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Abstract The frequency and spatial distributions of precipitation extremes (PEs)
and deep convective clouds (DCC) across the Amazon region were assessed us-
ing satellite-derived data. For PEs, CHIRPS dataset for the period 1981-2018
were used to calculate a set of absolute, threshold, duration, and percentile-based
threshold indices defined by the Expert Team on Climate Change Detection and
Indices. DCC occurrence was assessed based on the Advanced Microwave Sound-
ing Unit data for the period 2002-2018. In northern Amazon (north of 5◦S) PEs
and DCC are more frequent (≥ 60% frequency) during February-June. Averaged
trends over these months have shown increase in daily rainfall above 20mm of near
3 days over the 1981-2018 period, and an increase of 2 consecutive wet days (P
≥ 1 mm) in the same period. South of 5◦S prevalence of PEs and DCC is largely
observed during November-March (≥ 60% frequency), whereas the longest persis-
tence of dry days is observed during June-August. Though all PE trends point
to an intensification of rainfall in November-March, only consecutive dry days in
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winter (JJA) and spring (SON) show significant trends, pointing to an increase
of 7 days over the 38-yr winters. Rainfall extremes over the entire Amazon re-
gion were found to be moderate to strongly correlated with the mean vertically
integrated moisture divergence, and in southern Amazon also to upper level diver-
gence and upward vertical velocity. Increased frequency of DCC were found over
the whole basin (∼ 18%.yr−1), in contrast to decreased convective overshooting
(up to ∼ 15.4%.yr−1).

Keywords Precipitation extremes · Deep convective clouds · Climatology ·
Trends · Amazon

1 Introduction

Precipitation is key parameter that characterizes the climate in the Amazon region.
A major feature of precipitation in this region is the large spatial variability, which
in turn, is further modulated by several modes of temporal variability (decadal,
inter-annual, intra-seasonal, etc.; see, e.g., Nobre et al., 2009; Wang et al., 2018;
Michot, 2017). Extreme precipitation events such as droughts and heavy precipita-
tion are part of the natural variability of the climate system, however the frequency
of precipitation extremes is expected to increase in the context of climate change
(Cox et al., 2008; Fischer et al., 2014; Boisier et al., 2015). Several recent studies
have pointed to a seemingly increase in the frequency of “once-in-a-century”-type
events of floods and droughts (e.g., Marengo and Espinoza, 2016; Espinoza et al.,
2019a; Barichivich et al., 2018; Towner et al., 2020) and communities across the
basin perceive changes in climate and precipitation patterns occurring in the last
decade (Funatsu et al., 2019). Yet, the large spatial rainfall variability and a lack
of long-term climate records make it challenging to detect changes in precipita-
tion patterns and even more so in the frequency of extreme events in the Amazon
region.

In most of the Amazon region, rainfall has a predominantly seasonal character
(e.g., Ronchail et al., 2006; Espinoza Villar et al., 2009; Andreoli et al., 2012; Mi-
chot, 2017; Arvor et al., 2017; Michot et al., 2018). In the southern part (roughly
south of 5◦S) the rainy season is between November and March, with a peak in
austral summer (December-February, DJF), and the dry season has a core in the
winter months (June-August, JJA). Over the northern part of the basin the rainy
season is more spatially varied, but it is mostly concentrated from May to Octo-
ber, and the driest period in DJF. In most of the basin, the rainfall seasonality is
linked to the onset and demise of the so-called South America Monsoon System
(SAMS; e.g., Jones and Carvalho, 2002; Gan et al., 2004; Vera et al., 2006), with
fluctuations in precipitation frequency, intensity and amounts primarily linked
to the variability of its features. Near the surface, westward trade winds trans-
port water vapor from the Atlantic through the Amazon basin, with significant
water vapour recycling through evapotranspiration along the way (Zemp et al.,
2014); these easterlies are then deflected southwards as they approach the Andes
mountains, transporting water vapor toward the La Plata Basin and the Andean
mountains through a northerly low-level jet (LLJ) (Nogués-Paegle and Mo, 1997;
Marengo et al., 2004; Martinez and Dominguez, 2014; Espinoza et al., 2020). The
central and southern parts of the Amazon region are also affected by the South
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Atlantic Convergence Zone (SACS; Kodama, 1992, 1993; Carvalho et al., 2004;
de Oliveira Vieira et al., 2013; Ambrizzi and Ferraz, 2015; Rosa et al., 2020),
which consists of an elongated northwest-southeast oriented axis of clouds and
precipitation, with a 10-day half-period of convection, that reaches the South At-
lantic subtropics over a stretch of more than 4000 km. The low level convergence
and transient moisture transport from the Amazon along its northwestern edge
increase both low-level potential temperature and convective instability, and con-
tribute to the maintenance of the SACZ. de Oliveira Vieira et al. (2013) showed
through a composite analysis that the SACZ episodes caused increased precipita-
tion intensity in the southern Amazon via an anomalous cyclonic circulation and
35% stronger moisture convergence over the region (with important moisture recy-
cling or evaporation from the forest). Variations in the (climatological) position of
the SACZ and moisture availability have thus the potential to modify precipitation
frequency, persistence and amounts in southern Amazon.

The El Niño-Southern Oscillation (ENSO) has been recognized as the main
driver of interannual climate extremes in the Amazon (e.g., Rao and Hada, 1990;
Ronchail et al., 2002, 2005; Ronchail and Gallaire, 2006; Paegle and Mo, 2002;
Jiménez-Muñoz et al., 2016; Marengo, 2004; Marengo and Espinoza, 2016; Es-
pinoza et al., 2019b). In general, the positive (negative) ENSO phase is related
with precipitation decrease (increase), although the signal may not be homoge-
neous across the basin (Jimenez et al., 2018; Towner et al., 2020). This picture is
complicated by the modulation of the ENSO effect by decadal and multi-decadal
SST variability (e.g., Kayano and Andreoli, 2007; Cox et al., 2008; Marengo et al.,
2011; Zeng et al., 2008; Yoon and Zeng, 2010; Andreoli et al., 2012; Gloor et al.,
2013; Fernandes et al., 2015; McGregor et al., 2014; Michot, 2017; Wang et al.,
2018; Kayano and Capistrano, 2014; Kayano et al., 2020; Jimenez et al., 2019;
Towner et al., 2020). However, the combined tropical Pacific and Atlantic SST
variability explains little more than 50% of interannual precipitation variance over
the Amazon (Nobre et al., 2009; Yoon and Zeng, 2010), while the remaining vari-
ance is likely related to land surface processes and the variability of transient
features from the south (Nobre et al., 2009; Siqueira and Toledo Machado, 2004;
Yin et al., 2014).

