrease its influence to the south
(i.e., Antofagasta).

Most of the MN rainfall episodes occur during the neutral or weak La Nina con-
ditions in the Central Pacific, and during the phases 7-8-1 of the MJO. These large-scale

oscillations are conducive to weakening the subtropical jet and producing the upper-troposphere

dipole over the Southeast Pacific that is required to form the 850 hPa low-pressure sys-
tem. Our results suggest that this mechanism is driven mainly by atmospheric dynam-
ics and not by changes in local SST offshore Atacama. In fact, warmer than normal SST
anomalies over the Southeast Pacific accompanying the MN episodes seem to be a con-
sequence of the general weakening of the SEPA rather than a triggering mechanism of
the MNs and the precipitation.

Finally, a trend analysis highlights that the MNs have become more frequent within
the last ~30 years, further enhancing extreme values of TCWYV offshore Atacama. This
extra moisture supply explains the increase in MN rainfall episodes in the last decades
in the northern and eastern Atacama, the general wet trend across much of southern Peri
and Northern Chile, and the greening in the precordillera. Further measurements are needed
to correctly understand how Pacific-originate westerly moisture is transported inland,
considering the region’s complex topography. Future works must address the impact of
the Hadley cell expansion, GHG, and SAM on the MN rainfall mechanism accurately.

For example, statistically downscaled climate projections show increased summer rain-
fall in the Atacama under different future global warming scenarios (Araya-Osses et al.,
2020). We suspect that this increased summer rainfall could be influenced by enhanced
MN configuration. Furthermore, wetter conditions during globally warmer climates in
the past (e.g., Holocene and Pleistocene) have mainly been linked to enhanced periods
of El Nino in the Equatorial Pacific and its impact on winter rainfall (Ritter et al., 2019;
Gonzélez-Pinilla et al., 2021) may also be partially influenced by the rising frequency of
MN episodes in summer, a neutral-cold ENSO induced mechanism.

Open Research Section

ERA5 data (Hersbach et al., 2020) were downloaded from the Copernicus Climate
Data Store (CDS) via https://cds.climate.copernicus.eu/. Data from WRF sim-
ulation can be obtained from the CRC1211 database via https://www.crc1211db.uni
-koeln.de/. Rainfall data was obtained via: (1) CR2, http://www.cr2.cl/datos-de
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Event #71 | Date: 11-2-2012 | Type of event: MN | Total rain: 1.0 mm
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Figure S1. Example a composite for a rainfall day in the Atacama and the synoptic maps used
for the classification. The figures for the 96 identified rainfall days are available in Supporting
Information 1. At the top of the figure, it is shown the position of the event in chronological
order (oldest to recent, according to Table S1), the date (day-month-year), the type of event (MN:
Moist Northerlies, BH: Bolivian High, COL: Cut-off Low, and TT: Tropospheric Trough), and
the total rainfall as the sum of the four weather stations. (a) TCWV; (b) 250 hPa geopotential
height (shaded color) and horizontal wind (arrows), including intensity contours every 10 m s;
(c) 850 hPa geopotential height (contour lines) and horizontal humidity flux; and (d) 500 hPa

geopotential height (contour lines) and horizontal humidity flux. Data from ERAS5.
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Figure S2.  Time-vertical evolution of the specific humidity derived from (a) HATPRO at
Iquique Airport (IQQ) and (b) ERA5, averaged from the nearest four grid points around Iquique.
The 850 hPa level is shown in a black dashed horizontal line. In (a), vertical white strips show

no data in HATPRO.
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Figure S3. Synoptic evolution from 00 UTC 25 January 2019 to 00 UTC 30 January 2019
of 850 hPa humidity flux (shaded color and arrows above 30 g kg m s), 850 hPa geopotential
height (red lines, every 10 m) and 250 hPa geopotential height (black lines, every 50 m). The
topography is patched white for altitudes above 850 hPa. 850 hPa low pressure (L) and the 250

hPa Bolivian High (BH) are shown. Data from ERAS.
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Figure S4. Time series between 25 January 2019 at 00 UTC and 31 January 2019 at 00 UTC

of zonal moisture flux (red line) and specific humidity (blue line) from observations (OBS) and

WRF nearest grid-point for the CRC1211 weather stations (a) 14, (b) 15, (c¢) 22 and (d) 25.

Precipitation is included only for observations in blue bars. The location of the weather stations

is presented in Fig. 1b.
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Figure S5. Cloud snow-ice product (Bands M3-13-M11) from NOAA-20/VIIRS and SUOMI
NPP/VIIRS for (a,b) 28 January, (c,d) 29 January and (e,f) 30 January 2019. The same altitude
contours are shown in yellow lines at 0 m ASL (thick solid line), 1000 m ASL (thin solid line), 2000
m ASL (thin dotted line) and 3500 m ASL (thin dashed line). In (a), we included the location of

the main stations used in this study. Data obtained from https://worldview.carthdata.nasa.gov/
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