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Abstract: Following potential reforestation in the Amazon Basin, changes in the biophysical char-
acteristics of the land surface may affect the fluxes of heat and moisture behavior. This research
examines the impacts of potential tropical reforestation on surface energy and moisture budgets,
including precipitation and temperature. The study is novel in that while most studies look at the
opposite driver (deforestation), this one examines the impact of potential forest rehabilitation on
atmospheric behavior using WRF.V3.9 (weather research and forecast model). We found that forest
rehabilitation across the Amazon Basin can make the atmosphere cooler with more moisture and
latent heat (LH), especially during May-November. For instance, the mean seasonal temperature
decreased significantly by about 1.2 ◦C, indicating the cooling effects of reforestation. Also, the
seasonal precipitation increased by 5 mm/day in reforested areas. By reforestation, the mean monthly
LH also increased as much as 50 W m−2 in August in certain areas, while available moisture to the
atmosphere increased by 27%, indicating possible causal mechanisms between increased LH and
precipitation and emphasizing the mechanisms that were identified between the onset of the wet
season and forest cover. Therefore, it is likely that forest regrowth across the basin leads to, if not
reverses regional climate change, at least slowing down the rate of changes in the climate.

Keywords: reforestation; land-atmosphere interactions; Amazon basin; heat and moisture fluxes; WRF

1. Introduction

The land surface plays an important role in global energy, the hydrologic cycle, and
carbon balance. Land cover change (LCC) directly alters surface-absorbed solar radiation,
longwave radiation, and atmospheric turbulence. These alterations lead to changes in fluxes
of momentum, heat, and water vapor through the mediation of albedo, evapotranspiration
(ET), roughness, and CO2 [1,2]. Land cover changes through atmospheric feedback can
have a striking impact on the local, regional, and even global mean climate as well as
climatic extremes and variability [3].

While 25 to 35% of Amazon precipitation is related to regional moisture recycling [4],
during the rainy season, moist air from the basin travels along the Andes and provides
precipitation over the La Plata basin too [5,6] through tele-connection processes. Therefore,
any changes to land surface biophysical characteristics, even at the local scale, may alter
the climate over the entire basin.

LCC in the Amazon basin has been studied to be one of the driving forces for climate
change [7,8]. It affects the energy, carbon and water balance, and land-atmosphere interac-
tions. It alters evapotranspiration and the hydrologic cycle more broadly which further
affects Amazon rainforest stability [9], primarily through a reduction in moisture recy-
cling [10,11]. Such changes have been investigated across the Amazon basin using global

Appl. Sci. 2022, 12, 7052. https://doi.org/10.3390/app12147052 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12147052
https://doi.org/10.3390/app12147052
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8169-0194
https://orcid.org/0000-0002-2502-0193
https://doi.org/10.3390/app12147052
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12147052?type=check_update&version=1


Appl. Sci. 2022, 12, 7052 2 of 13

and regional climate models: notably, via complete deforestation scenarios e.g., [12–16] or
scenarios ranging from low to extreme conversion of forest e.g., [17,18].

The conversion of forest to cropland in the Amazon Basin has resulted in a decrease in
precipitation (P) [15], a decrease in ET [19,20], an increase in temperature (T) [18], and also
indirectly intensifies fire occurrence [21]. Due to deforestation, the onset of the rainy season
has also delayed 11 days, on average, over the last thirty years across the highly deforested
areas in the state of Rondonia, Brazil [19]. In addition, the length of the dry season has
been increased by one month in some areas [22–26] and drought conditions have also been
exacerbated as a result of deforestation [27–29].

The spatial scale of LCC from local to regional to global is very important in land-
atmosphere interaction analysis [30,31]. The most recent deforestation in the Amazon basin
occurred at small-scale patches (less than 1 ha) during 2008–2014 [27]. In addition, the
temporal scale of analysis is also important in understanding the magnitude and amplitude
of the effects. For instance, Ref. [28] found that the impact of land surface variability on
climate is more apparent at monthly timescales than at other timescales. Ref. [29] analyzed
the interactions between clouds, rains, and the underlying land surface through biosphere
processes in southwestern Rondônia, Brazil. They found that land-atmosphere interactions
are higher during the dry season (May–November) than the wet season (December-April).
They also hypothesized more complex interactions between cloudiness, moisture transport,
and fluxes during the wet season.