Recent studies have indicated an increase in precipitation and in the number of
wet days in the northern Amazon and decrease in precipitation and more dry days
in the southern Amazon (Dubreuil et al., 2012; Fu et al., 2013; Debortoli et al.,
2015, 2017; Arias et al., 2015; Espinoza et al., 2019a; Leite-Filho et al., 2020; Wang
et al., 2018; Segura et al., 2020; Haghtalab et al., 2020). These changes in precipita-
tion have been linked to a warm SST configuration in the Tropical North Atlantic,
which increases the oceanic moisture supply advected inland, particularly over the
northern Amazon, and to anomalies in the position and intensity of the upward
branch of the Hadley and Walker circulations (Gloor et al., 2013; Arias et al., 2015;
Wang et al., 2018; Barichivich et al., 2018; Espinoza et al., 2019a; Segura et al.,
2020). Haghtalab et al. (2020) show that significant trends of mean annual pre-
cipitation and very heavy precipitation have been found basin-wide, with increase
in precipitation in the western side and drying in the southern and eastern parts.
The decrease in precipitation in the southern Amazon is compounded by enhanced
wind subsidence over this region (Leite-Filho et al., 2020; Espinoza et al., 2019a)
and also by a southward shift of both the subtropical jet (Fu et al., 2013) and the
SACZ (Zilli et al., 2019) with associated decrease (increase) in precipitation at the
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northern (southern) edge of its climatological position. In addition, the frequency
and intensity of the LLJ in the northern Andes has substantially increased in the
last 39 years (Jones, 2019; Segura et al., 2020), leading to enhanced precipitation
in Bolivia on the eastern Andes slopes and over the Altiplano. Other elements that
contribute to the precipitation variability at various spatial and temporal scales in-
clude transient features such as mesoscale convective systems and fronts (Siqueira
and Toledo Machado, 2004) and the Madden-Julien Oscillation (Nogués-Paegle
and Mo, 1997; Jones and Carvalho, 2002; Mayta et al., 2018, 2020). Finally, land
cover changes due to deforestation and subsequent land use may locally amplify
the global climate changes effects by changing local (thermo)dynamics, reducing
regional water vapor recycling and transport (Sampaio et al., 2007; Correia et al.,
2008; Lawrence and Vandecar, 2015; Nobre et al., 2016; Wright et al., 2017; Zemp
et al., 2017a,b; Marengo et al., 2008; Baker and Spracklen, 2019; Staal et al., 2020),
and leading to a shortening of the rainy season (Debortoli et al., 2017; Leite-Filho
et al., 2020). Deforestation exacerbates the effects of droughts and increases the
vulnerability of remaining forests to the effects of dieback (Nobre et al., 2009;
Bagley et al., 2013; Gloor et al., 2015; Zemp et al., 2017a,b), generating a positive
feedback effect.

While several studies aforementioned have documented increased precipita-
tion in the northern and northwestern Amazon, and lengthening of dry season in
the southern Amazon, a comprehensive climatological description of precipitation
extremes in the whole region has not yet been presented. There also remains a
question whether there exists significant trends in extreme precipitation frequency
and/or intensity in the Amazon region. As previously mentioned, a challenge to
study climate extremes in this region regards the lack of long term, reliable cli-
matic measurements. The recent release of the Climate Hazards Group InfraRed
Precipitation with Station data (CHIRPS) rainfall gridded product, which has
daily temporal resolution covering nearly four decades (early 1980’s to present)
provides an opportunity to investigate this issue in a systematic framework, based
on standard indices that measure both dry and wet precipitation extremes. This
dataset has been recently used by Espinoza et al. (2019a) and Haghtalab et al.
(2020), who studied spatial patterns in precipitation trends across the Amazon
basin, including episodes of heavy and very heavy precipitation (rainfall above 10
and 20 mm, respectively). Our approach goes a step further by assessing patterns
and changes not only in the frequency of heavy rainfall, but also persistence (both
of wet and dry days) and intensity of precipitation, providing a global view of PEs
and their changes across the basin.

In addition to extreme precipitation indices, we also investigate convective ac-
tivity in the region. Both shallow and deep convective clouds are ubiquitous in
the Tropical region, and are important for the atmospheric energy budget and
hydrological cycles. Deep convective clouds are an essential feature of the SAMS
system (e.g., Lenters and Cook, 1997; Vera et al., 2006), and although not linearly
correlated to precipitation, they carry the potential for intense rainfall (Wendisch
et al., 2016; Rysman et al., 2016). They may also be interpreted as an inverse
proxy, that is, their prolonged absence is indicative of very dry and/or stable at-
mospheric conditions. Convective overshooting (COV) clouds are, by definition,
deep convective plumes that overshoot the level of neutral buoyancy. They repre-
sent a subset of deep convective clouds occurring mainly over land in the Tropical
region and reaching higher in altitude due to intense updrafts (Hong et al., 2005;
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Rysman et al., 2016; Funatsu et al., 2018). Beyond their potential for high impact
weather, they also contribute to water vapor and short-lived chemical compound
transport across the tropopause. Changes in their frequency and spatial coverage
thus impact the atmospheric chemistry and dynamics. It is thus essential to map
and characterize deep convective activity in the Amazon region, and all the more
so as their spatio-temporal distribution may respond to forcing due to land cover
changes (e.g., Funatsu et al., 2012; Wendisch et al., 2016; Baker and Spracklen,
2019). To the authors best knowledge this aspect of convective activity over the
Amazon has not been presented before.

The main objectives or this study are: 1) to present a comprehensive clima-
tology of precipitation extremes (PEs) and deep convective activity (DCA) in the
Amazon region, and 2) estimate trends at basin scale. We aim at characterizing
the spatial distribution of PEs and DCA, and identify regions that are more vul-
nerable to changes in their patterns. In the following, we describe the data sets
(Section 2) and analysis methods (Section 3) used in the study. Section 4 presents
the mean spatial distribution of PEs and DCA, and their trends, at both annual
and seasonal scales, with a discussion on the results and conclusions presented in
Section 5.

2 Data

2.1 CHIRPSv2

The Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS)
rainfall gridded product combines 0.05◦ high spatial resolution satellite imagery
and in-situ station data, providing near-global (50◦N-50◦S; all longitudes) daily
precipitation estimates (Funk et al., 2015). We used Version 2 data from 1981 to
2018, at a spatial resolution of 0.25◦ latitude × 0.25◦ longitude; a 1-year period
was defined from August to July of the following year. The 37-year mean annual
precipitation features, together with the study area comprising the Amazon basin
and the most of the Brazilian Legal Amazon, is shown in Figure 1; its standard de-
viation, as well as examples of precipitation anomalies for recent events are shown
in Supplementary Material Figure S1. These maps show that CHIRPS is able to
reproduce the main characteristics of the mean precipitation over the domain (Fig.
1; see, e.g. Arvor et al. 2017, for PERSIANN-CDR, Haghtalab et al. 2020 and Paca
et al., for CHIRPS and ground-base datad, and Dubreuil et al. for TRMM), as
well as anomalous precipitation events (Fig. S1b-e). An area over northern Peru
was found to have precipitation estimates with a shifted baseline after 2011 that
necessitates a longer time series to be confirmed; this region, marked in dark dots
in Fig. 1, was discarded in the statistical analysis.

