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Abstract
Episodes of heat stress constrain crop production and will be aggravated in the near future according to short and medium-term
climate scenarios. Global increase in cloudiness has also been observed, decreasing the incident solar radiation. This work was aimed
to quantify the probability of occurrence of heat stress and cloudiness, alone or combined, during the typical post-�owering period of
wheat and canola in the Southern Cone of South America. Extended climate series (last 3-5 decades with daily register) of 33
conventional weather stations from Argentina, Brazil, Chile and Uruguay (23ºS to 40ºS) were analysed considering the period from
September to December. Two different daily events of heat stress were determined: i) maximum daily temperature above 30ºC
(T>30ºC), and ii) 5ºC above the historical average maximum temperature of that day (T+5ºC). A cloudiness event was de�ned in our
work as incident solar radiation 50% lower than the historical average radiation of that day (R50%). The T>30ºC event increased its
probability of occurrence throughout the post-�owering phase, from September to December. By contrast, the risk of T+5ºC event
decreased slightly, just like for R50%, and the higher the latitude, the lower the probability of R50%. The T>30ºC plus R50% combined
stresses reached greater cumulated probabilities during post-�owering, compared to T+5ºC plus R50%, being 42% vs. 15% in
northernmost locations, 26% vs. 19% in central (between 31ºS to 35ºS), and 28% vs. 1% in southernmost locations, respectively. A
curvilinear relationship emerged between the monthly probability of combined stresses and the number of days with stress per month.
In summary, T>30ºC was the most frequent thermal stress during post-�owering in wheat and canola. Both combined stresses had a
noticeable risk of occurrence, but T>30ºC plus R50% was the highest. Evidence of the recent past and current occurrence of heat stress
individually, and its combination with cloudiness events during post-�owering of temperate crops, serves as a baseline for future
climate scenarios in main cropped areas in the Southern Cone of South America.

1 Introduction
The Southern Cone of South America is a vast region of approximately 3 million km2 between 23ºS and 40ºS. This huge area runs
from subtropical zones such as southern Brazil and northern Argentina (23ºS; Tropic of Capricorn) to temperate (Uruguay) and cold
regions of central-southern Argentina and Chile (40ºS) (Fig. 1). Plains and river valleys with extensive agriculture coexist with natural
areas harbouring wild plant species with a wide range of biodiversity. With a population ~ 276 million people in the Southern Cone,
food production is a priority. Wheat and canola are the main cereal and oilseed crops, respectively, both cultivated during winter-spring
in this region of South America. Wheat production in the Southern Cone (25.8 million t) accounts for 3.5% of wheat world production
and it is cropped in 8.3 million ha, whereas canola production is 0.39 million t (0.5% of world), harvested in 0.16 million ha (FAO, 2020).
These key temperate crops and their production are challenged by the scenarios of climate change in the Southern Cone.

According to the Intergovernmental Panel on Climate Change (IPCC, 2018), the global average temperature is currently increasing by
0.2ºC (± 0.1ºC) per decade. A changing climate leads to variation in the frequency, intensity or duration of weather and climate
extremes (Marengo et al., 2014) and these changes impact negatively on crop productivity and food security at both global and
regional scale (FAO 2015). For the main production areas of temperate annual crops in the Southern Cone, higher daytime
temperatures are forecast for spring and summer, accompanied by the occurrence of extreme temperatures (Sillmann et al., 2013;
Feron et al., 2019). For the end of the 21st century, average temperatures were projected to increase by 4° C for the Southern Cone
(IPCC, 2013). The scenarios of temperature increase for the eastern side of the Andes mountains are expected to be warmer in the
second half of the 21st century (Rusticucci and Renom, 2007; Barros et al., 2015), with a higher trend for minimum temperatures ca.
0.14ºC per decade (i.e., warmer nights) during the spring season in the Argentinean Pampas (García et al., 2018).

Temperature and solar radiation are factors that are highly in�uenced by the effects of climate change. Temperature is closely
associated with solar radiation reaching the Earth's surface. Therefore, temperature and radiation to which a crop is exposed depend
on the location and the time of year when the crop is growing in the �eld. Latitude is one of the main geographical factors determining
the annual amount of solar radiation and consequently mean temperature (Linacre and Geerts, 1997; Barry and Chorley, 2003). In the
Southern Cone, the highest values of annual solar radiation and annual average temperature are found in the Tropic of Capricorn
(23ºS), attenuated at higher latitude (Reed, 1929; Barry and Chorley, 2003).