When considering the effects of LCC at the basin scale, the land-atmosphere interaction
is more intense [22]. For instance, Ref. [30] used IPCC CMIP3 models and found an increase
in the annual mean temperature between 0.1 and 3.8 ◦C and a decrease in the annual
precipitation of about 10–30% which could lead to changes in seasonality. Also, Ref. [11]
argued that upon reaching 40% reduction in Amazon forest cover, wet and dry season
rainfall totals may reduce by 12% and 21%, respectively. However, the magnitude and the
location of rainfall changes is uncertain [31,32].

Ref. [14] also used a GCM to capture the climate response to Amazon deforestation.
They found that the sensitivity of climate to LCC depends on the initial tree cover and
type of irrigation. Using satellite observations to assess crop responses to drought in the
basin, Refs. [33,34] found that due to reduced cloud cover, droughts induce a “greening-
up” although other researchers have rejected this hypothesis, e.g., [35–37]. According
to Ref. [35], analysis and model simulations of the impacts of Amazon deforestation over
the past 40 years showed that more than 90% of studies agree on the sign of change which
is a reduction in rainfall. But the amplitude, magnitude, and predictability are inconsistent
since they highly depend on the spatio-temporal scale of analysis [15,36–43].

Even if the regional impacts of deforestation on precipitation patterns have been
studied intensively e.g., [8,21,28,44–47], the reverse effects are still unclear. Therefore, in
this study, we aim to examine the extent to which potential Amazon Forest regrowth may
influence fluxes, precipitation, and temperature patterns during both wet (December–April)
and dry seasons (May–November). We should note that wet and dry seasons are not
consistent across the domain, but these timespans are a practical compromise for analysis.

Thus, in this research, we examined the sensitivity and magnitude of changes to
the surface energy budget, including precipitation, due to potential new growth forests
across the Amazon Basin (Figure 1). Our prescribed reforestation scenario using the
Weather Research and Forecasting model (WRF)V3.9 is designed to answer the following
questions: (a) How might forest regrowth contribute to changes in fluxes, temperature, and
precipitation amounts across the basin at monthly and seasonal timescales; (b) what are the
spatio-temporal patterns of changes; and (c) Do any tele-connected processes develop due
to forest rehabilitation?
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2. Materials and Methods
2.1. Study Area and Simulation Domain

Figure 1 shows the topography of the Amazon Basin along with our simulation
boundary. The Amazon Basin extends through Brazil, Peru, Colombia, Ecuador, and
Bolivia covering about 6 million km2. The rainiest part of the basin is located on the eastern
edge of the Andes Cordillera [48,49]. The Amazon Basin contains more than 20% of the
world’s fresh water and is a hot-spot for ecosystem diversity. The forest biomass holds an
estimated 100 billion tons of carbon [50].

The basin’s climate varies from continuously rainy in the northwest to long dry sea-
sons in the east and south [51,52], where more conversion to agriculture has occurred.
This is referred to as the “Arc of Deforestation”. The basin’s climate is controlled by
atmosphere-ocean-land coupling as well as moisture recycling through evapotranspira-
tion [53]. The El Nino Southern Oscillation (ENSO) decreases the Amazon River flow
on the eastern side of the basin during El Nino years [54] while, during La Nina years,
flooding increases [55]. The Southern American Monsoon System brings rainfall to the
southern portion of the basin with the maximum rainfall during DJF (December-January-
February) [56]. During JJA (June-July-August) the South American Convergence Zone
(SACZ) contributes to the precipitation variability across the south of the Basin [57]. During
MAM (March-April-May), rainfall is dominated by the Intertropical Convergence Zone
(ITCZ), which is highly variable [58].

2.2. Data

We forced WRF with ESA 2009 land cover data which was reclassified based on US
Geological Survey land cover classes to match the WRF settings and mosaicked to account
for differences in resolution. The land cover was kept constant over the simulation years;
this is a prescribed simulation, so we needed to control for annual land cover variations
from our analysis. We choose 2009 to be consistent with our boundary layer data starting
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in 2009. For vertical boundary conditions, ERA_Interim with 80 km spatial resolution and
60 vertical levels, and 6-hourly temporal resolution for 2009, 2013, and 2014 were used to
force the model. These years are among the most recent ENSO-neutral years and the data
was more homogenous in terms of extreme events and outliers than other neutral years.

