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Abstract
Past studies presented evidence that deforestation may affect the precipitation sea-

sonality in southern Amazon. This study uses daily rainfall data from Tropical Rain-

fall Measurement Mission 3B42 product and a recent yearly 1-km land use dataset to

evaluate the quantitative effects of deforestation on the onset, demise and length of

the rainy season in southern Amazon for a period of 15 years (1998–2012). Addi-
tionally, we use the Niño4 index, zonal wind data and deforestation data to explain

and predict the interannual variability of the onset of the rainy season. During this

period, onset has delayed ~0.38 ± 0.05 days per year (5.7 ± 0.75 days in 15 years),

demise has advanced 1.34 ± 0.76 days per year (20 ± 11.4 days in 15 years) and the

rainy season has shortened by 1.81 ± 0.97 days per year (27 ± 14.5 days in

15 years). Onset, demise and length also present meridional and zonal gradients

linked to large-scale climate mechanisms. After removing the effects related to geo-

graphical position and year, we verified a relationship between onset, demise and

length and deforestation: Onset delays ~0.4 ± 0.12 day, demise advances

~1.0 ± 0.22 day and length decreases ~0.9 ± 0.34 day per each 10% deforestation

increase relative to existing forested area. We also present empirical evidence of the

interaction between large-scale and local-scale processes, with interannual variation

of the onset in the region explained by Niño4 sea surface temperature anomalies,

Southern Hemisphere subtropical jet position, deforestation and their interactions

(r2 = 69%, p < .001, mean absolute error = 2.7 days).
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1 | INTRODUCTION

The southern Amazon is one of the most rapidly developing
agricultural frontiers in the world, having experienced high
rates of conversion of forest to croplands and pasturelands
(Salazar et al., 2007; Instituto Nacional de Pesquisas Espaciais,
2014). Previous studies have demonstrated that these intense
land use and land cover changes affect the regional precipita-
tion (Lean et al., 1996; Costa and Foley, 2000; Davidson et al.,

2012; Debortoli et al., 2015; Boers et al., 2017; Agudelo et al.,
2019; Leite-Filho et al., 2019; Molina et al., 2019). These
impacts are potentially important for the region, as some of its
main economic activities, including agriculture, are highly
dependent on climate (Sumila et al., 2017).

Southern Amazon, here in this paper defined as the region
between 7�S and 14�S latitude, is also the transition between
a wet climate with a short (1–2 months) dry season in the
northern border, and a seasonal climate with a 5–6 months
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dry season in the southern border. In addition to the geo-
graphical position, the rainy season length and the transition
between the dry season to the rainy season (onset of the rainy
season) also presents significant interannual variability,
which have been associated to large-scale climate mecha-
nisms, such as anomalies in the sea surface temperature
(SST) and the position of the Southern Hemisphere tropical
jet (Yin et al., 2014). Recently, Espinoza et al. (2018) have
demonstrated that the frequency of dry days has increased
significantly in the region (particularly between September
and November), increasing the dry season length, associated
with a reduction of deep convection over southern Amazon
related to the large-scale atmospheric circulation features.

A second line of studies addressed the correlation
between onset, demise and length of the rainy season and
land use changes. Deforestation has been associated with
delays of the onset (Butt et al., 2011; Debortoli et al., 2015;
Leite-Filho et al., 2019), earlier demise (Debortoli et al.,
2016) and shortenings of the length of the rainy season
(Fu et al., 2013). These two independent lines of cause–
effect relationships suggest that first, both may be relevant,
and second, an interaction between large-scale and local
effects should be investigated.

Deforestation affects rainfall through modifications in the
surface energy flux and injections of water vapour into the
atmosphere. The substitution of a tropical forest by crop-
lands or pasturelands increases the surface albedo and the
Bowen ratio, reduces surface roughness and leads to an
effectively lower soil moisture storage capacity. In addition,
cleared land may have a latent heat flux 30% lower than for-
ested land (Gash and Nobre, 1997), and reduced latent heat
flux means that stronger moisture transport and deeper con-
vection are needed to trigger rainfall. The rainforest higher
rates of evapotranspiration during the late dry season helps
to initiate a chain of atmospheric processes that hastens rainy
season onset by 2–3 months before the arrival of the Inter-
tropical Convergence Zone (ITCZ) over the southern Ama-
zon (Li and Fu 2004).

Using 16 historical precipitation series in the Brazilian
state of Rondônia between 1961 and 2008, Butt et al. (2011)
demonstrated that the onset in deforested areas has delayed
by 11 days on average (and up to 18 days) in the last three
decades. However, these authors have not considered quanti-
tative deforestation information and did not consider neither
the effects related to geographical position nor trends in
large-scale drivers of the interannual variability in the trends
of onset of the rainy season.

Debortoli et al. (2015) demonstrated a later onset and an
earlier demise of the rainy season with consequently reduced
length of the rainy season in 88% of the 200 rain gauges
analysed in the southern Amazon between 1971 and 2010.
For the same region, Debortoli et al. (2016) found larger

impacts of deforestation on the demise than on the onset of
the rainy season (75 and 61% of the 200 rain-gauges
analysed, respectively). Their results also indicated that 79%
of the rain-gauges had a shorter rainy season length.

Recently, Leite-Filho et al. (2019) demonstrated a del-
ayed rainy season onset in 65% of the 38 rain-gauges with
more than 25 years of data analysed in southern Amazon.
They indicated a delay on the onset of the rainy season of
0.12–0.17 days per percent increase in deforestation in the
southern Amazon, emphasizing that the likelihood of rainy
season onset occurring earlier than normal decreases as the
local deforestation fraction increases.