Comparisons between CHIRPS and the interpolated HYBAM (www.ore-hybam.org)
observed precipitation data (HOP) have been conducted by Paccini et al. (2018),
and a recent study by (Cavalcante et al., 2020) provided a comparison between
monthly mean rainfall estimated by CHIRPS and data measured at 45 ground
stations in the Amazon region. Cavalcante et al. (2020) concluded that they are in
good agreement though CHIRPS tends to underestimate large rainfall totals; this
translates into an overall underestimation of extreme rainfall indices, compared to
those derived from in situ data. Espinoza et al. (2019a) have shown a remarkable
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agreement between trends of heavy precipitation and dry days estimates derived
from CHIRPS and the HOP datasets, and Haghtalab et al. (2020) shows also good
correlation between CHIRPS and ground-based data from the Brazilian National
Water Agency (ANA). This suggests that even though the indices may be under-
estimated, trends estimates may be reliable assuming that the bias is relatively
constant in time.

2.2 AMSU-B/MHS

In addition to rainfall from CHIRPS, we analysed deep convection and convective
overshooting based on data from the Advanced Microwave Sounding Unit module
B (AMSU-B) and the Microwave Sounding Unit (MHS), which operate onboard
polar-orbiting NOAA and MetOp satellites. AMSU was first launched onboard
NOAA-15 (N15); data is available from 1999 onwards. From 2005 AMSU-B was
replaced by the Microwave Sounding Unit (MHS) on board NOAA-18 (N18) and
NOAA-19 (N19), and it operates also on MetOp-A (M02), -B (M01), and -C,
starting in 2007, 2013 and 2018, respectively. The equatorial crossing times for
each platform are shown in Fig. 2 (notice that only the ascending or descending
track is shown).

AMSU-B and MHS are cross-track scanning radiometers, a spatial resolution
of 16 km at near-nadir and of ∼ 52 km (along track) ×27 km (cross-track) at
the furthest field of view positions. The AMSU-B/MHS intruments have 5 chan-
nels, three of which have frequencies near 183 GHz (water vapor absorption line),
and is designed for optimal moisture retrieval. MHS differs from AMSU-B in
which the highest-frequency channel was changed from 183±7 to 190 GHz; this
change does not cause a significant impact in the analysis of DCA, as shown,
e.g., by Claud et al. (2012). We refer to NOAA KLM User’s guide (available at
http://www.ncdc.noaa.gov/oa/pod-guide/ncdc/docs/klm/index.htm), and to Fu-
natsu et al. (2018) and references therein, for details on the instrument, calibration
and known issues. Because deep convective clouds present a clear diurnal cycle
over continental areas (Funatsu et al., 2012), a constant reading hour is required
to examine long-term variations. We use AMSU-B/MHS data from N17, M02 and
M01 covering the period of 2002-2018. During this period, N17 (2002-2009) and
MetOp (2007-2018) have close equatorial crossing time sampling convective ac-
tivity around the same local time every day, twice daily (AM and PM: between
10-10:30 LT for N17 before 2008, and between 9-10 LT after that, and at ∼9:30 for
both MetOp platforms; Fig. 2), thus reducing the impact of different diurnal sam-
pling by drifting NOAA platforms. Finally, periods with problematic data have
been removed, as in Funatsu et al. (2018).

2.3 Reanalysis data

ERA5 reanalysis (Hersbach et al., 2020) wind, divergence and moisture data for
the period 1981-2018 were used to assess the large-scale atmospheric conditions.
Specifically, low-level horizontal winds averaged over the 1000-850 hPa layer (LLu
and LLv), upper-level (300-100 hPa) vertical velocity (ULω) and upper-level diver-
gence (ULd), and the mean vertically integrated moisture divergence (MVIMD).
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The latter is useful as it gives a combined information of dynamical (wind) and
thermodynamical (moisture) effects; high negative values of this parameter (i.e.
large moisture convergence) can be related to precipitation intensification and
potentially, to floods.

3 Methods

3.1 Precipitation Indices

We computed extreme precipitation indices defined by the World Climate Re-
search Program (WCRP) Expert Team of Climate Change Detection and Indices
(ETCCDI; https://www.wcrp-climate.org/etccdi; see also Alexander et al., 2006;
Sillmann et al., 2013) to characterize PEs. The ETCCDI indices describe mod-
erate climate extremes with re-occurrence times of a year or shorter. These in-
dices comprise: (1) absolute indices, which describe the annual maximum 1 day
or (accumulated) 5 day precipitation amounts, (2) heavy precipitation threshold
indices, which count the number of days that a particular daily precipitation value
is attained or exceeded (e.g., daily rainfall above 20 mm), (3) duration indices,
which describe the longest length of wet (CWD) and dry (CDD) spells, and (4)
percentile-based threshold indices, which describe the occurrence of precipitation
exceeding a high percentile threshold, usually 95th or 99th percentile. The list
and definition of indices used in this study is presented in Table 1. For the CDD
parameter (longest sequence of consecutive dry days), and for this parameter only,
the period of January to December (instead of August to July) was considered in
order to re-center the hydrological year on the southern Amazon dry season (JJA;
Espinoza Villar et al., 2009).

3.2 Deep convective and convective overshooting clouds

The presence of liquid and/or frozen hydrometeors cause a depression in the mi-
crowave radiation measured by MHS scanning frequencies at 183.3±1, 183.3±3,
190 GHz (channels 3-5, respectively). Based on these microwave properties, Hong
et al. (2005) proposed a set of criteria for detecting deep convective (DC) and
convective overshooting (COV) clouds in the tropical region. These criteria were
validated for the Tropics, and subsequently applied to study DCA in the south-
ern Amazon (Funatsu et al., 2012) and in the Mediterranean region as well (e.g.,
Funatsu et al., 2009, 2018, and references therein).

In the present study we follow the method described in Funatsu et al. (2012)
and Funatsu et al. (2018), to which we refer for full details. A brief description is
presented here. First, the original, spatially irregular MHS brightness temperature
data were first interpolated to a 0.25◦ × 0.25◦ regular latitude × longitude grid.
Then, a flag for DC or COV occurrence using Hong et al. (2005) criteria was
assigned for each grid point. Finally, the number of DC or COV occurrences for
each hour was re-sampled to a 2.25◦×2.25◦ mesh, and the number of valid grid
points (i.e., grid points with an actual measurement) was retained. Then, for each
satellite, the monthly mean COV frequency was computed by dividing the total
number of COV grid points by the number of valid grid points in the month.
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Finally, an average for all satellites was performed thus taking in account the
number of satellites.

