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Abstract

During the austral winter (June—August) of 2021, the meteorological services of Brazil, Argentina, Peru, Paraguay, Bolivia,
and Chile all issued forecasts for unusually cold conditions. Record-low minimum temperatures and cold spells were docu-
mented, including one strong cold wave episode that affected 5 countries. In this study, we define a cold wave as a period in
which daily maximum and minimum air temperatures are below the corresponding climatological 10th percentile for three
or more consecutive days. The intense cold wave event in the last week of June, 2021, resulted in record-breaking minimum
daily temperatures in several places in central South America and Chile. Several locations had temperatures about 10 °C
below average, central South America had freezing conditions, and southern Brazil even saw snow. The cold air surge was
characterized by an intense upper-air trough located close to 35° S and 70° W. The southerly flow to the west of this trough
brought very cold air northward into subtropical and tropical South America. A northward flow between the lower-level
cyclonic and anticyclonic perturbations caused the intense southerly flow between the upper-level ridge and trough. This
condition facilitated the inflow of near-surface cold air from southern Argentina into southeastern Brazil and tropical South
America east of the Andes. In the city of Sdo Paulo, the cold wave caused the death of 13 homeless people from hypothermia.
Frost and snow across southern and southeastern Brazil caused significant damage to coffee, sugarcane, oranges, grapes,
and other fruit and vegetable crops. Wine and coffee production fell, the latter by 30%, and prices of food and commodities
in the region rose.
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1 Introduction

< J. Marengo
jose.marengo @cemaden.gov.br Cold surges involve the incursion of cold and dry air masses

) ) from the southernmost part of the continent of South Amer-
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ated with hazardous weather. However, worldwide consen-
sus on a clear and consistent definition for cold wave events
does not yet exist (WMO 2015). Cold waves are usually
defined as persistent extreme low-temperature events sus-
taining specified temperatures below a certain threshold over
a minimum number of days (Radinovi¢ and Curié, 2014;
Peterson et al. 2013). This minimum temperature thresh-
old depends on the geographical region and time of year.
In some cases, cooling corresponds with—or is reinforced
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by—widespread radiative cooling during a blocking and
clear-sky atmospheric circulation (Garreaud 2000).

In South America, several observational and numerical
studies have documented how cold surges can dramatically
lower air temperature along their trajectory. Researchers
have used observations and global reanalysis to document
synoptic and dynamic characteristics of cold air surges in
tropical South America east of the Andes. Typically, cold
surges propagate towards the equator, and their path parallels
the Andes Mountains and Brazilian highlands as they move
northward (Garreaud and Wallace 1998; Garreaud 1999,
2000; Marengo et al. 1997a, 1997b, 2002; Krishnamurty
et al. 1999; Espinoza et al. 2013; Lupo et al. 2001; Ricarte et
al. 2015; Prince and Evans 2018; Sulca et al. 2018; Pezza
and Ambrizzi 2005; Metz et al. 2013; Lindemann et al.
2021; and references quoted therein).

The large-scale circulation at middle and upper levels
over South America during wintertime cold surges is char-
acterized by a mid-latitude wave, with a ridge to the west
of the Pacific coast of the continent, and a trough extending
southeastward from the subtropics into the South Atlantic
(Garreaud 1999). A resulting cold migratory anticyclone
positions at the surface over the continent’s southern tip in
the southern Pacific. In addition, a deepening cyclone cen-
tered over the southwestern Atlantic grows, mainly due to
upper-level vorticity advection (Marengo et al. 1997a). The
surface anticyclone is supported by mid-tropospheric subsid-
ence on the poleward side of a jet-entrance/confluent-flow
region over subtropical South America. The northern edge
of the anticyclone follows an anticyclonic path along the lee
side of the Andes. It reaches tropical latitudes two to three
days after its onset over southern Argentina (Garreaud 1999,
2000; Pezza and Ambrizzi 2005; Sicart et al. 2015; Segura
et al. 2022). The concomitant cold air surges produce low-
level cooling that can spread over the subtropical part of
the continent, sometimes reaching western Amazonia as far
north as 5° S (Marengo et al. 1997a; Espinoza et al. 2013).
The associated cold front also induces atmospheric instabil-
ity in the middle and upper troposphere.

Historical aspects of cold waves induced by cold surges
in central South America from 1888 to 2003 are studied by
Pezza and Ambrizzi (2005). These authors focus on extreme
cold events in Argentina and southern Brazil, with data
on snow accumulation in the mountainous regions of Rio
Grande do Sul, Santa Catarina, Sdo Paulo, Rio de Janeiro,
and Minas Gerais. They also consider frost and black frost
in the cities of Sdo Paulo and Campinas, and events that
caused widespread damage in Brazil’s southeastern coffee-
growing areas. Espinoza et al. (2013) define weather pat-
terns from 1975 to 2001 in tropical South America related
to cold surges reaching the Peruvian Amazon using ERA-40
reanalysis. They show that 52% of cold episodes registered
in the southern La Plata basin propagate northward to the

@ Springer

northern Peruvian Amazon at a speed of 20 ms™!. Prince
and Evans (2018) investigate cold surges that follow a path
along the Andes Mountains from the middle latitudes to the
tropics. They study austral winters (June—September) and
identify 67 events between 1980 and 2017 using the ERA-
Interim reanalyses. These events extend across the Amazon
basin for up to eight days. Finally, Escobar et al. (2019)
describe the climatology of cold surges between 1961 and
2012, using maximum and minimum temperatures of Cuiaba
in central-west Brazil. Three to four cold surges are reported
yearly (Brinkmann and Ribeiro 1972; Espinoza et al. 2013).

Case studies of intense cold surges in the Amazon region
are the focus of several studies. In the western Amazon
region, the locals call cold waves "friajes" or "surazos"
(indicating the southerly direction of cold air) in Spanish-
speaking countries (Espinoza et al. 2013), or "friagem" in
Brazilian Portuguese (Serra and Ratisbona 1942; Marengo
et al. 1997a, b). In early work, Morize (1922) and Myers
(1964) study cold surges and cooling in Amazonia. Morize
(1922) describes a June 1920 cooling event, when the tem-
perature in northern Amazonia, close to Manaus in Brazil,
dropped to 16 °C, causing the death of fish in lakes there.
Myers (1964) investigates a cold air intrusion in 1957 that
led to cooling in Amazonia, all the way to Venezuela, caus-
ing heavy rainfall and floods around 10° N. On July 19-20,
1975, minimum temperatures reached 8.0 °C in Pucallpa
and 4.5 °C in Puerto Maldonado, in the Peruvian Amazon
(where the long-term mean minimum temperatures for July
are 21.0 °C and 18.1 °C, respectively; Marengo 1984). At
the same time, minimum temperatures were almost 8 °C and
11.6 °C below average in Ji-Parana and Rio Branco (in the
southern Brazilian Amazon) (Marengo et al. 1997b). More
recently, Camarinha-Neto et al. (2021) study the cold surge
event of July 9-11, 2014, that reached the Amazon. They
investigate changes in trace gas concentrations and atmos-
pheric chemistry in the Amazon basin that accompanied this
event, using data from the Amazon Tall Tower Observatory
(ATTO) experimental site. These authors conclude that cold
air intrusions could strongly interfere with microclimatic
conditions and the atmosphere’s chemical composition in
the dense forest in the center of the Amazon basin.