It is important to highlight here that the rain-gauge network
in Amazon is sparse (Delahaye et al., 2015) and sometimes
have extensive missing data in their historical series, which is
a serious problem for assessing trends in rainy season. In addi-
tion, meteorological stations are usually close to cities and
roads, which are typically deforested areas, making compari-
sons between these areas and purely forested regions difficult.
Moreover, previous authors considered fixed maps of defores-
tation in time, neglecting the strong evolution of deforestation
during their period of study. The use of remote sensing rainfall
products increases substantially the amount of data to be
analysed. Michot et al. (2018) have demonstrated that at the
daily scale, in most parts of the Amazon Basin, the Tropical
Rainfall Measurement Mission (TRMM) 3B42 rainfall esti-
mates provide an exhaustive and quite good precipitation
dataset. This enhanced data availability is crucial both to rep-
resent the spatial trends in the region and to obtain the rela-
tionships that can isolate the effects of deforestation and the
interactions between deforestation and large-scale processes.

Although there are indications that both large-scale (SSTs,
jet stream) and local-scale (deforestation) processes affect the
onset, demise and length of the rainy season in southern Ama-
zon, these interactions have not been deeply studied partially
because of the sparseness of the rain-gauge network in the
region and the lack of long-term high-resolution maps that
represent deforestation in the region. This paper aims to detect
and quantify changes on the onset, demise and length of the
rainy season in the southern Amazon and their relationship to
deforestation, using long-term daily remote sensing products
of precipitation and yearly land-use data. We also investigate
the role of the Southern Hemisphere subtropical jet, SST con-
ditions and their interaction with deforestation in predicting
the interannual variability of the rainy season onset.

2 | DATA AND METHODS

2.1 | Region of study

Our definition of the southern Amazon covers ~35% of
Amazon, ranging from 7�S to 14�S latitude and from 66�W
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to 51�W longitude, comprising the Brazilian State of
Rondônia, southern Amazonas, northern Mato Grosso and
southwestern Pará (Figure 1a).

The evolution of deforestation from 1998 to 2012 in the
region is shown in Figure 1b,d, using data from Dias et al.
(2016), described below. In the last decades, southern Ama-
zon has been an important expansion frontier for grain pro-
duction and cattle ranching driven by the international
commodities market (Verburg et al., 2014a, 2014b). The
agricultural expansion associated with the exploitation of
timber, road expansion and accelerated urbanization have
led to rapid deforestation (Leite et al., 2011). In our study
period (from 1998 to 2012), data from Dias et al. (2016)
indicates that more than 82,260 km2 of tropical rainforest
were deforested in the area. Cropland and pastureland areas
increased by 26,125 km2 and 56,138 km2, respectively.
Today, pasture remains the largest land use in the region,
but its rate of growth was outpaced by the recent, rapid
growth of row crop agriculture, particularly in the state of
Mato Grosso (Barona, 2008; Dias et al., 2016).

2.2 | Data

We use the Brazilian Historical Agricultural Land Use data-
base developed by Dias et al. (2016) (available at http://
www.biosfera.dea.ufv.br/en-US/banco/uso-do-soloagricola-
no-brasil-1940-2012---dias-et-al-2016), the longest agricul-
tural land use database currently available for this region.
This historical reconstruction was produced based on a

combination of remote sensing data and agricultural census
data. The base of the reconstruction method are the yearly
maps provided by Hansen et al. (2013) that contain tree
cover in each pixel from 2000 to 2012. Dias et al. (2016)
mathematically combined the inverse of the tree cover maps
with the agricultural census data provided by the Brazilian
Institute of Geography and Statistics (IBGE—Instituto
Brasileiro de Geografia e Estatística) and the Institute of
Applied Economic Research (IPEA—Instituto de Pesquisa
Econômica Aplicada) to reconstruct the total agricultural
land use in each pixel for each year between 1940 and
2012. These maps were originally constructed at 3000 spatial
resolution (~1 km × 1 km), but in this study they are aggre-
gated to a 28-km × 28-km grid to match the precipitation
data. The final data are in hectares per pixel, which for our
analysis were converted into percentages of deforested land
per pixel.

We also use the daily rainfall database from TRMM algo-
rithm 3B42 version 7, for the period between 1 September
1998 and 31 August 2013, a period of 15 hydrological years.
The data were extracted as NetCDF images with spatial res-
olution of 0.25� × 0.25� (~28 km × 28 km).

We estimate that there are 9.2 millions daily data points
of rainfall in the study region during the period of study
(7� × 15� × [4 pixels/�]2 × 15 year × 365 days/year). On
the other hand, considering only the continuous rain-gauge
time series, there are 112 rain-gauges inside the study
region, with a total of ~770,880 valid daily data points over
an average of 18.8 years.

FIGURE 1 Location of studied
region within Brazil and evolution of
deforestation. (a) Southern Amazon,
(b) deforestation in 1998,
(c) deforestation in 2005 and
(d) deforestation in 2012 [Colour figure
can be viewed at
wileyonlinelibrary.com]
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2.3 | Identification of rainy season onset,
demise and length

The transition from dry to rainy season in the southern Ama-
zon usually occurs between the months of September and
October (Figueroa and Nobre, 1990; Marengo, 1992;
Hastenrath, 1997). In this study, we consider hydrological
years starting on 1 September. The rainy season onset and
demise dates were renumbered so that 1 September becomes
“day 1,” 2 September “day 2” and so on. We used the sym-
bols B (stands for “beginning”), E (stands for “end”) and L
(stands for “length”) to represent the onset, demise and
length of the rainy season, respectively. The symbol D is
used to describe the percentage of a pixel that is deforested.
The index symbols i, j and t refer to variations in the space
and time dimensions.