Even though a direct link between deep convective clouds (as detected with
Hong et al. (2005) method) and precipitation amounts is not established, analysis
of DC and COV provide indication of vigorousness of the convective activity, and
thus on the potential for precipitation. Figure S2 shows the spatial distribution of
anomalies of DC frequency for the same years as shown in Figs. S1b-e. Given the
different baseline period of mean calculation and the different metrics, there is a
remarkable spatial agreement between precipitation and deep convective anoma-
lies, confirming the suitability of DC and COV as proxies to detect precipitation
anomalies.

3.3 Trend and correlation analyses

Trends for DC, COV, and for each of the precipitation indices in Table 1 were
assessed for each gridpoint in the domain using a linear regression model. Ro-
bustness of trends was assessed by estimating the 95% confidence interval. The
linear approach is arguable as a choice to evaluate trends in a highly non-linear
system (and even more so regarding PEs), but it has been widely used, for exam-
ple, in IPCC Assessment Reports, to describe and assess recent changes. A linear
regression was thus chosen as a first-order approximation model to investigate a
general trend, with the confidence interval providing a gauge for the reliability of
the signal.

We also used the Spearman rank correlations to measure the degree of mono-
tonic relationship between precipitation indices (also convective activity) and at-
mospheric variables, in seasonal timescale. That is, the time series for each index
was correlated with the time series of the mean vertical integral of moisture di-
vergence (MVIMD), low level wind components (LLu and LLv), upper level di-
vergence (ULd) and upper level vertical velocity (ULω). Even if general, averaged
atmospheric conditions are not enough to explain the occurrence of a particular
extreme event, this analysis will provide insight on the background conditions that
can help explain PEs and DCA occurrences.

All trend analysis and correlations were performed based on normalized values
for each variable. The normalization was performed by subtracting the mean over
the period 1981-2018 for PEs and 2002-2018 for DC and COV, and dividing the
result by the corresponding standard deviation. Notice that the period considered
in this study concerns only that after the climate shift around the 1970s observed
in South America (Carvalho et al., 2011; Jacques-Coper and Garreaud, 2015), thus
excluding periods of heavy rainfall and runoff in parts of the basin in the 1970s
(e.g. Callède et al., 2004; Espinoza Villar et al., 2009).

4 Results

4.1 Spatio-temporal distribution of PEs

Figure 3 shows the mean spatial distribution of indices listed in Table 1. The mean
yearly accumulated precipitation above the 37-yr 95th percentile (P95w, Fig 3a)
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and maximum 5-day accumulated precipitation (RX5day, Fig 3c) show a spatial
pattern similar to that of the annual simple day intensity index (ASDII; Fig 3e),
with larger values at the northeastern and northwestern edges of the basin, and
over the Amazon-Andes transition region, which has been identified as a rainfall
hotspot area (Espinoza et al., 2015; Chavez and Takahashi, 2017). There is also a
relative maximum of these indices over southeast Amazonas (AM) and northern
Mato Grosso (MT) states in BR, with a northwest-southeast axis, close to the
climatological position of the SACZ at the southeastern edge (Carvalho et al.,
2004). The frequency of very wet days (R95wp, RR ≥ 95th percentile; Fig 3b)
is higher in the north/northwest and decrease towards the south/southeast and
along the eastern and southwestern basin edges. R95wp ranges from around 11
days a year in the NW region, decreasing to 5-8 days in the southernmost areas
of the domain. The spatial distribution of R20mm shows a contrasted north-south
frequency, with nearly 50% more occurrences in the northern region compared to
southern Amazon. R20mm has a typical yearly occurrence of 30-45 days in the
northern Amazon, whereas in the southern and southeastern Amazon the typical
yearly frequency is of 10-20 days. ASDII shows a weaker spatial gradient, indicating
that rainfall is spread over a longer rainy season in the north, thus ”diluting” the
daily rainfall intensity. The maximum number of consecutive dry days (CDD;
Fig 3f) follows an expected spatial distribution of longer dry periods towards the
south/southeast and short duration in the northern region (shortest at NW). In
the northwest, CDD typically lasts only 5 days a year, whereas in the southeast
(Mato Grosso - MT, Tocantins - TO, and south of Maranhão - MA states) it can
reach more than 60 days.

In complement to the spatial distribution, Fig. 4 shows the months when occur-
rences of R95wp, RX5day and R20mm were most frequently detected throughout
the considered period. There is a noticeable north-south dichotomy in seasonal
scale, with the southern part showing preferred modes in January, February and
March, and the northern part (roughly north of 5 ◦S) spread from February to
June (more frequently found in April and May). R95wp and RX5day frequencies
fall within the “mode months” in above 60% of the cases in most of the domain
(Fig. 4b,d), except notably for parts of the Amazonas state and northern Peru;
occurrences of R20mm are however more spread along the year in the northern
half (Fig. 4f). Only in the southern and eastern Brazilian states within the Legal
Amazon region do R20mm occur in a proportion larger than 60% in the given
mode months. Areas with weak proportion of R20mm in the mode months cor-
respond to those where mean R20mm is over 30 days in northwestern Amazon,
where very heavy precipitation is rather frequent. CWD and R1mm show maxima
in the NW Amazon and minima in the southern and southeastern margins and
R99wp is qualitatively similar to R95wp (not shown).

Both CWD and CDD are particular metrics that provide a distinctive portrait
of rainfall extremes, as they measure the persistence of dry or wet spells. For a large
portion of the southern Amazon (south PA, MT, TO states, and southern Bolivia),
where rainy and dry seasons are well defined, the mean first day of CDD is observed
in June, while in the northern Pará (PA) and Amapá (AP) states (northeastern
Amazon) the longest CDD period appears in August-September (Fig. 5a). In the
northern and northwestern Amazon the first day of CDD shows a large standard
deviation (Fig. 5c), of 45 days or higher. CWD starts predominantly in January
in most of the region (Fig. 5b). In southern Amazon the standard deviation of the
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first day of CWD (Fig. 5d) is of about 30-45 days, which is two to three times
larger than for CDD (Fig. 5c), and reflects the large variability in the frequency of
rain at the beginning of the rainy season (also shown by Arias et al., 2015; Arvor
et al., 2017) in this region.