Some individual cases with impacts on population and
agriculture have been documented in recent decades (Ham-
ilton and Tarifa 1978; Fortune and Kousky 1983; Marengo
et al. 1997a, b; Garreaud 2000; Vera and Vigliarolo 2000;
Marengo et al. 2002; Miiller et al. 2005; Pezza and Ambrizzi
2005; Miiller and Berri 2007; Espinoza et al. 2013; Muller
et al. 2015). Perhaps the most intense episodes occurred in
July 1975 and in June and July, 1994. In 1975, cold waves
induced by surges of polar air were responsible for consider-
able losses in coffee production (estimated at USD $75 mil-
lion), destroying almost 51% of Brazil’s crop (Fortune and
Kousky 1983; Marengo et al. 1997a). Willis (1976) reports
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that the July 1975 cold wave harmed some species of local
avifauna, and favored others, in the upper Paraguay basin
and the southern Brazilian Amazon, thus affecting the eco-
system. The cold event of June 26, 1994, caused a sharp drop
in coffee production and a dramatic price increase. That day,
minimum temperatures reached — 1.0 °C in Londrina and
Foz do Iguazu, in the State of Paran4, and frost burned most
of the coffee fields (Marengo et al. 1997a). In July 2011, a
cold event produced snow on the Altiplano of Chile, affect-
ing grape and avocado production and exports (Mendonga
and Romero 2012). In June 2018, the southern Peruvian
Andes suffered heavy snowfall and cold conditions, substan-
tially harming local people and their livelihoods (Bazo et al.
2021). Associated hazardous conditions, such as frost and
ice, often cause severe impacts on human health, agriculture,
and heating costs, even resulting in mortality for humans and
livestock in central and southern South America (Lanfredi
and Camargo 2018; Bazo et al. 2021).

Pezza and Ambrizzi (2005) show that extreme cold events,
with record-low temperatures in Brazil and Argentina, have
grown relatively less frequent, compared with previous dec-
ades. They also investigate how sea surface temperature (SST)
in the Atlantic and South Pacific oceans and the sea ice cover
around Antarctica affect the northward displacement of air.
As for trends in cold and warm extremes, the frequency and
intensity of extreme cold have decreased globally since 1950,
with fewer cold nights in South America (Seneviratne et al.
2021). However, trends vary among studies, data sets, and
regions (Dunn et al. 2020; Alexander et al. 2006; Donat et al.
2013). For example, Dunn et al. (2020) use the HADEX3
data set to identify a reduction of 1-2 days of cold condi-
tions (TN10; cool nights, defined as a percentage of days with
minimum temperatures below the 10th percentile) per decade
from 1950 to 2018, mainly over Central America and tropical
South America. Donat et al. (2013) find a similar trend using
the HADEX?2 data set for 1951-2010. They identify a slight,
non-significant positive trend in the duration of cold spells
over northern Argentina. In this region, and in southern Brazil
and Paraguay, Balmaceda-Huarte et al. (2021) find significant
downward trends in the frequency of cold nights and cold days
(TX10; warm nights, defined as the percentage of days with a
maximum temperature lower than the 10th percentile), rely-
ing on multiple observational data sets and reanalysis of the
period from 1979 to 2017. Based on data from meteorological
stations, Dereczynski et al. (2020) find stronger decreasing
trends of TX10 and TN10 from 1969 to 2009 over Amazo-
nia and northeastern Brazil than in southeastern and western
South America. These results agree with those of Skansi et al.
(2013), who also find significant reductions in cold spells from
1950 to 2010. Ceccherini et al. (2016) study the frequency of
cold waves using the Global Surface Summary of the Day
(GSOD) meteorological data set. They find no significant

change in cold waves between 1980 and 2014 in southeastern
South America.

In 2021, a few intense winter cold surges affected central
South America and Chile. One of the most intense cold waves
occurred in the last week of June and into July. It extended
from western Amazonia and intensified towards southeastern
Brazil. Its greatest intensity was in southern Brazil, Paraguay,
Bolivia, northern Argentina, and central and southern Chile.
The cold front passage under post-cold-front cold-core anti-
cyclone conditions. Meteorological agencies reported these
intense cold surges, accompanied by snow, hail, and freez-
ing rain, in central South America and central and southern
Chile during the last week of June, and from the second half
of July to the beginning of August. In some cases, the cool-
ing extended to northern Bolivia and the Peruvian Amazon,
reaching lower latitudes. New historical record-low tempera-
tures were measured in some locations east of the Andes, from
western Amazonia to southeastern Brazil. Few people died due
to the cold weather, but damage to crops was severe, mainly
in the agricultural lands of south-central Brazil, Bolivia, and
Paraguay. Based on the information available to date from state
agencies, news media, and agricultural organizations, the cold
waves in June and July 2021 were comparable, in terms of both
intensity and of damage to agriculture (coffee, corn, and sugar
cane production and prices), to the well-documented historical
cases of June 1975 and June 1994 (Marengo et al. 1997a, b;
WMO 2022).

In light of the history and documentation of past cold
events in South America, this study comprehensively ana-
lyzes features of the cold spells and waves that affected cen-
tral South America during the austral winter of June—August
2021. The study comprises Central South America, from the
Amazon region to south-central Brazil, the Andean-Amazon
regions of Bolivia and southern Peru, Paraguay, and north-
ern Argentina. We investigate one cold wave that occurred
during the last week of June 2021, assessing its intensity,
spatial extension, and regional cooling patterns. This event
affected all countries in central South America east of the
Andes. We examine the daily variability of maximum and
minimum temperatures from 36 meteorological stations to
identify days with both cold waves and cold spells. In addi-
tion, we study regional and large-scale circulation patterns
related to these cold waves. Finally, we discuss the local
impacts of cold weather on human activities and long-term
cooling trends in the region.

2 Data, data sources, and method

2.1 Data

For this study, we use both daily minimum and maximum
surface air temperatures (T ;, and T respectively)

min max?
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from 36 weather monitoring stations (Table 1, Fig. 1). The
data are provided by the meteorological services of Brazil
(INMET-www.inmet.gov.br), Bolivia (SENAMHI-senambhi.
gob.bo), Paraguay (DMH-www.meteorologia.gov.py), Peru
(SENAMHI-www.senamhi.gob.pe), and Argentina (SMN-
www.smn.gob.ar). In addition, we use rainfall data from the
Global Precipitation Climatology Center (GPCC-https://

climatedataguide.ucar.edu/climate-data/gpcc-global-preci
pitation-climatology-centre). The GPCC gauge-based grid-
ded precipitation dataset is available for the global land sur-
face only and are available in the spatial resolutions of 1.0°
latitude 1.0° longitude.

The focus of the study is the austral winter season from
June to August 2021. Daily data allows day-to-day analysis

Table 1 Long term mean LTM
climatology (1981-2010)

Station

Lat (°S) Lon (°W) Altitude (m) June July

of maximum and minimum Brazil
temperature in stations from

TMax/TMin (°C) TMax/Tmin (°C)

Central South America . Brasilia 1579
used in this study. (Source: 2. Goiania 16.67
Meteorological Services of 3. Irati 25.50
Brazil, Bolivia, Argentina, 4. Sdo Paulo-M. Santana 23.50
Paraguay and Peru) 5. Rio de Janeiro 22.86
6. Caxias do Sul 29.17
7. Rio Branco 9.96
Bolivia
8. Ascension de Guarayos  15.92
9. Puerto Suarez 18.98
10. San Ignacio de Velasco 16.38
11. Santa Cruz Trompillo 17.80
12. Riberalta 11.00
13. Yacuiba 21.97
14. San Joaquin 13.05
15. Cobija 11.04
Argentina
16. Corrientes 27.47
17. Las Lomitas 24.70
18. Pdte Saenz Pena 26.78
19. Formosa 26.18
20. Obera 27.48
21. Resistencia 27.45
22. Iguazi 25.60
23. Posadas 27.36
24. Tinogasta 28.06
25. Catamarca Aero 28.6
26. Jujuy Aero 24.38
Paraguay
27. Mariscal Estigarribia 22.03
28. Puerto Casado 22.29
29. Pozo Colorado 23.49
30. Paraguari 25.62
31. Asuncién 25.23
32. Concepcién 23.44
33. Pilar 26.85
Peru
34. Moyobamba 6.04
35. Puerto Inca 9.22
36. Amazonas 3.76
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47.93 1161 25.0/13.9 25.2/13.7
49.26 749 29.7114.3 30.1/14.2
50.64 882 19.8/8.9 19.9/7.9

