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Abstract

Agricultural production in Central South America (CSA) is substantially influenced by frost events. This
study characterises and quantifies the physical processes leading to frost conditions in CSA from 1979 to
2022, focusing on three innovative aspects: regional frost properties, a novel multi-parametric upper-level
jet description, and the quantification of underlying mechanisms through decision trees (DTs). The
regionalisation analysis identifies five homogeneous frost regions in CSA. In all regions, the events tend to
occur more frequently during the La Nifia phase. Moreover, a significant increase in the frequency of
widespread frost events has been observed in the Argentinean Pampas during the study period, primarily
due to negative trends in minimum temperatures. Furthermore, the synoptic mechanisms triggering
frosts, such as cold fronts and post-frontal anticyclones enhanced by subsidence near the subtropical jet
(STJ) entrance, have not shown major long-term changes. To describe the jets, we compute six parameters
for the STJ and seven for the polar front jet, including latitude, intensity, height, tilting, longitudinal extent,
and branch number. DTs are used to identify key jet parameters linked to frost events, such as the latitude,
longitudinal extent, and tilt of the Atlantic STJ. Frost likelihood increases when the STJ is north of 31°S,
and the extension of the Atlantic STJ is longer than 35° and has a negative tilt. Finally, DTs focused on the
onset and end of events highlight geopotential height anomalies and STJ extension as critical variables.

These DTs provide concise and accessible information for agricultural decision-makers in CSA.

Keywords: cold temperature extremes, regionalisation, machine learning, upper-level jets
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1. Introduction:

Agricultural production is one of the main economic activities in central South America (CSA)
(Ferrelli et al., 2021; Mintegui et al., 2019; Taboada et al., 2021). In particular, Argentina and
Brazil are among the world's largest exporters of wheat, maize, soybeans and sugar (OECD-FAO,
2019). Brazil has positioned itself as the fourth country in the world with the highest gross value
of agricultural production, reaching an average value of USD 94.5 billion between 2013 and 2022
(FAO, 2024). Argentina ranks eleventh, with an average value of USD 32.2 billion. Nevertheless,
agricultural production extends to all CSA countries, as can be seen on the Foreign Agricultural

Service website (https://ipad.fas.usda.gov/countrysummary/, accessed February 2024). During

the austral winter (June-July-August, JJA), wheat and barley are the main crops sown, as they
are resistant to low temperatures when the plants are dormant (Crops Randall Schnepf et al.,,
2001; Skinner and Bellinger, 2016). Winter wheat requires exposure to freezing or near-freezing
conditions during its early growth phase to progress to the reproductive stage (Bowden et al.,

2008). Without this exposure, winter wheat does not produce seeds.

Therefore, it is important to comprehend the physical processes that cause frost during the
austral winter, which are crucial for crop development. Garreaud (2000) identifies three key
factors that contribute to the incursion of cold air over subtropical South America. They include
a surface cold core anticyclone that moves from the south-eastern Pacific into southern
Argentina, a low-pressure centre deepening over the southwestern Atlantic Ocean, and the
existence of an upper-level jet entrance over subtropical South America. The transverse, direct
circulation induced by the former is instrumental in the occurrence of strong, long-lived cold
surges, since this circulation provides additional forcing to the central part of the surface
anticyclone. According to Vera and Vigliarolo (2000), the existence of an upper-level jet entrance

plays a key role in the cold-surge occurrence over tropical South America. They claim that the
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presence of an upper-level subtropical cyclonic perturbation is associated with the location of
the subtropical jet (STJ) farther north over South America. Consequently, the subsidence region
linked to the descending branch of the Hadley cell moves equatorward, facilitating the
propagation of frontal systems into the tropics. A comprehensive examination of the meridional
displacement of cold air incursions can be found in Lanfredi and de Camargo (2018), where the
authors emphasise the importance of the zonal positioning of the upper-level trough and its

interaction with the orography of the Andes and the Brazilian highlands.

These incursions of cold air can lead to widespread frost occurrence over CSA. The higher
frequency of generalised frost in Argentina is associated with the presence of a more intense
than normal STJ over South America (Mduller, 2007; Miiller et al., 2005). Moreover, the
persistence of frost is also determined by the STJ features. In the case of the less persistent
events, a ST) entrance is located farther east over the continent inducing a secondary meridional
circulation whose subsiding branch provides additional forcing for the equatorward
displacement of the low-level anticyclone (Miller and Berri, 2012, 2007). On the other hand, the
most persistent generalised frosts are directly related to the quasi-stationary anticyclonic
anomaly over the eastern Pacific Ocean, which deepens in the days preceding the event, and to

the wind confluence in the STJ entrance region further west (Miller and Berri, 2012, 2007).

Recently, Collazo et al. (2024) produced a new algorithm to characterise the upper-level jets
around South America. The algorithm provides a total of 38 parameters that allow for a detailed
and quantitative daily description of the jets. The intensity, location, tilting, longitudinal extent,
and number of branches are some of the evaluated parameters. This multi-parametric
description covers aspects related to zonal asymmetries, which allows for the consideration of
multi-variate configurations of the jet, providing a more complete view of its structure. Finally,

these parameters enhance the comprehension of the regional impacts of the jet on climate, as
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they permit the consideration of the individual and collective influences of the jet parameters

on surface conditions (Barriopedro et al., 2022).

Even though the synoptic conditions driving CSA frosts are well understood, there is significant
interannual variability in the region. This variability leads to strong cold air outbreaks in some
years (Garreaud et al., 2009; Miiller and Ambrizzi, 2010; Mdiller, 2007; Mller et al., 2005), while
no events are recorded in other years (Fernandez-Long et al., 2016). One of the main sources of
interannual climate variability in the CSA is the El Nifio-Southern Oscillation (ENSO) (Cai et al.,
2020). Although the ENSO is typically weaker during the austral winter compared to other
seasons and is generally in a neutral phase (Reboita et al., 2021), Mdiller et al. (2000) find a more
frequent occurrence of frost events in the Argentine wet pampas during the La Nifia phase (LN),

as well as an earlier first frost date than during the El Nifio phase (EN).