4.2 Deep convective activity

The mean annual frequency of DC and COV clouds are shown in Figure 6. The
mean DC clouds distribution follows largely that of mean precipitation (see Fig. 1),
with frequency maximum over the northwest region and along the eastern flanks
of the Andes, and decreasing southwards and eastwards. COV presents a roughly
similar spatial pattern, however spatial frequency gradients are subtler (see color
scale spacing). We observe also that the median COV frequency corresponds to
approximately 13% of the DC median frequency, but in the NW region COV can
represent, on average, nearly 18% of the deep convective clouds. Whereas in the
northern Amazon DC and COV occurs in the most intense precipitation mode
months (April and May), in the southern part, DC and COV can be frequently
found as early as October, and throughout February (Fig. 7). The high month-to-
month and inter-annual variability of convective activity are illustrated in Figures
8 and S2, which shows the time series of COV and DC, respectively, averaged over
the northern and southern Amazon region. These figures show that DC and COV
frequencies north of 5◦S were reduced during the droughts of 2005 and 2014-2015,
but less so in the south; in 2008, a prolonged negative anomaly of COV (but not
in DC clouds) is seen throughout 2008 in the south. The NW Amazon extreme
floods of 2011/2012 are also evident in Fig.8; these years corresponds to maximum
values of COV in the north. Large values of COV in 2014 in southern Amazon are
probably related to the extreme floods in the Madeira Basin.

4.3 Trends and correlation analyses

Figure 9 shows the linear regression coefficients for each variable at each grid point
in the domain; darker dots represent trends that are statistically significant (95%
confidence interval). Trends for ASDII, R95pw, Rx5day, and R20mm (Fig 9a-d)
show regional agreement, with a generally congruent signal with respect to the
total precipitation trend (not shown): Positive trends at the northern and western
parts of the basin, and negative trends in parts of AM and in southern Bolivia. In
terms of rainfall persistence (CWD) positive trends (that is, longer periods of rain)
are found in the northern part of the domain, and the opposite in the southern
Amazon (Fig 9e). In addition, significant CDD trends (Fig 9f) were found in most
of the southern half of the domain (northern Rondônia - RO), MT, TO, and
MA states in Brazil), with longer dry-day periods. Areas with significant negative
trends (i.e., decreased persistence of dry-day periods) are found at northwestern
Amazon.

In the previous section it was shown that precipitation extremes occur in pre-
ferred months, following the timing of the rainy season particularly in the south-
ern half of the domain. We thus investigate trends concentrated in the seasons
when they mostly occur: February to June in northern Amazon (north of 5◦S),
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and November to March in southern Amazon (south of 5◦S). CDD trends will be
shown for southern Amazon dry season (JJA).

DC and COV trends are also presented in the context of seasonality due to
the shorter time series and strong month-to-month variability. A spatial overview
(Fig.10) evidences that deep convective activity shows contrasting trends for DC
and COV: positive trends for DC frequency are found in the whole basin, whereas
COV trends are predominantly negative, mostly in the rainy (October-May) sea-
son, but also in June-September though with larger spatial heterogeneity. No
trends at grid point scale were found to be statistically significant due to high
variability of DCA and the short time series available (18 years, combining N17,
M01 and M02).

Considering averages over the domain in seasonal scale, the time series of PE
indices (Figs.11 and 12) confirm the year-to-year variability of the magnitude of
PEs and DCA due to SST anomalies (La Niña/El Niño years and flood/drought
conditions marked in the figures). Over the northern part (Fig. 11), notable anoma-
lous peaks were found in 1998 (RX5day, seasonal SDII - hereafter simply SDII,
and R95wp), 1999 (R20mm and CWD), 1993 (R20mm and CWD), and 2014
(RX5day and R95wp). Those were caused by a combination of ENSO and At-
lantic SST conditions (see Marengo et al. (2018); Towner et al. (2020) for de-
tails). Anomalously high frequency of DC clouds were observed in 2017, but there
were no corresponding PE anomalies. R20mm and CWD show significant positive
trends in the extended autumn season (Feb-Jun; Table 2(a)): 3.7 ± 2.8 %.yr−1

and 3.0± 2.9%.yr−1, respectively. This corresponds to an increase of about 4-fold
and 3-fold in the number of anomalous R20mm and CWD in the whole period,
or in absolute terms, to an increase of 2.6 ± 2.0 days for R20mm and 2.0 ± 1.9
days for CWD in the analysed 37 years. Trends were not statistically significant
for RX5day, R95wp or SDII. Deep convective clouds frequency were enhanced in
the 17 years analysed, with an increase of 18.5 ± 5.2 %.yr−1, but COV has sig-
nificantly decreased with a rate of −12.3 ± 8.9 %.yr−1. Correlation analysis with
large scale atmospheric parameters (Table 3(a)) showed that R20mm is strongly
linked to MVIMD (ρ = −0.73), and to a lesser extent to LLu (ρ = 0.50) and ULd
(ρ = 0.54). CWD has moderate correlation with ULd (ρ = 0.52) and a weaker link
to MVIMD (ρ = −0.36). R95wp variability in extended autumn was found to have
significant correlations to MVIMD (ρ = −0.49) and LLu (ρ = 0.41). MVIMD and
DC were also found to have a moderate correlation (ρ = −0.55). However, among
the analysed large scale parameters only ULω showed a robust (linear) trend in
the period, with an increase of 5.1±2.5 %.yr−1. Trends for weaker upward motion
at upper levels may partially explain the decrease in COV frequency, as it depends
on strong updrafts within DC clouds to occur.

In the southern part, notable PEs (Fig. 12) occurred in 1997/98 (that is,
November 1997 to March 1998) with negative anomalies for all parameters co-
incident with years of extreme drought (EL Niño), and in 2013/14 with the high-
est R20mm, RX5day, SDII, R95wp, and DC positive anomalies coinciding with
extreme flood in the upper Madeira river. However, PEs did not present signifi-
cant trends (Table 2(b)), though a general tendency appears for increased rainfall
extremes and SDII, and for decreased CWD. Similarly to the northern region,
DC shows increased frequency (18.3 ± 5.4 %.yr−1) and a stronger COV decrease
(−15.4 ± 7.4 %.yr−1). All PE indices for rain (R20mm, RX5day, SDII, CWD and
P95wp) have a robust correlation with MVIMD (ρ = −0.65,−0.49,−0.52,−0.49
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and −0.58, respectively; Table 3(b)), as well as DC (ρ = −0.57). Similarly to the
northern region, the only significant trend regarding the large scale atmospheric
parameters concerns a positive trend for ULω (5.1± 2.5%.yr-1), that is, decreased
upward motion at upper levels.

Regarding CDD in southern Amazon, a significant increase in the persistence
of dry days in JJA is observed (Fig. 13), with a trend of 3.7 ± 2.8 %.yr−1, or in
absolute terms, an increase of 7.3 ± 5.4 days in the whole period. CDD have a
robust correlation with MVIMD (ρ = 0.63), LLu (ρ = 0.49) and ULd (ρ = −0.42).
A significant decrease in COV cloud frequency (−10.1 ± 8.6%.yr-1; Fig. 13c) was
also found in this season. However, none of the large-scale dynamical parameters
present long-term trends in this season and region.