Due to the lack of adequate and robust observational information on precipitation
and temperature that poses great difficulties in validating our climate model outputs, we
used Tropical Rainfall Measuring Mission (TRMM) with a 0.25◦ spatial resolution and
MODIS Land-Surface Temperature with a 1 km spatial resolution to validate the simulated
temperature. All data were resampled based on the model output resolution.

2.3. WRF Model Setup

WRF.3.9 (ARW) is a three-dimensional, non-hydrostatic climate model that is widely used
for atmospheric research. Simulations were initialized at 00:00 UTC and the first 15 days were
considered spin-up and were removed from the analysis. Early trials using longer spin-up
proved to be computationally expensive and unlikely to significantly affect the sensitivity
tests. The horizontal grid spacing was 16 km, with 38 levels of vertical levels up to 1000 m.
The thickness of the lowest atmospheric layer is about 50 m on smooth topography. At
this resolution, cumulus parameterization is necessary to resolve convection, clouds, and
precipitation properly [59]. Table 1 summarizes WRF parameterizations that were used in
this study. SSTs (sea surface temperature) came from ERA data to be time-consistent with
the vertical boundary conditions.

Table 1. WRF parameterizations.

Parameter Scheme Option

Longwave radiation scheme Rapid Radiative Transfer Model

Shortwave radiation Dudhia scheme

Surface layer
Fifth-generation Pennsylvania State

University–National Center for Atmospheric
Research Mesoscale Model (MM5) scheme.

Cumulus scheme Kain–Fritsch

Mp_physics WSM6 Hong and Lim

LSM NOAH

PBL Yonsei University scheme

To quantify the model performance, we calculated the root-mean-square error (RMSE)
and the systematic error (percent bias; PBias) on the areal basin mean of daily data. We
also mapped the differences between the model outputs and observations at monthly and
seasonal timescales to estimate model performance and examine the errors spatially. We
resampled our observations based on the simulation outputs to eliminate spatial resolution
discrepancies in our data and comparison.

2.4. Land Cover Change Scenario

The last 50 years have witnessed a rapid conversion of forest to pasture and soy
agriculture, driven by new road building. For deforested areas, this has brought reduced
soil moisture, higher SH, seasonally bare soils, higher albedos, and lowered zero-plane
displacement heights. Figure 2 shows maps of current and reforested land cover that was
used in this study to analyze the sensitivity of the atmosphere to deforestation across the
Amazon Basin. In this study, only conversion from cropland to forest has been considered;
cropped cerrado was not changed. Every grid cell which was primarily cropland has been
replaced by mature evergreen rainforest (although this is complex in the southeastern
domain). This conversion is dominant along the arc of deforestation and on the main stem
of the Amazon River.
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3. Results and Discussion
3.1. Model Validation

Figure 3 shows RMSE and Pbias errors for both precipitation and temperature. We val-
idated the simulated precipitation against Brazilian Federal hydro-meteorological network
(ANA) rain gauge measurements and TRMM reanalysis precipitation data and compared
basin-wide averages. As stated before, due to high levels of missing values in ANA data,
we removed them from our analysis. They are shown in this image only to highlight the
shortcomings of some ANA data.
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the inset boxes.

Looking at temperature, the model performed very well with deviations at most
2 degrees centigrade cooler than the observations for most of the basin. Only at high
altitudes over complex terrain on the edges did the model underestimate the temperature by
up to −17 ◦C. This error is consistent with WRF’s well-known cold bias at high altitudes [60].
Also, along water bodies, the model simulated up to 2 degrees warmer than observations.
Our model performed well in simulating the precipitation, too. Due to complex interactions
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between cloudiness, the land surface, and precipitation in the Amazon Basin [61] during
the wet season (December–April), the model overestimates precipitation for the arc of
deforestation by up to 5 mm/day compared to the observations. In terms of basin average,
the temperature is simulated with the same spatial pattern as MODIS temperature but 1 ◦C
cooler. Simulated precipitation shows broadly the same pattern as TRMM precipitation.
The RMSE and Bias are reported in Figure 3 which are minimal and acceptable.

