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Abstract

Regional economies that depend predominantly on agriculture and livestock are heavily affected by changes in air temperature,
one such case are the activities in La Plata river basin (LPB). Some studies suggest that variations in the seasonal cycle and season
onset would affect efficiency in the use of radiation by vegetation. This paper evaluates the distribution of minimum temperature
seasonality trends over LPB, describes the trends in the seasonal cycle, and detects changes of minimum temperature extremes
characterized by the number of frost days and the frequency of warm and cold nights. The analysis includes absolute minimum
temperature 0(TnMin) and minimum average temperature (TnMean) from ERAS reanalysis for the 1980-2015 period.
Significant positive trends in the amplitude of annual average TnMin and TnMean are observed over more than half the area
(53.5% and 69.9% of the basin, respectively). Amplitude and phase parameters suggest that average minimum temperature
underwent greater variation than absolute minimum temperature over LPB. The shifts in phase indicate that minimum temper-
atures occurred earlier than usual in the year considering the 35-year series. In general terms, there is a shift toward warmer
conditions. This warming is evident in seasonal trends of minimum temperature as well as in the significant increase in the
number of warm nights, a significant decrease of cold days and a significant decrease in the number of frost days in the highest
Andes mountains in the west of the LPB.
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1 Introduction

La Plata river basin (LPB) is home to abundant high-quality
natural resources and high productivity. LPB includes the ce-
real production areas of Argentina, Brazil, Uruguay,
Paraguay, and Bolivia. It produces 90% of Argentina’s cereal
and oil crops; 30% of Brazil’s rice, soybeans, wheat, and
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maize; almost the entire cereal and oil crop production of
Uruguay and Paraguay; and the main crops of Bolivia
(Barros et al. 2006; CIC 2017). This turns the LPB into one
of'the most important regions in South America, from both the
environmental and the economical perspectives. Regional
economies that depend so heavily on natural resources and
ecosystem services are subject to weather and climate
variability.

In terms of climate variability, the main variables that affect
crops are temperature (Sadras and Monzén 2006; Garcia et al.
2016; among others) and precipitation (Penalba et al. 2007,
Miiller et al. 2011, among others). Precipitation variability can
affect soybean and corn crops, which are widespread in LPB
(Lee and Berbery 2012). For instance, precipitation has a
strong correlation with the yields of soybean and corn in the
south of Brazil (Berlato et al. 2005) and in Paraguay
(Mayeregger et al. 2015). Extreme rains strongly influence
the variability in soybean yields in central-eastern Argentina,
a region known as the Humid Pampa (Penalba et al. 2007).
Increased precipitation during spring, mainly associated with
El Nifio (Berri and Bertossa 2004), increases soybean and
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corn yields. Droughts, that may be associated with La Nifia
events, reduce crop yields in the Humid Pampa, southern
Brazil (Arsego et al. 2018), and Paraguay (Mayeregger et al.
2015). Temperature also plays an important role in crop de-
velopment; for example, it may shorten crop cycles, such as
wheat (Sadras and Monzon 2006). Both precipitation and tem-
perature control the efficiency with which vegetation makes
use of solar radiation, and, therefore, they control net primary
productivity as well (Pifieiro et al. 2006).

In the last decades, the mean and extreme values of precip-
itation and temperature have changed. Temperature extremes
are shifting toward warmer conditions in southeastern South
America (Alexander et al. 2006; Carril et al. 2016), and in
particular, minimum temperature has been increasing since
1960 (Magrin et al. 2014; Lovino et al. 2018a). Warmer min-
imum temperatures have larger impacts on grain yields than
on vegetative growth, because they lead to an increase in the
senescence rate and a consequent drop in the ability of crops to
fill their grains and fruits (Hatfield and Prueger 2011).

Increased minimum temperature and water availability,
along with technological improvements, explain the higher
yields of cereals and oilseeds in the most productive regions,
such as the Humid Pampa (Magrin et al. 2014; Miiller et al.
2011; Fernandez Long et al. 2013). In this region, rising min-
imum temperature has caused the number of warm days and
nights to increase; in addition, a decrease was observed in the
number of cold days and nights (Skansi et al. 2013; Magrin
et al. 2014; Lovino et al. 2018b). The rise in night temperature
leads to a shortening of growth phases such as the filling of
wheat grains. As a consequence, production loss is about 3%
per degree of average temperature rise in the Humid Pampa
(Garcia et al. 2015, 2016). Warmer minimum night tempera-
tures affect the pollination period of wheat and barley. In par-
ticular, during the critical period for wheat (approximately be-
tween 20 days before and 10 days after flowering), production
losses are approximately 7% per degree above mean minimum
temperature (Magrin et al. 2014; Garcia et al. 2015). Nocturnal
warming during the post-anthesis period (when plants bloom
and become fertilized allowing seed production) has direct ef-
fect on wheat grain weight (Garcia et al. 2016). A noticeable
increase in minimum temperature during the wheat growing
cycle (July to December), mainly in October and November,
caused drops in average production of 28.3 kg/ha/year during
the 1930-2000 period and 52.7 kg/ha/year during the 1970—
2000 period in the Humid Pampa region (Magrin et al. 2014).
Thus, rising minimum temperatures and warmer nights disrupt
the critical periods for wheat and barley crops, entailing signif-
icant potential yield losses mainly due to less accumulated
radiation as a consequence of shorter critical periods (Veron
et al. 2015).