5 Discussion and Conclusions

Our trend analysis for R20mm is in very good agreement with those shown by
Haghtalab et al. (2020), and qualitatively with the analysis of wet (R10mm) and
dry days performed by Espinoza et al. (2019a), both of which used the Mann-
Kendall test to estimate trend signal. Our analysis showed that in the northern
Amazon, changes in precipitation extremes are mostly observed in the R20mm
(Fig. 9d and Table 2(a)), and these trends closely mimic those of the mean annual
total precipitation, as shown by Haghtalab et al. (2020).

Further breaking the spatial features of PE trends, a decreasing trend in precip-
itation extremes was found in a northwest-southeast axis starting in the Brazilian
state of Amazonas and extending towards the Brazilian southeast region (Fig. 9),
with a disruption in MT. This pattern is congruent to that observed by Haghtalab
et al. (2020) for R20mm; furthermore, the decrease in PEs in southeastern AM
state coincides with a shift towards a drier climate observed with independent
data (Dubreuil et al., 2019). Positive CDD trends (JJA) and decrease of RX5day,
R20mm and SDII through September-May (not shown) in northern Rondônia re-
flects the regional dynamics of deforestation (Khanna et al., 2017), in which surface
roughness decrease in response to deforestation leads to a shift from a thermody-
namically driven regime to a dynamically driven one, with convection and precip-
itation suppression (enhancement) upwind (downwind) of deforested areas. The
southeastern portion of the Amazon overlaps with the climatological position of
the SACZ, which is responsible for part of rainfall totals in the region mostly dur-
ing the period of December - March (Kodama, 1992, 1993; Carvalho et al., 2004;
de Oliveira Vieira et al., 2013; Rosa et al., 2020). A recent study by Zilli et al.
(2019) showed evidence of a southward displacement of the SACZ and reduced
(increased) precipitation at its northern (southern) edge, which could explain the
negative PE trends at the SE edge.These negative trends in PE are accompanied
by reduction on COV (Fig. 10b,d), even though DC shows year-round positive
trends across most of the region (Fig. 10a,c). This apparent incongruity between
PE and DC trends is most likely due to the short-time series for DCA analysis,
and analysis with a longer series and/or other data sets would be necessary to
re-examine this issue.

Another region that come out as one where there is significant year-round
reduction of PEs (for rainfall) is southern Bolivia. Espinoza et al. (2019a) and
Leite-Filho et al. (2020) have linked the increase of dry days frequency in DJF
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in this region (south of 12.5 ◦S) to a decrease in both upper level divergence
and (upward) vertical velocity, and our results also show that upper level vertical
velocity ω has increased over southern Amazon in austral summer. Since PEs
and DCA have a robust correlation with ULω (and ULd and MVIMD) in this
region, the negative upward vertical velocity trends may effectively contribute to
the observed PE negative trends in this specific area in Nov-Feb.

The increase in R20mm, R95wp, RX5day and SDII in southern Peru, northern
Bolivia and the state of Acre in BR (southwest AMZ; Fig.9) follows that in the
mean precipitation in DJF, shown by Segura et al. (2020). They presented evidence
that upward motion in the western tropical south America (35◦-10◦N, 60-80◦W),
including the southwest AMZ, has intensified, bringing more moisture to mid-
tropospheric levels and decreasing static stability in the entire region. This large-
scale atmospheric feature has replaced the advection of momentum and moisture
from the central Amazon at low levels, coupled with upper-level easterlies, as
the dominant mode of atmospheric circulation in DJF, enhancing convection and
precipitation. Further supporting their findings, we found that DC frequency has
indeed substantially increased over this area, with an area of stronger positive
trends qualitatively coinciding with a region of intense mid-tropospheric moisture
and upward motion increase (see Fig. 10a and Fig. 5 of Segura et al. (2020)).
The clear spatial dichotomy in ASDII, R95pw, RX5day and R20mm trends with
decrease/increase in the southern/northern upper Madeira basin (Figure 9a-d)
has been attributed to major changes in the hydrological system (Espinoza et al.,
2019b).

The average increase (decrease) in DC (COV) clouds in all seasons must be
interpreted with caution due to the still limited time series that constrains relia-
bility particularly at grid point scale. While DC clouds show a link with MVIMD,
and less strongly with ULd and ULω, COV seems to not be directly affected by
these parameters (no significant correlations). One clue to the stronger decrease
of COV during the rainy season in southern Amazonia is the decreased upward
motion trend at upper levels (between 300-100hPa; also found by Espinoza et al.
2019a and Leite Filho et al. 2020 as previously noted) which suggests less favorable
conditions for the strong updrafts necessary for overshoots. The launch of a third
MetOp platform in late 2018 contributes to the continuity of these measurements,
which will allow to revisit this trend assessment at a finer spatio-temporal scale,
including trends taking into account the possible relationships between changes in
land cover use and the frequency of DC and COV clouds.

The present study did not address the issue of attribution of trends to SST
forcing and deforestation, for a number of reasons. In the case of oceanic forc-
ing, ENSO has a strong impact in the year-to-year variability of precipitation in
the region, however there are no significant trends in the amplitude of the ENSO
signal, nor in the signal of the Pacific SST anomaly (long term trends can be
seen in: https://climexp.knmi.nl/getindices.cgi?WMO=NOAAData/mei &STA-
TION=MEI), despite some evidence of increased La Niña-like conditions (Lian
et al., 2018). Thus, adding an ENSO index in the regression analysis would in-
crease the uncertainty of the trend estimate with little insight gain. Indeed, cor-
relation analysis between precipitation extremes and ENSO indices (not shown)
have confirmed the lack of statistical relevance of ENSO for the multi-decadal
trends.
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Concerning Atlantic SST anomalies, previous studies have demonstrated that a
steady warming trend in the northern tropical Atlantic SSTs since the 90’s has led
to increased precipitation frequency and amount in the northern Amazon region
through the intensification of moisture transport (e.g., Gloor et al., 2013, 2015;
Espinoza et al., 2019a). Increase in R10mm frequency in northern Amazon was
found indeed to be positively correlated with a warm pool in the Tropical Atlantic,
as well as with increased ascending motion and upward moisture transport between
0-5◦S, 70◦-60◦W. This could also explain the increase in R20mm in the northern
part of the domain, but a longer time series is necessary to firmly confirm the link
of trends of North Atlantic SST to trends for all precipitation extremes indices.