The relevance of frost events to the agricultural sector, coupled with the better understanding
of the physical processes that drive them, has prompted the scientific community to employ
machine learning techniques in its description. However, these efforts have typically focused on
improving medium-term forecasts rather than using them as a diagnostic tool to identify and
quantify the physical characteristics associated with frost in the region. Moreover, they usually
study small regions or used deep learning methods that are often difficult for decision makers
to interpret or replicate. One of the first attempts to forecast frost in central Argentina using
neural networks is documented in Ovando et al. (2005). Using meteorological data such as
temperature, relative humidity, cloud cover and wind direction and speed, they predict the
occurrence of frost days with an error of between 10 and 23%. Considering similar variables, a
neural network is also constructed to predict minimum temperature for the south of Buenos
Aires province in Argentina (Hernandez et al., 2020). More recently, Diniz et al. (2021) use spatial
information and machine learning techniques to forecast frost risk in southern Brazil. The

authors conclude that among the machine learning algorithms tested, random forest provides
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the highest accuracy (above 90%) and the lowest class-specific error rates. Other tests, carried
out for frost forecasting in southern Brazil, show that neural networks outperformed a statistical

product previously developed by the National Space Research Institute (Rozante et al., 2023).

Therefore, the objective of this study is to conduct a diagnostic and climatic analysis to quantify
the physical processes leading to frost occurrence in the CSA during the period 1979-2022. To
achieve this, we first identify homogeneous regions of frost occurrence and their characteristics.
In each region, the atmospheric circulation associated with frost and the role of ENSO are
analysed. Particular attention is given to upper-level jets, which are described in detail using a
set of recently defined parameters (Collazo et al., 2024). With all this information, decision trees
are then used to quantify these relationships and derive simple rules to improve the

understanding of the physical mechanisms linked to frost by agricultural users.

1. Data and methodology

An agrometeorological frost occurs when the minimum temperature measured in the
meteorological shelter at 2m above the surface is less than 3°C (Fernandez-Long et al., 2016),
which would be approximately equivalent to 0°C or below in the outdoor environment at the
ground surface due to thermal inversion at night. This is particularly true under anticyclonic
conditions as they promote light winds and clear skies, which facilitate radiative cooling of the
surface at night.

We use daily minimum temperature from the gridded observational Climate Prediction Center
(CPC) dataset (Xie et al., 2007), covering the period 1979-2022 and focusing on the austral winter
months (June-July-August) in the CSA. The CPC offers data with a spatial resolution of 0.5° x 0.5°,
accessible through their website (https://psl.noaa.gov/data/gridded/, accessed February 2024).

This dataset has previously been used in the region for studies related to temperature extremes,
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demonstrating good performance (Balmaceda-Huarte et al., 2021). Additionally, we considered
gridded minimum temperature data from the Berkeley dataset with a resolution of 1° x 1°
(Rohde et al., 2013), which yielded comparable results (not shown). In this work, we have chosen
to use gridded observational databases in order to have a better spatial coverage, as the location

of meteorological stations in the region is quite heterogeneous and sparse.

2.1 Regionalisation

Homogeneous regions of frost occurrence are identified by analysing binary time series at each
grid point. A value of 0 is assigned when no frost occurred and a value of 1 when frost occurred.
To calculate the distance between these time series, we use the Jaccard distance (Jaccard, 1908)
instead of more commonly used metrics such as the Euclidean distance due to the binary nature
of the problem. The Jaccard distance is calculated as one minus the Jaccard similarity. Jaccard
similarity considers the simultaneous occurrence of an event in two binary time series as an
indication of similarity, while ignoring the similarity when the event is absent (Vandeginste et
al., 1998). The index ranges from 0 to 1. A value closer to 1 indicates greater similarity between
the two sets of data. The Jaccard similarity can be calculated by dividing the size of the
intersection by the size of their union (Baharav et al., 2020).

The distance matrix between all the grid points is then used to cluster them using the K-means
algorithm (MacQueen, 1967). The optimal number of clusters can be determined by estimating
the cluster stabilities. Stability measures the strength and reproducibility of a cluster and its
membership. The stability of each cluster is determined by calculating the mean Jaccard
similarity coefficient over multiple bootstrap iterations. Clusters with stability values above 0.85
are considered highly stable. To determine the optimal number of clusters, all clusters must
exceed this threshold. We test the stability by considering K clusters between 2 and 10.

Once the homogeneous regions of frost occurrence are obtained, we proceed to characterise

the events in each of them using different statistical metrics. The winter frost frequency is
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estimated by dividing the number of frost days per winter by the total number of winter days
(92 days). This frequency is calculated for each grid point, and the regional value is obtained by
spatial averaging. From these time series, we estimate the standard deviation of the winter frost
frequency, the maximum and minimum winter frost frequency, and the years when they
occurred. On the other hand, considering the daily binary time series of frost occurrence at each
grid point, we also calculated the percentage of frost events with daily spatial extent over 25%
of the grid points in each region. We identified this for subsequent analyses because we wanted
to filter out frost events that affected only a few grid points, which may respond to a very local
effect. By using this 25% threshold, the events under investigation have areas of approximately
250,000 km? or larger, which is suitable for examining the synoptics linked to these events. In
addition, this threshold is set to avoid excessively restricting the number of events, which can
be counterproductive to the application of decision trees (see Section 2.3 for details). In
addition, this spatial extent threshold has already been used in previous work in the region, in
which frosts affecting at least 25% of the weather stations in central-eastern Argentina are
analysed (Mdller, 2007; Miller et al., 2000). Finally, it should be noted that the choice of slightly
different thresholds (20 and 30%) leads to similar results, with regions with fewer events being
slightly more sensitive to changes (not shown).