In addition to temperature increase, solar dimming, which is de�ned as the decrease in the amounts of solar radiation reaching the
Earth's surface, due to increased cloudiness, pollution and rain, has become a challenge to crop production. Although cloudiness is not
a universal explanation for solar dimming, it is the largest modulator of solar radiation in the atmosphere, causing multi-decadal
changes of incident solar radiation �uxes (Norris and Wild, 2007; Bartoszek et al., 2020). A reduction of solar radiation of about 1.3%
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per decade or about 7 W m− 2 was already recorded for the period 1950–1980 in land stations around the world (Gilgen et al., 1998;
Liepert, 2002; Raichijk, 2011; Matuszko and Stanisław, 2015). This has been supported by a 0.51 ± 0.05 W m− 2 decrease of solar
radiation per year, at a rate of 2.7% per decade during the last 50 years of the 20th century (Stanhill and Cohen, 2001). Apparently, this
has been a global phenomenon, as similar results were reported for speci�c areas such as the former Soviet Union (Russak, 1990;
Abakumova et al., 1996), the Mediterranean Basin (Aksoy, 1997; Omran, 2000), USA (Liepert, 2002), China (Ren et al., 2005), and
southern Africa (Power and Mills, 2005). In the Southern Cone, solar reduction was estimated by 0.59 W m− 2 per year between 1960
and 1990 (Stanhill and Cohen, 2001). However, no information is available about cloudiness events across the latitudes in the
Southern Cone for recent years. Cloudiness events are relevant for crop production, as they affect the photosynthetic capacity and,
consequently, the growth of crops. The convergent events of higher temperature and lower radiation due to both dimming and
cloudiness have the consequence of lower intercepted radiation by crops and biomass production.

Flowering time of wheat and canola in the Southern Cone typically occurs from early (northern Argentina and southern Brazil) to late
(Uruguay and central-southern Argentina and Chile) spring (Pan et al., 2009; Miralles et al., 2014; Pengue, 2015; Mera et al., 2015;
Gazzano et al., 2019). The weather conditions occurring immediately at pre and post-�owering in wheat and canola, often from
September to December, are key, since physiological processes during these stages de�ne grain yield. Grain yield in both crops is
closely associated with the number of grains per area (Tommey and Evans, 1992; Diepenbrock, 2000; Fischer, 2007), which is de�ned
in a particular period called “critical period”, around �owering for wheat (Fischer, 1985) and post-�owering for canola (Kirkegaard et al.,
2018). Grain growth takes place during the post-�owering period (from �owering to physiological maturity), in which grain weight and
quality are de�ned. High air temperature and low solar radiation are two well-known key factors that reduce grain yield in both crops
(Brocklehurst et al., 1978; Evans et al., 1978; Wardlaw et al., 1995; Aksouh-Harradj et al., 2006; Labra et al., 2017).

Although both global dimming and temperature increases are expected, little effort has been devoted to evaluating both climate
variables together during the post-�owering period in wheat and canola, when high-temperature events are most likely to occur. After
�owering, different evidence found in the literature, applying shading treatments to reduce incident solar radiation from 50 to 80%,
produced a reduction in biomass accumulation (Savin and Slafer, 1991; Labra et al., 2017), grain weight (Serrago et al., 2013; Iglesias
and Miralles, 2014) and/or grain yield (Fischer, 1985; Kirkegaard et al., 2018), depending on the capacity of both crops to cope with
stress (Zhang and Flottmann, 2015; Asseng et al., 2017). Regarding the known effects of high temperatures on crop physiology, two
different thermal stresses arise during the post-�owering period in temperate crops: moderately high temperatures throughout the
whole period, and very high daytime temperatures during short periods, with 30ºC as thermal threshold (Wardlaw and Wrigley, 1994;
Tahir et al., 2006; Wahid et al., 2007). High temperature during post-�owering reduces grain weight in wheat and canola (Lizana and
Calderini, 2013; Asseng et al., 2017; Dreccer et al., 2018; Lilley et al., 2019). The ooccurrences of scenarios of maximum high daytime
temperatures in the typical post-�owering period of wheat and canola have not been studied for southern South America. In addition,
scenarios of combined stresses of high temperature and cloudy days have been even less evaluated.

The objective of this work was to quantify the probability of occurrence of events of heat stress and cloudiness, alone and combined,
during the post-�owering period of wheat and canola in the Southern Cone of South America, through the analysis of historical climate
series recorded in 33 locations of the South Cone from 23ºS and 40ºS. We hypothesise that during the post-�owering period of wheat
and canola, (i) the probability of two different events of heat stress, such as maximum daily temperatures above 30ºC (T > 30ºC) and
increase of 5ºC above the daily maximum historical average (T + 5ºC), is higher in locations at lower latitude, (ii) T > 30ºC and T + 5ºC
present similar probability for a given location, (iii) cloudiness event (R50%) differs with latitude and throughout the post-�owering
period, and (iv) each location has similar behaviour throughout post-�owering regarding the probability of occurrence of both types of
events combined.