In addition to a longer CDD in JJA, a positive trend was also observed in
dry-to-wet transition season (SON: 2.9 ± 1.8 days in 37 years). This finding not
only corroborates results from previous studies that have pointed to an increase
frequency of dry days and the lengthening of the dry season in this region (Dubreuil
et al., 2012; Fu et al., 2013; Debortoli et al., 2017; Arvor et al., 2017; Leite-Filho
et al., 2020; Espinoza et al., 2019a), but it also highlights that dry conditions have
become more persistent as well, worsening soil hydric stress conditions. This has
important implications for agricultural practices in the region, which includes the
most important producer of soybeans in the country (MT) as well as of cotton
and maize (Arvor et al., 2012, 2014; Pires et al., 2016; Hampf et al., 2020; Caioni
et al., 2020). These agricultural practices are greatly constrained by the dates of
beginning of the rainy season (seeding), cloudiness (plant development), rainfall
amounts and intensity (seeding, plant development, irrigation management), and
duration of the rainy season (double cropping practices; that is, successive back-
to-back crop production). Prolonged dry conditions amplify differences between
the energy balance components of the Amazon forest and croplands, leading to
increased land surface temperature and decreased evapotranspiration over non-
forested areas (Caioni et al., 2020), particularly over large-scale agricultural fields,
thus reducing the capacity of vegetation to withstand droughts. If extended dry
conditions force a delay in the beginning of the planting operation, the probability
that double cropping is viable in this region will be strongly affected (Pires et al.,
2016; Hampf et al., 2020). Research on cultivar genotypes that are either more
resistant to droughts or that respond better than others to irrigation (Cotrim
et al., 2020; Zuffo et al., 2020; Hampf et al., 2020) reflects the investment of
the agricultural sector towards adaptation to changing climatic conditions. The
proliferation of farm dams created in fluvial networks for fish farming or irrigation
in MT state (Arvor et al., 2018) is another sign of efforts to control the supply of
water availability, and to reduce the vulnerability of their economical activities to
fluctuations in rainfall.

The increase in CDD along southern and eastern edges of the Amazon region
in the dry and dry-to-wet transition seasons, qualitatively coincide with areas
where deforestation were or still are rampant; nevertheless, however tempting it
is to suggest a causality between them, an initial statistical analysis between land
cover changes and changes in PEs did not yield any significant signal (not shown).
Even though major droughts or intense precipitation/flood events in the region are
primarily controlled by oceanic-atmospheric forcing (Towner et al., 2020), drought
conditions may be particularly worsened by deforestation leading to a feedback
that increases the vulnerability of remaining vegetation especially at the end of
dry season (September-November; Bagley et al., 2013; Zemp et al., 2017b; Baker
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Table 1 List of precipitation indices, definitions, and units. Extreme precipitation indices
source: http://etccdi.pacificclimate.org/list 27 indices.shtml, accessed on 5 August 2019.

Index Label Index name Definition Units

RR Precipitation Daily convective rainfall amount mm
Rx5day Max 5-day precipita-

tion
Let RRkj be the precipitation amount for the
5-day interval ending k, period j. Then maxi-
mum 5-day values for period j are: Rx5dayj =
max (RRkj)

mm

R1mm Wet days Number of days where RR ≥ 1 mm days
R20mm Very heavy precipita-

tion days
Let RRij be the daily precipitation amount
on day i in period j. Count the number of days
where RRij ≥ 20mm

days

SDII Simple daily intensity Let RRwj be the daily precipitation amount
on wet days, w (RR ≥ 1mm) in period j. If
R1mmj represents number of wet days in j,

then: SDIIj = (
∑R1mmj

1 RRwj)/R1mmj

mm.day−1

CDD Maximum number of
consecutive dry days
(RR < 1mm)

Let RRij be the daily precipitation amount on
day i in period j. Count the largest number of
consecutive days where RRij < 1mm

days

CWD Maximum number of
consecutive wet days
(RR ≥ 1mm)

Let RRij be the daily precipitation amount on
day i in period j. Count the largest number of
consecutive days where RRij ≥ 1mm

days

P95w Very wet days precipi-
tation

Let RRwj be the daily precipitation amount
on a wet day w (RR ≥ 1.0mm) in period j
and let P95w be the 95th percentile of precip-
itation on wet days in the 1981-2017 period.
If R1mm represents the number of wet days

in the period, then P95wj =
∑R1mmj

1 RRwj ,
where RRwj ≥ P95w

mm

R95wp Very wet days Let RRwj be the daily precipitation amount
on a wet day w (RR ≥ 1.0mm) in period j
and let P95w be the 95th percentile of precip-
itation on wet days in the 1981-2017 period.
If R1mm represents the number of wet days

in the period, then VWDj =
∑R1mmj

1 RRwj ,
where RRwj ≥ P95w

days

and Spracklen, 2019; Staal et al., 2020; Vilanova et al., 2020; Caioni et al., 2020).
At the same time that technological progress is heavily relied upon to counter
the effects of rising temperatures and precipitation pattern changes, there arises
a paradox in which the very deforestation for crop and pasture expansion may
be amplifying global climate change effects on local scale (Staal et al., 2020).
To extricate the effects of deforestation from those of global climate change on
extreme precipitation is a formidable challenge, and requires both statistical and
mechanistic modelling approaches to analyse attribution issues.
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Table 2 Seasonal trends and 2-sigma (95%) uncertainty for normalized PE indices averaged
over the northern (north of 5◦S; NAM) and southern Amazon (south of of 5◦S; SAM). CDD
trends only are for SAM dry season (JJA). Trend values are in %.yr-1. Significant trends are
shown in bold.

Index NAM (Feb-Jun) SAM (Nov-Mar)

R20mm 3.7 ± 2.8 1.7 ± 3.0
R95wp 0.0 ± 3.0 1.2 ± 3.0
Rx5day 0.3 ± 3.0 1.4 ± 3.0
ASDII -1.9 ± 3.0 1.7 ± 3.0
CWD 3.0 ± 2.9 -1.9 ± 3.0
DC 18.5 ± 5.2 18.3 ± 5.4
COV -12.3 ± 8.9 -15.4 ± 7.4
CDD - 3.7 ± 2.8

Table 3 Spearman correlation coefficients (ρ) between each index and mean vertically inte-
grated moisture divergence (MVIMD), low level horizontal winds (LLu and LLv), upper level
divergence (ULd), and upper level vertical velocity (ULω), for (a) NAM (Feb-Jun) and (b)
SAM (Nov-Mar). Correlation coefficients significant at p≤0.05 (two-tailed test) are shown in
bold.

