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Abstract

This paper investigates the effects of advancing deforestation in the southwestern Amazon on local hydroclimate. For this
purpose, a high-resolution mesoscale model, coupled with a land surface model and a hydrologic routing model, is inte-
grated for five years in two experiments, one control without changes in land use and another changing land use annually.
During the rainy season, simulated higher precipitation volumes are reduced with the expansion of pasture lands. In the
dry periods, mainly in August, there is an increase in precipitation over some deforested areas, which can be associated
with mesoscale circulations induced by the heterogeneous surface. In general, land-use changes reduce evapotranspiration
and the net radiation at the surface and increase the sensible heat flux during the dry season. In the rainy period, there
is an increase in evapotranspiration with the intensification of deforestation, which modifies the other components of
energy balance. Results suggest that the impact of LUCC on the local climate is more affected by conditions that gener-
ate precipitation extremes (El Nifio/La Nifia events) than by the abrupt increase in the annual deforestation rate. Land-use
changes reduce the streamflow in all sub-basins of Ji-Parana during the dry season. In the rainy season, LUCC increases
the streamflow during periods with normal precipitation conditions and La Nifia in almost all sub-basins, except in the
sub-basin with more than 20% deforestation.
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1 Introduction processes via changes in the energy and water balances
(e.g., D’Almeida et al. 2007; Nobre et al. 1991).

The Brazilian Amazonia has already lost almost 20% of its The increase in surface albedo due to deforestation

original forest cover (INPE 2022a). According to the Terra-
Class data (INPE 2022b), approximately 60% of this defor-
ested area was converted to pasture. The state of Rondonia
has the highest percentage, with 79% of the deforested
area converted to pasture (Almeida et al. 2016). Land use
and land-cover changes (LUCC) affect the hydroclimatic
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causes a reduction in solar radiation absorbed by the sur-
face. Leaf area index (LAI) and the rooting depth decrease
with the removal of the forest, which contributes to dimin-
ishing evapotranspiration rates. The increased near-surface
air temperature caused mainly by the reduction in evapo-
transpiration generates an enhancement in longwave radia-
tion emitted by the surface. Consequently, net radiation
at the surface resulting from the surface radiation balance
decreases with deforestation. Latent heat flux decreases
with the reduction in evapotranspiration, while sensible
heat flux increases due to the increased surface tempera-
ture. These results have been found in some modeling and
observational studies about the impacts of the LUCC on
climate in Amazonia (e.g., Findell et al. 2007; Costa and
Foley 2000; Pilotto et al. 2017; Rodriguez et al. 2014; von
Randow et al. 2004).

Discrepancies found in different numerical studies are
mainly related to the type of numerical model, the spatial
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scale of deforestation, and the period of the annual cycle
of precipitation. General circulation models (GCMs) gen-
erally have a coarse spatial resolution, between 1° and
3° and adopt large-scale deforestation to produce some
response. Modeling studies using coarse resolutions, which
considered large-scale deforestation in the Amazonia, gen-
erally have found a reduction in both evapotranspiration
and precipitation rates (e.g., Costa and Foley 2000; Nobre
et al. 1991; Pitman and Lorenz 2016; da Silva et al. 2008;
Lejeune et al. 2015). This reduction of precipitation is the
result of the average over the whole Amazon Basin, which
shows a dipole pattern with a larger area of reduction in the
northwest of the basin and a smaller area of increased pre-
cipitation in the southeast of the basin (e.g., Lejeune et al.
2015; Medvigy et al. 2011).

Regional climate models (RCMs) can provide a more
refined surface representation, capturing small forest clear-
ings. Therefore, many numerical experiments using RCMs
models with small-scale deforestation have simulated
increased precipitation over deforested areas. This increased
precipitation is generally associated with local circulations
induced by surface heterogeneities (e.g., Baidya Roy and
Avissar 2002; Chagnon and Bras 2005; Negri et al. 2004;
Wang et al. 2000, 2009).