2 Materials And Methods
2.1 Selected sites, climate series and analysis period

This study evaluated the meteorological information of 33 representative locations of the production areas of wheat and canola, from
4 countries of the Southern Cone of South America: Argentina, Brazil, Chile and Uruguay (Table 1). To facilitate the presentation of the
data, the studied region was divided into 3 areas according to their latitude: north (covering latitudes from 23ºS to 31ºS), central (from
31ºS to 35ºS) and south (from 35ºS to 40ºS) (Table 1 and Fig. 1).
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Historical climate series were recorded by the National Meteorological Service (SMN, Argentina), the Agronomic Institute of Paraná
(IAPAR, Brasil), the Institute of Agricultural Research (INIA, Chile) and the National Institute of Agricultural Research (INIA, Uruguay).
Databases comprise records of daily maximum and minimum temperature (ºC) and sunshine duration (hours) covering the last 30-57
years (Table 1).

The analysis accounts for the period between September 1st and December 31st to cover the typical post-�owering period (i.e., from
�owering to physiological maturity) for wheat and canola of each location: September to October in the northern, October to November
in the central and November to December in the southern areas (Table 1 and supplementary Fig. S1).

2.2 Phenology of wheat and canola in the Southern Cone

In locations of Argentina, dates of �owering (F) and physiological maturity (PM) of wheat and canola were predicted through the
CRONOS© software (cronos.agro.uba.ar). Hence, a likely planting date was previously established for each location and genotype
choice. Sowing date within the Pampas Region is usually from early June (in the lower latitude locations within the region) while late
sowing date is late July for locations in higher latitudes. We worked with a spring cultivar for wheat and canola. The source for most
frequent dates of F and PM of wheat and canola for Brazil, Chile and Uruguay were the literature and national web pages (Miralles et
al., 2014; Mera et al., 2015; http://www.atlanticasementes.com.br; http://www.inia.org.uy).

2.3 Heat stress and cloudiness events

In order to account for high temperature stressful conditions from September 1st to December 31st, the probability of daily heat events
was calculated by: i) maximum daily temperatures above a threshold value of 30ºC (T>30ºC), and (ii) daily maximum temperature
above 5ºC of the daily maximum historical average (T+5ºC). Cloudiness probability was calculated quantifying days with global solar
radiation ≤50% the historical daily average radiation (R50%). The global solar radiation data of each location was calculated through
the data of sunshine duration, according to the Angström model (1924) as recommended by the World Meteorological Organization
(WMO, 2008) (Eq. 1).

Q = Qo (a + b.S) Eq. 1

where Q is the global solar radiation (MJ m-2 day-1), Qo is the extra-terrestrial radiation (MJ m-2 day-1), a and b are constants for each
weather station, and S is the relative sunshine duration (hours of sun with respect to duration of the day).

The probability of occurrence of an event for a given day was calculated as:

where: Pi, j, k is the probability of occurrence of stress i (T+5ºC, T>30ºC, R50%, T+5ºC plus R50%, T>30ºC plus R50%) on day j, x is the
number of times with stress i for day j in the climatic series of site k, n is the number of years of the climatic series of site k.

The monthly probability of occurrence was calculated through the average of the daily values corresponding to the month. The
monthly probability of occurrence of the combined events of high temperature and cloudiness (T>30ºC plus R50%; T+5ºC plus R50%)
from September to December is shown in maps of the Southern Cone of South America in Figures 3 and 4.

The cumulative probability of each event was calculated as the sum of the daily probability of the event from September 1st. The
cumulative probability during the post-�owering period was calculated for each location, as the difference between the cumulative
probability for PM and the cumulative probability for F (Table 2). The time-course of the cumulative probability of T>30ºC, T+5ºC and
R50% events was represented only for selected representative locations in each area from September 1st to December 31st (Fig. 2). The
meaning of the value of this variable indicates how likely the combined event is to take place on and before a certain date. For
example, a 60% cumulative probability in PM means that there was a 60% probability the event occurred in PM or prior to that date, or
in other words, there was a 40% probability that the event did not take place in the period.

Graphs for the probabilities of occurrence of individual events (Fig. 2) and for the cumulative probability of the combined events (Fig.
7) are shown in some representative locations of each country and of each area in order to facilitate the presentation of the results.
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Selected locations were Passo Fundo (Brazil) and Reconquista (Argentina) representing the northern area, Salto Grande (Uruguay) for
the central area and Tres Arroyos (Argentina) and Pichoy (Chile) for the southern area.

Graphs of the time-course of high temperature and cloudiness events over the last 28 years, sorted by each area, are attached to this
work as supplementary material (Supplementary Figs. S2 to S10), detailing the probability values of occurrence of these events for
each location along the period 1990 to 2018 (series of years in common for all locations). This value was calculated annually for each
location by averaging the monthly probabilities of occurrence for September, October, November and December.

3 Results
3.1 Probability of heat stress events

The probabilities of maximum daily temperature >30ºC (T>30ºC) and of 5ºC above the historical average (T+5ºC) were analysed for
the evaluated 33 locations (Supplementary Table S1). Data of representative locations in each area are shown in Figure 2. Daily
probabilities of both types of heat stress events differed in their trends in each locality from September 1st to December 31st. When
heat events of T>30ºC were assessed, the daily probability of its occurrence was increasing after F in most of these locations (Fig. 2
left). Salto Grande showed the highest average probability (26%) of T>30ºC during the post-�owering period, followed by Reconquista,
Tres Arroyos (25% in both locations) and Passo Fundo (11%). On the contrary, the lowest probability was recorded in Pichoy, where the
probability was almost zero during the post-�owering period.