To determine the Bi,j,t, Ei,j,t and Li,j,t, we use a modified
version of the anomalous Accumulation (AA) method
(Liebmann et al., 2007), successfully used by Arvor et al.
(2014) for the same purpose on the Brazilian State of Mato
Grosso using the given gridded data used here. This method-
ology allows us to estimate not only the onset dates of the
rainy season, but also the demise of the rainy season and
therefore its duration. The AA of rainfall (mm � day−1) is
defined at each grid point over time as:

AA dayð Þ=
Xday

n=1
Rn−Rrefð Þ ð1Þ

where Rn is rainfall at day n and Rref is a reference rainfall
value, both in mm � day−1.

Considering the agricultural applications of this study,
Rref was set to 2.5 mm � day−1, representative of a cultivar
seedling's needs (Abrah~ao and Costa, 2018). The onset
(demise) date is defined as the day of minimum (maximum)
AA. Thus, B is defined as the day from which AA remains
positive during the longest period found, whereas E occurs
when AA reaches a maximum, that is, after that day, AA
starts decreasing (Liebmann et al., 2007). L is calculated by
the difference between E and B (in days).

2.4 | Anomalies in rainy season onset, demise
and length

To remove the trends associated with geographic position,
as well as the interannual variability associated with large-
scale climate mechanisms, we calculate anomalies of each
rainy season metric (B0

i,j,t, E0
i,j,t and L0

i,j,t) using a four-step
procedure, summarized by Equations (2)–(4). First, we cal-
culate linear regression equations to describe the relationship
between Bi,j,t, Ei,j,t and Li,j,t values with latitude (φ) and lon-
gitude (λ). Second, using these equations, we compute esti-
mated values of onset, demise and length (B î,j, Êi,j and L î,j)

due to geographical position. Third, we calculate the differ-
ence between raw values of B̂i,j,t, Ê i,j,t and L̂i,j,t and the esti-
mated values due to geographical position. Finally, we
subtract from these values the annual averages of each vari-
able calculated throughout the region of study (B̄t, Ēt and L̄t).

B0
i, j,t = Bi, j,t−B̂i, j

� �
− �Bt ð2Þ

E0
i, j,t = Ei, j,t− Êi, j

� �
− �Et ð3Þ

L0
i, j,t = Li, j,t− L̂i, j

� �
− �Lt ð4Þ

2.5 | Pre-season large-scale conditions
associated with the rainy season onset

Following Yin et al. (2014), we explore the tropical SST
anomalies of region Niño4 (N4

0
t) and Southern Hemisphere

subtropical jet position (φSJ) in July as potential predicting
factors for interannual variation of the rainy season onset
over the southern Amazon. Niño4 anomalies are obtained
from National Oceanic and Atmospheric Administrations
National Climatic Data Center (http://www.cdc.noaa.gov/
data/climateindices/list/). The latitude where 200 hPa zonal
winds averaged along the Eastern Pacific-South American
sector (100�W–50�W) equals 30 m � s−1 on the equator side
in July is defined as the Southern Hemisphere subtropical jet
position (Yin et al., 2014). We use zonal wind data from
two sources: the National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis (Kalnay et al., 1996), and the higher reso-
lution and newer ERA-5 Atmospheric Reanalysis produced
by the European Centre for Medium-Range Weather Fore-
casts (ECMWF). The ERA-5 data cover the Earth on a
30 km grid and resolve the atmosphere using 137 levels
from the surface up to a height of 80 km, a major improve-
ment from the 2.5� horizontal resolution of the NCEP/
NCAR reanalysis.

2.6 | Data analysis

Initially, statistical analysis is applied to correlate variables
B0

i,j,t, E0
i,j,t and L0

i,j,t with Di,j,t. We classified the deforesta-
tion fraction into 19 classes: Class 1 has <5% of its area def-
orested; Class 2 has between 5 and 10% deforested; and so
on, until Class 19, with between 90 and 95% deforested.

Bi,j,t, Ei,j,t and Li,j,t were normally distributed (Shapiro–
Wilk test, p < 10−5), so we apply a linear regression model
between Bi,j, Ei,j and Li,j and predictive variables Di,j, φ and
λ. B̄t, Ēt and L̄t values are also normally distributed
(Shapiro–Wilk test, p < 10−5), thus it is appropriate to apply
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a linear regression model between Bi,j, Ei,j and Li,j and pre-
dictor variable year (t) to evaluate their general time trend.

The annual anomalies data sets on each year are asymmet-
ric and consequently not normally distributed. Thus, we cal-
culated the correlation between B0

i,j,t, E0
i,j,t and L0

i,j,t and Di,j,t

on each year using the Spearman rank correlation test
(Spearman, 1904). B̂t values were also normally distributed
(Shapiro–Wilk test, p < 10−5), so, we analysed how the vari-
ability in N40t and φSJt explain the variability in B̂t values
through the application of a linear regression model, similarly
to Yin et al. (2014). This analysis quantifies the contribution
of the large-scale conditions that controls the interannual vari-
ation of the rainy season onset over the region.

Bi,j,t, Ei,j,t and Li,j,t values were normally distributed and
are used to estimate multiple linear regressions with predictor
variables Di,j,t, φ and λ. This analysis tests whether a bias was
introduced when estimating deforestation impacts with B0

i,j,t,

E0
i,j,t and L0

i,j,t values separated into deforestation classes.
Finally, Bi,j,d,t values are also normally distributed, so they

are used to estimate a multiple linear model with predictor vari-
ables Di,j,t, φ, λ, N4

0
t and φSJt and the interaction between these

large-scale variables and deforestation (Dt × N4
0
t and

Dt × φSJt). This analysis empirically estimates the contribution
of the large-scale conditions to control the rainy season onset
over the southern Amazon and the complex interaction of these
large-scale climatological factors with deforestation. We con-
structed empirical models to predict the rainy season onset in
two situations: throughout the entire study region, and specifi-
cally in pixels with agricultural lands (i.e., pixels with defores-
tation >1%). We also recalculate these equations using data
from ERA-5 Atmospheric Reanalysis to validate our results.