Baidya Roy (2009) states that warmer temperatures over
deforested areas create horizontal pressure gradients, forc-
ing cool, moist air from adjacent forests to converge over
the clearings. The increased convergence can trigger shal-
low cumulus clouds and produce precipitation over the
deforested patches (e.g., Baidya Roy 2009; Baidya Roy et
al. 2002; Chagnon and Bras 2005; Wang et al. 2009). This
mechanism, called “vegetation breezes” by Baidya Roy
(2009), is commonly found in the Brazilian State of Rondo-
nia, in the southwestern Amazon, which has a characteristic
pattern of fragmentation so-called fishbone with a scale on
the order of 10 km (Arima et al. 2016; de Oliveira Filho and
Metzger 2006). Khanna et al. (2017) found an increase in
cloudiness over the small-scale deforestation patches in the
1980s in Ji-Parana through satellite images. This process of
vegetation breezes found over the fishbone patches in Ron-
donia has occurred more frequently in the dry season (e.g.,
Chagnon et al. 2004; Chagnon and Bras 2005; Wang et al.
2009; Baidya Roy 2009).

Regional modeling studies at higher spatial resolutions
over the fishbone patches in Rondonia have also found an
increase in cloudiness and precipitation (e.g., Baidya Roy
2009; Wang et al. 2000). However, the temporal scales of
these studies are short, corresponding to specific case stud-
ies. Changes in the surface characteristics and heterogene-
ity can modify feedback processes between the land surface
and atmosphere within months or even years (Guillod et al.
2015; Koster et al. 2004; Seneviratne et al. 2006). Therefore,
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numerical model runs are necessary at higher spatial resolu-
tions and long-term integrations to assess the LUCC effects
more appropriately.

Generally, most modeling studies of LUCC impact do
not include time series of LUC change into the integration;
instead, they compare two integrations with different land
cover and land use to evaluate the impacts. This way is not
possible to know how the climate responds continuously to
the advance of deforestation. Also, changes in the hydrolog-
ical response, driven by these local climate changes, have a
slow and time-lagged response, mainly because of the large
memory in soil processes.

Therefore, the objective of this work is to assess the
hydroclimatic local response to the annual expansion of
deforestation over the Ji-Parana Basin in Rondonia using
a coupled atmosphere-land surface-river routing model, at
1-km resolution, for 5-year period time integrations (1984—
1989), with yearly updates of the LUCC. Although defores-
tation over the region in the 1980s is lower in terms of km?
compared to the present day, its annual deforestation rates
are the highest ever mapped by the Prodes (e.g., Linhares
2005).

2 Materials and methods

The three components of the coupled atmosphere — land sur-
face — river routing modeling system used in this study are
briefly described. The experiment setup is explained.

2.1 Eta model

The Eta model (Mesinger et al. 2012) is a grid-point model
that uses the eta vertical coordinate defined by Mesinger
(1984) and represents the topography in cut-cells. The
parameterization schemes used in the Eta model for this
study are: the Betts—Miller—Janji¢ (Janji¢ 1994) for cumu-
lus convection; the Zhao scheme (Zhao and Carr 2002) for
cloud microphysics; the Geophysical Fluid Dynamics Labo-
ratory package of shortwave (Lacis and Hansen 1974) and
longwave (Fels and Schwarzkopf 1975) radiation schemes;
and the Mellor-Yamada level 2.5 level (Mellor and Yamada
1982) for the atmospheric turbulence. Pilotto et al. (2017)
replaced the Noah Land Surface Model (LSM) (Ek et al.
2003) with the Noah-Multiparameterization (Noah-MP)
LSM (Niu et al. 2011) to represent the land surface in the
Eta model. This version is now referred to as Eta/Noah-MP,
and it is described in more detail in the next section.

The Eta model has been used for various applications,
such as: for seasonal hindcasts (e.g. Chou et al. 2005; Pilotto
et al. 2012; Chou et al. 2020), for land use and land cover
change impact studies (e.g., Correia et al. 2008; Pilotto et
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al. 2017; Rodriguez et al. 2014), for regional climate change
projections (Pesquero et al. 2010; Chou et al. 2012, 2014;
Marengo et al. 2012; Lyra et al. 2018; Resende et al. 2019),
and various climate change impacts studies (Tavares et al.
2018; Imbach et al. 2018; Chou et al. 2019).