46.62 785 22.5/13.0 22.4/12.3
43.41 31 26.5/19.3 26.0/18.7
51.19 760 17.4/9.5 17.1/8.7

67.87 160 30.4/18.3 31.3/17.5
63.17 237 27.7116.4 28.4/15.2
57.82 134 26.9/17.1 27.2/16.1
60.96 416 27.4114.7 28.3/13.4
63.18 420 24.4/16.5 25.0/15.6
66.08 135 30.7/18.8 31.7/17.8
63.65 646 21.0/9.8 22.3/8.3

64.67 140 30.1/18.4 31.2/17.0
68.78 235 30.1/17.7 30.8/16.7
58.84 62 21.0/11.6 21.1/10.4
60.61 130 23/4/11.8 24.1/10.4
60.43 93 21.8/11.1 22.2/9.7

58.17 60 22.4/12.9 22.4/11.7
55.12 303 21.1/11.2 21.3/10.5
58.98 52 21.3/10.8 21.4/9.5

54.57 270 21.7/11.7 22.2/10.9
55.89 125 21.9/12.4 21.9/12.0
67.57 1201 19.9/0.8 19.8/0.2

65.77 464 20.0/5.3 20.2/4.4

65.08 907 19.7/6.8 20.3/5.8

60.61 167 25.4/13.6 26.5/12.6
57.94 78 25.6/15.2 25.7/14.1
58.79 98 25.2/15.4 25.8/12.7
57.14 116 23.4/10.0 23.9/11.9
57.51 83 23.2/13.9 23.3/13.0
57.43 75 25.1/14.3 25.4/13.0
58.30 58 22.0/19.3 21.9/19.5
76.97 860 28.7/17.8 28.9/17.2
74.96 175 30.4/20.4 30.7/20.0
732 2334 30.7/22.3 31.3/21.9

Numbers in the first column to the left shows the location of the stations in Fig. 1
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Fig.1 Map showing locations of the 36 stations used in this study.
Station number appears in the first column (left side) near the name
of the station on Table 1

of temperature variability in central South America during
cold-spell episodes, and identification of cold waves. The
baseline for calculating anomalies is the 1981-2010 long-
term mean (LTM). All these meteorological data come from
the websites of the meteorological agencies, and are avail-
able upon request. Our study uses the daily minimum and
maximum temperature and precipitation-gridded data from
the NOAA Climate Prediction Center (CPC) (npsl.noaa.gov/
data/gridded/data.cpc.globaltemp.html).

To corroborate the characteristics and impacts of cold
waves in the winter of 2021, we rely on auxiliary informa-
tion from weather reports issued by national meteorologi-
cal services, from newspapers and other media reports, and
from national and international agencies. Although the
study region is central South America, we also consider
information from Chile and northern Argentina. Central and
southern Chile were affected by cold wave episodes from
June to August 2021 due to the cold-core anticyclone as it
approached South America. Therefore, we include informa-
tion on cooling in some locations not listed in Table 1, from
weather reports on the Chilean Meteorological Service’s
website (Direccidon Meteoroldgica de Chile, www.meteo
chile.gob). More details on minimum temperature variability
during cold waves in the wintertime of 2021 in other loca-
tions not in Table 1, from central South American countries
and Chile, appear in supplementary material.

2.2 Definition of a cold wave or cold spell event

Considering the lack of a clear and consistent definition for
cold wave and cold spell events around the world (WMO
2015), in this study we consider that a cold wave event is
one that persists for at least three consecutive days with daily
minimum and maximum temperatures (T,;, and T,.) below
the 10th percentile. If both T ;, and T, ,, drop below the

min max

10th percentile, but for fewer than three days, we use the
term “cold spell”.

We derive the daily threshold values for T, ;, and T,
from a 30-year climatological baseline period (1981-2010)
in the CPC-NOAA dataset. Cold waves are detected in the
June—August winter season.

2.3 Circulation fields related to cold waves

We learn from previous studies (see Sect. 1) that cold air
surges arise from the meridional exchange of air masses
between the tropics and mid-latitudes east of the Andes.
These winter cold air surges may be responsible for frost
events in this region of South America. Therefore, we wish
to establish the relationship between surface cooling and
lower- and upper-air circulation for the cold wave episode
selected as a case study.

To study the surface synoptic circulation features for
South America during the selected cold wave event from
June to July 2021, we use the surface charts at the 00 GMT
available from the Brazilian Navy (www.marinha.mil.br/
chm/dados-do-smm-cartas-sinoticas/cartas-sinoticas). The
850- and 200-hPa winds and stream function variables show
the Southern Hemisphere’s large-scale circulation (cyclonic
and anticyclonic anomalies) of the rotational component
of the atmospheric flow. In addition, we consider 850-hPa
temperature fields. The latest-generation reanalysis ERAS
allows us to analyze lower-level and upper-level large-scale
atmospheric circulation and air temperature. The ERAS rea-
nalysis has a horizontal spatial resolution of 0.28° grid size,
or~30 km (Hersbach et al. 2020). We obtain daily means by
averaging data available every 6 h for each variable of inter-
est. We compute anomalies of horizontal winds and stream
function at 850 hPa and 200 hPa for the June 26-July 1 case
study of cold waves in the winter of 2021. For this analysis,
we define a Day 0, which is strongly influenced by the cold
core anticyclone that has crossed the Andes (high pressure
anomalies centered over central Argentina; around 40° S and
70° W), and when the coldest day occurs in a region north
of Paraguay (around 20° S and 60° W). Then, we go back-
ward and forward to see the circulation patterns from 2 days
before until 3 days after Day 0. Anomalies of streamfunction
are calculated for these few days before and after Day O.
Since the coldest day is defined in northern Paraguay, and
from the location and extension of the cold core anticyclone,
we expect northward propagation (to the northwest along
the Andes, and to the northeast towards southeast Brazil-
Argentina) of the cold air in subsequent days. Anomalies are
computed relative to the climatological mean from 1981 to
2010 for winter only.

To limit the fluctuation within a 30-day window, we
apply a temporal high-pass Butterworth filter to the vari-
ables of interest. This filtering removes the seasonal cycle
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and excludes variability due to the Madden—Julian Oscilla-
tion over this region (e.g., Alvarez et al. 2016; Mayta et al.
2018). In addition, the Butterworth filter allows us to control
the sharpness of the cutoff on discarded frequencies, known
as the order of the filter. Low order in the filter is related to
a smooth-frequency cutoff (Roberts and Roberts 1978). In
this work, we use the 5th order. This time-filter technique
is widely used in meteorological sciences (e.g., Zeng et al.
2008; Berntell et al. 2018; Segura et al. 2022).

Because the extreme cold wave events occur due to a
southerly cold air surge moving from higher latitudes, we
examine the temporal evolution of surface meridional wind
and temperature at 850 hPa from ERA-5 reanalyses for dif-
ferent locations between 9 and 29° S during the cold wave
of June 26 to July 1, 2021.