Moreover, we estimate the winter frost frequency trend by region and at grid point level over
the period 1979-2022. The non-parametric Mann-Kendall trend test (Kendall, 1975; Mann,
1945), and Sen’s slope estimator are employed to estimate the magnitude of the trend (Sen,
1968). Additionally, trends are calculated for the winter frequency of frosts with a spatial extent

larger than 25% of the grid points in each region.

2.2 Associated atmospheric circulation
To analyse the atmospheric circulation, we generate composites of the mid- and upper-level

circulation associated with frost events that have a spatial extent over 25% of the grid points in
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the region. The daily anomalies of geopotential height at 500hPa (with respect to 1991-2020)
and the zonal wind at upper levels of the atmosphere (from 400 to 100 hPa) from ERA5
reanalysis (Hersbach et al., 2020) are considered. The data can be accessed from the Copernicus
Climate Change Service website
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-
levels?tab=overview, accessed in January 2023). Geopotential height anomalies are tested for
statistical significance using a Student's test at a 95% confidence level.

To characterise the upper-level jets, we employ the multi-parametric approach recently
proposed by Collazo et al. (2024). Parameters, such as latitude and intensity, are derived from
zonal wind peaks exceeding 30 m/s. Moreover, the number of jet divisions, tilting, maximum
wind intensity and its location, the longitudinal extent, and the height of the maximum are
defined for each jet branch. Due to parameter interdependence, we reduce dimensionality by
grouping correlated parameters via the Partitioning Around Medoids algorithm (Kaufman and
Rousseeuw, 1990). Further details can be found in Collazo et al. (2024).

Finally, to determine the ENSO phase, the National Oceanic and Atmospheric Administration
(NOAA)  Oceanic Nino Index (ONI) for the JJA  season is  used
(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php,
accessed in January 2024). The ONI is calculated based on the sea surface temperature
anomalies in the Nino 3.4 region, which is in the equatorial Pacific Ocean between 120°W and
170°W longitude and 5°N and 5°S latitude. EN conditions are indicated by a value of +0.5°C or
greater of the ONI that persists for five consecutive quarters, while a value of -0.5°C or less
indicates LN phase.

Subsequently, we use boxplots to show winter frost frequency in each region based on the ENSO
phase. To test the boxplots, we use the non-parametric Kruskal-Wallis test (Kruskal and Wallis,
1952) and the Wilcoxon rank sum test (Wilcoxon, 1945). The Kruskal-Wallis test assesses

whether population medians are equal across ENSO phases, and the Wilcoxon rank test



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

determines which pairs of populations differ from each other. The Benjamini Hochberg method

is used to adjust p-values for multiple comparisons (Benjamini and Hochberg, 1995).

1.3 Decision trees

Decision Trees (DTs) are a non-parametric supervised machine learning technique used for
classification and regression (Breiman et al., 2017). The goal is to create a model that estimates
a target variable by learning simple decision rules from data features. The key factor in
developing these DTs is selecting the most appropriate variable for branching. This process is
facilitated by the use of impurity measures. One such measure is the Gini impurity index, which
is employed in this study to quantify the probability of misclassification when assigning an object
to a particular class (Mola and Siciliano, 1997).

DTs are popular because they are easy to construct and interpret (especially when they are
small), handle mixed data types and missing values, and perform feature selection. They capture
complex relationships and can outperform logistic regression when the problem is highly non-
linear (Hastie et al., 2009; James et al., 2013; Jiao et al., 2020). These advantages, especially their
interpretability, led us to choose them.

In our binary classification task of frost occurrence, DTs are preferred despite class imbalance.
We use weighting techniques to address the bias towards dominant classes by assigning higher
weights to the less frequent category (Pedregosa et al., 2011). The weights are defined as
inversely proportional to the frequency of occurrence of each category. Moreover, we split the
data into training and test samples. We allocate 80% of the data for training, utilizing random
years while ensuring all winter days of each year remain together. The remaining 20% form the
test set, with the last year included. To optimize DT depth and prevent overfitting, we employ
10-fold cross-validation during training (James et al., 2013).

We employ confusion matrices to assess the performance of a DT model on the test dataset.

From confusion matrices, we can derive various metrics such as accuracy, sensitivity, and
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balanced accuracy (Kulkarni et al., 2020). Accuracy is the most commonly used metric, but it can
be misleading if used with imbalanced datasets. Sensitivity, also known as true positive rate
(TPR), measures the proportion of positive instances that are correctly detected (Géron, 2019),
while balanced accuracy measures the average accuracy obtained from both the minority and
majority classes. Finally, the area under the curve (AUC) of the receiver operating characteristic
(ROC) is a single scalar value that measures the overall performance of a binary classifier and
takes values between 0 to 1 (Hanley and McNeil, 1982; Mandrekar, 2010). An AUC of 0.5
represents the performance of a random classifier, while values between 0.7 and 0.8 are

considered acceptable (Hosmer and Lemeshow, 2000) .