2.2 Noah-MP

The Noah-MP is a land surface model with multiple options
to model land surface-atmosphere processes (Niu et al.
2011). The Noah-MP LSM is developed over the Noah LSM
framework. This new version includes a vegetation canopy
layer to compute the canopy and the ground surface temper-
atures separately. The Noah-MP version uses the modified
two-stream radiation transfer scheme (Niu and Yang 2004;
Yang and Friedl 2003) that considers canopy gaps to com-
pute fractions of sunlit and shaded leaves and their absorbed
solar radiation. Also, a semi-tile sub-grid scheme considers
vegetation and bare soil in the cell grid.

In this study, we used the Jarvis scheme for canopy sto-
matal resistance (Jarvis 1976), the Noah-type soil moisture
factor for soil moisture dynamics (Niu et al. 2011), the sim-
ple groundwater model with a runoff scheme based on TOP-
MODEL (Niu et al. 2005, 2007), and the surface exchange
coefficient for heat (C,) following Chen et al. (1997)

The Noah-MP LSM correctly reproduced the surface
processes in the Amazonia region in the forest and pasture
observational sites (Pilotto et al. 2015).

The Noah-MP version in this study differs from Pilotto
et al. (2017) by including the change of land use and land
cover map along the integration. This version also differs by
adding four soil layers reaching a depth of up to 12 m, dis-
cretized in 8 soil layers. The Amazon rainforest has a deep
rooting zone, which reaches about 10 m and contributes to
the maintenance of evapotranspiration during the dry season
(e.g., Bruno et al. 2006; da Rocha et al. 2004). A consistent
update follows the annual update in the land cover map in
the vegetation parameters in the model. This model devel-
opment tries to more accurately reproduce the atmospheric
response to land use and land cover changes.

2.3 River routing

Streamflow discharges in 7 gauge-stations were estimated
using the hydrologic channel-flow routing model based on
the Muskingum-Cunge (Cunge 1969) routing model from
the MHD-INPE model (Rodriguez and Tomasella 2016).
The Channel network was obtained using data from the
Shuttle Radar Topography Mission with 90 m resolution
(Farr and Kobrick 2000; Farr et al. 2007). Calibrated rout-
ing parameters were obtained from Rodriguez and Toma-
sella (2016). The authors calibrated the MHD-INPE model

using measured hydrometeorological data from 1982 to
2006. Model performance was satisfactory, with correla-
tion coefficients between 0.66 and 0.87 (Table 2 in Rodri-
guez and Tomasella 2016). The input for the routing model
was the surface and subsurface water excess estimated by
Noah-MP. Measured streamflow data from the Brazilian
National Water Agency was used to evaluate simulated
water discharges.

2.4 Study area

The study area was delimited by the latitude coordinates
13.25°S to 10.54°S, and longitudes 63.37°W to 59.83°W
(Fig. 1), which includes the Ji-Parana basin, located in the
Brazilian State of Rondonia, in the Southwestern Amazon.

The natural vegetation cover of the study area includes
cerrado (a type of savanna), dense forest, open forest, and
semideciduous forest (Linhares 2005). Clear-cut defores-
tation rates in Rondonia State have been rising since the
1970s due to the construction of main road BR-364 (Alves
etal. 1999, 2003; Alves 2002a, b; Arima et al. 2016) and the
overwhelming land occupation policy at that time (Alves et
al. 2003; Arima et al. 2016; Machado 1998; Moran 1981).
The dominant pattern of land use fragmentation in the study
area, especially in the central and northwestern regions, is
the fishbone pattern associated with the deforested land for
rural settlements (Arima et al. 2016; Linhares 2005). In the
southeastern region, there are some extensive forests cleared
areas for large-scale agriculture (Linhares 2005).

Koppen's climate classification for Rondonia is Am
(Tropical monsoon climate). The annual climatological
precipitation measured about 378 km north of Ji-Parana,
is about 2,300 mm. June, July, and August are the driest
months when monthly total rainfall is less than 50 mm. The
wet season starts in November and ends in March, with
maximum precipitation in January of about 320 mm per
month (INMET 1992).