3 Results

3.1 Maximum and minimum temperatures
in central South America during June and July,
2021

Reports from national weather services of central South
America and Chile, news, websites, United Nations organi-
zations, and private meteorology companies (e.g., Cli-
matempo in Brazil) identify cold episodes from June to
August 2021: June 14-18, June 28 to July 4, and July 27-31.
Some of these were later characterized as cold waves. In
addition, some regions established new historical minimum
temperature records and occurrence of frost and snow on
these dates. Figure 2a—d shows anomaly maps for monthly
minimum and maximum temperatures, and 2e—f shows
rainfall anomalies for June and July 2021. In June, cold
minimum temperature anomalies (0 to — 2 °C) occurred in
a few locations in southern Brazil, Bolivia, Paraguay, and
Argentina, while maximum temperatures were warmer than
average in most of tropical South America. In July, the daily
temperature amplitude was larger. Central, southern, and
southeastern Brazil, Paraguay, parts of Bolivia, and north-
ern and central Argentina exhibited negative minimum tem-
perature anomalies (— 1 to — 4 °C). However, these regions
also recorded positive maximum temperature anomalies (up
to+3 °C).

Rainfall anomalies can partially explain monthly tem-
perature anomalies. Figure 2e shows anomalously wet
conditions in southern Brazil and northern Argentina in
June 2021, resulting in cloudier days, negative maximum-
and minimum-temperature anomalies, and lower thermal
amplitude. In July, anomalously warm and dry conditions
in Bolivia, Paraguay, Argentina, and southwestern Brazil
were related to the drought affecting the Parani-Plata basin
since 2019 (Naumann et al. 2021). Figure 2f suggests that
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drier-than-normal conditions over these regions in July 2021
resulted in clear skies during the day, allowing for more
pronounced daily warming and nighttime cooling than usual.

Figure 3 shows the evolution of maximum and mini-
mum temperatures between June and August 2021 in the
36 stations listed in Table 1 and displayed in Fig. 1. Lower
minimum and maximum daily temperatures affected south-
eastern and central-western Brazil, southeastern Paraguay,
eastern Bolivia, northern Argentina, and the southern Peru-
vian Amazon. For example, between June 28 and July 28,
some days showed minimum and maximum temperatures
6—10 °C below the LTM (Table 1) in Argentina, Bolivia,
Paraguay, and Brazil. In the Peruvian Amazon, the differ-
ences were about 3—5 °C. Three cold events were detected:
June 13-16, June 26-July 4, and July 27-31 in Brazil,
Argentina, Bolivia, and Paraguay. In the Peruvian Amazon,
the latter two events were more intense. From June 15-21,
2021, Argentina reported a cold surge intrusion that lowered
the temperature over much of the country, dropped snow in
some regions, and set several new low-temperature records.
However, the maximum temperature did not drop below the
10th percentile.

Later, on June 28 the minimum temperature dropped
below the 10th percentile, thus meeting the definition of
a cold spell rather than a cold wave. In the same period,
news media reported frost conditions starting on June 20 that
impacted coffee-growing areas in southeastern Brazil (Per-
fect Daily Grind PDG, 2021). In addition, the cold air mass
moved over Brazil’s agricultural areas by July 26, further
damaging coffee and sugarcane crops already hurt by strong
frosts the week before, and by the third consecutive year of
drought. Finally, this cold wave brought freezing conditions
to southeastern Brazil’s agricultural belt, something not seen
since 1994 (WMO 2022).

Reports from meteorological agencies and news media
provide details of record-low temperatures at some
weather stations in the five countries in central South
America and Chile during June and July 2021. Thanks
to a powerful cold air mass in the last half of June 2021,
Argentina, Uruguay, Paraguay, Bolivia, and Brazil suffered
extreme and unprecedented cold weather outbreaks, with
historic snowfall across some regions. These reports cor-
roborate the tendencies observed in Fig. 3. In Brazil, CLI-
MATEMPO and INMET reported that after the passage
of the cold front on June 26, temperatures dropped in the
southern Brazilian Amazon (Rio Branco in Fig. 3), and by
June 28, central and southern Brazil, Uruguay, Argentina,
and Paraguay saw the world’s largest negative cold anom-
aly outside the poles. In Argentina, the SMN reported cold
weather around June 19 in northeast Argentina, Bolivia,
and Paraguay, while the cold waves were concentrated
around June 26 and July 28. On June 27, cold spells and
rare snow were reported in Buenos Aires and Santa Fe
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Fig.2 Minimum temperature (T,,;, in °C) anomalies (a, b); Maxi-
mum temperature anomalies (T,,, in °C) (¢, d); and rainfall anoma-
lies (e, f) for June and July 2021 (mm/month). Minimum and maxi-
mum temperature data comes from CPC, rainfall comes from the

provinces. The observatory in the capital registered 8.5 °C
on June 27, followed by historic overnight lows. On June
28, several areas registered their coldest mornings of the
year, including — 4 °C in Mendoza Aero, — 3.9 °C in Saint
Martin, and — 6.9 °C in San Rafael. In Peru, SENAMHI
reported on July 28 that minimum temperatures were
around 13 °C in Puerto Inca in central Peruvian Amazo-
nia. The Chilean Met service issued a forecast for cold
weather in central Chile, and a cold wave from July 26-28

GPCC. Both temperature and rainfall anomalies are relative to the
1981-2010 LTM. Color scale is shown on the lower left side of the
map (a—d) and on the lower side in panels e, f

(see supplementary material for additional information on
cooling during June and July 2021).

3.2 Identification of cold wave episodes
A cold wave is defined using the criteria explained in
Sect. 2.2. Figure 4 identifies cold episodes between June

12 and August 31, 2021 for the 36 stations listed in Table 1.
The black frame in a blue box delimits a cold wave event,

@ Springer
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Fig.2 (continued)

when daily minimum and maximum temperatures are below
the corresponding climatological 10th percentile for at least
three consecutive days. The blue box indicates when daily
minimum and maximum temperatures are below the cor-
responding climatological 10th percentile, but for less than
3 days, representing cold spells. Cold waves (represented
by red boxes in Fig. 4) were detected from June 26 to July 1
at 10 of the 36 stations, and from July 27 to 31 at 2 stations
from Argentina. Cold waves were also detected in Paraguari
(Paraguay) on June 17-19 and in Rio de Janeiro (Brazil) on
August 12—-14. The first wave was longer, affected five coun-
tries, and reached lower latitudes. This is consistent with the
cooling observed at the station level from Fig. 3.

The first cold wave of winter 2021 lasted four days in
Caxias do Sul (June 28-July 1). It lasted three days in south-
eastern Brazil (Rio de Janeiro, Irati) and in Rio Branco,
in the western Brazilian Amazon (June 29-July 1). This
cold wave also lasted three days in the Bolivian lowlands
(June 28-July 1 in the southern and central regions, and
June 29-July 2 in the north). In Argentina, the cold wave
in Posadas lasted from June 28-30. Puerto Inca, in the
central Peruvian Amazon, felt the cold wave later, on June
29-July 2 (SENAMHI-Peru). Figure 4 shows that only cold
spells were detected on these dates in Paraguay, northern
and central Argentina, and central-west Brazil. However,
Paraguay’s meteorological service reported cold waves
from June 28 to 30 in several locations. On June 30, several
places in Paraguay recorded their coldest temperatures ever:
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Mariscal Estigarribia (— 2.6 °C, LTM: 13.6 °C), Pozo Colo-
rado (— 2.0 °C, LTM: 13.5 °C), and Aeropuerto Guarani
(= 1.5 °C, LTM: 12.8 °C). Pedro Juan Caballero (1.0 °C,
LTM: 13.4 °C) matched its previous 1.0 °C record-low
from June 30, 1996 (Direccién de Meteorologia e Hidrolo-
gia-Paraguay). However, Fig. 4 does not show these events
as cold waves. This is probably because cold waves in this
country are defined based only on minimum daily tempera-
tures below the 10th percentile, whereas our methodology
requires both minimum and maximum temperatures below
the 10th percentile for at last three consecutive days.