Understanding the variability, extremes, and changes in
surface air temperature is essential to assist decision-making
in agriculture and natural resource management. Although
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there are numerous studies of temperature, temperature data
are not always available with adequate resolution or spatial
coverage in southern South America. Throughout LPB in par-
ticular, data gaps are frequent mainly when weather stations
are distant from urban centers. Observations of surface air
temperature extremes (minimum and maximum temperature)
are sparse, and the quality of chronological records is ques-
tionable. Temperature reanalysis helps fill these information
gaps and makes it possible to conduct research that would
otherwise be unfeasible.

This study has three main purposes: first, to evaluate the
distribution of minimum temperature seasonality trends over
LPB and describe the trends in the seasonal cycle; second, to
identify persistent seasonal changes longer than 10 years; and
lastly, to detect changes in minimum temperature extreme
events characterized by the number of frost days and the fre-
quency of warm and cold nights. The results are expected to
improve the understanding of changes in minimum tempera-
ture cycles as drivers of variability in primary production in
the basin.

2 Data and methods
2.1 Study area and data

This study focuses on the LPB, which is located in southeast-
ern South America, between 10°S and 36°S and 43°W and
67°W (see Fig. 1). LPB includes part of the territories of five
countries: 44% of Brazil, 32% of Argentina, 12% of Paraguay,
7% of Bolivia, and 5% of Uruguay. LPB is one of the most
important hydrologic systems in the world, with an area of 3.1
million km? that includes a diversity of natural—e.g., forests,
grasslands, and shrublands, among others—and agricultural
ecosystems.

Given that weather observations in some areas of south-
eastern South America are scarce and irregularly distributed,
datasets providing full spatial coverage are highly valuable for
research of this region. Reanalysis databases covering long
enough periods for climate analysis are available online and
allow real-time updates. The temperature series for this study
were retrieved from ECMWF ERAS reanalysis (European
Center for Medium-Range Weather Forecasts; Hersbach
et al. 2018). ERAS is a global high-resolution reanalysis that
covers the period between 1979 and the near present. In this
study, we use the ERAS series of daily minimum temperature
produced by Chambers (2019) at 0.5° grid resolution in the
19802015 period. Furthermore, ERAS, that updates the
oldest ERA-Interim version, has been scarcely used in tem-
perature studies in southeastern South America to date.
Several studies reported that ERA-Interim was able to repro-
duce observed trends in seasonal temperature and correctly
reproduced the interannual variability of minimum-
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Fig. 1 Map of La Plata river basin (orange line) including country, province, and state borders and southern South America topography (small box—

bottom left). Source: Google Earth

temperature extreme events over LPB (e.g., Jones et al. 2012;
Cornes and Jones 2013; Lovino et al. 2018b). In contrast, few
studies evaluated ERAS5 temperature datasets or studied tem-
perature trends. For example, Avila-Diaz et al. (2020) showed
that ERAS could properly recognize observed climate patterns
and trends of minimum temperature extremes represented by
cold days and cold night indices (TN10p and TN90p, respec-
tively) in the Brazilian part of LPB. These indices presented a
small cold bias (almost 5%), very good Pearson correlation
coefficients (mainly between 0.8 and 0.9), and small values of
RMSE-observations standard deviation ratio (RSR close to
0.5). These results demonstrate the ability of ERAS to repro-
duce extreme events related to minimum temperature in this
study region. To further test the ERAS database, this study
performed its temperature analysis in the LPB region using the
most recent database.