2.5 Experiments set-up

The Eta/Noah-MP model was configured with a 1-km hori-
zontal resolution and 38 atmospheric layers over the black
square area shown in Fig. 1. The simulations were set up in
two experiments: 1) one referred to as LUCC, with a yearly
update of the land use and land-cover conditions during
the integration time. The other experiment was called the
control experiment or CTL, with the vegetation kept con-
stant during the integration time. Both experiments started
in May 1984 through June 1989 and started with the 1983
vegetation cover information from Landsat data (Linhares
2005; Rodriguez et al. 2014). However, the land cover of the
LUCC experiment was updated yearly from 1983 (Fig. 2a)
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Fig. 1 South America map. The black rectangle corresponds to the area of the integration domain

to 1988 (Fig. 2f), always in August, because of the higher The annual deforestation rates in the Ji-Parana basin were
incidence of deforestation practices occurring at the end of  almost 10, 4, and 5% in 1984, 1985, and 1986, respectively
the dry season (Alves 2002). (Linhares 2005 and Rodriguez et al. 2010), while the rates

in the 2000s did not exceed 3% (Figure S1). This higher
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Fig.2 Land use and land cover (A)
maps from (a) 1983, (b) 1984,
(c) 1985, (d) 1986, (e) 1987,
(f) 1988, where green, brown,
and white areas are considered
forest, deforestation, and water,
respectively

(©)
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deforestation rate in the transition from 1983 to 1984 is
related to improving the road mesh, mainly BR 364, which
facilitated access to areas further away from the capital of
Porto Velho (Linhares 2005). Also, Linhares (2005) sug-
gested that the 1983 drought caused by the El Nifio event
may have encouraged deforestation.

Eta simulations used boundary and initial conditions
downscaled from ERA-Interim reanalysis (Dee et al. 2011).
Soil data are from the SOTERLAC (Dijkshoorn et al. 2005).
Land use and land cover maps were obtained from Landsat
data (Linhares 2005; Rodriguez et al. 2014). This dataset
contains only two land use types, forest and pasture, at 30-m
resolution. The vegetation parameters were modified for
local characteristics (e.g., Rodriguez et al. 2014).

(F)

3 Results
3.1 Spatial pattern

The variables analyzed in spatial fields shown in Figs. 3 and
4, and 5 are precipitation, air temperature at 2 m, net radia-
tion at the surface, and latent and sensible heat fluxes. These
fields correspond to the difference in the 5-years seasonal
average between the LUCC and CTL experiments for the
wet season, December-January-February (DJF), and the dry
season, June-July-August (JJA). The solid black line in the
figures is the 1988 deforested boundary (DBS8S), the last
year land use was updated in the LUCC experiment.
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Spatial patterns simulated by the model show a seasonal
variability in both experiments (Figures S2-S11), with max-
imum values ranging between the dry and rainy seasons of
6-12 mm day~' for precipitation, 26-29°C for the air tem-
perature at 2 m, 155-215 W m~2 for net radiation at the
surface, 125-155 W m~2 for latent heat flux, and 70-115 W
m~2 for sensible heat flux.

3.1.1 Precipitation and air temperature at 2 m

Five years-averaged precipitation from the CTL experi-
ment has maximum values (> 12 mm day~ ') in regions pre-
dominantly covered by forest (Figure S2a) in DJF, which
is reduced in the LUCC experiment where many of these
areas were replaced by pastures (Figure S2b). This pattern
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Fig. 3 Difference of monthly precipitation (mm day~!) averaged
between 1984 and 1989 from LUCC and CTL experiments in (a) DJF
and (b) JJA. The difference in air temperature at 2 m (°C) averaged
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also occurs in the dry season but with less intensity (Figures
S3a,b).

The most significant differences between the LUCC and
CTL experiments occur where deforestation has expanded
over the years studied (Fig. 3a,b, S12). The impact of
LUCC on precipitation is generally of reduction (Fig. 3a,b),
especially during the rainy season, reaching 4 mm day~!
(Fig. 3a).