In Bolivia, coldest-ever temperatures were recorded on
June 30 in Ascencién de Guarayos (1.2 °C, LTM: 15.2 °C).
Puerto Suarez matched its lowest-ever for June (1.0 °C,
LTM: 17.1 °C). On July 4, Puerto Suérez in the Pantanal
experienced its coldest temperature ever recorded (— 2.5 °C,
LTM: 16.1 °C) (SENAMHI-Bolivia, Swiss Info 2021). First-
ever or extremely rare frosts in the Chiquitania and Pantanal
regions, between latitudes 16° S and 19° S, contributed to
vegetation drying (and dying) in a context of an ecosystem
(Chiquitano dry forest) already debilitated by the wildfires
of previous years. All told, it was probably the most intense
cold event of the last 50 years in those regions.

While some of these stations are listed in Table 1, we
use additional information from other stations. Although not
in Table 1, these stations’ data are available from weather
reports from SMN-Argentina, INMET-Brazil, DMH-
Paraguay, SENAMHI-Bolivia, and SENAMHI-Peru. This
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Fig.3 Time series of minimum
(T i in °C) and maximum tem-
peratures (T, ,, in °C) from June
1 to August 30, 2021, at stations
in Argentina, Brazil, Paraguay,
Bolivia, and Peru (Table 1).
Sources of data: INMET
(Brazil), SMN (Argentina),
SENAMHI (Peru), SENAMHI
(Bolivia), and DMH (Paraguay).
Name of station is indicated
above each panel
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Fig.4 Identification of cold waves (red boxes) and cold spells (blue
boxes) based on the simultaneous occurrence of daily minimum and
maximum temperatures below the corresponding climatological 10th
percentile (Tmax10 and Tminl0) for weather stations in the study

additional information provides a better picture of the
degree and geographical extent of cooling in the region (in
Sects. 3.2 and 3.3). This new information includes the daily
minimum temperatures and the respective LTM (see Table
S.1 in the supplementary material). Therefore, based on
Fig. 4 and the additional information listed in the supple-
mentary material, we define a case study of one cold wave
period for further analysis, starting on June 26 and ending
on July 1%,

From Figs. 3 and 4, the coldest day occurred between
June 28 and 30 (Fig. 3). The cold wave began between June
28 and 29 (Fig. 4). The slight difference in dates is likely
due to Fig. 3 using station data, and Fig. 4 the NOAA CPC
gridded temperature data.

3.3 Regional climatic features of June 26-July 1,
2021

Figure 5a, b shows the minimum and maximum temperature
anomalies at a regional level for this case study. From June
26 to July 1, anomalies extended from central and south-
ern Brazil, central and northern Argentina, and Paraguay to
eastern Bolivia, western Brazil, and the Peruvian Amazon,
with maximum daily temperatures of 3—4 °C below aver-
age. Minimum daily temperatures of at least 4 °C less than
baseline occurred in the same regions and extended further
into central and southern Chile. During this cold wave epi-
sode, maximum daily temperature anomalies (at least — 4 °C
lower than baseline) arose in southeastern Brazil, northern
Argentina, and Paraguay. Anomalies in Bolivia and western

@ Springer

area. Stations from Argentina, Bolivia, Brazil, Paraguay and Peru are
organized showing the northernmost stations at the top and southern-
most stations at the bottom. Countries are indicated by color boxes.
Geographical location of the stations is shown in Table 1 and Fig. 1

Amazonia were from — 1 to — 3 °C. See the supplementary
material for more information on minimum temperatures in
other locations during this cold wave.

3.3.1 Cold wave of June 26-July 1, 2021

3.3.1.1 Synoptic surface features The synoptic charts
of June 26-July 1, 2021, at 00 UTC (Fig. 6a—f) show that
on June 26, a high-pressure system in the southern Pacific
Ocean, with a maximum value of 1032 hPa, approached the
coast of Chile and extended a weak ridge (green lines rep-
resent ridges) with its axis parallel to approximately 36° S
latitude. Likewise, another ridge to the southwest advected
cold air from high latitudes and supported the displacement
of a cold front affecting southern Argentina. Further north,
low pressure predominated over the continent. A deep extra-
tropical cyclone associated with a cold front was seen in
the southern Atlantic Ocean. On June 27, a migratory high-
pressure system in the Pacific Ocean evolved (1034 hPa),
crossed the Andes, and extended a ridge to its lee side. The
system generated a strong northward transport of cold air in
low layers of the atmosphere, reaching central and northern
Argentina. In the extreme south of Brazil, on the coast of the
Atlantic Ocean, a low-pressure system with minimum value
of 1008 hPa was observed. The cold branch of a frontal
wave, associated with it, affected the center-north of Para-
guay’s territory and southern Brazil.

On June 28, the center of the cold-core high-pressure
system crossed the Andes, supporting the movement of the
cold front separating the anticyclone from the warmer air
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Fig.5 Maximum and minimum temperatures (T, T, in °C)
anomalies (a, b) for the cold wave identified in Fig. 4 (June 26-July
1st). Data from CPC. Anomalies are relative to the 1981-2010 LTM.
Color scale is shown to the right side of the panel. Black asterisks

located to the north of the system. An intense extratropical
cyclone with a minimum value of 996 hPa was observed
on the Atlantic coast between Argentina and southern Bra-
zil. This system generated a strong pressure gradient over
the continent, accelerating wind and cold-air advection
from the south towards lower latitudes, breaking into the
southern reaches of Bolivia’s territory. On June 29, the
center of the anticyclonic system was located over central
Argentina. It extended a ridge to the northwest, transport-
ing cold air to western Amazonia. On June 29 and 30, the
cold core anticyclone reached 1032 hPa. It was located
between 20-30° S on the coldest days. The extratropi-
cal cyclone on the coast of southern Brazil into northern
Argentina continued to intensify. It reached a minimum
value of 988 hPa, strengthening the southern component
winds over the coast of Argentina, Uruguay, and southern
Brazil. By June 30, this low-pressure center was named
subtropical storm Raoni by the Brazilian Navy. With its
associated polar vortex and extratropical cyclone, it pro-
duced snow and frost in southern and central Brazil (G1,
2022). This storm intensified by July 1. The low-pressure
system on the coast of Uruguay and southern Brazil acted
as a “pump,” helping to quickly transport the cold air
mass towards the north, reaching tropical latitudes. On
that day, the high-pressure center moved over Paraguayan
territory, and the axis of the system’s ridge showed its
highest amplitude, reaching latitude 5° S over the Peru-
vian Amazonia. The high-pressure system’s position, the
low cloudiness, and the strong nocturnal irradiation deter-
mined the low minimum temperature in most of central
South America.

represent some points (grid boxes) where time series of temperature
and meridional have been plotted in Fig. 10, for 23 June to 7 July
2021

3.3.1.2 Near-surface temperature fields The 850-hPa air
temperature field anomalies from June 26 to July 1 (Fig. 7a—
f) should be analyzed together with Fig. 6a—f. Low tem-
peratures appeared off the coast of Chile by June 26, around
40° S and 80° W over the southern Pacific and extreme
southern South America (around 6 °C below average). As
it crossed the Andes by June 27, the cold air was located
over southern Argentina and Chile from 30 to 50° S. As it
invariably does, the cold air wrapped around the southern
portion of the Andes and propagated northeastward, east of
the Andes, to remain stationary around 25° S with cooling
reaching — 6 °C. On June 28, the coldest days over central
Argentina, Paraguay, central and southern Brazil, and east-
ern Bolivia, the cold air extended to northwest Amazonia,
western Amazonia, and the area of South America east of
the Andes between 0 and 50° S. The cold air was propelled
by the sub-tropical storm Raoni (cooling between — 8 °C in
southern Brazil and — 4 °C over the Peruvian and Bolivian
Amazon regions).