2. Results

3.1 Frost characteristics by homogeneous regions

First, we analysed the frequency of winter frosts for each grid point in CSA (Figure 1a). As
expected, the frequency of frosts increases towards the southern part of the region, except for
the Andes Mountain range. Moreover, the coastal regions tend to have a lower frequency of
these events than continental regions at the same latitude. We then search for homogeneous
regions of frost occurrence based on the binary series of the occurrence of these events at each
grid point. After analysing the stability of the clusters, we find that the optimal number of
regions is five, as all clusters are highly stable (Supplementary Figure 1). Figure 1b shows the
regions obtained, which are in agreement with the previous knowledge and with the frequency
of frost events in Figure 1la. Each of the regions is assigned a name as shown in Table 1. The
region designated as N encompasses areas in Brazil and the Atacama Desert in northern Chile,
since these are areas where frost occurrence is highly unlikely (Figure 1a). Also, as mentioned,
proximity to the coast and topography influence the frequency of frost. On the other hand, the

central region of Chile belongs to the same group as the Pampa, as they are usually affected by
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the same pressure systems. During frosts, high-pressure systems moving over the Pacific Ocean
and affecting central Chile cross the Andes and extend a ridge to their leeward side, affecting
the Pampas in Argentina (Pezza and Ambrizzi, 2005). This mechanism has also been observed in
recent cold intrusion events, such as the one that occurred in the winter of 2021 (Marengo et

al., 2023).

a) Frost frequency b) Homogenous frost regions
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Figure 1: a) Winter relative frequency of frost events in CSA during the period 1979-2022. b)

Regionalisation of frost occurrence into five homogeneous clusters.

Table 1: Homogeneous regions of frost events

Acronym Region

N Northern region

SB_NA Southern Brazil, northern Argentina, and Paraguay
U _CA Uruguay and central Argentina

ccp Central Chile and humid Pampa

A Andean region

Once the homogeneous regions are found, we statistically characterise the frost events in each
region. The spatial extent of frosts in each region is first analysed based on the proportion of
grid points in each region that experienced frosts simultaneously (Figure 2). In the northern
region, where frosts are infrequent, they usually affect less than 10% of the grid points. Frost
events in the SB_NA and U_CA regions are usually limited to local areas, although there have

been instances where they have covered a significant portion of the region. In CC_P, almost all

11
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spatial extensions are equally probable. In contrast, frost events in the Andes are more likely to
cover a large geographical area. To summarise, the N, SB_NA, and U_CA regions experience

more localised frost events, whereas CC_P and A exhibit a more regional behaviour.
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Figure 2: Histograms of the spatial extent of frost days expressed as a proportion of grid points in the

region.

Table 2 presents metrics characterising frosts in each region. The mean percentage of winter
days with frost, estimated for each grid point and then averaged over each region and time,
shows that in N there is less than one frost per winter, while in CC_P almost 50% of winter days
have frost events and 90% in the Andes. Additionally, the CC_P region exhibits the highest

interannual variability.
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In 2007, the maximum frequency of frost was recorded in three regions during an exceptionally
cold winter (Collazo et al., 2019). This corresponds to the winter when it snowed in the city of
Buenos Aires, the only snowfall in approximately the last 100 years (Pezza et al., 2010). The
event was linked to an unusual circulation pattern, which included a dipole around the Antarctic
Peninsula with a strong anticyclone to the west and a strong cyclone to the east. This
configuration drove the cold advection toward mid-latitudes. Additionally, the Southern Annular
Mode was one of the lowest on record during winter 2007, which intensified polar anticyclones
(Pezza et al., 2010). Furthermore, we notice that the highest frequency of frost occurred during
LN winters in all regions. This is noteworthy because the ENSO is typically weak during the austral
winter and is usually in its neutral phase (Reboita et al., 2021). In particular, in our study period
(44 winters) there are a total of 8 EN and 9 LN events. In terms of the years with the lowest frost
frequency, it is observed that in three regions it occurred in 1982, which was an EN winter. In
the other two regions, it also occurred in the 1980s, with one being a neutral winter and the

other being during a LN event.

Table 2: Characteristics of daily winter frost events in each region based on the period 1979-2022.

Mean Standard Max. Year Min. Year Percentage of
Region | winter deviation of | winter of winter of frosts with
frost winter frost freq. max. freq. min. extension >25%
freq. freq. [%] [%] freq. [%] freq. of grid points in
[%] the region [%] (#
events)
N 0.81 0.55 2.45 2000 0.05 1982 0.69 (10)
SB_NA 5.85 2.94 12.95 1988 0.82 1982 18.65 (316)
U_CA 19,41 6.86 35.16 2007 4.76 1986 31.18 (1122)
CC_P 48.03 9.82 75.34 2007 26.30 1985 68.71 (2769)
A 90.22 3.06 96.14 2007 82.90 1982 100 (4045)
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Considering that the highest frequency of frosts occurs in LN winters across all regions, we
undertook a closer examination of the relationship between ENSO phases and frost frequency.
Figure 3 shows the box plots obtained to illustrate this relationship. Overall, a higher frequency
of frost is observed during LN winters and a lower frequency during EN winters in all regions,
which is consistent with the findings of Miiller et al. (2000) for central-eastern Argentina.
However, the Kruskal-Wallis test indicates a significant difference between the phases only in
the N and A regions. Therefore, no significant ENSO signal is found in the regions with the highest
interannual variability, CC_P and U_CA (see Table 2), nor in SB_NA. Conducting more detailed
studies is necessary to determine whether the low number of ENSO events or the modulation

of other modes of climate variability is the cause.
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Figure 3: Boxplots for the frost frequency as a function of the ENSO phase in each region. The boxes
represent the interquartile range and the line inside the box represents the median. The whiskers

extend +1.5 times the interquartile range. Dots represent outliers.
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Next, we look for trends in the series of frost frequencies per winter over the period 1979-2022.
No significant trends in frost frequency by region are found. At the grid point level, only a few
positive trends are detected, indicating an increased frequency of winter frost over time, mainly
in the southern CC_P region (Supplementary Figure 2). Using data from meteorological stations
and over a longer period (1960-2018), Ferrelli et al. (2021) found a predominance of negative
trends in the annual number of days with meteorological frost in the humid Pampa, although
positive trends were observed at some stations located in the south of the region. The
differences between the results observed here and this previous study may be due to several
factors: the definition of frost (agrometeorological vs. meteorological), the season considered
(austral winter vs. annual accumulation), the study period, the database (local vs. gridded).