We tested the statistical significance of all regression coef-
ficients by dividing the estimated coefficient over the stan-
dard deviation of this estimate. Finally, the coefficients of
sample correlation between the pairs of explanatory variables
are used to detect collinear relations between two explanatory
variables or between one of them and the others included in
the empirical models. To separate the effects of deforestation
from the mean long-term trend in Bi,j,t, Ei,j,t and Li,j,t we per-
formed t tests to compare the onset, demise and length of the
rainy season between pixels without significant change in
their deforestation fraction over time (Group 1) and pixels
that experienced increasing deforestation (Group 2) for two
periods: 1998–2005 and 2006–2012 (Table 1).

3 | RESULTS

3.1 | Spatial variability of onset, demise and
length of the rainy season

Our rainy season maps indicate that there are zonal east–
west and meridional north– south gradients of onset, demise
and length of the rainy season over southern Amazon, which
is also supported by previous works (Costa and Foley, 1997,
Sombroek, 2001, Nobre et al., 2009, Vilar et al., 2009,
Arvor et al., 2014, Debortoli et al., 2015). For all rainy sea-
son metrics, the regression coefficients show that there is
higher meridional variation (φ) than zonal variation (λ)
(Equations 5–7). Rainy season demise has a stronger depen-
dence on longitude than the onset, although the latitude still
dominates the spatial variability (Equation 6). The rainy sea-
son length is the variable most sensitive to the zonal and
meridional position.

B̂i, j =12:790+2:438φ−0:397λ r2=0:19, p<10−6� � ð5Þ

Êi, j =221:786−5:474φ+1:482λ r2 =0:37, p<10−6� � ð6Þ

L̂i, j =145:020−8:703φ+2:173λ r2 =0:34, p<10−6� � ð7Þ

where latitudes to the south of the Equator receive negative
values, and longitude west of the Greenwich Meridian
receive negative values.

These regressions are represented in Figure 2. The rainy
season begins in the first half-month of September for the
north-western regions, and as late as November in the south-
eastern part (Figure 2a). This northwest-to-southeast gradi-
ents of the onset of the rainy season in southern Amazon
give support the Leite-Filho et al. (2019) results. September
7th is the average B at 7�S and September 21st is the aver-
age at 14�S, a difference of 14 days, with small east–west
changes. These differences in climatological onset dates as
large as 10–20 days are in agreement with the results found
by Marengo et al. (2001) and Butt et al. (2011).

Rainy season ends earlier in the southeast and progres-
sively delays northwestward (Figure 2b), similarly to
Marengo et al. (2001). April 28th is the average of the rainy
season demise at 14�S and May 28th is the average at 7�S, a
difference of 30 days. Rainy season is shorter in the

TABLE 1 Pixel groups divided by
deforestation fraction for the periods
1998–2005 and 2006–2012

Group Mean latitude Mean longitude Period Mean deforestation (%)

1 −9.1565 −59.5678 1998–2005 5.2

2006–2012 4.9

2 −11.3899 −57.8543 1998–2005 5.6

2006–2012 21.1
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southeast and increases in length northwestward. We can
verify a zonal difference ~53 days and a meridional differ-
ence ~22 days. L is strongly related to B and E as expressed
by the NW-SE orientation.

3.2 | Interannual variability and time trends
of Bi,j,t, Ei,j,t and Li,j,t

B̄t, Ēt and L̄t are normally distributed at α = 0.05 and exhibit
clear interannual variability showed by Equations 8–10 and
Figure 3. B̄t has a non- significant delay of �0.38 ± 0.05 days
per year (Equation 8, Figure 3a), corresponding to ~6 ±
0.75 days delay along the 15 years analysed. Although Butt
et al. (2011) have used a different onset definition (first day
with 20 mm rainfall), and their period of study is longer
(30 years), our result (0.38 days per year) is similar to theirs
(11 days of delay in 30 years, or 0.37 days per year). We find
much stronger changes in Ēt, with a significant trend of
1.34 ± 0.76 days per year (Equation 9, Figure 3b), or a
~20 ± 11.74 days change in demise during the period studied.
Consistently, the rainy season length decreased by
1.81 ± 0.97 days per year, corresponding to a decrease of
nearly 1 month (~28 ± 14.5 days) from 1998 to 2012
(Equation 10, Figure 3c). In Figure 3c, it is important to
emphasize that the hydrological year 1997/1998 diverges sig-
nificantly from the overall pattern, affecting the slope of the
regression line. This outlier likely evidences a clear SST effect,
since it is the stronger El Niño event in the period studied
(Sampaio and Satyamurty, 1998).

�Bt=0:38t−736:97 r2=0:25, p= :06
� � ð8Þ

�Et=−1:34t−2,947:2 r2=0:44, p= :01
� � ð9Þ

�Lt=−1:81t−3,812:4 r2 =0:41, p= :01
� � ð10Þ

Because extreme values may have a significant impact on
trends, we test whether the trends remain consistent when the

FIGURE 2 Spatial variability on the onset (a), demise (b) and length (c) of the rainy season in southern Amazon [Colour figure can be viewed
at wileyonlinelibrary.com]