2.2 Methods
2.2.1 Seasonal trend analysis of minimum temperature

Monthly minimum temperature (TnMin) is analyzed by
means of extreme temperature indices and seasonal trend anal-
ysis. Interannual temperature trends are examined using the
seasonal trend analysis (STA; Eastman et al. 2009, 2013). The
STA identifies trends in the essential character of the seasonal
cycle. It provides an approach to local and regional climate
change, filtering out unwanted sources of variability—e.g.,
sub-annual high-frequency variability and short-term variabil-
ity. STA specifically rejects high-frequency sub-annual noise

and is robust to short-term interannual variability up to a pe-
riod of 29% of the length of the series; it is able to detect
interannual cycles persisting 10 years or more and disregards
short-term climate variability (Eastman et al. 2009). Another
advantage of STA for trend evaluation of environmental var-
iables is that it provides information on the time of the year
when changes occur (Eastman et al. 2009; Neeti and Eastman
2011).

The STA is based on a two-stage time series analysis. The
first stage is similar to a Windowed Fourier Analysis. It con-
sists in running a harmonic regression for each year of infor-
mation to extract the amplitude and phase of sinusoids with
annual and semi-annual frequency along with the mean annual
temperature. Unlike other trend analysis methods, trends are
not calculated over the entire period. Thus, Neeti and Eastman
(2011) speak of trends in seasonality. The STA applies har-
monic analysis at each grid point to determine the annual
average, and annual and semi-annual cycles and the seasonal
cycle, as represented by Eq. (1):

n=2 . [ 2nnt
y=ap+ Y ay sm<—7; Jrgon) (1)
n=1

where ¢ is the time, 7is the period, # is the harmonic, on are
amplitudes, and @n are phase angles (from 0 to 360°).

This way, the seasonality of minimum temperature at each
grid point can be expressed by means of five parameters: the
annual average amplitude (A0), the amplitude and phase of
the annual cycle (A1, F1, respectively), and the amplitude and
phase of the semi-annual cycle (A2, F2, respectively). The
phase angle (F1) indicates shifts in time, where a value of
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30° corresponds to 1 month approximately. The semi-annual
cycle is a shape modifier of the annual curve (Eastman et al.
2009). Results depend on the number of harmonics selected,
the size of the sample, and the amount of noise in the series.

The second stage calculates a Theil-Sen estimator (TSE,
Neeti and Eastman 2011) over time at each pixel for the time
series of each shape parameter. TSE calculates the slope for
each pairwise combination of samples in time. The median of
slopes is then used to characterize the trend, resulting in sep-
arate trend maps for each of the five shape parameters over all
pixels (Eastman et al. 2009). The statistical significance of the
calculated trends is evaluated using the non-parametric
Contextual Mann Kendall test (CMK, Neeti and Eastman
2011). The CMK is a robust modification of the Mann
Kendall test (MK), which is frequently used for trend analysis
of climatic and hydrologic time series (e.g., Yue and Wang
2000; Mavromatis and Stathis 2010). The CMK does not re-
quire data to have normal distribution, and it has low sensitiv-
ity to abrupt changes due to inhomogeneities in the series
(Tabari and Hosseinzadeh Talace 2011). When comparing
CMK and MK results, Ordinola et al. (2017) found insignifi-
cant differences in the areas with trends. However, they noted
that CMK results were more consistent geographically. This
contextual test makes it possible to identify geographical phe-
nomena using spatial autocorrelation, according to which a
grid point would be expected to exhibit rather similar trends
to those of neighboring grid points.

The statistical significance of the trends in the amplitudes
(A0, A1, A2) and the phases of the annual and semi-annual
cycles (F1, F2) is evaluated including standardized levels of
confidence (Z) and trend directions. The levels of confidence
used are as proposed in Neeti and Eastman (2011) (Z=+2.58;
Z =+1.96 and Z = £ 1.64), which correspond to three prob-
ability values (p < 0.1, 0.05, and 0.01, respectively).

The changes in seasonal behavior over time are reflected in
the differences between the resulting annual cycles of the me-
dian, calculated using the first and the last years of the total
period. This analysis also makes it possible to recognize the
time of occurrence of these differences in phase.

2.2.2 Number of frost days and cold and warm nights

Minimum temperature extremes are critical for agriculture in
LPB. We use three of the ETCCDI! indices (Klein Tank et al.
2009; Zhang et al. 2011) that characterize the frequency of
minimum temperature extreme events: the number of frost
days (FD), cold nights (TN10p), and warm nights (TN90p).
FD is defined as the annual number of days when TN;; < 0 °C.
TN10p and TN9Op are defined as the percentage of days in the

! World Meteorological Organization (WMO) Commission for Climatology
(CCI)/CLIVAR/ JCOMM Expert Team on Climate Change Detection and
Indices (ETCCDI)

@ Springer

year when TNj; < TN;,10 and TNj; > TN;,90, respectively.
TNj; is daily minimum temperature on day i in year j.
TN;,90 or TN;,10 are 90th or 10th percentile of daily mini-
mum temperature calculated for a 5-day window centered on
each calendar day » in the base period 1981-2010 (in
agreement with Zhang et al. 2011 and Skansi et al. 2013).