LUCC experiment reduces precipitation by up to 2 mm
day~!in the dry season over the central-northeastern region
dominated by fishbone deforestation, compared with the
CTL experiment (Fig. 3b). This signature of change in pre-
cipitation appears in the June and July fields (Figure S13a,b).
There are also areas with increased precipitation of about
0.5-1 mm day~! over the center-northwestern of DB8S in
JJA (Fig. 3b). Increased precipitation occurs predominantly

(B) JJA
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between 1984 and 1989 from LUCC and CTL experiments in (¢) DJF
and (d) JJA. The black outlines correspond to the pasture cover from
1988
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in August (Figures S13c), reaching up to 3 mm day™! over
the DB8S. Earlier studies in the same region suggested that
the fishbone shapes trigger mesoscale circulations, contrib-
uting to increased precipitation mainly during the dry season
(e.g., Baidya Roy 2009; Baidya Roy et al. 2002; Chagnon
and Bras 2005; Wang et al. 2009).

Accelerated deforestation produces a rise in air tempera-
ture at 2 m by more than 1.5°C during the DJF (Fig. 3c¢)
and JJA (Fig. 3d) periods. However, the impact is more
substantial in the dry than the rainy season, reaching more
deforested lands (Figure S14). In DJF, a reduction in near-
surface air temperature of about 0.2-0.6°C is observed in
small pasture patches (Fig. 3c and S14a).

3.1.2 Energy fluxes

a. Net radiation at the surface

Land use and land cover changes reduce the net radiation
at the surface by about 20 W m~2 in both seasons (Fig. 4).
However, this impact affects more deforested lands in the
dry season (Fig. 4b) than in the rainy season (Fig. 4a and
S15).

(A) DJF

Small areas with increased net radiation of 5 W m™2
are found over some pasture patches in DJF (Fig. 4a and
S15a). This increase in net radiation at the surface with the
expansion of the deforestation probably occurred due to an
increase in evaporation (Fig. 5a and S16a), enough to cool
the air near the surface (Fig. 3¢ and S14a), which decreases
the longwave radiation emitted by the surface, increasing
the net radiation.

b. Latent and sensible heat fluxes

In the rainy season, there are deforested areas where the
difference between the LUCC and CTL experiments indi-
cates an increase in latent heat flux (Fig. 5a and S16a) and
a reduction in sensible heat flux of up to 40Wm~? (Fig. 5c
and S17a). This increase in evapotranspiration resulted in
a reduction in near-surface air temperature (Figure S14a),
which decreased the sensible heat flux.

In the dry season, LUCC reduces evapotranspiration
(Fig. 5b and S16b) and increases sensible heat flux in most
of the DB88, reaching differences of up to 40 Wm™2 (Fig. 5d
and S17b).

Notes that maximum magnitudes of latent and sensible
heat flux changes are observed in the largest clearing areas,

(B) JJA
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Fig.4 Difference of net radiation at the surface (W m™2) averaged between 1984 and 1989 from LUCC and CTL experiments in (a) DJF and (b)

JJA. The black outlines correspond to the pasture cover from 1988
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Fig. 5 Difference of latent heat flux (W m~?) averaged between 1984
and 1989 from LUCC and CTL experiments in (a) DJF and (b) JJA.
The difference of sensible heat flux (W m™2) averaged between 1984

dominated by large-scale agriculture, and in the fishbone
pattern. For example, there is a large change in a patch
(~11.7°S and 62.3°W) that compose the fishbone pat-
tern, which was occupied by surplus settlers from an old
rural settlement (Rolim de Moura sector), and grew up in
the 1980s, forming the municipality of Nova Brasilandia
d’Oeste in 1987. The LUCC experiment captures it because
considers the growth of deforestation over the years, unlike
the CTL experiment.

3.2 Interannual variability
In the previous section, the analyzes focus on the spatial pat-

terns of hydrometeorological response to LUCC, ignoring
interannual variability. Monthly precipitation and energy
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and 1989 from LUCC and CTL experiments in (¢) DJF and (d) JJA.
The black outlines correspond to the pasture cover from 1988

fluxes were averaged over the DB88 region for both experi-
ments to assess interannual variability.