(a) NAM (Feb-Jun)
INDEX VIMFD LLu LLv ULd -ULω

R20mm -0.73 0.50 -0.13 -0.55 0.05
R95wp -0.49 0.41 -0.13 0.15 0.02
Rx5day 0.27 0.20 0.05 -0.11 -0.09
SSDII -0.06 0.18 -0.28 -0.28 -0.23
CWD -0.36 0.22 0.22 0.52 -0.13
DC -0.55 - - 0.47 0.48
COV 0.49 - - -0.04 0.0

(b) SAM (Nov-Mar)
INDEX VIMFC LLu LLv ULd -ULω

R20mm -0.65 0.22 -0.03 0.58 0.51
R95wp -0.58 0.05 -0.18 0.45 0.48
Rx5day -0.49 0.01 -0.18 0.36 0.39
SSDII -0.52 0.05 -0.20 0.39 0.44
CWD -0.49 0.61 0.53 0.61 0.54
DC -0.57 - - 0.56 0.51
COV 0.39 - - -0.33 -0.47
CDD (Jun-Aug) 0.63 -0.49 0.22 -0.42 -0.24

Fig. 1 Mean annual precipitation for the period 1981/82 - 2017/18 based on CHIRPS data.
The area of study is delimited by the dark red contour, the Brazilian Legal Amazon states are
shown in yellow, and the limits of the Amazon Basin in dark green.



Precipitation extremes and deep convective clouds in the Amazon region 17

Fig. 2 Equatorial crossing time (local time) for the ascending (afternoon)/descending
(morning) nodes of NOAA and MetOp platforms for the period 1999–2019 (source:
http://www.ospo.noaa.gov/Products/ppp/navpage.html). Open symbols denote periods
where problems with AMSU-B or MHS were reported (see Funatsu et al. (2018) and
https://www.wmo-sat.info/oscar/satellites for extended information); small open symbols de-
note AMSU-B/MHS instrument failure. Only NOAA-17 (N17), MetOp-A (M02), and MetOp-B
(M01), which have closer local sampling hours, are used in this study.
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Fig. 3 Spatial distribution of 37-year (1981/82-2017/18) mean (a) P95w (mm), (b) R95w
(days), (c) RX5day (mm), (d) R20mm (days), (e) ASDII (mm.day−1), and (f) CDD (days)).
White line shows the study domain. A boxcar smoothing filter with a width=5 was used for
plotting.
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Fig. 4 Spatial distribution of months of most frequent occurrence (that is, the statistical
mode) of (a) R95wp, (c) RX5day, and (e) R20mm, and the relative proportion of occurrence
in the mode months, respectively, in (b), (d) and (f).
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Fig. 5 Spatial distribution of 37-year (1981-2018) mean (a) month in which CDD period
starts, (b) same as in (a) but for CWD, (c) standard deviation of starting CDD date, (d) same
as in (c) but for CWD. A boxcar smoothing filter with a width=5 was used for plotting.

Fig. 6 Mean (2002-2018) annual frequency of (a) Deep convective clouds (DC), and (b)
convective overshooting clouds (COV), based on N17, M02 and M01 MHS data. The colour
scale classes were fixed according to the DC ou COV percentile rank, from the 10th to the
90th percentile.
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Fig. 7 Spatial distribution of months of most frequent occurrence (that is, the statistical
mode) of (a) DC, (c) COV, and the relative proportion of occurrence in the mode month,
respectively, in (b), (d).
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Fig. 8 Time series of standardized COV for (a) Northern and (b) Southern Amazon region
(2002-2009 for N17, 2007-2013 for MetOp-A, and 2013-2018 for MetOp B).
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Fig. 9 Linear trends coefficients for standardized series of (a) ASDII (mm.day−1.yr−1, (b)
R95wp (days.yr−1), (c) RX5day (mm.yr−1), (d) R20mm (days.yr−1), (e) CWD (days.yr−1),
and (f) CDD (days.yr−1). The color scale for CDD is inverted, so that hues in red (blue) denote
increasing (decreasing) CDD anomalies. Values above 95% confidence interval are marked with
dark dots.
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Fig. 10 Linear trends coefficients (%.yr-1) for normalized series of (a) DC, (b) COV, averaged
over November-May, and (c) DC, (d) COV, averaged over June-September.
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Fig. 11 Time series of mean seasonal (February to June) normalized indices averaged over
northern Amazon (north of 5◦ S): (a) R20mm, (b) CWD, (c) RX5day, (d) SDII, (e) R95wp, (f)
DC, and (g) COV. Dashed lines denote the linear regression for statistically significant trends
(above 95% confidence interval). Years of El Niño and La Niña are are marked as, respectively,
EN and LN, and drought and flood years are marked as D and F, respectively.
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Fig. 12 Time series of mean seasonal (November to March) normalized indices averaged over
southern Amazon (south of 5◦ S): (a) R20mm, (b) CWD, (c) RX5day, (d) SDII, (e) R95wp, (f)
DC, and (g) COV. Dashed lines denote the linear regression for statistically significant trends
(above 95% confidence interval). Years of El Niño and La Niña are are marked as, respectively,
EN and LN, and drought and flood years are marked as D and F, respectively. Years in the
abscissa correspond to that of the months of November and December.
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Fig. 13 Dry season (JJA) (a) linear regression coefficients (%.yr-1) of CDD, with darker
points for grid points where trend coefficients are significant at 95%, (b) CDD time series
averaged over southern Amazon (south of 5◦S), and (c) same as in (b) but for COV.
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changements climatiques en Amazonie, une approche multiscalaire. In: Mercier
D (ed) Les impacts spatiaux du changement climatique, ISTE, pp 247–270

Espinoza JC, Chavez S, Ronchail J, Junquas C, Takahashi K, Lavado W (2015)
Rainfall hotspots over the southern tropical Andes: Spatial distribution, rain-
fall intensity, and relations with large-scale atmospheric circulation. Water Re-
sources Research 51(5):3459–3475, DOI 10.1002/2014WR016273

Espinoza JC, Ronchail J, Marengo JA, Segura H (2019a) Contrasting north-south
changes in Amazon wet-day and dry-day frequency and related atmospheric fea-
tures (1981-2017). Climate Dyn 52:5413–5430, DOI 10.1007/s00382-018-4462-2
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Lavric JV, Longo K, Mahnke C, Manzi AO, Mayer B, Mertes S, Minikin A,
Molleker S, Münch S, Nillius B, Pfeilsticker K, Pöhlker C, Roiger A, Rose D,
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Fig. S1 (a) Standard deviation of the mean annual precipitation, (b) 2008/2009 precipitation
anomaly relative to the 1981/82-2017/18
mean annual precipitation shown in Fig. 1 (c) same as in (b) but for 2009/2010, (d) same as

in (c) but for 2013/2014, (e) same as in (c) but for 2015/2016. (b) and (d) correspond to
flood years and (c) and (e) to drought years in the Amazon basin. All variables shown in mm.
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Fig. S2 Yearly mean DC counts anomaly (relative to the 2002-2019 period) for (a) 2008/2009,
(b) 2009/2010, (c) 2013/2014, and (d) 2015/2016. (a) and (c) correspond to flood years and (b)
and (d) to drought years in the Amazon basin. Anomalies are represented as non-dimensional,
e.g., an anomaly of 0.4 represents a 40% variation relative to the mean.
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Fig. S3 Time series of standardized DC for (a) Northern and (b) Southern Amazon region.