On June 29 and 30, the cooling diminished in southern
and southeastern Brazil. Meanwhile, the cold air moved over
the western Brazilian Amazon, even reaching the equator.
Notably, warm anomalies appeared ahead of and behind the
cold anomaly from June 26 to 28 (warming between 4 and
7 °C). High-latitude warming is a general characteristic of
cold waves, not restricted to North and South America (e.g.,
Kanno et al. 2015; Yu et al. 2015).

In sum, Figs. 6a—e and 7a—e indicate that in the June
26-July st event, a cold-core anticyclone moved a cold air
mass forward into lower latitudes off the coast of Chile. It
crossed the Andes, and then, due to the pumping effect of a
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Fig.6 Surface synoptic charts for South America, June 26-July 1 (a—f) for the 00 GMT. Maps provided by the Brazilian Navy Meteorological
Department. Green arrows represent ridges as areas under the direct influence of the high-pressure system with the cold air incursion
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Fig.6 (continued)

subtropical storm on the Atlantic, this cold air reached the
equator by June 28 to 30. This pattern of cold air surges in
tropical and subtropical South America east of the Andes
is associated with large anticyclonic perturbations near the
surface coming from the Pacific Ocean and wrapping around
the Andes from the southwest. This is consistent with analy-
sis of Marengo et al. (1997a, 2002), Garreaud (1999, 2000),
Vera and Vigliarolo (2000), and Krishnamurti et al. (1999).
Additionally, drought in 2021 (which had started in 2019
and would continue in 2022) affected most of central South
America and the Parana-La Plata basin. Some of the harm to
regional agriculture was due to the combination of drought
and cold events.

3.3.1.3 Large-scale circulation fields For high-level and
low-level large-scale circulation and temperature and based
on the dates of the occurrence of cold waves in southern
Brazil and northern Paraguay, we select June 28 as Day 0.
The 850 hPa stream function map (Fig. 9a—f) shows that
cold air intrusions in tropical and subtropical South Amer-
ica east of the Andes accompanied the large anticyclonic
perturbations near the surface coming from the Pacific
Ocean and wrapping around the Andes from the south-
west. This is consistent with Marengo et al. (1997a, 2002),

Garreaud (1999, 2000), Vera and Vigliarolo (2000), and
Krishnamurti et al. (1999). The June 26-30 cold wave fol-
lowed a large anticyclonic perturbation around 100° W over
the Pacific Ocean on Day — 4 (not shown) that approached
the coast of South America (Fig. 9). This anomaly wrapped
around the southern tip of the Andes from the southwest on
Day — 2. It grew more intense on Day — 1 over the southern
tip of South America; therefore, the conjoint of the hori-
zontal vorticity advection and increased vorticity generation
was due to column stretching/upward velocities (Marengo
et al. 1997a). From Day — 1 to 0, the anomaly remained sta-
tionary over southern South America. Then, the signal of a
high-pressure surge extended to tropical South America on
Day + 1, with the anomalous southeasterly flow evident. The
anomalous southeasterly flow to the east of the Andes had
been observed in previous intense cold events in southern
Brazil and is related to the channeling effect of the Andes
(Garreaud 2000; Marengo et al. 2002).

These high-pressure eastward displacements have usually
been related to mid-latitude Rossby wave trains originating
from the westerly storm track in the South Pacific (Kiladis
and Weickmann 1992; Ambrizzi and Hoskins 1997). By Day
— 1, the anticyclonic near-surface anomaly wrapped around
the southern tip of the Andes; it intensified on Day 0. On

@ Springer



2612

J.Marengo et al.

10°S |
20°5

30°5

40°5 &

705

—I*Y:_

S0°W BO°W 70°W 60°W S0°W 40°W

90°W  BO°W TO°W  B0°W  SO°W

-12-9 -6 -3 0 3
K

90°W  BO*W  T0"W  60"W  S50°W  40°W

<

" s o
0w BO°W  70°W  BO°W  SO°W  40°W

6 9 12

Fig.7. 850 hPa air temperature anomalies (°C) for the cold wave of June 26-July 1 (a—e) for the 00 GMT. Blue/red colors depict areas with

negative/positive temperature anomalies. Source: ERA-5 reanalyses

that day, an anticyclonic perturbation affected both sides
of the Andes. Starting on Day 0, the high-pressure surge
extended to the Amazon basin. Tropical South America is
quite intense at the surface; an anomalous southeasterly flow
emerged on Day +2 and thereafter.

At the upper level (Fig. 8a—f), the 200-hPa stream func-
tion field’s pattern was consistent with the near-surface sig-
nals. On Day — 6 (not shown), an anticyclonic perturbation
was detected at 35° S 85° W. It intensified and approached
Chile’s coast by Day — 2. Right before this anomaly, a
cyclonic perturbation (indicative of an upper-air trough)
intensified over the southern tip of South America on Days
— 6 and — 4 (not shown). We recognize this anticyclonic/
cyclonic system as part of the eastward-moving Rossby wave
train generated by a heating source over the tropical Indian
and western Pacific Oceans (Marengo et al. 2002; Ambrizzi
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and Hoskins 1997). On Days — 2 and — 1, the ever-more-
intense anticyclonic perturbation behind the cyclonic one
moved to the east, crossing the Andes at around 45° S. From
Days — 1 to+ 1, the couplet of cyclonic/anticyclonic pertur-
bations intensified. On Day 0, the cyclonic perturbation was
located over northern Chile and Argentina, while the anti-
cyclonic was over southern Chile and southern Argentina.
Starting on Day + 1, the anticyclonic anomaly propagated to
the east, while the cyclonic anomaly was over southern Bra-
zil and northern Argentina. It moved northeast until Day + 3.
The intensity of the stream function anomalies is typical
of cold events in southern Brazil. Here, a ridge amplifica-
tion at the upper levels extended to the west of the Andes
and along the coast of Chile. A trough amplification spread
over southern and southeastern Brazil. The northward flux
between the cyclonic and anticyclonic perturbations also
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Fig. 8. 200 hPa (a—f) stream
function (colors) and stream-
lines (lines) anomalies using
the 1-30 day filtered horizontal
winds for the extreme cold
surge that triggered the cold
wave June 28, 2021 (denoted as
Day 0) for the 0000 GMT. Sym-
bols — and + denote days prior
to/after Day O of the event. Let-
ters ‘H” and ‘L’ represent areas
with anticyclonic and cyclonic
anomalies, respectively. Thick
full and broken long lines show
the approximate position of the
ridge and trough, respectively.
Source: ERA-5 reanalyses
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indicates the intense southerly flow between the ridge and
trough, facilitating the inflow of near-surface cold air from
southern Argentina into southeastern Brazil and tropical
South America east of the Andes.

4 Discussion

In summary, Figs. 6, 7, 8 and 9 show that the cold wave
identified in Fig. 4 was caused by a cold surge generated
by an interaction between a cold-core anticyclone over the
South Pacific and the intense cyclone in the South Atlantic.
The large anticyclonic perturbations near the surface com-
ing from the Pacific Ocean wrapped around the Andes at
the southern tip of South America from the southwest, as
observed 2-3 days before the coldest day in southern Brazil,
and also observed in previous cold surges events (Espinoza
et al. 2013). This interaction generated a strong pressure
gradient in the western region of the cyclone, accelerating
the southerly wind east of the Andes. This favored the advec-
tion of cold air from high latitudes to central South America.
This advection was stronger during the end of June, due to
the presence of the subtropical storm Raoni off the coast of
Uruguay-Southern Brazil during the June 26-30 cold wave.

