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A B S T R A C T

This study investigates the impact of a 40% Amazon deforestation scenario (projected for 2050) on precipitation 
over the central Peruvian Andes during five austral summer seasons (DJF 2001–2006) using high-resolution (1 
km) WRF simulations. While a widespread rainfall reduction pattern is observed over the Amazon-Andes tran
sition zone, statistically significant decreases (p < 0.10) at the gridpoint level are primarily concentrated near 
rainfall hotspots in the Amazon-Andes transitions zone, reaching an average reduction of 12% (− 1.4 mm day− 1). 
This drying signal is physically associated with a weakening of the South American Low-Level Jet (LLJ) and 
reduced moisture influx, which specifically inhibits convective activity during the morning peak hours (23–11 
LT). In the high-altitude Mantaro Basin, we observe a consistent drying pattern (− 5%) that extends from the 
transition zone; although these changes are not statistically significant due to high interannual variability, the 
physical signal of precipitation reduction and dry air advection remains clear. Conversely, the western Andean 
ridges exhibit a localized precipitation increase (up to 20%) linked to intensified cross-barrier easterly wind 
anomalies reinforcing diurnal anabatic circulation. We further find that while 5 km resolution captures broad 
basin-scale patterns, convection-permitting scales (1 km) are essential for resolving these complex topographic 
effects. These findings highlight a critical vulnerability concentrated along the eastern slopes and the high Andes. 
The identified drying patterns, which are particularly pronounced in the Andes-Amazon transition zone (a global 
biodiversity hotspot) and extend into the highlands, pose a significant threat to endemic ecosystems and regional 
water security, specifically through reservoir inflow reduction and negative impacts on agriculture.

1. Introduction

The central region of Peru is characterized by a stark geographical 
transition, with the Andes mountains separating the arid coast from the 
humid Amazon Basin. This region is of critical national importance, 
hosting a significant portion of the country's population; the de
partments of Lima and Junín alone concentrate 32% and 4% of the 
national total, respectively. This region has extensive agricultural land 
(2.0 million hectares in Lima and 2.4 million in Junín) that, besides 
supplying food for domestic consumption, also produces key export 
crops like coastal sugarcane and coffee from the Andes-Amazon 

transition zone. At the heart of this region lies the Mantaro Basin, a vital 
hub for both food and energy. As a primary agricultural valley, it sup
plies staple foods to major urban centers like Lima, while its hydro
electric complex generates a substantial 19% of Peru's national 
electricity. (INEI, 2021a, 2021b; Instituto Geofísico del Perú, 2005). The 
region is also distinguished by its remarkable biodiversity. This natural 
wealth is largely concentrated in the Andes-Amazon transition zone, an 
area recognized as a global hotspot due to its high concentration of 
endemic species and unique ecosystems driven by steep environmental 
gradients (MINAM, 2012; e.g. Mittermeier et al., 2011; Asner et al., 
2017). Despite this profound socioeconomic and ecological importance, 
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its associated climate processes are still little studied.
Precipitation over central Peru, including the coastal, Andean, and 

Amazon regions, follows a unimodal regime with a maximum close to 
the austral summer months (Espinoza Villar et al., 2009; Lavado Casi
miro et al., 2013; Segura et al., 2019). This region is characterized by an 
exceptional rainfall gradient, from almost zero mm/year on the central 
Peruvian coast to more than 6000 mm/year on the eastern flank of the 
Andes (Espinoza et al., 2015; Rau et al., 2017; Chavez and Takahashi, 
2017). In addition, the seasonal range tends to be high over the Andes 
Mountains with more than 50% of the annual occurring during austral 
summer (e.g. Saavedra and Takahashi, 2017; Espinoza et al., 2020; 
Giráldez et al., 2020). Other studies have shown that an increase in 
precipitation over Peru is associated with easterly anomalies at higher 
levels, closely related to the Bolivian High, and also with the moisture 
advection from the Amazon lowlands driven by the northerly flux 
associated with the LLJ along the eastern face of the Andes (e.g., Gar
reaud, 2009; Sulca et al., 2016; Chavez and Takahashi, 2017; Junquas 
et al., 2018; Kumar et al., 2019; Segura et al., 2020; Klein et al., 2023).

The Amazon, due to its great forest resources, is one of the most 
important sources of atmospheric moisture, where 25–35% of the pre
cipitation is returned to the atmosphere as water vapor to form pre
cipitation (Benton et al., 1950; Eltahir and Bras, 1994; Burde et al., 
2006). Furthermore, evapotranspiration from the Amazon Basin con
tributes over 30% to the annual precipitation over the central Andes of 
Peru (e.g. Staal et al., 2018; Dirmeyer et al., 2009), thus highlighting the 
importance of processes that involve water dynamics between the 
Amazon and the Andes. However, some continental-scale modeling 
studies have shown that this moisture recycling could be modified by the 
effects of deforestation, such as the conversion from forest to pasture, 
leading to a reduction in evapotranspiration (e.g., Costa and Foley, 
2000; Sampaio et al., 2007; Swann et al., 2015). This mechanism is 
central to understanding the Amazon River basin, which is currently 
considered a biophysical system in transition (Davidson et al., 2012; 
Nobre et al., 2016). An increase in deforestation (Debortoli et al., 2017; 
Leite-Filho et al., 2021) is a main driver of this transition, in combina
tion with a lengthening of the dry season in Southern Amazonia (Fu 
et al., 2013; Espinoza et al., 2021) and an increase in extreme droughts 
(Espinoza et al., 2024). Due to these environmental changes, a possible 
tipping point is being discussed within the scientific community, which 
would lead the Amazon rainforest to a new state with conditions similar 
to those of a savanna (Nobre and Borma, 2009; Hirota et al., 2011; 
Wongchuig et al., 2022). Amazon deforestation, mainly driven by 
agricultural and pasture expansion (Swann et al., 2015; Malhi et al., 
2008), has been occurring for a long time, and the highest rate was 
reached around 2005, with values near 25 km2yr− 1 (Silva Junior et al., 
2021). Then it decreased relatively fast until 2012 (below 5000 
km2yr− 1) but has subsequently increased more slowly up to the current 
date (11,000 km2yr− 1), indicating that deforestation in the Amazon, 
while fluctuating, continues. In that respect and following a deforesta
tion rate from 1997 to 2002 in a business-as-usual scenario, Soares-Filho 
et al. (2006) estimate that the Amazon deforestation could reach 40% of 
the basin by 2050. Studies on various deforestation scenarios have 
consistently found that reduced evapotranspiration is associated with an 
increase in albedo, decrease in leaf area, root depth, and surface 
roughness of the land cover such as the conversion from forest to 
grassland or cropland (Eltahir and Bras, 1994; Costa and Foley, 2000; 
Sampaio et al., 2007; Costa et al., 2007).