LUCC and CTL experiments adequately represent the
magnitude and seasonality of precipitation over the years
compared to the MSWEP data (Beck et al. 2017). Precipita-
tion from both experiments shows similar values from 1984
to 1986 (Fig. 6a). Differences reach a maximum magnitude
of 0.4 mm day~!. From 1987 until mid-1988, the differences
between the experiments increased, showing a precipitation
reduction of up to 2 mm day~! from the LUCC experiment
compared with the control experiment. The moderate 1986—
1987 El Nifio event occurred in this period, which lasted
approximately 18 months, from mid-1986 to early 1988
(Zhang and Endoh 1994). 1987 was a dry year in the region
of the Ji-Parana basin (Rodriguez et al. 2010).
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Fig. 6 Interannual variability of (a) precipitation (mm day™ "), (b) net
radiation at the surface (W m?), (c,d) latent and sensible heat fluxes (W
m~2) from the LUCC (red lines), and CTL (black lines) experiments,

After this El Nifio episode, a strong event of La Nifia
started, with its height in September 1988 (Zhang and Endoh
1994). Notes that in 1989, while acting the La Nifia episode,
the response of precipitation was oppositive, showing an
increase above 1 mm day~! with the advance of deforesta-
tion (Fig. 6a). Some studies directly relate droughts (floods)
events in the Amazon to El Nifio (La Nifia) episodes (e.g.
Aceituno 1988; Uvo et al. 1998; Williams et al. 2005; Espi-
noza et al. 2012, 2013; Marengo and Espinoza 2016).

In general, net radiation (Fig. 6b) and latent heat flux
(Fig. 6¢) in the LUCC experiment are smaller than in the
CTL experiment until 1988. This reduction of net radiation
is expected because of the increase in albedo under LUCC
conditions. In 1989, when precipitation was larger in LUCC
than in CTL, also net radiation is larger.

As observed in precipitation, the largest differences
between net radiation and evapotranspiration occurred

1985 1986 1987 1988 1989

the average for (a) the deforested area of 1988. The blue line in (a) is
the precipitation (mm day~!) from the MSWEP

between the experiments in 1987 and 1988 (~10 W m™2).
Sensible heat flux from the LUCC experiment is higher than
the CTL experiment during the driest months (Fig. 6d) when
soil moisture is stored at the deepest soil layers. During the
driest periods, soil moisture is stored at the deepest soil lay-
ers, the skin surface is warmer, and vegetation with shal-
low roots, such as pastures, transpires at lower rates than
forests with deeper roots (e.g., Bruno et al. 2006; Pilotto et
al. 2017).

In the rainy periods of 1986, 1987, and 1988, sensible
heat flux differences are also explained by soil water avail-
ability and the evapotranspiration rates under pasture and
forest. Evapotranspiration, and thus heat flux partition, is
controlled by soil water distribution. During these wetter
periods, the soil moisture content in the shallow soil lay-
ers allows similar evapotranspiration rates (Fig. 6¢) between
pasture and forest (e.g., von Randow et al. 2004), thus,
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because of the lower net radiation in LUCC, sensible heat
flux is lower than in CTL experiment.

The land use change between 1983 and 1984, which
has an annual deforestation rate of almost 10%, caused an
increase of 0.1 mm day™~' in precipitation, of 1.8 W m~2 in
sensible heat flux, and a reduction of 0.3 and 1 W m~? in the
latent heat flux and net radiation, respectively. This com-
parison was made between the LUCC and CTL experiments
in August 1984, when the vegetation map was first updated.

3.3 Streamflow

The Eta/Noah-MP model simulates total runoff as the sum
of water excess at the surface and each soil layer (Niu et
al. 2011). The total runoff was routed through a network of
river channels in the basin to simulate streamflow at gauge
stations (Fig. 7). The streamflow shown in Figs. 7 and 8
started in October 1985 due to the beginning of the hydro-
logical year. The simulated monthly average streamflow
adequately reproduced the observed seasonal variability but
did not accurately capture the discharge volumes.