Finally, we calculate the percentage of frost events that had a spatial extent greater than 25%
of the grid points in the region (Table 2). In N, there are only ten events that meet this criterion.
Conversely, in the Andes, all the winter days in the period satisfy this requirement, so an analysis
of the associated circulation is not carried out for this region. Furthermore, we estimate trends
in the frequency of these extensive winter frosts (Supplementary Figure 3). We find a significant
long-term change in the number of frosts with these characteristics in the CC_P region, with an
increase of 3.62% per decade. This might be due to changes in temperature, atmospheric
circulation, or both. Supplementary Figure 4 shows the warming of minimum temperatures in
the N region (which does not lead to a significant frost trend due to the low number of events
recorded in this region) and significant negative trends in mean winter minimum temperatures
in several areas belonging to CC_P. The latter could potentially contribute to an increase in the
frequency of widespread frosts in the region. On the other hand, possible changes in

atmospheric circulation patterns leading to frosts in CC_P are discussed in the next section.

3.2 Atmospheric circulation associated with frost events
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Previous works have well-defined the conceptual model that leads to the incursion of cold air in
CSA (e.g., Garreaud 2000; Marengo et al., 1997). However, we are interested in differences in
the atmospheric circulation associated with frost among the different regions. Figure 4 shows
composites of the atmospheric circulation associated with frost events with a spatial extent of
more than 25% of the grid points in each region. The patterns of geopotential height anomalies
at 500 hPa (Z500a) obtained are quite similar in all regions (Figure 4a) and consistent with
Garreaud (2000). They show a cyclonic system over the Atlantic Ocean near the Brazilian coast
and anticyclonic anomalies southwest of this centre over central and southern Argentina and
Chile. Consequently, the occurrence of frost in different regions is due to a common physical
process: the arrival of a cold front followed by the establishment of an anticyclone over the area.
The disparities among these regions are mainly caused by small variations in the position and
intensity of these systems. Frosts in the southernmost region require on average a cyclone
located further southwest and of lower intensity than in the other regions. We analyse and
quantify these differences in more detail in the next section.

With respect to long-term changes in the mid-level atmospheric circulation associated with
extensive freezing in CC_P, we find significant increases in Z500a in subtropical regions of South
America and polar latitudes over the ocean (Supplementary Figure 5a). However, no significant
changes are observed over CC_P. Similarly, the frequency of cyclonic anomalies (in the green
box in Fig. 4a) associated with frost events in the region does not show significant trends either
(Supplementary Figure 6). The migratory post-frontal anticyclone, a key element, also does not
present significant changes. Therefore, we conclude that the observed changes in the mid-level

circulation do not make a relevant contribution to the increase in extensive frosts in CC_P.
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Figure 4: Composites of a) geopotential height anomalies at 500hPa (Z500a) [m], and b) upper-level

zonal wind vertically averaged between 400 and 100hPa [m/s] associated with frost occurrence with a
spatial extent greater than 25% of the grid points in each region. For Z500a, only significant anomalies
are shown according to a 95% confidence t-test. The green rectangle indicates the region where the
geopotential height will be averaged in the next analyses. Panel titles indicate the number of frost

events considered in brackets.

Associated with the mid-level cyclonic system, a STJ is present in the upper-level atmosphere
(Figure 4b). This jet has its entry region over northern Argentina, Paraguay, and southern Brazil,
and then extends over the Atlantic Ocean with a negative tilting. As noted earlier, the existence
of an inflow area in the jet stream is a crucial factor in the occurrence of severe and prolonged
frost. However, the position of the STJ entry varies regionally, as does the degree of tilt. In N,
the tilt over the continent does not appear to be particularly pronounced. Additionally, there
are variations in the intensity and location of the jets over the Pacific.

To quantify these differences, we use the algorithm developed by Collazo et al. (2024). For the
first time, we apply it to the austral winter and obtain a comprehensive, multi-parametric
characterisation of the upper-level jets (Table 3). A total of thirteen main variables are detected,

17



394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

six to describe the STJ and seven to describe the polar front jet (PFJ). The parameters identified
include latitude, intensity, longitudinal extent, tilt, height of the jet maximum, and the number
of branches. The statistical distributions of these parameters are shown in Supplementary
Figure 7.

In contrast to summer, when there are many days when the STJ is absent (Collazo et al., 2024),
in winter both jets tend to be present every day. Moreover, during the cold season, the jets
show a greater variability in their location and intensity, corresponding to the higher
baroclinicity during this season (Dos Santos et al.,, 2023). Therefore, more parameters are
needed to characterise the jets in winter than in summer.

Finally, with respect to the long-term changes of the winter jet, we find only significant trends
in the Pacific branch of the STJ (Supplementary Figure 5b). Consequently, the only parameter
that shows significant increases is ext.lon.pac.stj. Nevertheless, the position of the Atlantic
branch of the STJ, which is one of the most important factors affecting cold air incursions (as we

discuss later), does not show any discernible trend.

Table 3: Subset of the jet parameters used to characterise the subtropical jet (STJ) and polar front jet (PFJ)

during austral winter.