Furthermore, numerical modeling has been an essential part of the 
study in the Andes region, particularly those developed at high spatio- 
temporal resolution with the WRF model. Some studies based on 
regional models have shown a good representation of the rainfall diurnal 
cycle over the complex topography. For example, Saavedra et al. (2020)
indicate that the precipitation peak on the western Andes is well simu
lated during the afternoon, which is consistent with observations and 
suggests a good representation of anabatic winds generated by daytime 
surface heating. In addition, as also found by Mourre et al. (2016), 

model representation of precipitation peaks over the embedded basins of 
the Andes is reached during the late afternoon or after the sunset, 
consistent with sub-daily observed data. These authors also refer to an 
overestimation of precipitation over basins and over the eastern slope of 
the Andes. Over the western slope of the Andes, Saavedra et al. (2020)
show underestimation of precipitation. Other studies have also found 
that the diurnal cycle in the Andes can be well represented by high- 
resolution models, although with biases in the daily accumulated pre
cipitation (e.g., Junquas et al., 2018, 2022; Rosales et al., 2022).

In this context, a recent modeling experiment by Sierra et al. (2022)
provided a crucial baseline. Using the 40% Amazon deforestation sce
nario (Soares-Filho et al., 2006), they found that precipitation over the 
eastern Andean hillside in Bolivia could be reduced by up to 30%. This 
change was associated with a less intense LLJ under the deforested 
scenario.

However, this foundational study, which focused on the Bolivian 
Andes left two critical scientific gaps: First, it remains unknown how 
these deforestation impacts propagate further inland across the topog
raphy of the central Peruvian Andes to affect vital, high-altitude inter- 
Andean basins, such as the Mantaro Basin. Second, their work did not 
assess whether 5 km resolution is sufficient, or if convection-permitting 
scales (e.g., 1 km) are necessary to accurately capture impacts from the 
Andes-Amazon transition to the highlands of the Central Peruvian 
Andes.

Therefore, this research provides a novel contribution by explicitly 
addressing these gaps. We aim to: (1) Quantify precipitation changes 
across the full Amazon-Andes gradient (10◦S - 14◦S), from the Andes- 
Amazon transition zone to the high-altitude Mantaro Basin. (2) Di
agnose the specific atmospheric mechanisms (e.g., LLJ weakening, 
moisture advection) that govern the inland propagation or buffering of 
the deforestation signal. (3) Evaluate the scale-dependence of these 
processes by comparing our 1 km results with simulations at 5 km 
resolution.

The next section (Section 2) explains the WRF model configuration 
and data used. Section 3 presents the simulation results, followed by a 
discussion (Section 4) and conclusions (Section 5).

2. Data and methods

2.1. Model description and experimental design

We performed experiments using the WRF model, which was 
designed for operational and research applications (Skamarock et al., 
2019). Due to the complex topography of the study zone, a high spatio- 
temporal (1 km–1 h) resolution with 49 vertical levels was used. This 
model has been widely used in mountainous regions worldwide, 
including the Andes (e.g. Mourre et al., 2016; Junquas et al., 2018; 
Moya-Alvarez et al., 2018; Trachte et al., 2018). The main area covered, 
physics parameterization schemes and experimental design are sum
marized in Table 1. The chosen physics is consistent with those used by 
Sierra et al. (2022) and the cumulus scheme was deactivated, which is 
appropriate for convection-permitting scales.

Over the study zone, we consider two experiments at very high 
spatio-temporal resolution (D03, 1 km) which are forced by data ob
tained previously by Sierra et al. (2022). These experiments, which 
represent non-deforested and deforested conditions, are called CTL and 
DEF, respectively.

The forcing data from Sierra et al. (2022) were generated using a 
one-way nesting approach. First, a coarse domain (D01) at 15 km res
olution was forced using ERA5 reanalysis data (Hersbach et al., 2020). 
Subsequently, the output from D01 was used to force a nested domain 
(D02) at 5 km resolution. This process was conducted for two different 
Amazon land-use scenarios: (i) the non-deforested CTL run, based on 
2002 Amazon conditions according to Eva et al. (2004) (Fig. 1a); and (ii) 
the 40% deforestation DEF run, based on a business-as-usual scenario 
(Soares-Filho et al., 2006; Fig. 1b) applied to the non-deforested one. 
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Specifically, the deforestation scenario implies the replacement of the 
Evergreen Broadleaf Forest (USGS 24-category class 13) with the 
Cropland/Grassland Mosaic category (USGS 24-category class 5). This 
land-use modification drastically alters surface properties, primarily 
reducing the roughness length (approx. From 0.50 m to 0.10 m), Leaf 
Area Index (approx. From 5.5 to 3.5 m2 m− 2), and vegetation fraction 
(approx. From 0.95 to 0.80), while increasing surface albedo (approx. 
From 0.12 to 0.20). Land-use data is at 1 km spatial resolution. Further 
details about simulations in D01 and D02 can be found in Sierra et al. 
(2022).

Finally, the results from the D02 domain (for both CTL and DEF runs) 
were employed to force our experiments within D03. It is important to 
note that no land-use change was applied within the high-resolution 
domain (D03), so the land-use remained identical in both the CTL and 
DEF experiments (using the non-deforested land cover from Eva et al. 
(2004), see Fig. 1c). Therefore, the study zone in D03 is impacted only 
by the differing lateral boundary conditions provided by the D02 sim
ulations. Simulations were performed for five austral summer seasons, 
from 2001–2002 to 2005–2006. The selection of these five periods was 
constrained by the significant computational expense of 1-km resolution 
simulations and the availability of forcing data from Sierra et al. (2022). 
However, this period provides a valuable opportunity to assess the 
deforestation impact under diverse large-scale climatic conditions. 
Based on the Niño 3.4 index (Fig. S1), this 5-year window captures a 
robust range of interannual variability. It includes a moderate El Niño 
(2002− 2003), a weak El Niño (2004–2005), a moderate La Niña 
(2005–2006), and two ENSO-neutral seasons (2001–2002, 2003–2004). 
This diversity allows us to analyze the robustness of the deforestation 
signal across a representative set of large-scale climate states. For each 
season, the simulations were initialized on November 26 and run 
continuously through February 27. The first 14 days of each simulation 
(November 26 – December 9) were discarded as the spin-up period. This 
extended period was chosen to ensure the model's soil moisture fields 
and the convective regimes reached a stable equilibrium before the start 
of the analysis period on December 10. Consequently, the effective 
analysis covers 80 days per wet season (from December 10 to February 
27), resulting in a total sample size of 400 days.

2.2. In-situ and gridded data

To validate the CTL simulation, we utilized rainfall in-situ data 
collected from 55 meteorological stations managed by the Servicio 
Nacional de Meteorología e Hidrología del Perú (SENAMHI) (Table S1). 
The stations are distributed as follows: 30 along the western slope of the 
Andes, 21 in the Mantaro Basin and 4 on the eastern slope. All these 

stations were selected based on their low percentage of data gaps, with 
less than 10% of missing data. Specifically, out of the 55 selected sta
tions, 34 have a complete daily record, and 51 have at least 95% data 
availability. Because most of the network (> 90%) has nearly complete 
records, no temporal gap-filling techniques were applied to avoid 
introducing artificial interpolation errors over the complex topography. 
The dataset includes daily information from December to February for 
the years 2001–2002 through 2005–2006.