FIGURE 3 Temporal variability and annual tendency on the
onset, demise and length of the rainy season in southern Amazon
(1998–2013). (a) Onset temporal variability, (b) demise temporal
variability and (c) length temporal variability. Best-fit linear regression
line is shown
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2010/11 data point is removed for the onset analysis
(Figure 3a) and the 1998/99 data point for the duration analy-
sis (Figure 3c). The onset trends remain consistent, with slight
changes in the coefficients of the equation, but with similar
significance (B̄t = 0.27t − 494.09; r2 = 0.18, p = .06). How-
ever, removing 1998/99 in the duration trend (Figure 3c), a
large difference exists (�Lt = −0.04t + 243.27; r2 = 0.002,
p = .5) and statistical trends differ between analyses includ-
ing versus excluding this outlier. Arvor et al. (2017) demon-
strated a strong heterogeneity of rainfall trends at a regional
level in the southern Amazon. They indicate a reduction of
the rainy season that is more linked to early demise, mainly
in Rondônia and western Mato Grosso, rather than to a del-
ayed onset of the rainy season only observed in Bolivia.
Although this trend's opposition between Bolivia and Mato
Grosso found by Arvor et al. (2017) are intriguing, we can-
not repeat our analysis for Bolivia due to the lack of equiva-
lent historical land use series.

Variations in the large-scale climate mechanisms that
explain these rainy season variabilities in this region have
been investigated in more detail by previous studies
(Fu et al., 1999; Marengo et al., 2001; Ronchail et al., 2002;
Yin et al., 2014). This part of the study explains how much
the interannual variability of the onset can be explained by
some of these large-scale preseason conditions. Equation (11)
shows the resulting interannual trend between B̄t with N4

0
t

and φSJt using the data from NCEP/NCAR reanalysis and
Equation (12) shows these results using data from ERA-5
reanalysis. These two pre-season conditions are significantly
(p < .001) related with the onset and explains 55% (or 48%
using ERA-5 data) of the total variance at the interannual
time scale, confirming Yin et al. (2014) results. The linkage
between the pre-seasonal sea surface temperature anomalies
in the tropical Pacific and rainy season onsets over the
southern Amazon is consistent with the study by Marengo
et al. (2001).

�Bt=3:87N40t−0:87φSJt−4:30 r2 =0:55, p<10−5� � ð11Þ

�Bt=4:13N40 t−0:97φSJt−4:88 r2=0:48, p<10−5� � ð12Þ

3.3 | Impacts of deforestation on the onset,
demise and length anomalies

B0
i,j,t, E0

i,j,t and L0
i,j,t are normally distributed at α = .05 in

each deforestation class. Equations (13)–(15) show the lin-
ear regressions between B0

i,j,t, E0
i,j,t and L0

i,j,t with defores-
tation. All regressions are highly statistically significant
(p < 10−5). Figure 4 shows the best-fit linear regression
line and the standard error of the mean of data in each
class.

B̂
0
d=0:04D−4:3 r2=0:70, p<10−5� � ð13Þ

Ê
0
d=−0:10D+1:3 r2=0:73, p<10−5� � ð14Þ

L̂
0
d=−0:09D−2:4 r2=0:67, p<10−5� � ð15Þ

We find a B0
i,j,t delay of ~0.4 ± 0.1 days per each 10%

increase in deforestation (Figure 4a). At the mesoscale
(~784 km2, area of the pixel studied), a hypothetical defores-
tation of 80% implies in an average delay of 3.2 ± 0.8 days in
B0

i,j,t, when compared to a non-deforested pixel, although
there is much variability for pixels with the same level of
deforestation. This higher delay on the rainy season onset in
areas with greater deforestation give support to Leite-Filho
et al. (2019) conclusions for the same region.

The largest impact of deforestation is observed in E, con-
firming Debortoli et al. (2016) results. The linear regression
shows a demise advance of ~1 ± 0.2 days per each 10%
increase in deforestation, after removing the effects linked to
geographical position and interannual variability (Figure 4b).
At the scale of the pixel studied, a hypothetical 80% defores-
tation implies in an advance of the demise of the rainy sea-
son by 8 ± 1.6 days. L decreases by 0. 9 ± 0.3 days per
each 10% increase in deforestation (Figure 4c). At the scale
of the pixel studied, a hypothetical 80% deforestation implies
in a shortening of the rainy season by 7.2 ± 2.4 days. We
emphasize that these deforestation effects are anomalies and
must be added to the annual and geographical location
effects, which were removed for this analysis.

Multiple linear regressions to predict Bi,j,d, Ei,j,d and Li,j,d

using independent variables Dt, φ and λ (Equations 15–17)
indicate that the effect of deforestation (angular coefficient
of D) is similar when compared to the same effect estimated
using anomalies of B, E and L with respect to their geo-
graphical position (Equations 12–14). The linear models
explaining the demise and length anomalies through these
three variables (Equations 17 and 18) have higher coeffi-
cients of determination when compared to the model
explaining the onset anomalies (Equation 16).

Bi, j,d =0:04Dt+2:52φ−0:43λ+14:54 r2=0:18, p<10−4� �

ð16Þ

Ei, j,d =−0:09Dt−5:32φ+1:41λ+225:22 r2=0:37, p<10−4� �

ð17Þ

Li, j,d =−0:08Dt−8:58φ+2:12λ+147:71 r2=0:33, p<10−4� �

ð18Þ
The models so far estimate the anomaly from the long-term

mean. Including N4
0
t and φSJt in the multiple linear models to
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represent the interannual variability, we estimated two geo-
graphically explicit empirical models of the role of these large-
scale mechanisms and their interactions with deforestation on
the rainy season onset throughout the study region. One of the
models predicts the onset of the rainy season for all pixels in
the study area (Equation 19), and while the second one predicts
the onset only in pixels with agricultural lands, that is, areas
where the deforestation >1% (Equation 20).