Parameter Definition Unit
lat.stj Latitude at which the STJ presents the maximum of the °
zonal mean of the zonal wind
int.stj Wind speed at lat.stj m/s
ext.lon.atl.stj Extension in the longitudinal direction of the STJ Atlantic °
branch
STJ | ext.lon.pac.stj | Extension in the longitudinal direction of the STJ Pacific °
branch
tilt.atl.stj Slope of the linear regression between latitudes and °/°
longitudes of the STJ Atlantic branch
hei.pac.stj Pressure level at which the maximum zonal wind is located hPa
for the STJ Pacific branch
lat.pfj Latitude at which the PFJ) presents the maximum of the °
zonal mean of the zonal wind
PEJ shar.pfj Difference between the intensity of the PFJ and the m/s
meridional mean of the zonal wind
ext.lon.pac.pfj | Extension in the longitudinal direction of the PFJ Pacific °
branch
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tilt.pac.pfj Slope of the linear regression between latitudes and °/°
longitudes of the PFJ Pacific branch

tilt.atl.pfj Slope of the linear regression between latitudes and °/°
longitudes of the PFJ Atlantic branch

hei.pac.pfj Pressure level at which the maximum zonal wind is located hPa
for the PFJ Pacific branch

branches.pfj Number of PFJ divisions

3.3 Quantification of the physical processes leading to frosts

In order to quantify the role of the physical processes linked to the occurrence of frosts in each
region, we apply DTs. To describe these processes, we consider several variables, including the
day of the season, the mid-level geopotential height anomalies in the region indicated in Figure
4, and the 13 jet parameters. DTs may not use all of these variables, but rather select the most
relevant ones to describe the problem.

Figure 5 displays the DT used to diagnose the occurrence of frost in the CC_P region. The DT
selects the first variable to be used (also known as the root node or splitting feature) in order to
maximise the separation of the data at that node. For the CC_P region, the variable that provides
the purest initial split is the averaged geopotential height anomalies at 500hPa over the region
shown in Figure 4 (z500a). If z500a is greater than 12m, we must go to the left branch of the
tree, and if it is less, to the right. The nodes show the assigned class, the estimated probability
of frost occurrence and the percentage of observations at the node. After this first division of
the data according to z500a values, we obtain two nodes indicating that there is a 36%
probability of frost with anticyclonic anomalies higher than 12m, whereas when z500a is cyclonic
or slightly positive, the probability of frost rises to 62%. This is consistent with what is observed
in the z500a composites in Figure 4. Continuing with the DT branches, it is possible to further
refine the mechanisms that contribute to the occurrence of frost. In the left sector of the tree
(under anticyclonic anomalies), frosts occur mainly with an STJ located north of 30°S and certain
combinations of the longitudinal extension of the Atlantic and Pacific branches of the STJ. The

fact that the STJ is located at low latitudes combined with a positive z500a would indicate that
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the cold front has already passed through the CC_P region and that the post-frontal migrating
anticyclone is established.

The right branch of the DT indicates that cyclonic or slightly positive anomalies combined with
an ext.lon.atl.stj above 35° generate favourable conditions for the occurrence of frost in the
region, with an estimated probability of 74% (Figure 5). Moreover, this combination of variables
is the one most frequently associated with a frost event, as can be seen by comparing the
estimated frost probabilities and the percentage of observations at each of the terminal nodes.
Again, this is consistent with Figure 4, where slight cyclonic anomalies and an extended STJ over
the Atlantic and the continent are observed to be associated with frost in the CC_P region. It is
important to note that ext.lon.atl.stj determines the location of the STJ entrance, which is a key
element for cold air incursions in CSA. If the ext.lon.atl.stj is shorter than 35°, there is still a 66%
chance of frost if all the following conditions are met: it is not the last week of winter, the STJ
intensity is below 44 m/s, and the tilt of the Atlantic branch of the STJ is negative (less than -
0.11°/°). A negative tilt implies a NW-SE orientation of the jet branches and is compatible with
the expected inclination at the front of the trough (Collazo et al., 2024). Furthermore, Miiller
(2007) points out that a more intense STJ than normal results in an increased frost frequency
due to the associated strong thermal gradient. However, we find an upper limit for this
relationship set at 44 m/s, which is located at the right tail of the empirical distribution of int.stj
(Supplementary Figure 7). A more intense STJ is associated with a poleward displacement of the
STJ (Manney and Hegglin, 2018), so that cold air may be confined to higher latitudes and
therefore no extensive frosts would be recorded in CC_P. In summary, the DT allows us to
quantify the previous conceptual model defined by Garreaud (2000), to identify the most
important variables for the description of frost, and to establish thresholds on these variables

that contribute to increase the probability of these events.
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Figure 5: Decision tree to diagnose the physical processes involved in the frost occurrences in the CC_P
region. The nodes show the assigned class, the estimated probability of frost occurrence, and the

percentage of observations at the node, respectively.

The DT for the U_CA region is shown in Figure 6. This tree is less complex than that obtained for
CC_P. The DT for U_CA uses five variables to perform the classification while CC_P uses eight. In
addition, the DT of U_CA contains one fewer tree level. For both regions, the DTs starts by
separating the training samples according to z500a. Furthermore, when the cyclonic anomalies
are not so intense, it is again observed that the latitude of the STJ is a determining factor in the
probability of frost occurrence, with thresholds similar to those previously found. Another
similarity is observed when anticyclonic anomalies are recorded. In both regions, these
anomalies must be accompanied by extensive ext.lon.atl.stj to favour frost, in the case of U_CA
above 37°. Alternatively, when z500a falls within the range of -49m to 14m, the latitude of the
PFJ becomes relevant in U_CA, leading to a distinction between U_CA and CC_P. If the PFJ is
present south of 53°S or north of this latitude but not during the last three weeks of winter, it

can cause widespread frosts in the U_CA region. The role of PFJ in promoting frost occurrence
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has been studied by Miller and Berri (2012, 2007). They suggest that when the ST/ is situated at
approximately 30°S and the PFJ is positioned at around 60°S, this configuration plays a
substantial role in conducting Rossby waves to the continent that favours widespread and
persistent frosts. Therefore, this is consistent with our findings through the DT, although the
latter provides more accurate thresholds and other variables that need to be considered, such

as z500a.
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Figure 6: Same as Figure 5 for the U_CA region.