To compare with precipitation data, the Peruvian Interpolated data 
of SENAMHI's Climatological and Hydrological Observations (PISCO) 
dataset with a spatial resolution of 0.05◦ and a temporal resolution of 
one day was used. PISCO is a database established by SENAMHI and 
covers the entire Peruvian territory (Aybar et al., 2020). Compared to 
other similar products, such as CHIRPS (Funk et al., 2015), PISCO in
corporates a more extensive range of in-situ precipitation stations, 
providing a more comprehensive picture of precipitation patterns across 
the country. However, it is important to acknowledge the inherent un
certainties of this observational benchmark over complex topography. 
Although PISCO merges these in-situ observations with satellite-based 
climatological datasets, its accuracy remains constrained by the het
erogeneous spatial density of the underlying station network. Conse
quently, in sparsely monitored high-elevation areas and the Amazon 
transition, the product can introduce localized uncertainties (Aybar 
et al., 2020). Despite these limitations, PISCO and the in-situ network 
serve as our primary benchmarks to evaluate the CTL simulation. This 
quantitative assessment, based on absolute bias, relative bias, and 
Pearson correlation, is detailed in Section 3.1.

For a more focused analysis, some subregions (boxes) have been 
defined within the study zone: the highlands of the western slope of the 
Andes (WSA), the Central Mantaro Basin (CMB), the Southern Mantaro 
Basin (SMB) and the Amazon-Andes transition (AMA) (Fig. 2a). These 
subregions cover distinct topographic ranges: WSA (2200–5200 m a.s. 
l.), CMB (3200–4400 m a.s.l.), SMB (1600–4500 m a.s.l.), and AMA 
(300–1800 m a.s.l.). The number of in-situ data points within these 
subregions is six, five, seven, and one, respectively. These four locations 
are utilized to validate the year-to-year behavior of CTL and to make 
comparisons between CTL and DEF conditions. In addition, a precipi
tation hotspot zone is taken into account inside the AMA subregion.

To contrast the diurnal cycle of simulations over these subregions 
with more realistic data, we use a precipitation product (hereafter called 
P2A25) obtained from the TRMM's Precipitation Radar (TRMM-PR, 
version 7, product 2A25). P2A25 was obtained from a series of swaths to 
calculate an average value from November(0) to February (1) months 
between 1998 and 2012, averaged every three hours with a 5 km spatial 
resolution. This product was previously used by Junquas et al. (2018) to 
compare with WRF outputs at 9 km spatial resolution, encountering 
lower values than the model. More details about P2A25 can be found in 
Chavez and Takahashi (2017).

Finally, the NOAA Optimum Interpolation Sea Surface Temperature 
Version 2 (Reynolds et al., 2002) was utilized to obtain sea surface 
temperature (SST) indices, which may be associated with interannual 
variability of the modeled precipitation. We compute anomalies of 
three-month running means for the Niño 3.4 (5◦S-5◦N, 170◦W-120◦W), 
the Niño 1+2 (10◦S-0◦N, 90◦W-80◦W) and Tropical North Atlantic 
(TNA) (5◦N-25◦N, 55◦W-15◦W) regions. The climatology for these 
computations was based on the period 1981–2010.

2.3. Changes and statistical significance

To quantify the changes induced by deforestation (DEF relative to 
CTL), we analyzed daily values derived from the hourly simulation 
outputs. For continuous variables (such as wind components, specific 
humidity, and moisture flux) daily values were computed as the 24-h 
mean. In contrast, daily precipitation was calculated as the 24-h accu
mulation. Additionally, to analyze changes in the diurnal cycle, we 
constructed specific time series for each hour of the day across the entire 

Table 1 
Summary of WRF Model Configuration and Experimental Design.

D01 
(Forcing - Sierra 
et al., 2022)

D02 
(Forcing - Sierra 
et al., 2022)

D03 (This Study)

Spatial 
resolution 15 km 5 km 1 km

Main area 
covered

Northern South 
America

From central Peru 
to Bolivia

Central Peruvian 
Andes

Forcing Data ERA5 (Hersbach 
et al., 2020)

One-way output 
from D01

One-way output 
from D02

Model 
schemes

Microphysics: Purdue and Lin (Chen and Sun, 2002) 
Boundary Layer (PBL): Yonsei University (Hong et al., 2006) 
Surface Layer: MM5 similarity (Paulson, 1970) 
Radiation (Longwave): RRTM (Mlawer et al., 1997) 
Radiation (Shortwave): Dudhia (Dudhia, 1989) 
Cumulus: Grell 3D (Grell and Dévényi, 2002) → Deactivated for 
D03

CTL Land-Use From Eva et al. (2004) (non-deforested)

DEF Land-Use As in CTL + deforestation according to 
Soares-Filho et al. (2006)

As in CTL
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400-day period.
To assess the statistical significance of the differences between the 

experiments, we applied the Circular Block Bootstrapping (CBB) 
method. As described by Wilks (2019), this non-parametric approach is 
specifically suitable for daily meteorological data because it preserves 
the inherent serial correlation of the time series by resampling blocks of 
consecutive data rather than individual time steps.

The analysis was performed on the total sample of n = 400 time 
steps. A distinctive feature of our approach is that the optimal block 
length, L, was determined locally for each individual grid point, irre
spective of the domain geometry of the analysis. That is, an independent 
L was calculated for each series corresponding to any point in horizontal 
space, vertical cross-sections, or time-height profiles. To compute L, we 
solved the implicit optimization function recommended by Wilks 
(2019): 

L = (n − L + 1)
2
3

(
1− n'

n

)

Where n’ represents the local effective sample size based on the lag-1 
autocorrelation coefficient. Furthermore, the significance test was per
formed treating the CTL and DEF distributions as unpaired (indepen
dent) samples. This approach yields a conservative estimate of 
significance by not removing the shared internal variability (covariance) 
between the simulations, thereby ensuring that the detected signals 
represent robust deviations that exceed the larger variance estimate of 
the unpaired test. However, it is important to note that these signifi
cance tests were performed independently for each grid point (i.e., on a 
gridpoint-by-gridpoint basis) without applying any spatial multiplicity 
correction. Consequently, the spatially distributed significance markers 
in our figures represent local significance and should be interpreted with 

Fig. 1. WRF domain configuration and land-use scenarios. (a) Land use for the D01 (15 km) and D02 (5 km) domains in the CTL (non-deforested) simulation. (b) 
Land use for the D01 and D02 domains in the DEF (40% deforestation) simulation. The box for D03 in (a) and (b) indicates the location of the D03 domain, which is 
shown in detail in (c). The Amazon Basin is delimited by the thick gray line. (c) High-resolution (1 km) land use for the D03 domain (Study Zone). This specific land- 
use map was used for both the CTL and DEF simulations. The Mantaro (black) and Rimac (yellow) basins are outlined. (d) Orography (terrain height) for the D03 
domain, showing key regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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this limitation in mind.
Finally, the CBB method was also utilized to estimate the standard 

error of the seasonal mean precipitation for the analyzed subregions 
(WSA, CMB, SMB, and AMA). In this specific application, the boot
strapping was performed on the average daily time series (n = 80 days) 
for each wet season independently, ensuring that the serial correlation 
of the regional averages was properly accounted for.