These results are shown in values of R? between poor and
satisfactory (Harmel et al. 2007). The model underestimates
the streamflow during wet and dry seasons, resulting in a
large RMSE (Table 1).

However, as observed in precipitation and energy
fluxes, the largest differences in streamflow between the
experiments occur during the El Nifio and La Nifa epi-
sodes in most sub-basins (Fig. 7). Notes that the response
of streamflow follows the response of precipitation and
evapotranspiration.

The effect of deforestation causes an increase in stream-
flow during the rainy season (DJF) in normal conditions
(December 1985 and January and February 1986) and espe-
cially under the La Nifia event (December 1988 and Janu-
ary and February 1989) in all sub-basins, except in SB7,
sub-basin that has the largest deforested area (Fig. 8a). Dur-
ing the acting of El Nifio (December 1986 and January and
February 1987, and December 1987 and January and Febru-
ary 1988), the effect of LUCC is of reduction in streamflow
in all sub-basins in the rainy season (Fig. 8a). Notably, this
reduction is greater at the end of El Nifio, probably due to
hydrological memory.

In the dry season, the effect of LUCC on streamflow is
of decrease in both El Nifio and La Nifia in all sub-basins
(Fig. 8b). Notes that this reduction in streamflow at the
beginning of La Nifia is higher than in the El-Nifio periods.
This result could have the signature of the dry memory of
the last years when El Nifio occurred.

Thus, as expected, changes in the streamflow driven by
the conversion from forest to pasture in the experiments are
highly modulated by the changes in the evapotranspiration
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because of differences in plant physiology and changes in
precipitation induced by the surface heterogeneity and the
coupling with the atmosphere.

4 Discussions and conclusions

The 1-km version of the Eta/Noah-MP model was used to
simulate the local hydroclimatic response to land-use and
land cover changes over southeastern Rondonia, includ-
ing the Ji-Parana basin, between 1984 and 1989, when the
annual deforestation rates in the region were the highest
ever recorded (Linhares 2005). For this purpose, two exper-
iments were set up, one control without changes in land use
and another changing land use annually.

Precipitation is affected by land use changes, showing
stronger impacts where deforestation was expanded over
the years studied. Higher precipitation volumes simulated
by the CTL experiment over forested lands in the rainy sea-
son are reduced with the increase of deforestation in the
LUCC experiment.

In August, the driest month in the region, there is an
increase in precipitation of up to 3 mm day~ ! with the growth
of deforestation. Some previous studies found that the fish-
bone fragmentation in Ji-Parana triggers mesoscale circula-
tions leading to an increase in shallow cumulus clouds and
convective precipitation during dry periods (e.g., Baidya
Roy 2009; Khanna et al. 2017; Negri et al. 2004; Wang et al.
2009). Therefore, our results suggest that increased precipi-
tation in dry periods over pasture lands could be associated
with circulations induced by surface heterogeneities.

An increase in deforestation reduces evapotranspiration
and the net radiation at the surface, increasing the near-sur-
face air temperature and sensible heat flux in the dry season.
This behavior agrees with previous studies using global and
regional models and observational data (e.g., Baidya Roy
2009; Sampaio et al. 2007; von Randow et al. 2004).

In the rainy season, the simulated response to LUCC
shows an increase in evapotranspiration over some areas,
where occurred expansion of pasture lands. During the
wet season, evapotranspiration increases in pasture areas
because of the larger water availability in the shallow root
zone associated with higher precipitation volumes. Stoma-
tal resistance is lower in pasture areas than in the forest,
contributing to increased evaporation in deforested regions
under wet conditions (Pilotto et al. 2017). This increase
in evapotranspiration cools the air near the surface, which
decreases the sensible heat flux and the longwave radiation
emitted by the surface, increasing the net radiation.

Notes that the impacts of LUCC on high-resolution simu-
lations of the near-surface air temperature and the energy
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Fig. 7 Monthly streamflow (m®s™") from the (black curves) CTL and (red curves) LUCC experiments and (grey curves) observed in (a,b,c,d,e,f)
seven sub-basins of Ji-Parana, except in the sub-basin four due to observed data failures

Table 1 R? and RMSE values of monthly streamflows from the CTL  fluxes are distributed over the fishbone and large proprieties
and LUCC experiments in sub-basin 1 (SBI), 2 (SB2), 3 (SB3), 5 patches typical of the region, mainly during the dry season.
(SB5), 6 (SB6), 7 (SB7) Interannual variability indicates that the large differ-

Monthly R? RMSE . . .