We evaluate the spatial distribution of trends in the studied
minimum temperature indices in the 1980-2015 period.
Trends are computed with the Theil-Sen Method, and statisti-
cal significance is determined using the non-parametric
Contextual Mann Kendall (both methods are detailed in
Section 2.2.1). Areally averaged time series of each index
are calculated. We examined the temporal evolution of mean
changes in areally averaged minimum temperature indices by
fitting polynomial nonlinear trends to each time series.

3 Results and discussion
3.1 Seasonal trends in minimum temperature

Figure 2 presents the spatial distribution of statistically signif-
icant trends in annual average amplitude (A0), the amplitudes
of the annual (A1) and semi-annual cycles (A2), and the
phases of the annual (F1) and semi-annual cycles (F2) of the
two variables examined: minimum annual temperature
(TnMin) and average minimum temperature (TnMean).
Complementarily, a summary of LPB areas with significant
trends is presented in Table 1.

Most temperature trends are positive over LPB, as shown
in Fig. 2. This warming is revealed by mostly positive changes
in A0, A2, and the F1 of both TnMin and TnMean (Fig. 2 a, c,
d, f, h, and i). Annual average amplitude (AO) values of
TnMin and TnMean exhibit significant changes over 53.5%
and 69.9% of LPB, respectively (see Table 1). Figure 2 a and f
show that positive changes occur toward the north and east-
northeast of LPB, but no significant trends appear in the
Humid Pampa. These results agree partially with the results
in Zazulie and Rusticucci (2009) who reported that the north
and the northeast of LPB present significant trends in the
variance explained by the annual cycle of minimum tempera-
ture, due to changes in the length of seasons. Significant pos-
itive trends in A0 also appear along the Atlantic coast and in
the Parana River Delta. Significant negative trends in A0 ap-
pear only in TnMin over a small area in the southern extreme
of LPB (only 0.3%). Amplitude A1 of TnMin (Fig. 2b) pre-
sents significant negative changes over a small area of the
basin near Sao Paulo (Brazil) (0.3%, see Table 1). A2 of
TnMin (Fig. 2¢) exhibits significant positive trends in western
Paraguay and northwestern Argentina. The presence of non-
zero semi-annual amplitude could be associated either to the
existence of a semi-annual cycle in the seasonal curve or to
differences in the shape of the annual curve. The F1 of TnMin
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Table 1 Percentage of La Plata river basin area with significant trends
in mean annual amplitude (A0), annual cycle amplitude (A1), semi-
annual cycle amplitude (A2), annual cycle phase (F1), and semi-annual

cycle phase (F2) of absolute minimum temperature (TnMin) and mini-
mum average temperature (TnMean) for the period 1980-2015

Area (%) TnMin Area (%) TnMean

Significance A0 Al A2 F1 F2 A0 Al A2 Fl1 F2

NS 46.5 99.7 85.8 89.7 93.9 30.1 98.3 97.2 16.8 99.3
S 53.5 0.3 14.3 10.3 6.1 69.9 1.7 2.8 83.2 0.8
S+ 53.2 0.0 12.2 10.3 1.6 69.9 0.0 2.5 83.2 0.6
S- 0.3 0.3 2.1 0.0 49 0.0 1.7 0.3 0.0 0.1
S+90 15.3 0.0 3.8 6.4 1.4 11.3 0.0 2.4 19.1 0.6
S+95 12.5 0.0 4.9 3.8 0.2 18.9 0.0 0.1 40.6 0.0
S+99 16.4 0.0 35 0.0 0.0 39.7 0.0 0.0 23.4 0.0
S-90 0.2 0.3 1.2 0.0 45 0.0 1.7 0.3 0.0 0.1
S-95 0.1 0.0 0.7 0.0 0.4 0.0 0.0 0.0 0.0 0.0
S-99 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Significant (S+) or non-significant (NS+) trends; sign indicates positive/negative trends; and 90, 95, and 99 indicate confidence levels