3. Results

3.1. Validation of rainfall patterns

Fig. 2a shows the mean in situ precipitation over the study zone. We 
encountered low values on the western slope of the Andes, with a 
maximum of 4 mm day− 1 over the highest parts and a minimum of 1.0 
mm day− 1. We found higher values over the Mantaro Basin, where most 
of them range from 3.0 to 5.0 mm day− 1. In the lowland valleys of the 
eastern side of the Andes, values can reach 8 mm day− 1, while lower 
values can be detected in the two sites located in the highlands, next to 
the Mantaro Basin. These in situ data values are consistent with previous 

works (e. g. Lavado Casimiro et al., 2013; Giráldez et al., 2020, Trachte 
et al., 2018). Overall, we observe an increasing precipitation gradient in 
the northeastward direction, a pattern that is also well depicted by the 
PISCO dataset (Fig. 2b).

Average daily precipitation from the CTL experiment for all periods 
is shown in Fig. 2c. Similar to the gridded PISCO dataset, higher pre
cipitation values are observed toward the northeast. Locally, over the 
western Andes, both CTL and PISCO indicate higher precipitation along 
the ridges and lower values in the valley bottoms, with the precipitation 
gradient being more pronounced in CTL. In this region, CTL un
derestimates precipitation at most in-situ stations located at the bottom 
valley, and the bias can reach − 2.0 mm or 75% less precipitation 
(Fig. 2d and e). Over the Mantaro Basin, CTL effectively captures the 
main precipitation patterns, particularly reflecting the higher values 
observed in the southern part of the basin compared to the central region 
(Fig. 2a-c). Biases in this basin are below 1 mm, which represent less 
than 25% compared to in-situ values. While in-situ data are scarce over 
the Andes-Amazon transition, CTL appears to perform well with lower 
bias over the highlands, although higher bias is observed below 1500 m 
a.s.l. (Fig. 2d and e). To further quantify the model's performance and 

Fig. 2. (a) Average in-situ precipitation for 55 SENAMHI stations over the study area. (b) Precipitation from the PISCO database. (c) Average precipitation for the 
CTL simulation. (d) Precipitation bias and (e) relative precipitation bias. The Mantaro and Rimac Basins are delimited by magenta lines. Black contour lines indicate 
the 1500 and 3500 m a.s.l. levels. Panels (f–i) show the interannual variability of wet-season precipitation for CTL, in-situ data (OBS), and PISCO in the WSA, CMB, 
SMB, and AMA subregions, respectively. Shaded areas indicate the standard error, and r denotes the Pearson's correlation coefficients between the reference datasets 
(OBS and PISCO) and CTL. An asterisk (*) indicates statistical significance at p-value <0.10. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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complement the spatial evaluation, the Root Mean Square Error (RMSE) 
between the simulated precipitation in the CTL experiment and the in
dependent in-situ meteorological stations was calculated (provided in 
Supplementary Fig. S2). The spatial distribution of the RMSE reveals 
values generally ranging between 3 and 6 mm day− 1 on the western 
slopes, while over the Mantaro basin and the eastern slopes, the errors 
are relatively higher, frequently exceeding 6 mm day− 1. While these 
RMSE values reflect the inherent challenges of simulating precise daily 
precipitation magnitudes at point locations over the highly complex 
Andean topography, the concurrent evaluation based on bias and spatial 
gradients (Fig. 2a-e) confirms that the CTL simulation captures the main 
regional precipitation features, rendering it a suitable baseline for our 
deforestation sensitivity experiments.

Fig. 2f-i shows the year-to-year variability obtained from daily pre
cipitation data from in-situ measurements, PISCO, and CTL. These 
changes were evaluated by considering the four subregions in the study 
zone WSA, SMB, CMB, and AMA. Although only five wet periods are 
evaluated, Pearson correlation indicates that CTL represents the positive 
tendency in WSA and CMB, and the negative tendency in AMA. 
Furthermore, in the CMB and SMB regions, the minimum precipitation 
during the 2004–2005 period and the maximum during 2005–2006 are 
captured by CTL. This demonstrates the model's capability, similar to in- 
situ and PISCO data, to reflect the impacts of remote climatic conditions. 
For instance, the 2004–2005 (2005–2006) drought (strong rainfall) is 
linked to El Niño (La Niña) conditions (Fig. S1). CTL wind anomalies 
over the Andes (Fig. S3) also align with descriptions of westerly or 
easterly which facilitate the corresponding less or more moisture 
transport from the Amazon, respectively (Cai et al., 2020; Garreaud, 
2009; among others). Also, the lower precipitation associated with 
negative anomalies of the Niño 1+2 over the western slope of the Andes, 
as suggested by Lavado-Casimiro and Espinoza (2014) and Lagos et al. 
(2008), during 2001–2002 period seems to be also reproduced by CTL 
over WSA. Additionally, the CTL mean exhibits a minimum during the 
first period (2001− 2002), which coincides with the highest Tropical 
North Atlantic (TNA) warming observed across the five periods (Fig. S1). 

This TNA warming is associated with reduced moisture transport and 
drought conditions in the Peruvian Amazon (e.g., Espinoza et al., 2011; 
Lavado-Casimiro and Espinoza, 2014), a pattern that appears to extend 
its influence to the SMB, CMB, and WSA subregions.

3.2. Rainfall changes

As already mentioned, the DEF simulation results from modeling 
under the deforestation scenario, so hereafter, to show changes 
regarding control conditions (non-deforested, CTL), differences DEF- 
CTL are presented. For instance, Fig. 3a and b depict absolute and 
relative changes in precipitation, respectively. The spatial pattern ex
hibits a dipole-like distribution, where negative change is over the 
northeastern side and the positive one over the southwestern side, 
divided by an imaginary axis along the Mantaro Basin. The dipole-like 
pattern remains identifiable in the mean fields; however, statistical 
significance — calculated at the individual gridpoint level without 
spatial multiplicity correction — is largely confined to the negative pole, 
where it exhibits a dispersed spatial distribution, whereas the positive 
pole shows negligible significant areas. Over the Mantaro Basin, the 
majority of precipitation reduction is concentrated near the eastern 
border, particularly in the central and southern regions, with maximum 
decreases reaching up to 20% relative to CTL. Toward the easternmost 
areas, in the transition zone between the Andes and the Amazon, pre
cipitation reductions are also evident. In this region, the most pro
nounced negative values can reach values above 3 mm day− 1 with 
associated percentage that ranges from 10 up to 20% of CTL precipita
tion. We primarily observe a positive precipitation change along the 
higher elevations outside the western edge of the Mantaro Basin with 
more pronounced increases over ridge areas above 3500 m a.s.l. In
creases can reach up to 1.0 mm day− 1, representing as much as a 20% 
rise in precipitation.

The dipole pattern is also clearly observed when analyzing precipi
tation changes as a function of elevation (Fig. S4). While the vertical 
profile shows an overall reduction between 500 and 3000 m a.s.l., this 

Fig. 3. (a) Difference in daily mean precipitation between DEF and CTL for all periods. (b) as in (a) but in percentage with respect to CTL, only when CTL is greater 
than 0.3 mm.day− 1. Yellow and white stars indicate Lima and Huancayo City, respectively. The Magenta line indicates the limits of the Mantaro and Rimac Basins. 
The gray contour line indicates 3500 m a.s.l. Black cross-hatching indicates statistically significant changes (p-value <0.10) calculated at the individual gridpoint 
level, without spatial multiplicity correction. (c), (d), (e), and (f) show year-to-year variability and error bars for CTL and DEF for subregions WSA, CMB, SMB and 
AMA, respectively. Values inside orange and green boxes indicate the relative average change (DEF-CTL) with respect to CTL. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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signal is primarily driven by the stronger drying on the eastern slopes 
(consistent with the − 12% reduction in AMA). A similar drying signal at 
these elevations was also simulated by Sierra et al. (2022) along the 
Zongo valley (perpendicular to the Andes) in Bolivia. In contrast, the 
western slope exhibits a distinct wetting signal centered around 4000 m 
a.s.l., confirming the positive anomalies found in the WSA subregion.