CTL LUce CTL LUce ences between tl?e.experlments occur 12 years 1nﬂue1.1~ced
SBI 035 053 5423 56,74 by extreme precipitation events (El Nifio and La Nifia).
SB2 044 067 8230 79 80 This result suggests that LUCC may intensify the impacts
SB3 0.53 0.71 9330 96.00 on precipitation caused by El Nifio/La Nifia events. The
SB5 0.45 0.60 131.67 122.71 land use change between 1983 and 1984, with an annual
SB6 0.59 0.64 237.63 270.40 deforestation rate of almost 10%, produces small local
SB7 0.56 0.75 441.12 504.16 hydrometeorological changes. However, these results show

@ Springer



5608 I. L. Pilotto et al.
Fig. 8 Scatter plotter of defor- (A) DJF
estation rate in Ji-Parana Basin
(%) versus the effect of LUCC 80
on streamflow (LUCC-CTL/
CTL) (%) for (a) DJF and (b) *
JJA. In DJF, the gray circle cor- 60 *
responds to 1985 and 1986, the - L
black square is 1986 and 1987, E3
the black cross is 1987 and 1988, g 40
and the red diamond is 1988 and “é
1989. In JJA, the black square 3 20 L 3
corresponds to 1986, the black = »
triangle is 1987, and the red £
diamond is 1988 8 o .
3
= b [ |
o
t -20 + +
% |
+
-40 +
hid +
-60
1] 5 10 15 20 25 30 35
Deforestation rate (%)
(B) JJA
80
60
g
2 40
o
=
E
m
& 20
i
=
=]
= u
z |
5 L "
t -20
A
: o
& A
.40 " *
& A
-60
1] 5 10 15 20 25 30 35

that interannual climate variability enhances the impacts
of LUCC on the local hydroclimate in the Ji-Parana basin.
Indeed, even with the very high annual deforestation rate,
the percentage of deforested areas in 1984 was 17% over
the Ji-Parana Basin, below the percentages of more recent
decades that exceed 50%. Therefore, it is suggested that for
deforested areas below 20-30%, large-scale climatic effects
interfere more with the local climate than land use changes.

@ Springer

Deforestation rate (%)

One hypothesis to explain the reduction in rainfall with
the increased deforestation is that during the El Nifio there
is less availability of water vapor in the atmosphere in the
region. Additionally, the removal of the forests reduces
evapotranspiration, further decreasing the amount of water
vapor available in the atmosphere, and consequently of the
precipitation. While the increase in rainfall during La Nifia
could be associated with the same process that occurs when
the pasture evapotranspires more than the forest in wetter
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periods (e.g., Pilotto et al. 2017). Lee and Lo (2021) found
an increase in precipitation in deforestation experiments
during El Nifio periods. Our study region, located in the
southern Amazon, exhibits continental characteristics. The
Amazon rainforest has high rates of precipitation recycling
through forest evapotranspiration. However, during El Nifio
events, there is a likelihood of reduced precipitation in the
region during the wet season (Cai et al. 2020). Additionally,
under deforestation scenarios, evapotranspiration is signifi-
cantly reduced, leading to a decrease in available water for
precipitation.

Coupled atmosphere, land surface, and channel routing
integrations allow the analyses of feedback impacts on the
hydrological response of the basin under land use change.
Despite the model limitations, it is possible to evaluate
compensatory mechanisms between changes in evapotrans-
piration and precipitation driven by the land use change
dynamic. Land-use changes reduce the streamflow in all
sub-basins of Ji-Parana during the dry season. In the rainy
season, LUCC increases the streamflow during periods with
normal precipitation conditions, especially in the La Nifia
years, in almost all sub-basins except in the sub-basin that
is more deforested, where soil moisture availability allows
large evapotranspiration rates from pasture.
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