The heat stress event T+5ºC did not show a clear trend for the post-�owering period of wheat and canola. However, a slight decline
towards PM was found in low latitude locations such as Passo Fundo, Reconquista and Salto Grande. In these locations, the daily
probability of T+5ºC event was close to or lower than 20% (Fig. 2, central panels). In other words, maximum daily temperature was
over the historical daily maximum temperature by 5ºC every ~2 out of 10 years. This daily probability was similar along the post-
�owering period. Across the evaluated locations, the average probability of T+5ºC during the post-�owering period ranged from 10 to
16%.

Additionally, the typical duration of the post-�owering period for each of the 33 locations and the probabilities of occurrence of T>30ºC
and T +5ºC events were represented graphically (Supplementary Fig S1).

3.2 Probability of cloudiness events

Cloudiness events decreasing global solar radiation by 50% relative to historical data (R50%) from F to MF showed higher daily
probability at the beginning of the post-�owering period (Fig. 2, right panels). Across areas and locations of the Southern Cone, clear
differences were found in cloudiness patterns. In the northern and central areas, the daily probability ranged from 10 to 60%
throughout the post-�owering period. A lower daily probability was observed in the southern area, with daily probability ranging 3% to
30%. When comparing the average probability for post-�owering, Passo Fundo showed the highest value (38%) followed by
Reconquista, Salto Grande and Tres Arroyos (23%), while the lowest was found in Pichoy (10%) (Fig. 2, right panels).

Similar to T>30ºC and T+5ºC events, the average probability of daily occurrence of R50% for each location during the typical duration
of the post-�owering period is shown in Supplementary Figure S1.

3.3 Time-course of high temperature and cloudiness events

The time-course of the probability of T>30ºC and T+5ºC events has been increasing in some locations and has remained stable in
others over the last 28 years (Supplementary Figs. S2 to S7). Example of locations with a tendency to increase the probability of
T>30ºC events over the years were Ceres, Salta, Laboulaye, Rio Cuarto, Trenque Lauquen, Santa Rosa, General Pico and Bolivar (Figs.
S2 to S4). Other locations as Santiago del Estero, Sauce Grande and Bahía Blanca showed stability for this event, while it did not occur
in Pichoy and Chillán. For the T+5ºC event, locations such as Salta, Bahía Blanca, General Pico, Coronel Suárez, Mar del Plata, Trenque
Lauquen, Santa Rosa, Bolivar and Tres Arroyos increased the probability of occurrence of high temperatures since 2001, while
Guarapuava, Gualeguaychú and Pichoy remained stable throughout the last 28 years (Figs. S5 to S7).

The probability of R50% event has been variable according to each area (Supplementary Figs. S8 to S10). In the northern area, it is
worth noting the increase in the incidence of R50% in Guarapuava and Santiago del Estero since approximately 2010. Also, since this
year, certain increases in the probability of occurrence of R50% have also been observed in some locations of the central area, such as
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Gualeguaychú, Venado Tuerto, Sauce Viejo, Rosario, and Salto Grande. Regarding the southern area, locations such as Olavarría,
Bolivar, Coronel Suárez, Junín, and Santa Rosa tended to lower the probability of R50% until 2010 and then it seems to increase
slightly. A separate case in this area was Trenque Lauquen, which increased its probability until 2001 and subsequently decreased
(Supplementary Fig. S10).

Probabilities of occurrence of combined events of high temperature and cloudiness

For T>30ºC plus R50% combined event (Fig. 3), the monthly probability of occurrence varied in both temporal and spatial scale. In the
sites located in the north-northwest of the Southern Cone of South America the T>30ºC plus R50% event was already evident in
September, and in the central and southern sites, it was only clear from October onward. The monthly probability of this event
increased from September to December across locations, largely explained by the increase in maximum temperature from the end of
spring.

Within each area (north, central, south) the monthly probability of occurrence of the event presented variability among locations. In the
northern area, during the post-�owering period of wheat and canola (September-October), monthly probabilities of combined stress
(T>30ºC plus R50) were from <10% in those locations of greater elevation (e.g., Guarapuava, 1120 m of altitude) to probabilities
ranging 61 to 70% at lower altitudes (e.g., Londrina, 650 m and Santiago del Estero, 200 m).

In the central area, the post-�owering period took place from October to November. In that period, monthly probabilities of occurrence
of T>30ºC plus R50% events also varied among locations, from <10% in La Estanzuela to the highest values in Venado Tuerto, ranging
41-50%, while in the rest of locations probability ranged between 21 and 40% (Fig. 3).