As previously mentioned, the CTL simulation exhibits year-to-year 
precipitation variability within the study subregions, aligning with cli
matic indices (Fig. 2f-i). The DEF simulation exhibits a similar temporal 
pattern (Fig. 3c-f), with maxima and minima occurring during the same 
periods; however, the magnitude and direction of the changes relative to 
CTL vary interannually. Consequently, the net change depends on the 
location of the subregion, consistent with the preceding spatial analysis. 
Specifically, in WSA there is an increase of 4% (+0.1 mm day− 1, Fig. 3c), 
whereas in CMB and SMB there are reductions of 5% (− 0.3 mm day− 1, 
Fig. 3d) and 4% (− 0.2 mm day− 1, Fig. 3e), respectively. Although none 
of these changes reach statistical significance, the reductions in CMB and 
SMB align with a physically coherent drying signal over most of the 
Mantaro Basin. In contrast, AMA experiences a significant 12% reduc
tion (− 1.4 mm day− 1), indicating a consistent precipitation deficit in 
DEF relative to CTL throughout the study period (Fig. 3f).

Fig. 4 shows the diurnal cycle according to normalized precipitation 
for CTL, DEF and the 2A25 product. CTL closely replicates the 2A25 
product, particularly during peak precipitation hours, such as the af
ternoon in WSA, the late afternoon and early night in CMB and SMB, and 
the morning in AMA. While DEF generally follows the CTL diurnal cycle 
with minor deviations during peak hours (an increase in WSA and a 
decrease in CMB and SMB), AMA stands out with a pronounced reduc
tion in precipitation intensity concentrated during its maximum pre
cipitation period, between 00 LT and 10 LT. Quantitatively, the peak 
hourly rates (not shown) reach 0.33, 0.61, 0.35, and 1.11 mm hr− 1 for 
WSA, CMB, SMB, and AMA, respectively. The changes in these peak 
rates are weak in most regions (− 0.04 for CMB and SMB and + 0.02 mm 
hr− 1 for WSA), consistent with the accumulated rainfall differences 
shown in Fig. 3, and no shifts in the timing of the peak hour were 
detected. Only in the AMA subregion is a more pronounced decrease 
observed (− 0.18 mm hr− 1), which is also consistent with the spatial 
deficit presented for this region.

3.3. Circulation and moisture changes

Fig. 5 shows the vertical cross-section averaged between 10◦S and 
15◦S concerning specific humidity and wind components in D01. Fig. 5a 
shows the average zonal-vertical wind and specific humidity. Over the 
Andes, we can observe easterly winds at upper levels (approximately at 
200 hPa) associated with the Bolivian High. Similarly, east of the Andes, 
around 800 hPa, we can find an eastward wind component, linked to the 
LLJ that transports moisture from the tropics to the subtropics along the 

eastern Andean flank. Fig. 5b illustrates the DEF-CTL changes in the 
zonal-vertical wind and specific humidity. Consistent with Sierra et al. 
(2022), deforestation in D01 causes less injection of moisture from the 
surface into the atmosphere, inhibiting convection. This results in 
negative vertical wind changes over the Amazon, mainly between 800 
and 200 hPa. Zonally, we found that a reduction in vertical velocity 
spans from the Amazon (55◦W) to the Andean highlands (75◦W) and 
vertically from 800 to 200 hPa, exhibiting locally statistically significant 
values over the Amazon and the Andes. Furthermore, notable negative 
changes are observed in the zonal wind above 800 hPa. This suggests a 
reinforcement of the easterlies above 600 hPa (the level of the Andean 
highlands) and a weakening of both the South American Monsoon and 
the LLJ. Regarding moisture, specific humidity exhibits a widespread 
decrease throughout the Amazonian atmosphere, extending even over 
the Andean range. However, locally statistically significant reductions 
are primarily confined to the lower troposphere (from the surface up to 
800 hPa) over the Amazon Basin. This significant drying signal also 
prevails along the eastern slopes of the Andes, directly impacting the 
Amazon-Andes transition zone. Significant reductions in specific hu
midity are also observed in the upper troposphere of the Amazon and 
Andes, primarily above 300 hPa.

Contours in Fig. 5c display the CTL mean meridional wind, consistent 
with the typical austral summer circulation. It captures the Bolivian 
High at upper levels (positive/negative winds east/west of 63◦W) and 
the characteristic monsoonal flow along the eastern Andes at mid-lower 
levels (negative values). Locally statistically significant positive changes 
are found over the deforested Amazon (around 55◦W), indicating 
divergence as described by Sierra et al. (2022).

To observe the changes in the study area with more detail, Fig. 6a 
shows the integrated moisture fluxes and precipitable water between 
1000 and 600 hPa. This layer approximates the atmospheric levels 
below the highest elevations of the Andes. The integrated moisture flux 
toward the southeast, associated with the LLJ, is clearly visible over the 
northeastern study region. Part of this flow is channeled through the 
Andes-Amazon transition zone valleys, carrying moisture to the Andean 
highlands. The vertically integrated moisture decreases (from 50 kg 
m− 2) with increasing altitude primarily due to a shallower atmosphere 
between the surface and the 600 hPa level. DEF-CTL shows a reduction 
in the intensity of moisture fluxes associated with the LLJ, resulting in 
less moisture transport to higher elevations, as demonstrated by the 
decrease in precipitable water along the valleys of the Andean-Amazon 
transition zone (Fig. 6b). For upper levels, Fig. 6c shows the integrated 
moisture fluxes and precipitable water over the mid-upper atmosphere 
(from 600 to 300 hPa). Consistent with Fig. 5a, easterly moisture fluxes 
in CTL can be observed and are associated with maximum precipitable 
water values of up to 10 kg m− 2 over the eastern side of the Mantaro 
Basin. The CTL to DEF changes reveal a reduction in precipitable water, 
mainly to the east of the longitudinal line bisecting the Mantaro Basin 

Fig. 4. Diurnal cycle of normalized precipitation for CTL, DEF, and P2A25 in subregions: (a) WSA, (b) CMB, (c) SMB, and (d) AMA. CTL and P2A25 use their own 
average daily precipitation as normalization factors. DEF uses the same factor as CTL to maintain relative differences. Daily average precipitation is annotated in the 
legend box.
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Fig. 5. Vertical cross-section averaged between 10◦S and 15◦S in domain D01. (a) Average zonal-vertical wind (vectors) and specific humidity (shading) for CTL. (b) 
Differences (DEF - CTL) in zonal-vertical wind and specific humidity. (c) Meridional wind for CTL (contours) and differences (DEF - CTL) (shading). Vertical white 
and red lines are included for reference to indicate the boundaries of domains D02 and D03, respectively. Statistical significance (p-value <0.10) is indicated by bold 
black arrows for winds, red hatching for specific humidity, and black hatching for meridional wind. Significance was calculated at the individual gridpoint level 
without spatial multiplicity correction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 6d). This spatial pattern is similar to the precipitation deficit pre
sented in DEF relative to CTL (Fig. 3b). Fig. 6d also shows an increase in 
easterly moisture flux in mid-upper levels mainly associated with the 
increase of easterly winds rather than specific humidity, as the latter is 
reduced. (Fig. 5a-b).