(Fig. 2d) shows significant lags in the northern part of the
basin. Positive trends are indicative of anticipated occurrence
of maximum TnMin in the 19802015 period, suggesting that
the warm season tends to begin earlier in the year.
Amplitudes and phases of TnMean are presented in Fig. 2
. Figure 2f shows that the areas with significant trends in the
amplitude of TnMean present some similitudes in coverage
with those of TnMin (Fig. 2a). The annual cycle amplitude A1
presents significant negative trends in small portions of LPB
(1.7%, Fig. 2g), a bit more than the 0.3% detected in TnMin,
although these significant negative trends are not congruent in
location. The presence of a trend in the semi-annual pattern of
Al does not necessarily imply a trend in the seasonal cycle; it
is rather an indication of a change in the shape of the annual

TnMin

TnMean

Fig. 2 Areas in La Plata basin with statistically significant trends (1980—
2015) (ERAS database) of mean annual amplitude (A0), annual cycle
amplitude (A1), semi-annual cycle amplitude (A2), phase of the annual
cycle (F1), and phase of semi-annual cycle (F2) of absolute minimum

curve. Neither TnMin nor TnMean presents significant posi-
tive trends of Al in LPB. The A2 of TnMean (Fig. 2h) ex-
hibits significant increases in a small area in the northwest of
LPB (2.5%). Nevertheless, the phase of the annual cycle F1 of
TnMean presents a significant positive trend in almost the
entire basin (83.2%). The trend mostly concentrates in the
center and northeast of LPB (Fig. 2i and Table 1).

The amplitudes of the semi-annual cycle of absolute and
average minimum temperatures have non-significant trends
over more than 85% of LPB (Table 1). Spatial patterns of
the phase of absolute minimum temperatures present non-
significant trends in more than 89.7% of LPB, but spatial
patterns of the phase of average minimum temperatures are
significant in 83.2% of LPB (see Table 1 and Fig. 2 d and 1).

h)| =™
temperature (TnMin a, b, ¢, d, e) and average minimum temperature
(TnMean, f, g, h, i, j). Warm colors (red) indicate significant positive

trends, while cold colors (blue) highlight significant negative trends.
Significance confidence levels are 90%, 95%, and 99%
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The analysis of the average minimum temperature (TnMean)
reveals that relevant changes include an earlier occurrence of
the maximum shift in phase (F1) indicative of anticipated
occurrence of minimum temperature. The phases of the annual
cycles of TnMin and TnMean present positive trends in the
north and northeast of LPB. Persistent changes are observed
over a significant area, in agreement with Victoria et al. (1998)
and Rosso et al. (2015).

Significant monotonic trends in TnMin and TnMean only
appear in northeastern Argentina. Given that cloud cover
could affect these variables, the conclusions in Barrucand
and Rusticucci (2001) and Barrucand (2008) could provide
some support to our results, as those authors found that the
cloud cover remains unchanged along the diurnal cycle in
northeastern Argentina. Zazulie and Rusticucci (2009) obtain-
ed similar results and observed an area without trends in the
variance explained by the amplitude of the annual cycle of
TnMin, TnMean, and TnMax in the 1961-2003 period.
They found negative trends in the annual cycle of TnMax.
On the contrary, trends were mainly positive when consider-
ing TnMin. Furthermore, Collazo et al. (2019a) noted a de-
crease in the frequency of cold extremes, which is consistent
with the existence of positive trends in TnMin and TnMean
identified in our study.

Figures 3 present the areas where significant trends in A0
(Fig. 3a) and F1 (Fig. 3b) of both the TnMin and TnMean
overlap. Figure 3a shows a match in the areas with significant
trends of the mean amplitudes of both variables in the north-
east of the basin. Moreover, such trends are positive in both
variables. Figure 3b shows that F1 also presents positive
trends for both TnMin and TnMean toward northeastern
LPB. The phase of the annual cycle of TnMin (F1, Fig. 2d)
presents positive significant trends up to 0.39 days in the
northeast of LPB in the 1980-2015 period. Furthermore,
TnMean presents positive trends up to 0.36 days in 36 years
in almost entire LPB (see Fig. 21), with average trend of 0.1 £+
0.08 days. The trends in F1 for TnMean are less pronounced
than those found in Stine et al. (2009), who indicated that the

Fig. 3 Regions where significant
trends in absolute minimum
temperature (TnMin) and average
minimum temperature (TnMean)
overlap for each parameter: mean
annual amplitude (A0) in panel
(a) and the phase of the annual
cycle (F1) in panel (b). Red color
indicates that TnMin and TnMean
have positive trends overlapped
(+). There are no other combina-
tions in LPB

phase of the annual cycle of surface temperature over extra-
tropical land shifted toward earlier seasons by 1.7 days be-
tween 1954 and 2007, which they interpreted as being indic-
ative of a natural oscillation.