3.2. Sensitivity of Fluxes and Precipitation to Land Cover Change across the Basin

The results that are shown here are averaged across the three years of simulation. To
assess the impacts of regrowth on fluxes and precipitation, we applied a Student t-test for
each season spatial time series at each grid point (over space and time). In this test, the null
statistical hypothesis is that the reforested and current population had the same mean [44].
Each grid point that could reject the null hypothesis at a 95% significance level is considered
to have experienced a significant impact from the reforestation process. Although we used
ENSO-neutral years, there exists interannual variability across the three years, and both
positive and negative changes resulted from the model in response to reforestation.

3.2.1. Heat Flux

Figures 4 and 5 show the effects of LCC on LH and sensible heat (SH) (only significant
changes are shown here). According to Figure 4, the LH has increased by 30 Wm−2 during
May–November and by 15 Wm−2 during December–April despite some extreme increases
in the north side of the region. We found no pronounced negative changes in the domain-
averaged mean SH across the region with reforestation. As the land surface has a complex
relationship with the atmosphere, SH did not show significant sensitivity to changes in
the land surface biophysical characteristics at a seasonal scale. There is only the northeast
area of the basin which shows a significant decreasing trend for SH with reforestation. This
decrease is the highest in December–April which is geographically consistent with the
highest increase in LH during the same time period.

Next, we looked at monthly changes. For regions with added tree cover, the LH
has increased by 20, 50, and 30 Wm−2 in July, August, and September, respectively. SH
shows a decrease of 10 Wm−2 in August and September at the same location. These
months are in the dry season, therefore, an increase in the LH can provide more moisture
to the environment if other criteria are met. By adding more vegetation cover through
reforestation or forest rehabilitation, the transpiration rate and surface roughness increased
leading to an increase in the LH and a decrease in SH. Since July has the highest LAI in the
basin and it decreases toward the end of the year, we found the highest influence of LCC
on exchanges of both SH and LH starting in July.

The effects of LCC on the temperature are spatially different in May–November and
December–April. Reforestation decreased the surface temperature by about 1.2 ◦C in the
northeast part of the basin and about 0.2 ◦C on the west side of the basin (Figure 6), far
from the reforested areas. The increased ET drives a significant increase in the cloud cover
that gets advected westward. The cooling effect of reforestation is clearer on a monthly
scale, especially in Aug and Sept by about 2 ◦C. This finding is consistent with Ref. [38]
who found 2 ◦C warmer air temperatures as a result of deforestation, as well as Ref. [18]
who found 0.3 ◦C warmer surface temperatures due to deforestation of the Xingu region
along the arc of deforestation.

3.2.2. Moisture Flux and Precipitation

Our results showed that reforestation significantly increased the domain-averaged
available moisture to the atmosphere (QFX) (Figure 7), mostly during May–November,
by 27%. The maximum increase in moisture flux occurred in August and September, about
0.03 g m−2 s−1, especially in the arc of deforestation which has had significant widespread
deforestation. However, other heavily deforested areas of the basin (along the rivers in
the centroid of the basin, and near Iquitos) did not exhibit significant changes in moisture
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flux. These regions receive much more rainfall and have virtually no dry season. The
QFX value of 0.01 g m−2 s−1 in the difference panel of Figure 7 converts to approximately
25 mm/month of precipitation, which is at the upper end of the RMSE that was measured
by global ET products [62].
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Simulated precipitation data showed that the mean seasonal precipitation increased
with forest regrowth by 5 mm/day (Figure 8). During May–November, these changes are
spatially located on the west side of the region where the moisture gets transferred making
more cloud fractions indicating the tele-connection impacts of reforestation on precipitation,
as discussed in Ref. [63]. According to Ref. [19] precipitation is produced by both large and
small-scale forcings, including thunderstorms and the development of deep convection at a
larger scale and through shallow convection at a local scale. During December–April across
the basin, Rossby waves can propagate northward and produce precipitation. Squall lines
originating on the northeast coast of South America transport moisture and precipitation
west toward the Andes. At larger scales, although the positioning and strength of the ITCZ
control different precipitation regimes in the region, El Nino can affect the Walker-type
circulations and can thus affect the spatial distribution of rainfall [64,65]. Therefore, the
amount of rainfall is likely more dependent on synoptic-scale forcings such as the ITCZ
and Walker-type cells and less on localized reforestations. Reforestation provides moisture,
but larger processes typically initiate rainfall.