Fig. 7 illustrates the diurnal cycle of the three wind components in a 
vertical profile for each subregion within the CTL simulation. Notably, 
the vertical wind component (Fig. 7a-d) in CTL exhibits updrafts during 
periods of peak precipitation (Fig. 4). Specifically, updrafts are most 
pronounced during 08–18 LT in WSA, 15–23 LT in CMB, 15–03 LT in 
SMB, and 23–11 LT in AMA. Comparing DEF to CTL (DEF–CTL), a locally 
statistically significant reduction in updraft intensity is observed in the 
AMA region. While a general weakening of vertical velocity spans from 
the near-surface up to the upper levels (~14 km) during the peak pre
cipitation hours, statistically significant changes are more localized. 

Specifically, these anomalies are concentrated between 23 and 11 LT at 
altitudes ranging from 2 to 5 km. Additionally, some isolated statisti
cally significant reductions are found at higher altitudes around 12 km. 
This pronounced signal coincides with the period of maximum convec
tive activity and precipitation in the region. Similar to the AMA region, 
the CMB and SMB also show notable reductions in updraft intensity 
during peak precipitation hours (15–03 LT, Fig. 4). Conversely, the WSA 
exhibits a positive vertical velocity change across almost all atmospheric 
levels (locally statistically significant at upper levels), centered at 15 LT. 
This suggests a reinforcement of convection in this subregion.

Regarding the diurnal cycle of the zonal wind (Fig. 7e-h), the results 
are consistent with the daily averages shown in Fig. 5b, indicating a 
predominance of easterly winds. However, these figures reveal that this 
predominance is primarily observed above the mountain peaks 
(approximately above 5000 m a.s.l.). In all subregions, a negative 

Fig. 6. (a) Vertically integrated moisture flux (VIMF) and precipitable water (VIq) between 1000 and 600 hPa. (b) Changes in VIMF and VIq for DEF relative to CTL 
considering the same level as in (a). (c) and (d) as in (a) and (b), but for the 600–300 hPa layer, respectively. The thick black line outlines the Mantaro and Rimac 
Basins, while the thin black line represents the coastline. The red line indicates the 3500 m a.s.l. contour. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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change in the zonal wind in DEF compared to CTL is evident between 
4000 and 10,000 m. This change persists throughout the day and ap
pears to coincide—at least in WSA, CMB, and SMB—with the periods of 
maximum precipitation (Fig. 4). Furthermore, a weakening of the 
easterlies at upper levels is evident, consistent with the patterns in D01 
(Fig. 5b). Finally, changes in the meridional wind at upper levels are 
positive (Fig. 7i-l), which is also consistent with the D01 domain. At 
lower levels, the most notable pattern of change occurs in the AMA re
gion. Here, the observed anomaly is associated with a weakening of 
northerly winds between 07 and 11 LT, spanning from the surface up to 

8000 m a.s.l., covering the altitudes where the LLJ is typically situated 
east of the Andes.

In the lower levels of WSA (Fig. 7e, i), the narrow valleys are oriented 
southwest-northeast. Thermally driven winds are prominent between 11 
and 15 LT, characterized by positive U and V components as they ascend 
the slopes. The positive anomalies in both zonal and meridional winds 
(DEF–CTL) suggest a reinforcement of this local circulation 
phenomenon.

Fig. 7. Diurnal cycle of vertical wind component (W; shading) and the difference (DEF-CTL; contours) along the vertical profile for subregions: (a) WSA, (b) CMB, (c) 
SMB, and (d) AMA. Panels (e)-(h) and (i)-(l) are as in (a)-(d), but for zonal wind component U and meridional wind component V, respectively. Solid (dashed) 
contours represent positive or zero (negative) changes, with contour intervals of 0.2 cm s− 1 for W and 0.1 m s− 1 for U and V. Black cross-hatching indicates sta
tistically significant changes (p-value <0.10) calculated at the individual gridpoint level, without spatial multiplicity correction.

Fig. 8. Boxplots consider daily rainfall of CTL and DEF in subregions (a) WSA, (b) CMB, (c) SMB, and (d) AMA. Rainfall values are obtained from simulations in 
domains: D01 (15 km), D02 (5 km), and D03 (1 km). In addition to the median indicated with a line, the average of the distribution is depicted with a dashed line.
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3.4. Precipitation response across scales

Fig. 8 shows boxplots of daily precipitation for CTL and DEF simu
lations across each subregion, as simulated in different spatial domains 
(D01, D02, and D03). As we had already found for the simulation 
covering our study region (D03), the DEF-CTL precipitation differences 
are negative in CMB, SMB, and AMA. While the observed differences 
reach local statistical significance across multiple grid points within the 
AMA subregion, the WSA exhibits a slight increase in precipitation that 
remains statistically non-significant. This behavior can be clearly 
observed in the boxplots labeled with “D03” on the x-axis of Fig. 8. The 
median precipitation values in DEF follow a similar behavior, charac
terized by a marked reduction in AMA. Similarly, results from the D01 
and D02 domains reveal that these notable decreases in median and 
average precipitation are strictly confined to the AMA subregion.

Beyond DEF–CTL differences, some notable variations are present in 
the precipitation distribution across the spatial domains. For example, in 
the WSA, both the mean precipitation and the interquartile range (IQR) 
in D01 and D02 are 50% of that found in D03. In the other subregions 
(CMB, SMB, and AMA), D02 shows similar mean and median precipi
tation values, with less than 10% difference compared to D03. 
Regarding the IQR, the most significant changes occur in CMB and AMA, 
with reductions of 17% and 27% compared to those found in D03. We 
observe very notable changes when comparing CMB, SMB, and AMA 
subregions in D01 to D03: the medians and means are reduced by 20% to 
35%, while the IQR decreases by 35% to 60%.