For the southern area, the highest monthly probability of T>30ºC plus R50% events during the post-�owering period was found from
November to December in Trenque Lauquen, with maximum monthly probabilities from 71 to 80%. In Santa Rosa, Tandil, Coronel
Suárez, and Tres Arroyos, probability ranged between 21 and 30%, while the lowest probability for combined stress T>30ºC plus R50%
was observed in the Chilean locations of Chillán and Pichoy (<10%).

The T+5ºC plus R50% combined events presented the highest monthly probability in the south-southeastern locations of the region,
especially during September, which is prior to the occurrence of post-�owering in those locations (Fig. 4). Towards October and
November, the monthly probability of the events declined from the north to the south areas, while in December the probabilities of
occurrence decreased in the great majority of the locations of the Southern Cone, with the exception of General Pico, Olavarría and Mar
del Plata (in the southern area). Despite the general trend described above, the magnitude of the monthly probability of occurrence of
T+5ºC plus R50% varied between locations of each area. Salta and Passo Fundo (both from the north area) as well as Río Cuarto and
Tacuarembó (both from the central area) exhibited the highest monthly probabilities of the T+5ºC plus R50% combined events during
post-�owering, reaching values close to 40%. For the rest of locations, such probability was below 30% (Fig. 4). For the southern area,
Mar del Plata and General Pico stood out from the rest, with a mean monthly probability of 56% and 46%, respectively.

Regarding the number of days per month under a combined event (Figs. 3 and 4), an association was observed between the
magnitude of the calculated probability values of T>30ºC plus R50% and T+5ºC plus R50% events for each month (colour scale) and
the number of days when it took place within each month (point size). In other words, probabilities below 30% in the months of
September to December were associated with very low frequencies of days of occurrence per month (less than 0.5 days in a month);
probabilities between 31 and 50% were related to frequencies of occurrence of 0.5 to 1 day per month and the highest probabilities,
between 51 to 80%, with the highest frequencies of occurrence of days per month, with values from 1 to 4 days per month. When the
probability of occurrence was related to the number of days of stress per month (Figs. 5 and 6), an asymptotic curve was observed for
both combined stress events but differing among monthly periods. Thus, for the T>30ºC plus R50 % event the relationship was more
noticeable in November and December with no different trends between locations per area (north, central, south). In the T+5ºC plus
R50% event the relationship was stronger in September where it was observed that the locations of the southern area presented the
highest probabilities and the largest number of days.

3.4 Cumulative probability during post-�owering period

Cumulative probabilities of occurrence of both combined stress events, throughout the post-�owering period typical for each area were
calculated for all locations (Table 2). In addition, cumulative probability (cumulated from the 1st September) of occurrence of both
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types of combined events T>30ºC plus R50% and T+5ºC plus R50%, are compared for selected locations from each area: Passo Fundo
and Reconquista for the northern area, Salto Grande for the central area, and Tres Arroyos for the southern area (Fig. 7).

In Passo Fundo, the T>30ºC plus R50% event presented a high cumulative probability (from the 1st September) during the period
between F and PM, with 19% in F and 48% in PM, which indicated a cumulative probability of 29% for the post-�owering period (Fig. 7
left and Table 2). Thus, in ~3 out of 10 years, the T>30ºC plus R50 combined event occurred during the typical post-�owering period in
this northern location. A slightly higher value of cumulative probability for the T+5ºC plus R50% event during post-�owering, around
38% was found in Passo Fundo, which was the highest cumulated value obtained compared to the rest of the sites in the northern area
(Table 2). By contrast, in Reconquista the cumulated probability during the post-�owering period was higher for T>30ºC plus R50%
(43%) compared to T+5ºC plus R50% (26%; Table 2).

Finally, Salto Grande and Tres Arroyos showed similar cumulated values in PM, with 44-40% for T>30ºC plus R50%, and 72-74% for
T+5ºC plus R50%, respectively (Fig. 7). During the post-�owering period, the cumulated probability was similar at both sites, with
around 40% for T>30ºC plus R50%, and around 20% for T+5°C plus R50% event (Table 2).

Comparing (across locations) the average cumulative probability during post-�owering period was 42% in the T>30ºC plus R50% event
vs. 15% in the T+5ºC plus R50% event for the northern area; whereas it was 26% vs 19% in the central area, and 28% vs 1% in the
southern area, respectively (Table 2). It is worth noting that only for Pichoy and Chillán, in the southernmost area at the west of the
Andes, there were no increases of cumulative probability of any combined stress events during the post-�owering period (Table 2).