Figure 4 presents the trends in TnMin and TnMean in the
19802015 period together with the trends in AO. The spa-
tial patterns and magnitudes of trends of both TnMin and
TnMean and their average amplitudes are quite similar
(compare Fig. 4a with Fig. 4 ¢ and b with d). Significant
trends in the mean amplitude A0 of both variables (Fig. 2 a
and f) are in general agreement with TnMin and TnMean
significant trends (not shown), presenting overlapped sig-
nificant positive trends in the northern area of LPB.

Significance levels of the correlation coefficients are high
(r* = 0.96), as calculated with the Theil Sen method.
Considering only the grid points with statistically significant
trends, and relating them to gradient values (i.e., the rate of
change of average TnMin at those grid points), the trends
reach + 0.035 °Cl/year and + 0.025 °C/year. Total variation
throughout the period is + 1.26 °C and + 0.9 °C in TnMin and
TnMean, respectively. This warming is consistent with the
results of Falvey and Garreaud (2009), Skansi et al. (2013),
Lovino et al. (2018b), and Collazo et al. (2019a, b), among
others.

Figure 5 presents the regression analysis between trends in
TnMin and TnMean and trends in A0 for the same variables in
the entire LPB in the 19802015 period. Both variables pres-
ent a correlation of 0.98 and more than 96.0% of variance
explained by the linear trend. These results suggest that a large
proportion of the variance in A0Q calculated for TnMin and
TnMean can be explained by a linear trend (see Fig. 5). The
correlation between the trends of TnMean and TnMin was
rated using CMK coefficients. Correlations of A0 and F1
(not shown) between the series of TnMean and TnMin
reached a determination coefficient (rz) of 0.65 and 0.29, re-
spectively, reinforcing the idea that both series have more in
common in terms of their average values than in terms of the
annual phase.

AO
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Fig. 4 Theil Sen trend (TS, °C/ TnMin TnMean
year) for (a) absolute minimum
temperature (TnMin) and (b) av-
erage minimum temperature
(TnMean) over La Plata river ba- o
sin (1980-2015). Linear trend g
(°Clyear) for average amplitude o~
of (¢) TnMin (A0 TnMean) and ";J
(d) average amplitude of TnMin o
(A0 TnMean, °C/year) g'
- Bl 006
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Figure 6 presents the combination of amplitudes (AOinred, =~ A0 and A2. In order to analyze and interpret the characteristics
Al in green, and A2 in blue), and Fig. 7 presents combination  of the annual cycles, some locations were studied in detail,
of phases (A0 in red, F1 in green, and F2 in blue). Color = comparing reanalysis, observations, and fitted curves.
combinations indicate parameters with greater positive trends. ~ Figures 6 and 7 show the annual cycles of TnMin and
For example, bright magenta indicates positive trends in both TnMean based on the ERAS5 dataset, weather station
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0.003
0.003
0.002 0.002
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-0.001
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=0.003 .0.002 r=0.98
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Fig.5 Regression analysis between the mean annual amplitude A0 Theil Sen slope and the linear trend for absolute minimum temperature (TnMin, left)
and average minimum temperature (TnMean, right) over La Plata river basin (1980-2015)
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TnMin(K)

TnMin(K)

Junin

TaMin(K)
8
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—— ERAS 80-84 —— ERA 11-15

Fig. 6 Selected locations with data from weather stations (EM 80-84 and
EM 11-15), ERA5 (ERA5 80-84 and ERAS5 11-15), and fitted (ft 80-84
and ERAS 11-15) absolute minimum temperature (TnMin) for 1980—

observations, and data fitted by STA, respectively, in the first
and last 5-year intervals of the study period (1980-1984;
2011-2015). TnMin rose in Brasilia, Oran, and Ceres (see
Fig. 6), mainly in summer, with a warming of up to 3.0 °C
toward the end of the period under study.

On the other hand, warmer TnMin is observed in different
seasons, depending on the area. Near the Andes (Oran, Fig. 6),
temperature rises in spring and early summer, while in Brasilia
(Fig. 6), it rises between 2.0 and 3.0 °C in summer and au-
tumn. At the remaining stations (Junin and Sao Paulo, Fig. 6),
absolute minimum temperature rose about 1.0 °C almost
throughout the whole year in the study period. Close to the
Atlantic Ocean coast, significant warming occurred in all sea-
sons but on a smaller scale than in the rest of the analyzed sub-
areas. These results agree with the increase in the amplitude of
the semi-annual amplitude A2 of TnMin, as an amplification
of the annual curve amplitude. The phase shows a shift in the
annual TnMin wave at some statistically significant grid
points located mainly in the northern area of La Plata river
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basin. Figure 7 shows that TnMean increased in Brasilia,
Oran, and Ceres (see Fig. 7) mainly from winter to summer.
Most locations underwent a phase shift (Fig. 7) that could be
easily observed in the fitted curves.