Bi, j,t,d =0:29Dt−2:49φ−0:43λ−0:13φSJt

−0:51N40t−0:03Dt×φSJt−0:01Dt×N40t
+14:54 r2 =0:24, p<10−5� �

ð19Þ

Bi, j,t,d =0:30Dt−3:11φ−0:49λ−0:31φSJt

−0:02N40t−0:02Dt×φSJt−0:04Dt×N40t
+4:98 r2 =0:69, p<10−5� �

ð20Þ

where Dt is the percentage of a pixel that is deforested in
year t, φ is the latitude, λ is the longitude, N40t is the tropical
SST anomalies of region Niño4, φSJ is the latitude of the
Southern Hemisphere subtropical jet and Dt × N40t and
Dt × φSJt are the interactions between these large-scale vari-
ables and deforestation.

The general model in Equation (19) predicts the onset of the
rainy season for every pixel in the region studied, with a mean
absolute error (MAE) of 7.6 days (Figure 5a). Containing the
interannual variability predictor variables, this empirical model
presents higher coefficient of determination when compared to
Equation (16), which includes only latitude, longitude and
deforestation. The relatively low variance explained in this case
is an indication that there are many relevant processes may be
missing in this empirical equation such as estimates of surface
heat fluxes, and other large-scale processes and circulation pat-
terns, including SSTs in other regions of the Pacific
(e.g., Nino3.4 region), the Bolivian High (Virji, 1981), the South
American Low-Level Jet East of the Andes (Marengo et al.,
2004) and the tropical Atlantic Ocean (Yoon and Zeng, 2010).

However, we believe the main role is played by the surface
processes. A major difference appears when a model is fitted
only for the pixels with agricultural lands. Equation (20) is a
highly significant model (p < 10−5) that predicts the space and
time variability of the onset with a MAE of 2.7 days
(Figure 5b). Despite a slight overestimation for very low defor-
estation percentages, Equation (20) can be used as an onset fore-
cast model for all practical purposes, given its very low MAE
(2.7 days) compared to the range of variability in B across space
and time (>30 days). In addition, all regression coefficients of
this empirical model are statistically significant (α = 0.05).

As a validation of our results, we recalculate Equa-
tions (19) and (20) using the high-resolution data from the
ERA-5 reanalysis. Similar models are obtained
(Equations 21 and 22), with similar r2, significance and MAE.
Equation (21) predicts the onset of the rainy season for every
pixel in the region studied with a MAE of 8.1 days
(Equation 21). The major difference continues to appear when
a model is fitted only for the pixels with agricultural lands.
Similarly to Equation (21), Equation (22) is a highly significant
model (p < 10−5) that predicts the space and time variability of
the onset with a MAE of 3.1 days.

Bi, j,t,d =0:28Dt−3:12φ−0:45λ−0:13φSJt−0:51N40t
−0:04Dt×φSJt−0:02Dt×N40t
+15:64 r2=0:28, p<10−5� �

ð21Þ

Bi, j,t,d =0:33Dt−3:80φ−0:56λ
−0:38φSJt−0:03N40t−0:03Dt×φSJt−0:03Dt

×N40t +5:24 r2 =0:72, p<10−5� �
ð22Þ

FIGURE 4 Mean of rainy season onset anomalies (a), demise
anomalies (b) and length anomalies (c) in 19 deforestation classes, and
SE of the mean. The best-fit linear regression line is shown
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Testing the existence of multicollinearity between vari-
ables included in these models, we found that the absolute
value of the correlation coefficient between all combinations
of the independent variables is always lower than 0.80, indi-
cating absence of multicollinearity. To give more informa-
tion on collinearity between variables, Table 2 displays the
average of Bi,j,t, Ei,j,t and Li,j,t in the 1998–2005 period as
compared to the 2006–2012 for two groups of pixels and the
results of the independent two-sample t test. For stations
within areas with increasing deforestation fractions over the
years (Group 2), Bi,j,t was delayed by about 8 days, whereas
for stations within areas with constant land cover (Group 1),
the delay was about 2 days. For stations within areas with
increasing deforestation fractions over the years (Group 2),

Ei,j,t was advanced by about 7 days, whereas for stations
within areas with constant land cover (Group 1), the advance
was about 2 days. For stations within areas with increasing
deforestation fractions over the years (Group 2), Li,j,t was
shortened by about 15 days, whereas for stations within
areas with constant land cover (Group 1), the shortening was
about 9 days.

Moreover, the striking difference between the fit of Equa-
tion (19) versus Equation (18) is a strong empirical evidence
of the interaction between large-scale mechanisms and
deforestation. In fact, the difference between the two equa-
tions is that the former uses data for all ranges of D, includ-
ing D = 0, while the latter uses data only for D > 0. Notice
that, when D = 0, several terms in Equation (18) vanish, and
this makes Equation (19) less fit to estimate B in 100% for-
ested pixels.

Given the difference in statistical fit to Equation (20), we
suggest that there are missing processes related to a non-
represented spatially varying relevant forest parameter, argu-
ably the land surface albedo. In this sense, the percentage of
deforestation considered here could be working as a proxy
for the increase in albedo due to deforestation, while any
spatially variability in the rainforest albedo would be miss-
ing from the empirical model. We do not discuss in depth
why the fit of the general equation is not as good as the spe-
cific equation for deforested areas, which may be the subject
of further studies.