4 Discussion
This study aimed at quantifying the occurrence of events of high maximum temperatures and cloudiness during the post-�owering
period of temperate crops in the Southern Cone of South America during the last three to �ve decades. The heat stress event was
de�ned by two indicators: i) maximum daily temperature exceeding a thermal threshold (T>30ºC), and ii) temperature 5°C above the
maximum historical average of that day (T+5ºC). The choice of both heat stresses is supported by experimental evidence on their
differential physiological effects on grain yield and quality of wheat and canola during grain �lling (Aksouh et al., 2001; Sial et al.,
2005; Yin et al., 2009; Wu et al., 2020). Also, attempts have been made to incorporate responses to both types of heat stress events to
simulation crop models around the world, although more work needs to be done in this respect (Asseng et al., 2015; Lilley et al., 2015;
Liu et al., 2016; Qian et al., 2018; Hussain et al., 2018; Liu et al., 2020).

Contrary to expectations, the occurrence of both heat stresses was different along latitude and over time from September to December.
Therefore, the occurrence of both heat stresses did not show association. Most of the 33 evaluated locations in the Southern Cone of
South America (from 23ºS to 40ºS) showed that the lower the latitude, the higher the T>30ºC, in accordance with Linacre and Geerts
(1997) and Jimenez and Oliver (2005). Also, T>30ºC increased from September to December. Thus, maximum daily temperatures
above 30ºC have been the most frequent heat stress during post-�owering of temperate crops in most locations in the Southern Cone,
with locations at low latitude and delayed post-�owering being the riskiest. One exception was observed, as Pichoy (in southern Chile)
did not virtually present any risk of T>30 ºC, associated with a cold Mediterranean climate characteristic of this pre-Andean area, with
average maximum temperature during post-�owering period of 20.4ºC, signi�cantly distant from 30ºC.

The T+5ºC event quanti�ed maximum daily temperature exceeding the historical average value of a given day by 5°C. For this event to
occur, there must be variability in temperature, which is evidenced in the so-called mid-latitudes "between 30 and 60ºS", where the
strong westerly wind belt generates a much greater thermal variability (Jimenez and Oliver, 2005). Over the southern tip of South
America and the adjacent South Paci�c, the west winds are stronger toward the austral summer, peaking between 45 and 55ºS
(Garreaud et al., 2009). The occurrence of T+5ºC event during the post-�owering period turned out to be an indicator of high
temperatures less likely to occur and exhibited a different behaviour compared to the T>30ºC event. The results indicated no trend or a
slight decrease in T+5ºC probability throughout the post-�owering in most locations. Thus, T+5ºC stress is more susceptible to be
found for early September in locations at mid-latitudes in the Southern Cone.

Vincent et al. (2005) examined the trends of extreme daytime and nighttime temperatures during the period 1960-2000, covering
several countries from South America. Their results indicated signi�cant trends in the daily minimum temperature, but no consistent
changes in the indices based on daily maximum temperature, concluding that the warming was mainly due to the increase in warm
nights during summer and winter. In line with the asymmetric warming described by Vincent et al. (2005), García et al. (2018) modelled
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yield and phenology of wheat and barley crops using APSIM with historical climate series (1961–2014) for representative sites of the
Pampas and observed a positive trend for average mean temperature during the September, October and November season (from 0.02
to 0.49°C decade−1). At a regional scale, changes in mean temperature during that period were better explained by variation in
minimum rather than maximum temperature (García et al., 2018). Those increases in the minimum temperature reduced the �owering
time, by shortening the duration of the critical period (on average 0.6 d decade-1), and decreased the yield between ca. 2 and 9% per °C
across the Pampas locations, as a consequence of less accumulated radiation capture and less incident radiation, due to the winter
shift. More recently, Feron et al. (2019) found that the frequency of days exceeding the 95th percentile of the maximum temperatures
increased at less 3 days per season during the summer (December-January-February) towards lower latitudes. A value of 3 days of
very high daily temperature (T>30ºC) is quite frequent even during the spring (September-October-November) for temperate crops, as
observed in the present work.

Cloudiness, de�ned here as a 50% reduction in daily incident solar radiation (R50%) during post-�owering, was higher in the
northernmost locations (from southern Brazil and northern Argentina). Several studies have reported trends of incident solar radiation
around the world in the last decades (Abakumova et al., 1996; Stanhill and Cohen, 2001; Liepert, 2002) with a general decreasing trend
from 1950 to 1980, mainly due to variations in cloud cover, followed by an increase since 1980, largely associated with changes in air
pollution levels (Wild, 2009). The causes of variations in cloud cover were not analysed in our work because the global solar radiation
data of each location was estimated through the data of sunshine duration. Raichijk (2011) analysed the duration of insolation in 6
countries of South America (Argentina, Bolivia, Brazil, Paraguay, Peru and Uruguay), and a decreasing trend was observed from 1961
to 1990, changing to an increase from 1991 to 2004. In our work, the dynamics of the R50% event during 1990-2018 differed among
locations, even in those very close and located at the same latitude. For several locations it was a tendency to increase the probability
of R50% since 2010. But no trend was observed in other locations from Argentina and Chile, and only in Trenque Lauquen a decreasing
trend was observed since 2000 (Supplementary Fig. S10). The causes of the differences in cloudiness trends between locations
deserve to be further studied, as related to typical patterns of cloud cover, pollution and rain in the Southern Cone of South America.