Thus, following potential reforestation in the Amazon Basin, changes in the biophysi-
cal characteristics of the land surface can affect the fluxes of heat and moisture behavior.
As such, forest rehabilitation across the Amazon Basin can make the atmosphere cooler
with more moisture and LH, especially during May–November. In addition, some laterally
translated features suggest that land cover creates perturbations that get advected else-
where, and large patterns also exist that suggest continent/synoptic-scale processes are
being modified as a result of deforestation. This suggests complex interactions between
climate and LCC that we will explore in future work.
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4. Conclusions

This paper examines the regional-scale impacts of potential reforestation on the energy
and moisture budgets and precipitation across the Amazon Basin. Through the analysis of
changes in regional moisture and heat fluxes, we presented results from regional simula-
tions showing that the land surface and atmosphere are interacting tightly across the basin.
We found several principal outcomes. First, the effects of reforestation on the atmosphere
were more evident during May–November than December-April. Second, spatial patterns
of the changes in fluxes due to reforestation were consistent with the pattern of LCC, with
minimal tele-connected impacts. Third, the effects of forest regrowth on the atmosphere
were more evident on a monthly time scale. For instance, although at the seasonal scale, the
changes in SH were minimal, at the monthly scale, it simulated a decrease by 10 W m−2.
Forest regrowth enhances LH in the region due to an increase in the transpiration rate and
surface roughness. In addition, the highest LAI in July highlights the highest influence of
LCC on exchanges of both SH and LH starting in July.

Fourth, the mean seasonal temperature decreased by up to 1.2 ◦C, which is consistent
with several studies, e.g., [18,46,66]. This decrease in temperature is more obvious in the
northeastern side of the basin during December–April. Fifth, reforestation also increased
the mean monthly LH by as much as 50 W m−2 in August in certain areas, while avail-
able moisture to the atmosphere increased by 27%. Other studies found equivalent scale
results but due to deforestation e.g., [18,49,67]. Sixth, seasonal precipitation increased
by 5 mm/day in reforested areas in both May-Nov and Dec-Apr, illustrating the causal
mechanisms between increased LH and precipitation and emphasizing the mechanisms
identified between wet season start and forest cover [68,69]. Precipitation also increased in
the western side of the region, where is constantly wet, by forest regrowth. This indicates
tele-connected influence of vegetation recovery on the atmosphere behavior.

Our results show that by altering the land surface biophysical characteristics—in
this case, reforestation—temperature, LH and SH fluxes, moisture at the surface, and
precipitation are strongly modified. With a higher proportion of LH, PBL cools down,
increases its humidity, and becomes shallower. This further affects the transfer of moisture
and energy from the surface to the boundary layer, even influencing transfer to the free
atmosphere. Although unavailable, parameters for young moist forests would improve
these simulations further. Due to tele-connection mechanisms, changing the exchange
of energy and moisture balance between the PBL and the free atmosphere influences
tropical convection, impacting the intensity of high-level tropical outflow and providing
a mechanism that could affect the extratropics [70]. Consequently, changes in the surface
fluxes of energy and moisture due to LCC causes impacts beyond the areas of disturbances.
Thus, it would be reasonable if deforestation forces disturbances in the general circulation,
including the Hadley and Walker-type circulations; the mechanisms for these disturbances
are illustrated in Ref. [67].

Future work needs to focus on identifying the coupling strength of land cover changes
to atmospheric processes to identify areas where rainfall is most sensitive to changes in
the land surface and examining the extent to which changes in the regional scale can alter
the circumstances at the larger scale. Also, different time scales from hourly to daily to
monthly evaluations should be considered to distinguish the sensitivity of time-sensitive
processes such as cloud formation and convection, which determine the amount and timing
of precipitation to reforestation.
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