4 | DISCUSSION

4.1 | Climate dynamics

The zonal and meridional gradients of the rainy season onset
and demise are mainly caused by the changes in tropical
convection associated to the gradual continental heating and
cooling due to changing Sun's declination and large-scale
circulation pattern, indicating a gradual arrival and departure
of the rainy season. Increased dry season length (conse-
quently, decreased rainy season length) in southern Amazon
is related to enhanced wind subsidence over the 10�S–20�S
region and a deficit of specific humidity at 1000–300 hPa
south of 10�S, confirming the absence of deep convection

FIGURE 5 Predicted versus observed values of onset of the
rainy season compared them to the 1:1 line for (a) whole study region
and (b) agricultural regions only. MAE, mean absolute error; RMSE,
root-mean square error [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 Results of the
independent two-sample t test with
unequal sample sizes and unequal
variance of the means of Bi,j,t, Ei,j,t and
Li,j,t for groups of pixels 1 and 2 for the
periods of 1998s–2005s and 2006s–2012s
(μ1998s–2005s and μ2006s–2012s)

Variable Group μ1998–2005 μ2006–2012s S21998−2005 S22006−2012 tcalc p1-tailed

Bi,j,t 1 19 Sep 21 Sep 3.4 3.9 0.355 .381

2 16 Sep 24 Sep 4.1 3.8 −2.211 .021

Ei,j,t 1 24 Apr 26 Apr 2.9 3.2 0.299 .298

2 22 Apr 29 Apr 3.4 3.0 −1.156 .016

Li,j,t 1 291 days 300 days 9.2 8.7 0.158 .328

2 289 days 304 days 8.8 9.1 −2.121 .114
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over the region (Espinoza et al., 2018). The changes in rainy
season onset and demise also affect its duration, which is
also highly geographically dependent, emphasizing the
importance of controlling for the geographical position in
the onset, demise and length data.

Specifically, B gradient depicts the southward advance of
the ITCZ, corresponding to a gradual implementation of the
South American monsoon (from NW to SE) (Gan et al.,
2004; Liebmann and Mechoso, 2011). This monsoon period
is usually after the maximum seasonal temperature during
the dry winter season. During this temperature peak, rain
formation at the onset of the rainy season is very dependent
on forest, which provides water vapour and latent heat to the
atmosphere. A similar mechanism may explain the relation-
ship between the forest and the demise of the rainy season.

Moreover, the rainy season is subject to strong interannual
variability that is controlled by large-scale mechanisms
(Wang and Fu, 2002; Yoon and Zeng, 2010; Yin et al., 2014;
Marengo and Espinoza, 2016). Trends in these large-scale
circulation may overlap with trends in the forest cover
(Runyan et al., 2012), confounding the relationships between
the causes and the changes in rainy season parameters.

By removing regional trends and interannual variability,
this linkage between forest and rains was demonstrated more
clearly, isolating the deforestation signal in the tendencies of
onset delay, earlier demise and shortened length of the rainy
season. Moreover, the deforestation effect on the onset
increases when the interactions with the large-scale mecha-
nisms are included in the empirical model. This provides
empirical evidence of the relevance of the interaction
between these large-scale factors with deforestation,
supporting the mechanism that the onset of the rainy season
in southern Amazon relies on large-scale moisture conver-
gence aided by local injections of water vapour linked to the
forest (Fu et al., 1999; Li and Fu 2004).

The higher rates of evapotranspiration of the rain forest
causes an increase of shallow convection that moistens and
destabilizes the atmosphere during the initial stages of the
transition from the dry season to the rainy season. This
mechanism—shallow convection moisture pump—
preconditions the atmosphere at the regional scale for a rapid
increase in rain-bearing deep convection, which in turn
drives moisture convergence and rainy season onset
2–3 months before the complete southward shift of the ITCZ
over the region.

Pastureland and soybean croplands are the main types of
land conversion for agricultural use in the region. Rainforest
evapotranspiration around 3.8 mm � day−1 (Costa et al.,
2010) provides sufficient moisture for localized, mesoscale
convective events. The injection of water vapour in pasture-
land regions (1 mm � day−1) is a much weaker source of
moisture, while in cropland areas, evapotranspiration can be

assumed to be zero in the weeks before crop sowing and ger-
mination. Moreover, tropical forests around 10�S in the
Amazon have higher evapotranspiration rates during the end
of the dry season than during the rainy season, because of
higher solar radiation and higher vapour pressure deficit
(Costa et al., 2010) and rainforest phenology (Wu et al.,
2016). On the other hand, pastures and croplands have a
strong evapotranspiration seasonal cycle, so that differences
between wet and dry season evapotranspiration are expected
in deforested areas. In addition, in pastureland areas, net
radiation at the surface is 6.2% less than in the rainforest,
while in soybean croplands, the decrease in net radiation is
7.0% (Sampaio et al., 2007).

The interannual variability in the rainy season metrics is
also linked to interannual variations of large-scale climatic
mechanisms (Fu et al., 1999; Marengo et al., 2001; Ronchail
et al., 2002; Yin et al., 2014), which emphasizes the impor-
tance of controlling the conditions of each year on the onset,
demise and length variability. Two large-scale conditions
are crucial for determining the interannual variability of the
rainy season onset.

First, a poleward shift of the Southern Hemisphere sub-
tropical jet over the South American sector may prevent cold
frontal systems from moving northward into the region
(Espinoza et al., 2011). The weakening of the cold air incur-
sion results in late rainy season onset over the southern
Amazon. Second, El Niño episodes and SST anomalies over
the subtropical south central Pacific could also influence the
poleward displacement of cold fronts (Vera and Vigliarolo,
2000; Barros and Silvestri, 2002; Vera et al., 2002).