To the best of our knowledge, this is the �rst report that assesses the occurrence of combined events of high maximum temperatures
and cloudiness during the post-�owering of temperate crops of the Southern Cone. For both combined events, the thermal effect
dominated over the cloudiness in most locations. The main difference between T>30ºC plus R50% and T + 5ºC plus R50% events was
found in the month in which both events reached their highest probability of risk (Figs. 3 and 4). In the vast majority of locations, the
combined T>30ºC plus R50% event had its greatest impact during December, contrary to the greatest occurrence in September for the
T+5ºC plus R50% event. Also, a positive curvilinear relationship emerged between the probability of combined stresses and the number
of days with stress per month, for all locations in South America (Figs. 5 and 6). Thus, combined stresses are not isolated events, and
the higher the risk of combined stress, the greater the probability of suffering it for several days. This is relevant, as a certain number
of days of exposure to stress is required to irreversibly affect crop yield (Wardlaw et al., 2002; Rondanini et al., 2006).

Regarding the probabilities of occurrence of thermal and cloudiness combined stresses, the northernmost area may escape the
T>30ºC plus R50%, as the grain-�lling period of wheat and canola ends by December. This combined stress is potentially harmful for
the central and southern areas, since it coincides with the effective gran-�lling and �owering period, respectively. On the other hand, the
occurrence of T+5ºC plus R50% mainly in September coincides with �owering in the northernmost region, whereas central and
southern areas do not compromise their critical period as crops are usually in the pre-�owering stage. Overlapping Figs. 3 and 4, it is
clear that the southernmost area is likely to be affected by both types of combined stresses during December, coinciding with the
grain-�lling period of wheat and canola. Currently, there is no bibliographic information on the consequences of simultaneous high
temperature and light stress on the yield in wheat and canola during the grain-�lling period.

5 Conclusion
In the last 3-5 decades in the Southern Cone of South America, temperate crops have faced the risk of thermal, cloudiness, and both
combined stresses during the post-�owering period. The probability of thermal stress T>30ºC during grain �lling was higher than
T+5ºC. Dynamics of cloudiness events exhibited diverse trends over the years, and thermal stress drives the probability of combined
stresses. The monthly probability of combined stresses and the number of days with stress per month showed a positive curvilinear
association. The south area (except for Pichoy and Chillán, in the south area at the west of the Andes) is likely to be affected by both
types of combined stresses during December, when the grain-�lling period in wheat and canola crops occurs. This study evidences the
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recent past and current occurrence of heat stress individually and combined with cloudiness events during post-�owering of temperate
crops, serving as a baseline for future climate scenarios in main cropped areas in the Southern Cone of South America.
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Area Latitude Longitude Altitude Climate
series

Location Country Planting
date

Flowering
date

Maturity
date

(º S) (º W) (masl)            

North

(from
23.30  
to
29.88º
S)

23.30 51.16 566 1976-
2018

Londrina Brazil Mid of May
at the
beginning   
of June

Mid of
September   
at the
beginning     
of October

Mid of
October
at the
beginning
of
November

24.85 65.48 1221 1961-
2018

Salta Argentina

25.39 51.46 1120 1976-
2018

Guarapuava Brazil

  27.78 64.26 201 1961-
2018

Santiago del
Estero

Argentina

  28.21 52.40 684 1988-
2018

Passo Fundo Brazil

  29.18 59.70 53 1961-
2018

Reconquista Argentina

  29.88 61.95 88 1961-
2018

Ceres Argentina

Central

(from
31.27  
to
34.55º
S)

31.27 57.93 47 1970-
2018

Salto Grande Uruguay Beginning
to mid
June

End of
October        
at the
beginning      
of November

End of
November
at the
beginning
of
December

31.70 60.82 18 1961-
2018

Sauce Viejo Argentina

31.72 55.98 143 1986-
2018

Tacuarembó Uruguay

  32.69 62.10 114 1961-
2018

Marcos
Juárez

Argentina

  32.92 60.78 25 1961-
2018

Rosario Argentina

  33.00 58.62 21 1962-
2018

Gualeguaychú Argentina

  33.12 64.23 421 1962-
2018

Río Cuarto Argentina

  33.74 61.96 111 1988-
2018

Venado
Tuerto

Argentina

  34.13 63.37 137 1961-
2018

Laboulaye Argentina

  34.32 57.72 72 1966-
2018

La Estanzuela Uruguay

  34.55 60.92 81 1961-
2018

Junín Argentina

South

(from
35.70  
to
39.64º
S)

35.70 63.75 141 1961-
2018

General Pico Argentina Beginning
of July at
the
beginning
of August

Beginning
to          end
November

Mid to
end
December

35.97 62.73 80 1975-
2018

Trenque
Lauquen

Argentina

36.01 59.09 36 1988-
2018

Las Flores Argentina

  36.23 61.12 102 1988-
2018

Bolívar Argentina

  36.57 64.27 191 1961-
2018

Santa Rosa Argentina

  36.60 72.10 194 1983- Chillán Chile
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2018