3.2 Trends in frost days and cold and warm nights

Figure 8 presents the spatial distribution of the linear trends of
FD, TN10p, and TN90p and their statistical significance as
well as the areally averaged time series. No remarkable trends
are observed in FD in most of LPB. The Andes, in the western
corner of the LPB, are an exception, since the number of frost
days has decreased significantly (with a maximum decay rate
of one frost day per year) in the period under study (Fig. 8 a
and b). The highest areas of the LPB, i.e., its Andean portion,
had more than 300 FD per year. On the other hand, the fre-
quency of frost days in the Chaco-Pampa plain varies latitu-
dinally, from 30 frost days per year in the south of LPB to no
frost days in the north (not shown). No significant trends are
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Fig. 7 Selected locations with data from weather stations (EM 80-84 and
EM 11-15), ERA5 (ERA5 80-84 and ERAS5 11-15), and fitted (ft 80-84
and ERAS 11-15) mean minimum temperature (TnMean) for 1980-1984

found in the large LPB plain, where extensive agro-industrial
activities take place. Thus, areally averaged time series of FD
over the whole LPB (Fig. 8c) show a slight decrease in the
number of frost days, since the area with significant changes is
small compared to the total size of the basin.

The frequency of warm nights exhibits a significant in-
crease in most of LPB, particularly toward the north (Fig. 8
d and e). The greatest increase occurred in the northeastern
corner of LPB, where TN10p grew at a rate of 0.35% days per
year. The significance of increases of warm nights toward the
north is at 95% level (Fig. 8e). The areally averaged frequency
of warm nights (Fig. 8f) reveals an increase from 8 to 13%
days per year from about 1990 to 2015 with important inter-
annual variability. Interestingly, the areally averaged mean
trend of cold nights (Fig. 81) shows that the frequency of cold
nights decreased by about 3% from 1990 to 2015, that is, at
the same time when an increase of about 5% was observed in
the frequency of warm nights (Fig. 8f). Decreasing cold night
frequency was observed in the whole LPB (Fig. 8g), with
significant trends at least at the 99% confidence level in the
north and northwestern LPB (Fig. 8h). The highest decrease
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and 2011-2015. The area color composite is an RGB combination of the
mean annual amplitude (A0 in red), the phase of the annual cycle (F1 in
green), and the phase of the semi-annual cycle (F2 in blue)

rates of cold nights reach values of 0.3% days per year, in the
northeast of LPB (Fig. 8g).

4 Conclusions

This paper analyzes seasonal trends in absolute minimum
temperature (TnMin), average minimum temperature
(TnMean), and in the frequency of cold days (TN10p), warm
nights (TN90p), and frost days (FD) computed using ERAS
reanalysis over La Plata river basin in the period 1980-2015.
Minimum temperature over LPB presented trends in the sea-
sonal cycle as well as variations and trends described in terms
of the annual and semi-annual amplitudes and phases. Both
amplitude and phase parameters suggested that average min-
imum temperature underwent greater variation than absolute
minimum temperature over LPB.

The seasonal trend analysis made it possible to identify
trends in the seasonality of minimum absolute temperature.
In general, the annual cycles of mean and absolute minimum
temperature—TnMean and TnMin, respectively—were
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Fig.8 Number of frost days (FD, first row), warm nights (TN90p, second
row), and cold nights (TN10p, third row). Left panels (a, d, g): trends
computed with the Theil Sen Method (°C/year) for the 1980-2015 period.
Middle panels (b, e, h): areas with statistically significant trends.

positive throughout LPB in the period 1980-2015.
Heterogenous spatial patterns of significant changes were
found for the amplitude of the annual average (A0) and the
amplitude and phase of the annual cycle (A1 and F1) for both
TnMean and TnMin. The most important changes were ob-
served in the annual average amplitude (A0) (in 53.5% and
69.9% of the area, respectively) and in the phase of the annual
cycle, F1 (10.3% and 83.2%, respectively) of both variables—
TnMean and TnMin. The significant trend observed in phase
F1 implies a shift toward warmer seasons. This shift was less
than that reported in the northern hemisphere by Stine et al.
(2009). The area average of F1 presented an increase of 16.3°,
which corresponds to a shift of approximately 16 days toward
warmer seasons.