4.2 | Agriculture and land-use implications

Brazilian agricultural production is projected to rise this cen-
tury to meet part of the increasing global demand for food
(OECD/Food and Agriculture Organization of the United
Nations, 2015). To avoid negative environmental conse-
quences, increases in Brazilian food production ideally
should not be achieved by a proportional increase in the
planted area, which implies in continued deforestation. The
adoption of intensive agricultural techniques such as double
cropping (DC—two crops, typically soybean followed by
maize, are cultivated on the same land during the same
growing season) plays an important role to achieve this
objective. DC requires a long rainy season (>200 days) that
starts early (Costa et al., in press). So, an early sowing of
soybeans is essential for farmers to ensure that the soybeans
are harvested in time for the second crop to grow and mature
while climatic conditions are still favourable. Therefore, DC
is neither favoured by a short rainy season, nor by a delayed
B nor by an earlier E (Arvor et al., 2014; Spangler et al.,
2017; Abrah~ao and Costa, 2018; Costa et al., in press).
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Under the Brazil's new Forest Code (Law no. 12,651,
effective since 2012; Brasil, 2012), 80% of private lands in
the Amazon should be protected from deforestation. Consid-
ering these limits allowed by law, and according to Figure 4,
at the 28-km × 28-km scale used in this study, the average
delay in B would be only 0.8 ± 0.2 days, the advance in E
would be on average only 2 ± 0.4 days, and L would be
shorter by 1.8 ± 0.6 days on average, which are negligible
changes in the rainy season characteristics. In a larger defor-
estation case than allowed by law (in most of these cases
deforestation happened before the approval of the current
legislation), for example an extreme 80% deforestation,
Figure 4 relationships estimate that B may delay by
3 ± 0.8 days, E may advance by 8 ± 1.6 days, and L could
shorten by 7 ± 2.4 days on average. Although these average
changes are small (up to 5 days in duration, from the 20%
scenario to the 80% scenario), they may be much larger in
unfavourable large-scale scenarios.

A sensitivity analysis of Equations (20) and (22) shows
that, in unfavourable large-scale conditions the onset of the
rainy season may start significantly later. During our period
of study, φSJ varied by 8�, and N40 varied by 1.6�C. Here
we use the operator Δ to represent the change between
favourable conditions, that is, condition that favour an early
onset of the rainy season, and unfavourable conditions, that
is, conditions that lead to a late onset of the rainy season. In
unfavourable conditions like ΔφSJ = −6� and
ΔN40 = −1.5�C, the onset of the rainy season may happen
29.7 days later (Equation 20—NCEP/NCAR data) or
33.3 days later (Equation 22—ERA-5 data) in an 80% def-
orested pixel when compared to a 20% deforested pixel.

This result puts deforestation control in a new perspec-
tive. Maintaining deforestation within the permitted limit is
not only a matter of obeying the law, having more access to
subsidized agricultural credit (available only to those that
abide by the law) or simply not being fined. Farmers will
also benefit from a rainy season that starts earlier, which
reduces the risk for the failure of the double cropping sys-
tems and increases farmers total crop output. In this sense,
the expansion of Amazon agriculture may be self-defeating.

Although these results were unknown at the time the Forest
Code has passed in the Brazilian Congress, they show how
environmentally sensible the legislation is. Original legislators
intention was to protect biodiversity, but our results show that
the legislation, if strictly followed, can also help the climate
regulation service provided by the rainforest, in a way that ben-
efit the farmers that collectively (28-km × 28-km scale) respect
the legislation.

Our results also encourage farmers in highly deforested
regions to promote forest restoration, as localities that have
high deforestation could benefit from a longer rainy season
through forest restoration. Although some individual ranches

in Amazon are as large as one of our pixels (28 km × 28 km,
or 78,400 ha), most likely these mesoscale climate conse-
quences will only be achieved by working as a community.
The combined sustainable exploration of the forest and the
possibility of a low risk intensive double cropping system
expands the benefits of the high forest protection levels
required by the Forest Code. Moreover, it has been
suggested (Nobre et al., 2016) that the enormous biological
assets of the Amazon, if preserved, could shift the economic
development paradigm of the region in the direction of crea-
tion of innovative high-value products, services, and plat-
forms through combining advanced digital, biological and
material technologies of the Fourth Industrial Revolution in
progress.

Our results also have important implications to the Brazil-
ian government efforts to protect the country's irreplaceable
forests, emphasizing the importance of public and private
conservation policies, surveillance practices against defores-
tation, land tenure policies, land regularization and creation
of innovative and efficient governance practices to mitigate
socioeconomic and ecological impacts of deforestation.

5 | CONCLUSIONS

This paper presents a quantitative connection between rainy
season onset, demise and length with deforestation in the
southern Amazon, making use of temporally and spatially
explicit data on land-use and rainfall. In addition, we have
estimated the influences of the variations in the SST and
Southern Hemisphere subtropical jet position and their inter-
action with deforestation to determine the variability of onset
of the rainy season in the region.

All rainy season metrics present a strong spatial NW-SE
gradient (corresponding to a gradual implementation of the
South American monsoon) and a strong interannual variabil-
ity related to large-scale forcings. Particularly, Niño4 SST
anomaly and Southern Hemisphere subtropical jet position
in July explain 55% of the total variance of the rainy season
onset at the interannual time scale.

By removing the influences associated to geographical
location and the year, we find that deforestation delays the
onset, accelerates the demise, and decreases the length of the
rainy season. The empirical models we developed in this study
can contribute to the understanding of the role that deforesta-
tion plays in the rainy season onset as rainforest continues to
vanish, and to the prediction of the rainy season onset for
application in a variety of uses, including agriculture.

In summary, this study presents substantial evidence to
demonstrate that land use change is a causal factor in the
modifications of these rainy season metrics in southern
Amazon, while their interaction with large-scale factors must
also be considered.
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These results have an important role to long-term land-
use regional planning and to build resilience of agriculture
to climate variability. Keeping deforestation at low levels is
important for farmers to maintain the early onset of the rainy
season, an essential climate feature in which intensive dou-
ble cropping systems rely on. Depending on climate trends
of key variables like Niño 4 SST and Subtropical Jet posi-
tion, the shortening of the rainy season may jeopardize the
feasibility of double cropping rainfed systems. Our results
make clear the need to integrate forest conservation and res-
toration with agricultural practices that are directly affected
by these forests.
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