4. Discussion

4.1. Model representation of precipitation

We found that the model represents the spatial pattern well, based on 
in-situ data shown by previous works (Rau et al., 2017; Trachte et al., 
2018; Saavedra et al., 2020), such as the increasing precipitation 
northeastward over the study region. We also encountered accompa
nying biases between − 1 and + 1 mm. These bias values are also 
consistent with a previous work done by Saavedra et al. (2020), who 
compared them with simulations at a 3 km spatial resolution and 
encountered underestimation (overestimation) over the west slope of 
the Andes (Mantaro Basin). However, the impact on the western slope of 
the Andes is relatively stronger, as these bias values of less than 1 mm 
day− 1 represent up to 25% overestimation in the Mantaro, but more 
than 75% underestimation over the western slope. However, the in-situ 
stations we used are mostly located in the lower part of these valleys' 
northeast-oriented (from the coast to higher elevations), where CTL 
seems to simulate very little precipitation, thus explaining these very 
negative biases. This underestimation can be deduced by comparing 
averages of all in-situ stations with all CTL grid points within WSA 
(Fig. 2f), rather than comparing independent in-situ stations with the 
corresponding nearest neighbor in CTL (Fig. 2e). Additionally, based on 
the diurnal cycle of vertical wind (Fig. 7a) and precipitation (Fig. 4a) 
and previous research (Trachte et al., 2018; Junquas et al., 2018, and 
Saavedra et al., 2020) we know that the majority of the precipitation 
events occur during the afternoon due to the effect of upslope flow, 
which tends to generate greater precipitation on the ridges than in the 
lower parts of the valleys. However, in the CTL simulation, this gradient 
tends to be overestimated with significantly underestimating rainfall in 
the lower parts. Other studies also suggest this type of overestimated 
precipitation gradient on slopes. Moya-Álvarez et al. (2025) demon
strate this using a 2 km spatial resolution model for two intense rainfall 
case studies in the Rimac Basin (part of WSA). Likewise, Mourre et al. 
(2016), using the Thompson microphysics scheme at 3 km resolution, 
reported strong precipitation gradients along its cross-section.

We acknowledge that our choice of the Purdue-Lin microphysics 
scheme is a source of uncertainty, as different schemes can alter 
convective timing and intensity (e.g., Thompson et al., 2004; Morrison 

et al., 2005). We selected the Purdue-Lin scheme based on an analysis of 
its performance in the parent simulations by Sierra et al. (2022). Their 
results showed that while biases can reach 50% in the slope of the 
Bolivian Andes, they decreased below 30% at higher elevations (above 
3500 m), suggesting better performance for the high-Andean regions 
that are the focus of our study. However, this choice is also strongly 
supported by recent regional studies. A recent high-resolution (2 km) 
intercomparison by Llacza et al. (2025) for the nearby Peruvian Alti
plano (Lake Titicaca basin) found that a configuration using Purdue-Lin 
(identical to ours) produced the lowest precipitation bias. Crucially, 
they noted that two configurations using the Thompson scheme and one 
using WSM6 microphysics tended to significantly overestimate precip
itation, while a less sophisticated WSM3 scheme shows underestimation.

This context is critical, as our CTL simulation already shows a slight 
overestimation (up to 25%) in the Mantaro Basin (Fig. 2d). Extrapo
lating the findings of Llacza et al. (2025) suggests that using a scheme 
like Thompson would likely have exacerbated this positive bias. This is 
also consistent with Mourre et al. (2016), who used the Thompson 
scheme in a narrow northern Peruvian basin and found overestimation. 
Collectively, these studies suggest that our choice of Purdue-Lin was an 
appropriate selection to minimize known positive biases in the high 
Andes, and our findings of lower biases in the wide Mantaro valley are 
consistent with previous work (e.g., Saavedra et al., 2020).

Beyond the differences between CTL and DEF, a clear dependency of 
precipitation magnitude and variability on spatial resolution is evident 
(Fig. 8). This is primarily attributed to the model's ability to resolve 
convection-permitting processes and complex topography. In the WSA 
subregion, the daily precipitation intensity and its interquartile range 
(IQR) at 1 km (D03) are nearly double those found at 5 km or 15 km 
(Fig. 8a). This indicates that 1 km resolution is essential to resolve the 
narrow, northeast-oriented valleys where local thermal forcing drives 
rainfall. At coarser resolutions (D01 and D02), these topographic fea
tures are ‘smoothed,’ leading to weaker thermal forcing and a substan
tial underestimation of rainfall.

Conversely, in the Mantaro Basin (CMB and SMB) and the AMA 
transition, the transition from 5 km (D02) to 1 km (D03) shows minimal 
changes in mean values (<10%), suggesting that a 5 km resolution may 
be a sufficient ‘threshold’ to capture the main convective processes in 
these broader inter-Andean regions. However, a drastic reduction in 
both magnitude and daily variability is observed in the 15 km domain 
(D01) across all subregions, confirming that poorly resolved topography 
consistently dampens the precipitation signal by reducing the intensity 
of topographic triggering (e.g., El-Samra et al., 2017; Pontoppidan et al., 
2017; Mourre et al., 2016).

4.2. Deforestation effects over the study zone

4.2.1. Mechanisms under Control Conditions
Before discussing the impacts of Amazon deforestation, it is crucial to 

establish that our Control simulation (CTL) correctly reproduces the 
physical mechanisms governing the region's hydroclimate. As docu
mented in the literature, the regional circulation is characterized by 
moisture transport from the tropical Atlantic across the Amazon Basin, 
which is sustained by forest evapotranspiration and channeled south
ward (e.g., Marengo, 2006; Staal et al., 2018). The adequate represen
tation of these processes in the D01 domain was validated by Sierra et al. 
(2022).

A key component of this circulation is the South American Low-Level 
Jet (LLJ), which develops east of the Andes. Fig. 5a and 7f clearly show 
this jet in the CTL run, with maximum intensity typically occurring 
around 850 hPa. As the LLJ moves southward, it redirects moisture- 
laden air toward the eastern slopes of the Andes (e.g., Espinoza et al., 
2015; Junquas et al., 2018). In this region, the complex topography and 
deep valleys facilitate the upslope transport of moisture toward high- 
altitude areas like the Mantaro River Basin (Fig. 6a) (e.g., Chavez 
et al., 2020; Flores-Rojas et al., 2021; Llacza et al., 2025). Consequently, 
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intense precipitation is triggered at specific ‘hot-spots’ (such as the AMA 
subregion) where mechanical forcing by the Andean foothills lifts the 
moist air to deep convection, a process well represented in Fig. 7d (e.g. 
Kumar et al., 2019; Chavez and Takahashi, 2017; Espinoza et al., 2015). 
Furthermore, at levels above the mountain peaks (> 600 hPa), easterly 
winds provide an additional moisture source for the Andean highlands 
(e.g. Chavez et al., 2020; Garreaud, 1999), as evidenced by the mid-to- 
upper level flow in Fig. 7f and g. Finally, on the western slopes, pre
cipitation is driven by afternoon thermal forcing along the northeast- 
oriented valleys (Fig. 7e and i). Here, the diurnal upslope circulation 
interacts with moist easterlies crossing the Andes (Fig. 6c and 7e) to 
reinforce local rainfall over the upper western slopes (Fig. 3b and 4a), in 
agreement with previous studies (e.g., Garreaud, 1999; Moya-Álvarez 
et al., 2025; Trachte et al., 2018).

Sierra et al. (2022) demonstrated over the coarse domain (D01) that 
Amazonian deforestation generates two key changes over the Amazon 

Basin: drier conditions or reduced specific humidity over the southwest 
and a reduction in the intensity of the LLJ. Our results suggest that these 
perturbed conditions propagate into the study zone (domain D03) via 
boundary forcing, directly altering the moisture availability and the low- 
level circulation that feeds the central Peruvian Andes.