The amplitude of the annual cycle (A1) showed almost no
significant trends for both TnMin and in TnMean over LPB.
On the other hand, the phase of the annual cycle (F1) showed
greater differences in the spatial coverage of positive trends
between TnMin and TnMean. The only region in which the
positive trends of F1 coincided was toward the north of LPB.
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Significance scale is presented at the bottom of the column. Right panels
(¢, 1, i): temporal evolution of areally averaged indices over LPB and their
nonlinear trends estimated by fitting polynomial trends

These results reinforced the idea that both series (TnMin and
TnMean) have more in common in terms of their average
values, as demonstrated by the trends in A0, than in terms of
the angle/timing of the annual phase. However, a significant
increase was reported for the A0 in TnMin in more than half of
the basin (53.5% of the LPB), while significant changes if F1
for TnMean for more than 80% of the LPB revealed a prevail-
ing shift to anticipate the occurrence of its maximum. Stine
et al. (2009) suggested that the phase shift is related with
several mechanisms but highly influenced by changes in ther-
mal mass. Thermal mass on land is largely modulated by soil
moisture. If soil moisture decreases, it would result in a pos-
itive phase shift. A significant negative trend of soil moisture
in a great percentage of LPB from 1979 to 2017 was reported
by Deng et al. (2020). This soil moisture decrease would be
related with the phase shift to earlier seasons.

The annual average TnMin and TnMean showed a positive
trend mainly in the north and the east of LPB. These results are
consistent with the findings of Zazulie and Rusticucci (2009)
who reported that these areas present significant trends in the
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variance explained by the annual cycle of minimum tempera-
ture, due to changes in the length of the different seasons.
Negative trends in absolute and mean minimum temperature
were observed in the south of the basin; however, only TnMin
trends were significant. Our results also reported a great
percentage of significant positive trends closer to the eastern
coast of South America not only for the average amplitude, the
amplitude, and phase of the annual cycle but also for the
frequency of cold and warm nights. Renom et al. (2011) sug-
gested that minimum temperature extremes over the eastern
South American coast are forced by sea surface temperatures
in the Atlantic Ocean LPB and internal atmospheric variabil-
ity. In addition, it is well known that climate in South America
underwent a change in the 1970s, which was connected to the
1976-1977 global climate shift (Jacques-Coper and Garreaud
2015). This climate shift appears to have been a source of
change in temperature trends and variability. For example,
Renom et al. (2011) found that changes in El Nifo evolution
after 1976 may have altered the relationship between temper-
ature extreme events in the South American coast and atmo-
spheric circulation.

Minimum temperature extremes are becoming warmer
throughout LPB. The frequency of warm and cold nights
shows significant signals of warming: while the number of
warm nights has been increasing since 1990, cold night fre-
quency has been decreasing in the same period. These results
agree with those reported for the region by Skansi et al.
(2013), Lovino et al. (2018b), and Collazo et al. (2019a, b).
Minimum temperature warming may have impacts on agricul-
ture (Barros et al. 2015; Lovino et al. 2018a). The rise in
average minimum temperature together with decreasing num-
ber of cold nights led to increased evapotranspiration rates in
wheat and barley and shortening of grain-filling periods,
which resulted in a drop in yields (Magrin et al. 2009;
Garcia et al. 2015; Hatfield and Prueger 2015).

Even the coldest region of LPB, i.e., the highest Andes
mountains, saw a significant decrease in the number of frost
days. Contrarily, no significant changes were observed in the
number of frost days over most of the LPB region, including
the Chaco-Pampa plain and the Brazilian plateau. However,
El Niflo Southern Oscillation—ENSO—is known to favor
large interannual variability in frost day frequency over this
region: less frost days are observed during El Nifio years and
more in La Nifa years (Miiller et al. 2000; Miiller et al. 2003;
Lovino et al. 2018b).

Greenhouse gas (GHG) emissions and land-use changes
are widely accepted as major drivers of climate changes, par-
ticularly changes in temperature and precipitation (e.g.,
Magrin et al. 2014; Allen et al. 2018). Over the past decades,
La Plata basin has been subject to major changes in land
cover, which in turn are modifying latent and sensible heat
and soil moisture in the area (e.g., Lee and Berbery 2012).
Avila et al (2012) found that minimum temperature extremes

present locally strong and statistically significant responses to
induced land cover change over LPB. Our findings revealed
that the significant warming of absolute minimum tempera-
tures in central and northern LPB and the weak cooling in the
south of the basin are consistent with the results reported by
Avila et al (2012) when considering temperature indices relat-
ed to land use and land cover changes. In LPB, 0.1 to 0.5 of
the fraction of vegetation cover was converted from forest to
cropland, which means that the scale of the impact is large
enough to be significant on seasonal timescales (Avila et al.
2012).
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