  36.77 59.85 137 1961-
2018

Azul Argentina

  36.89 60.32 162 1988-
2018

Olavarría Argentina

  37.23 59.25 175 1971-
2018

Tandil Argentina

  37.43 61.88 233 1961-
2018

Coronel
Suárez

Argentina

  37.60 62.38 304 1962-
2018

Pigué Argentina

  37.93 57.58 21 1961-
2018

Mar del Plata Argentina

  38.33 60.25 109 1964-
2018

Tres Arroyos Argentina

  38.73 62.17 83 1961-
2018

Bahía Blanca Argentina

  39.64 73.08 18 1983-
2018

Pichoy Chile

Table 2
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    Cumulative probability            during post-�owering

Area Location T>30°C T+5ºC

    plus R50% plus R50%

North

(from 23.30   to 29.88º S)

Londrina 0.65 0.04

Salta 0.36 0.17

Guarapuava 0.07 0.14

Santiago del Estero 0.62 0.16

Passo Fundo 0.29  0.38 

Reconquista 0.43 0.26

Ceres 0.37 0.13

Central

(from 31.27   to 34.55º S)

Salto Grande 0.39 0.21

Sauce Viejo 0.23 0.18

Tacuarembó 0.13 0.25

Marcos Juárez 0.19 0.14

Rosario 0.07 0.09

Gualeguaychú 0.34 0.31

Río Cuarto 0.44 0.46

Venado Tuerto 0.47 0.12

Laboulaye 0.22 0.06

La Estanzuela 0.04 0.19

Junín 0.32 0.08

South

(from 35.70   to 39.64º S)

General Pico 0.24 0.00

Trenque Lauquen 0.63 0.07

Las Flores 0.25 0.15

Bolívar 0.24 0.08

Santa Rosa 0.19 0.03

Chillán 0.00 0.00

Azul 0.25 0.12

Olavarría 0.22 0.14

Tandil 0.22 0.13

Coronel Suárez 0.19 0.04

Pigué 0.36 0.07

Mar del Plata 0.48 0.00

Tres Arroyos 0.40 0.18

Bahía Blanca 0.54 0.07

Pichoy 0.00 0.00
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Figures

Figure 1

Map of the Southern Cone of South America divided into north, central and south areas (delimited by horizontal striped lines) with the
analysed locations. (Source: http://maps.google.com/) Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 2

Probabilities of daily occurrence of individual high temperature events: maximum daily temperatures above 30ºC (T>30°C, left panels)
and increase of 5ºC above the daily maximum historical average (T+5°C, central panels), and cloudiness events: global solar radiation
≤50% the historical daily average radiation (R50%, right panels) as a function of the days from September 1st in representative
locations of the Southern Cone of South America. The arrows on the x-axis indicate the typical dates of �owering (red arrow) and
physiological maturity (blue arrow) for wheat and canola. The values at the top right of each graph represent average probability
during post-�owering period
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Figure 3

Monthly probability of occurrence of the combined stress of heat and cloudiness, T>30°C plus R50%, in locations of the Southern Cone
of South America. The colour of the circle goes from the lightest to the darkest in relation to the increased probability. The diameter of
the circles is proportional to the number of days under combined events in a month. Horizontal striped lines delimit north, central and
south areas Note: The designations employed and the presentation of the material on this map do not imply the expression of any
opinion whatsoever on the part of Research Square concerning the legal status of any country, territory, city or area or of its authorities,
or concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 4

Monthly probability of occurrence of the combined stress of heat and cloudiness, T+5°C plus R50%, in locations of the Southern Cone
of South America. The colour of the circle goes from the lightest to the darkest in relation to the increased probability. The diameter of
the circles is proportional to the number of days under combined events in a month. Horizontal striped lines delimit north, central and
south areas Note: The designations employed and the presentation of the material on this map do not imply the expression of any
opinion whatsoever on the part of Research Square concerning the legal status of any country, territory, city or area or of its authorities,
or concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 5

Scatter plot of monthly probability of occurrence of the combined stress of heat and cloudiness T>30°C plus R50% and the number of
days with the stress for all locations (n=33) of north (circles), central (triangles) and south (cross) areas of the Southern Cone of South
America
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Figure 6

Scatter plot of monthly probability of occurrence of the combined stress of heat and cloudiness T+5°C plus R50% for all locations
(n=33) of north (circles), central (triangles) and south (cross) areas of the Southern Cone of South America
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Figure 7

Cumulative probabilities of combined stress of heat and cloudiness as a function of days from September 1st to representative
locations in the Southern Cone of South America. The arrows on the x-axis indicate the typical time of �owering (red arrow) and
physiological maturity (blue arrow) of wheat and canola
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