Regarding the air temperature anomaly fields from Fig. 7,
a warm anomaly appeared 2 days before Day 0. After that,
the warm anomaly decreased in intensity and was pushed to
the north. While cold anomalies were located mainly over
southeast Brazil in the second period in July, cold conditions
in June had extended to low latitudes east of the Andes.
They reached northwestern Amazonia on June 29-July 1.
This is related to more intense southeast-northwest low-
level winds over Amazonia in June. In this event, a warm
anomaly appeared on the back of the cold air. This is analo-
gous to cold surges in North America along the Rockies:
Texas initially gets a cold surge, then the cold air advects
eastward. Florida gets the freeze a few days later when Texas
is already starting to warm up (Krishnamurti et al. 1999;
Marengo et al. 2002).

Figures 8 and 9 show that southerly cold air incursions
from June 26-July 1st were accompanied by a large-ampli-
tude upper trough at mid-latitudes that extended deep into
the tropics. This is detected in the 850- and 200-hPa stream
function maps. Circulation on Day 0 was associated with an
intense upper-air trough close to 35° S 70° W. The south-
erly flow to the west of this trough brought very cold air
northward into subtropical South America. From Days — 1
to+ 1, the couplet of cyclonic/anticyclonic perturbations
intensified. On Day 0, the cyclonic perturbation was located
over central Argentina, while the anticyclonic spread over
southern Chile and southern Argentina. The vertical lines in
Figs. 8 and 9 connect in time, illustrating the anticyclonic
and cyclonic anomalies, like the downstream amplification

mechanism shown by Krishnamurty et al. (1999). As in the
case of June 25-26 1994 frost event in southeastern South
America, it is likely that the end freeze event of the cold
wave of June 26 to July 2, 2021 was related to the arrival of
the ridge (located near 130° W).

The evolution of meridional wind and temperature dur-
ing the cold wave of June 26—July 1 from ERA-5 reanalysis
is assessed for some grid boxes: 9° S—75° W, 16° S-63° W,
20° S-60° W, 22° S-60° W, 25° S—-59° W, and 29° S-52° W
(Fig. 10). The figure shows the coldest day with an arrow.
The letter S represents the southerly wind. Over the west-
ern Brazilian Amazon (9° S), the coldest day occurred on
June 30, with 13 °C. In the Bolivian Amazon, (16° S), the
coldest day was on June 29, with 8.5 °C. In northern and
central Paraguay (20° S-22° S) the coldest day was June 28
(about 5 °C and 2 °C, respectively). In northern Argentina
(25° S) and southern Brazil (29° S) the coldest day was June
29, with 1 °C and — 4 °C. The timing of the coldest day
is consistent with the position of the cold core anticyclone
(Fig. 6¢,d); the ridge shows the flow of cold air to southern
Brazil and northern Argentina on July 29. At lower latitudes
(9° S), cooling is consistent with southerly flow starting July
29, and at 16° S from June 28. In both places, the coldest day
occurred when the southerly wind reached its maximum. At
the other locations, cooling accompanied southerly winds,
and the maxima occurred either the day before or the day
after the coldest day. Therefore, the southerly wind started
to appear 1-2 days before the coldest day. The winds and the
drop in temperature were both more intense in mid-latitudes,
compared to lower latitudes.

5 Impacts of the cold wave of June 26-July
1,2021

Frosts and snowfall in southern and southeastern Brazil in
2021 affected coffee, sugarcane, vegetable, and fruit crops.
Production fell by 30%, and prices of food and commodities
rose (Reuters 2021). Average temperatures in southeastern
Brazil, a major coffee-producing region, fell to as low as
— 1.2 °C, causing devastating, irreparable damage to coffee
plants. The most heavily impacted regions were the states
of Sao Paulo and Minas Gerais—the two largest coffee-pro-
ducing states in Brazil. Around the world, market analysts
and coffee traders suggest this could be the worst frost since
1994. They warn that repercussions for the global coffee
market may last up to four years (Perfect Daily Grind PDG,
2021).

The severe frosts in the last week of July 2021 damaged
many of the main Brazilian coffee fields. Preliminary esti-
mates from the Brazilian government’s food supply agency
CONAB (www.conab.gov.br) indicate that these frosts
affected 150,000 to 200,000 hectares—about 11% of the
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«Fig. 10 Time series of 850 hPa meridional wind and air temperature
at 6 points (shown in Fig. 5) in different latitudinal bands in central
South America east of the Andes: 9° S, 75° W; 16° S, 63° W; 20° S,
60° W; 22° S, 60° W; 25° S, 59° W; and 29° S, 52° W. June 23 to July
2, 2021. Red and blue broken lines show the 1981-2010 long term
mean for meridional wind (m/s) and air temperature (° C) for June.
The coldest day is identified with an arrow. Source: ERA-5 reanalyses

country’s total arabica crop area (Reuters 2021). This marks
the first time since 1994 that the country has experienced
such a weather event. Current reasonable estimates suggest
that anywhere from 2.5 to 5.5 million bags of coffee were
lost. However, an accurate figure could be as high as 10 mil-
lion bags (Perfect Daily Grind PDG, 2021).

After severe frosts during the last 2 weeks of July 2021,
the price of coffee closed on Monday, July 26, above $2/
Ib. In U.S. dollars—the highest value since October 2014.
However, cold weather damage is not the only reason prices
have increased recently. Over 18 months, shipping container
shortages, the Covid-19 pandemic, and protest blockades in
Colombia also contributed to rising coffee prices (Perfect
Daily Grind PDG, 2021).

Adding to the losses from the 2021 drought, frost-related
losses may represent one of the biggest disasters for farms
in recent years. These losses may total billions of Reais
(Ministry of Agriculture, Livestock and Supply MAPA-
www.gov.br/pt-br/orgaos/ministerio-da-Agricultura-pecua
ria-e-abastecimento). By July 23, large agricultural areas
in Minas Gerais were affected by frost. The Minas Gerais
Agriculture Federation (FAEMG-www.sistemafaemg.org.
br/faemg) announced that the region hit hardest was the
southern part of the state, where the damage was described
as “the worst in 27 years, after 1994.” The Minas Gerais
Agricultural Research Corporation (EPAMIG-www.epamig.
b/) estimates that 30% of the area was damaged by frost and
fires. In Mato Grosso do Sul, corn crops also suffered from
the intense cold.

CONARB has already pointed out that the second harvest
of 2020/2021, for which totals are not yet available, may suf-
fer a drop of up to 30% in productivity. Consulting market
analysts warn of an impending shortage of corn domestically
in the second half of 2022. Imports will be necessary to
fund the production chain. The sugar-energy sector had also
already accumulated losses due to drought since 2021. CITA-
GRO (www.ciiagro.sp.gov.br) advises that the sequence of
polar air with heavy to severe frost further worsened the situ-
ation. CONAB estimates the 2021/2022 sugarcane harvest
at 574.8 million tons, 4.6% lower than the previous harvest.
Frost-related losses and accumulated losses from the 2021
drought ranked among the biggest disasters for Brazilian
farmers in recent years. CONAB estimates that coffee pro-
duction in Brazil in 2022 will be 120,000 tons lower than
had been forecasted in May 2021, due to 2021’s cold waves
and drought (WMO 2022).

6 Conclusions

This study characterizes the climatic and large-scale mete-
orological patterns of an intense cold wave that affected
central South America from June to July 2021. As the
incursion of cold air advanced toward tropical South
America, cooling was felt even in low latitudes, including
in western Amazonia. In the western Brazilian Amazon
and northern Bolivia, minimum temperatures of between
7 and 10 °C were observed (almost 10 °C below average).
Sub-zero temperatures were recorded in southern Bra-
zil, southern Bolivia, Paraguay, and northern Argentina.
First-ever or very unusual frosts were recorded in Bolivia’s
Chiquitania and Pantanal regions, causing further damage
to vegetation already debilitated by previous years’ wild-
fires, and causing significant crop and crop-related losses
in southern and southeastern Brazil. Around 1-2 days
before the cold waves reached lower latitudes in central
South America, cooling was already felt in central and
southern Chile.