As in the other two regions, the DT for SB_NA starts by separating the training samples according
to z500a (Figure 7). Another coincidence is that the occurrence of frost is found to be favoured
by cyclonic or slightly positive anomalies. Together with these z500a, several requirements
linked to the jets increase the possibility of recording an extended frost towards the beginning
and the end of winter, even though these are different from each other. In the early winter, a

short Pacific branch of the STJ and a not extremely intense PFJ are required. On the other hand,
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towards the end of winter, frosts are more likely with the following two combinations: 1) the
STJ located south of 27°S, or 2) the STJ located north of that latitude but with an extremely
negative Atlantic branch tilting. Finally, in contrast to the previous regions, if anticyclonic
anomalies higher than 14m are recorded, the DT does not find a jet configuration contributing
to rise the frost probability.

Note that no DT is obtained for the N region because there were only ten extensive frost events,

too few to train and test the tree.
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Figure 7: Same as Figure 5 for the SB_NA region.

To assess that the DTs are indeed capturing the physical processes linked to frost occurrence,
the performance of the DTs on the test sample is estimated from confusion matrices and ROC
curves (Figure 8). In all regions, the percentage of correctly classified observations is higher than
the failures. Moreover, the AUC exceeds the threshold of 0.5, set as a lower limit to indicate the

discrimination ability between the two classes, showing values between 0.68 and 0.73.
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Therefore, the DTs have skill to classify the occurrence or non-occurrence of frost. In the CC_P
region, the balanced accuracy is 0.70. Therefore, 70% of the overall observations are correctly
classified, and the TPR indicates that the proportion of observed frosts that are correctly
classified as frost by the model is 68%. The U_CA and SB_NA regions have similar skills, with a
balanced accuracy of 68 and 69%, respectively. In addition, the rate of correctly classified frosts
is 73 and 75% respectively.

Another important aspect of frost that has been addressed in previous work is the persistence
of the events (Muller and Berri, 2012, 2007). Supplementary Figure 8 shows the cumulative
distribution function of frost persistence with a spatial extent of more than 25% of the grid
points in each region. As expected, persistence increases as we move southwards. In particular,
for the CC_P region, there are frosts that persisted for more than 20 consecutive days. Given
this persistence in the time series, we evaluate whether the DTs can be improved by also
incorporating the occurrence of frost on the previous day as a variable (Supplementary Figures
9-12). In all regions we observe that once the DTs divide the samples according to whether they
recorded frost the previous day, the physical mechanisms that lead to an increased probability
of frost are similar. Regarding the skill of the DTs, a slight improvement of the balanced accuracy
is found when persistence is taking it into account, although it is not substantial (3.67% higher
on average). In fact, the TPR of the DTs for the U_CA and SB_NA regions is higher without
including persistence (Figure 8 and Supplementary Figure 12). Therefore, we conclude that
persistence does not provide additional relevant information about the mechanisms that lead
to frost in the DTs. Furthermore, previous work has already established that frost persistence
can be explained by the position of the entrance region of the jet (Muller and Berri, 2012, 2007).
An STJ located further east on the continent, associated with shorter ext.lon.atl.stj, results in
less frost persistence. Consequently, including information on both persistence and STJ position

becomes redundant in our model.
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Figure 8: Confusion matrix, expressed as frequencies, and ROC curves for each region used to evaluate

the performance of DTs showed in Figures 5-7. In the latter, the area under the ROC curve (AUC) is also

indicated.

Finally, an exploratory analysis of a more difficult problem is carried out: obtaining DTs that try

to explain the mechanisms that lead to the onset and end of a frost (Supplementary Figure 13).

The difficulty lies in the fact that this is a more specific question and therefore the number of
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samples to train and test is reduced. Moreover, it changes the imbalance between the categories
of our binary problem. To address the onset of frost, the difference between a day without frost
(d;) and the following day (d; ) is considered, so that if this difference is 0 it implies that no
frost has started, while if it is 1 it indicates the frost beginning. In addition, the variables
incorporated into the DTs are considered in the d;. Following this idea, to analyse the end of a
frost, the difference between a day with frost and the following day is considered. In this
problem, 0 indicates when the frost persists and -1 indicates the end of the frost. Regarding the
complexity of the trees, a compromise had to be made between being too complex and difficult
to interpret, and also prone to overfitting, or simpler and therefore easier to interpret, but with
less skill (Supplementary Figure 14). We have chosen to prioritise the latter option, as our main

objective is interpretability.

Although the DT skill for frost onset in CC_P is low (balanced accuracy = 0.56), the importance
of ext.lon.atl.stj for the occurrence of these events is again highlighted, as in previous analyses
(Supplementary Figure 13). Likewise, the end of frosts in CC_P is more likely with ext.lon.atl.stj
below 49° combined with different tilting thresholds for the different branches of the STJ and
PFJ. A similar conclusion can be reached by analysing the right DT branch of Supplementary

Figure 9.

As seen in the left DT branch of Supplementary Figure 10, frost onset in U_CA is more likely
under cyclonic conditions and with an extensive Atlantic branch of the STJ. However,
Supplementary Figure 13 provides a little more detail on the mechanisms that favour frost
initiation. For example, it is observed that towards the end of winter a frost can start if the
cyclonic anomalies are combined with a short Pacific branch of the STJ. Regarding the end of a
frost event in U_CA, the requirements depend on the day of the season. In the first two months
of winter, anticyclonic anomalies and not extremely negative tilt.atl.stj lead to a 79% chance of

frost termination, while if the anomalies are cyclonic (between -84 and 2 m) and the
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ext.lon.atl.stj is very short, the chance of frost termination is 65%. In the last month of winter,

unless the condition that z500a is extremely cyclonic is met, the frost is probably over.

For the onset of a frost in SB_NA a very good skill is obtained only considering the z500a
(Supplementary Figure 13 and 14). Cyclonic anomalies result in a higher probability of an event
initiation. The DT for frost end in SB_NA also considers only one variable, the ext.lon.atl.stj. Short
extensions increase the probability of frost end, however in this case the skill is considerably

lower than for frost onset.

3. Conclusions

This study characterises frost events in CSA during the austral winter from 1979 to 2022. While
previous literature has provided insight into the physical processes behind frost events in the
region (Garreaud, 1999; Lanfredi and de Camargo, 2018; Miiller and Ambrizzi, 2010; Mdiller,
2007; Miiller et al., 2005; Vera and Vigliarolo, 2000), this work introduces three significant
advancements to the field. These include an exploration of regional frost characteristics, a novel
multi-parametric approach for describing upper-level jets, and the quantification of underlying

mechanisms using decision trees. The following presents the main findings of this study.

e Regionalisation: Previous analyses of frost events in CSA have often delineated regions
based on productive agricultural zones (e.g., Hernandez et al., 2020; Mintegui et al.,
2019; Mdller and Berri, 2007). However, it is important to note that these regions may
not exhibit a uniform frost behaviour. Our research has identified five homogeneous
regions of frost occurrence in CSA: north (N); southern Brazil, northern Argentina, and
Paraguay (SB_NA); Uruguay and central Argentina (U_CA); central Chile and humid
Pampa (CC_P); and Andean region (A). Frost events are rare in the N region, with less

than one event per winter on average. In contrast, A experiences freezing conditions on
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around 90% of winter days, while CC_P has such conditions on almost 50% of the days.
Despite these differences, A and N regions experience a significant increase in the
frequency of frost events during La Nifia winters. This pattern is also observed in other
regions, although it is not statistically significant.

Trends: Our analysis reveal a significant long-term increase in extensive frost events
within the CC_P region, averaging 3.62% more events per decade. To understand the
drivers of this trend, we investigate the relationship with changes in minimum
temperatures and atmospheric circulation. The results suggest that negative trends in
winter minimum temperatures across various areas of the CC_P region are the primary
mechanism behind these long-term changes.

Winter upper-level jet parameters: Numerous previous studies have demonstrated the
importance of upper-level jets in determining the occurrence of frost in the CSA
(Garreaud, 2000; Miiller, 2007; Miiller et al., 2005; Muller and Berri, 2012). Therefore,
in this work we present a comprehensive and quantitative characterisation of the jets,
which is essential for a more detailed understanding of their role in cold extremes and
for their incorporation as features in machine learning models. Building on the
methodology of Collazo et al. (2024) designed for summer jets, we adapt it to
characterise upper-level jets over South America during winter. Our findings indicate
that six parameters are required to describe the STJ, and seven to represent the PFJ,
including latitude, intensity, tilting, longitudinal extent and height. Furthermore, we
observe that the number of parameters needed is higher than those observed during
summer. The greater complexity of the jets during winter is attributed to the increased
variability observed in this season in both the position and intensity of the jets.
Quantification of underlying mechanisms using decision trees: The high interpretability
of the decision trees has enabled the identification of a subset of variables and their

thresholds that are associated with a higher probability of frost occurrence for each
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region in CSA. We find that cyclonic or slightly positive z500a (generally below 14m) in
the Atlantic Ocean tend to favour frosts. Among the jet parameters the most
outstanding are: latitude of the STJ, longitudinal extent and tilting of the Atlantic branch
of the STJ. The conditions that favour frost are an STJ north of 31°S, an extension above
35°, and negative tilts (which are more pronounced in the northernmost regions). The
prolonged duration of these conditions over several days contributes to the persistence
of frost. However, incorporating a variable specifically indicating this persistence into
decision trees results in only a marginal enhancement of skill. Finally, we observe that
that frost events are more likely to occur in July.

e Variables relevant for the onset/offset of frosts: An exploratory analysis is conducted,
focusing exclusively on the beginning and end of the events. It is, however, important
to note that the skill of the DTs is generally lower in this analysis due to the smaller
sample size and the greater imbalance between categories. Again, the most relevant
variables are z500a and ext.lon.atl.stj. In particular, we find an interesting result in the
SB_NA region. Using only the z500a in the DT, we achieved a balanced accuracy of 0.76
in diagnosing the onset of frost. This high accuracy suggests the potential for this

method to be a valuable tool across various applications.

The results of this work are intended to bring agricultural users closer to understanding the
physical processes that lead to the occurrence of winter frosts in CSA. This knowledge will help
to improve decision-making in this sector of the economy, which is so crucial for the countries
of the region. Furthermore, this study holds particular interest for the forecasting community.
It has the potential to enable a more rigorous evaluation of how well numerical weather
prediction (NWP) models capture the physical processes that lead to frost in CSA. Specifically in
Argentina, the National Meteorological Service has identified considerable errors in the two
NWPs used for minimum temperature forecasts - GFS and WRF. According to the verification

carried out for the period 2020-2022, these models show the largest biases during the austral
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winter, with more than 40% of winter days with errors above 2°C for forecast day+1 and day+2
(Matsudo and Garcia Skabar, 2023). A comparable behaviour is observed in southern Brazil,
where the ETA model underestimates the temperature by more than 20% for the three lead
times studied (24, 48 and 72 h) (Rozante et al., 2023). Therefore, there is an urgent need for a
future study that could focus on a detailed analysis of the specific meteorological conditions and

model configurations that contribute to these forecast errors.
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