The cold surges were due to the action of (a) the
cold-core anticyclone that approached central-southern
Chile, crossed the Andes at the tip of South America,
and wrapped around the Andes, and (b) the deepening
cyclone centered over the southwestern Atlantic supported
by upper-level vorticity advection. The pressure gradient
generated by these two systems forced the air to move
northerly along the Andes, reaching central South Amer-
ica in a few days. The June 26-July st case study shows
that in addition to the anticyclone over the south Pacific
and the cyclone over the South Atlantic, another factor
emerges. A low-pressure system, the subtropical cyclone
Raoni, formed off the coast of southern Brazil and Argen-
tina on June 27. It intensified until June 29, pumping cold
air until 5° S along with the cold air advection along the
Argentinean Andes.

In the winter of 2021, the combination of cold tempera-
tures and dry conditions reported since 2019 in the Parana-
La Plata basin in southern South America presented an
extreme-cold and drought compound event. This impacted
regional agriculture, particularly affecting commodities
such as soybean, corn, and sugar cane in southeast Brazil
(WMO 2022). In Sao Paulo, 13 homeless people died due
to hypothermia. In addition, new historical minimum tem-
perature records were registered in meteorological stations
of Bolivia, Peru, and Brazil during these cold waves.

According to Lupo et al. (2001), cold surges in South
America follow three main trajectories: (a) along the
Atlantic coast, (b) along the Parana River axis, and the (c)
between the Brazilian Shield and the eastern flank of the
Andes. After analyzing Figs. 6, 7, 8 and 9, we show that
the June 26-July 1, 2021, cold wave followed trajectory
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(c). By the end of June 2021, the cooling reached the equa-
tor and affected western Amazonia, mainly due to the
action of a subtropical storm.

The intensity of the cold-core anticyclone that crossed
the Andes at the southern tip of South America, and that
remained stationary around 20-30° S during the coldest
days, was relatively lower than those of the cold waves of
July 1975 and June 1994. For example, during the intense
cold wave of June 23-26, 1994, the cold core anticyclone
reached reached Paraguay on June 26 with an intensity of
1036 hPa (Krishnamurty et al. 1999). Minimum temper-
atures in Sdo Paulo reached 2.5 °C on June 26, and Rio
Branco reached 12.3 °C on June 27, 1994 (Marengo et al.
1997a). On July 17, 1975, the cold core anticyclone was
located at around 25° S with an intensity of 1044 hPa over
northern Argentina—Paraguay, and air temperatures behind
the cold front dropped to 0 °C north of 21° S (Parmenter
1976). On June 28-29, 2021, the cold core anticyclone
reached 25-30° S with an intensity of 1032 hPa. While in
this paper we used synoptic charts from the Brazilian Navy
for the 0000 GMT, the early study by Parmenter (1976)
used the National Meteorological Center (NMC) for the
1200 GMT for July 1975. On the other hand, Krishnamurty
et al. (1999) used synoptic charts from the INMET (National
Institute for Meteorology of Brazil) and from the National
Center for Environmental Predictions (NCEP) for 0000 and
1200 GMT for June 1994.

Our analysis of lower- and upper-level circulation fields
shows that the cold wave of June 26-July 1, 2021, were
accompanied by a large-amplitude upper trough at mid-
latitudes extending further into the tropics. The coldest day,
June 28, had an intense upper-air trough close to 35° S,
70° W. The southerly flow west of this trough brought cold
air northward into subtropical and tropical South America.
Intense stream function anomalies are typical of cold events
in southern Brazil, where a ridge amplification exists at the
upper levels to the west of the Andes along the Chilean
coast, and a trough amplification occurs over southern and
southeastern Brazil. The northward flow between the low-
and high-pressure systems and lower and higher levels also
indicates the intense southerly flow between the ridge and
trough. This facilitates the inflow of near-surface cold air
from southern Argentina into southeastern Brazil, in tropical
South America east of the Andes. The extreme cold wave
occurred due to extremely strong southerly wind together
with extremely cold airmass from the cold-core anticyclone
located around 30° S and 62° W.

This is consistent with the 200-hPa stream function
fields, where the ridge/trough represented by the anticy-
clonic/cyclonic stream function anomalies were particu-
larly intense from Day -1 to Day + 1 in both events. We
attempt to associate the intensity of cold surges in central
South America with the location and intensity of their

@ Springer

sources in the west Pacific. We show that during austral
wintertime, Rossby wave activity that originates in the
west Pacific propagates towards the west coast of south-
ernmost South America, in a way similar to the patterns
discussed by Muller et al. (2015). It then moves towards
the equator to the east of the Andes, generating cold surges
as it goes. Orographic effects must always be considered
to explain this meteorological phenomenon and its varia-
tions. On the coldest day in southern Brazil, the southerly
meridional wind was about 10-13 m/s above average, and
the air temperature dropped to about 5 °C on Day 0. At
9° S, the coldest day occurred 2 days later, but both cool-
ing and southerly wind decreased.

In addition, according to NCEP Global Forecasting Sys-
tem GFS and CSFR reanalyses, in June and July 2021, the
south pole was colder than usual, with strong cold anomalies
over much of Antarctica. In addition, the Southern Annular
Mode (SAM) during the positive phase is associated with
colder temperatures over southern Brazil in summer and
spring (Campitelli et al. 2021). In the negative SAM phase,
the wind belt weakens and moves north towards the equator,
and the subtropical jet, which works as a waveguide, drifts
northward and favors cyclone propagation towards southeast
South America. The greater swell of the jet stream in the
negative phase favors cyclone and anticyclone propagation
towards southeast South America. The impact seems to be
more important on the cyclones and depending on the sig-
nal of the SAM they may propagate northward (negative
SAM phase-Reboita et al. 2009). Because of this, chances of
more extreme cold events occurring in the Southern Cone of
America (Carvalho et al. 2005; Reboita et al. 2009) increase.
In mid-June 2021, the SAM entered a negative phase, which
favored incursions of very cold air at mid-latitudes such as
Brazil, a favorable scenario for more intense cold waves in
more southern countries of the Southern Hemisphere. These
colder conditions also influenced the sea ice around Ant-
arctica. According to data from the European Copernicus
system (www.copernicus.eu/en/access-data), the ice pattern
observed in the winter of 2021 showed a concentration of
sea ice with higher-than-normal values west of the Antarctic
peninsula, north of the Bellingshausen and Amundsen seas.
Kumar et al. (2021) reveals a strong relationship between
sea-ice variability and ocean-atmospheric forcings. These
relationships are not constant over time; so, continuous
monitoring is required. While it is not among the objectives
of this study to investigate associations between cold waves
and teleconnection patterns such as the SAM, this remains as
an important line of research that should be pursued.

Lastly, low- and upper-level circulation fields show that
the large-amplitude upper-level trough in mid-latitudes,
which extends into the tropics, is a significant feature of
cold events. The waves embedded in westerly flow exem-
plify wintertime tropical-extratropical interactions, leading
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to cooling in southeastern South America, as detected by
observations in central South America.

The year 2021 was particularly intense in terms of
extreme climatic events in tropical South America. In addi-
tion to the cold wave described in this study, an unusually
large flood was reported in the northern and central Amazon
basin in June 2021. Extreme drought conditions character-
ized southern Brazil. Both hydroclimatic events are related
to an intensified continental Hadley Cell (Espinoza et al.
2022; Rao et al. 2022).
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tary material available at https://doi.org/10.1007/s00382-023-06701-1.
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