4.2.2. Response of the Eastern Slopes and the AMA Hot-spot
The reduction in LLJ intensity identified by Sierra et al. (2022) and 

verified in this work, combined with the decrease in specific humidity 
(Fig. 6b and d), are the primary drivers of rainfall inhibition over the 
eastern region. The presence of westerly anomalies extending between 
800 and 400 hPa (Fig. 5b and 7e-h) suggests that the dry conditions 
originating over the deforested Amazon propagate toward the Andean 
foothills, effectively suppressing updrafts and precipitation over the 
eastern slopes. Furthermore, the weakened LLJ leads to a reduction in 
mechanical updrafts, which in turn causes a more pronounced decrease 

Fig. 9. Difference (DEF-CTL) of the vertically integrated moisture flux (VIMF) and precipitable water (VIq) between 1000 and 600 hPa for the period (a) 2002–2003 
and (b) 2005–2006. (c) and (d) are as in (a) and (b), respectively, but for integration between 600 and 300 hPa. The thick black line outlines the Mantaro and Rimac 
Basins, while the thin black line represents the coastline. The red line indicates the 3500 m a.s.l. contour. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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in rainfall within identified hot-spot zones (Fig. 3b and f). These 
inhibitory effects are most prominent during the hours of peak precip
itation, specifically between 23 and 11 LT (Fig. 4d and 7d), where the 
total precipitation decreases by 1.5 mm, and vertical updraft velocities 
are significantly reduced by up to 0.06 m s− 1 between 2 and 13 km 
altitude.

4.2.3. Moisture Transport toward the Andean Highlands (CMB and SMB)
Our findings suggest two distinct mechanisms that drive a physically 

coherent drying response over the highland Andes, including the Man
taro Basin. 1) Reduced Valley Channeling: A decrease in moisture flux is 
observed along the valleys connecting the Amazon to the highlands. This 
is associated with a reduction in LLJ intensity, with anomalous de
celerations of the northerly wind averaging up to 0.2 m s− 1 throughout 
the diurnal cycle (Fig. 4b-c, Fig. 6b and Fig. 7l). This weakened moisture 
transport through Andean passes is a known precursor for precipitation 
inhibition in the region, as described in previous studies on mountain- 
valley circulation (e.g., Falvey and Garreaud, 2005; Junquas et al., 
2018) and high-altitude convective processes (e.g., Martínez-Castro 
et al., 2019; Flores-Rojas et al., 2021). 2) Mid-Upper Level Advection: In 
the deforestation scenario, an intensification of easterly winds at mid-to- 
upper levels (600–400 hPa) transports drier air from the Amazon 
directly over the Andes, bypassing the valley-scale interactions with the 
eastern slopes (Fig. 6d and Fig. 7f-h). These easterly winds anomalies 
increase by over 0.3 m s− 1 precisely during the hours of peak precipi
tation, around 19 LT. While intensified easterlies are traditionally 
associated with increased moisture and rainfall in the highlands (e.g., 
Garreaud, 1999; Chavez et al., 2020), our results suggest that under 
deforestation, the advection of dry air from the basin becomes the 
dominant factor.

These two mechanisms exhibit inter-annual variability and do not 
necessarily occur during the same wet period. During 2002–2003, 
moisture reduction was more pronounced along the valleys between 
1000 and 600 hPa (Fig. 9a) than at higher altitudes (Fig. 9c). In contrast, 
during 2005–2006, the drying was more notable at mid-to-upper levels 
between 600 and 300 hPa (Fig. 9d and b). This latter pattern extended 
this physically coherent drier condition across the Mantaro Basin and 
further westward.

4.2.4. Anomalous Precipitation increase on the Western Slopes (WSA)
In contrast to the general drying signal, a localized precipitation 

increase of up to 20% is observed over the ridges of the WSA. As 
established in previous studies (e.g. Moya-Álvarez et al., 2025; Trachte 
et al., 2018), diurnal upslope circulation and convective updrafts are the 
predominant mechanisms for rainfall in the upper western Andes. Our 
results suggest that Amazonian deforestation intensifies this phenome
non through a zonal dynamic response. Specifically, the deforestation- 
induced subsidence over the basin strengthens the easterly flow across 
the Andean barrier. This intensified cross-barrier flow, exhibiting 
anomalous westward increases of up to 0.3 m s− 1 between 5 and 8 km 
altitude (Fig. 7e), reinforces the daytime anabatic circulation on the 
western slopes. This provides mechanical forcing for stronger upward 
motion during peak precipitation hours, typically around 14 LT (Fig. 4a 
and Fig. 7a). During these peak hours, this dynamical reinforcement is 
explicitly captured by anomalous positive zonal and meridional veloc
ities (indicating upsloping winds; Fig. 7e and i) exceeding 0.1 m s− 1, 
alongside anomalous positive vertical velocities exceeding 0.06 m s− 1 

near the surface (between 2 and 4 km a.s.l.) (Fig. 7a). Consequently, this 
synchronized dynamical response is associated with a slight increase in 
peak hourly precipitation rates of 0.02 mm hr− 1. This mechanism is 
distinct from the LLJ-driven transport; here, the mechanical reinforce
ment of the intensified zonal flow is the dominant driver of rainfall 
enhancement, despite the overall drier conditions of the air masses.

Finally, a notable increase in precipitable water is observed between 
the shoreline and the western slopes of the Andes (Fig. 6b). When 
averaged across all periods, this increase can be attributed to a greater 

influx of moisture from the south under the DEF scenario. This phe
nomenon is particularly evident at levels between 700 and 600 hPa (Fig. 
S5). Specifically, the band of increased moisture shown in Fig. 6b is more 
pronounced during the 2002–2003 and 2004–2005 periods, coinciding 
with an intensification of southerly winds at these levels (not shown).

4.3. Study limitations

While this study provides a robust physical diagnostic of the hydro- 
meteorological pathways between the Amazon and the Andes, certain 
feedback mechanisms remain simplified due to the model configuration. 
First, our simulations do not account for aerosol-cloud interactions. 
Biomass burning often accompanies deforestation, and the resulting 
aerosols could act as cloud condensation nuclei (CCN), potentially 
modifying cloud life cycles and precipitation efficiency beyond the 
purely dynamic changes reported here. For instance, Liu et al. (2020), 
using the coupled WRF-Chem model, found that biomass burning in the 
Amazon tends to reduce both rainfall rate and frequency. Consequently, 
the precipitation reduction identified in our study could be further 
exacerbated if aerosol effects were included, particularly considering 
that, in addition to the remote transport of Amazonian smoke (Bourgeois 
et al., 2015), there is a significant local contribution from crop residue 
burning within the agricultural areas of the Mantaro Basin (Estevan 
et al., 2019).

Second, the use of static land-cover (DEF scenario) does not capture 
dynamic vegetation feedbacks (e.g., forest dieback due to drought), 
which might further intensify the drying signal in a real-world context. 
Furthermore, our experimental design focuses on the Amazon Basin, 
neglecting potential deforestation within the study domain itself. Such 
local land-cover changes could induce an additional reduction in pre
cipitation, particularly over the eastern slopes of the Andes, as demon
strated by Eghdami and Barros (2020).

Finally, while Purdue-Lin microphysics performed well for our high- 
Andean focus, further studies could test other microphysical schemes to 
help quantify the range of convective responses to deforestation-induced 
drying.

5. Conclusions

This study evaluated the impact of 40% Amazonian deforestation, 
consistent with a “business-as-usual” 2050 scenario, on precipitation 
patterns in the central Peruvian Andes. Using high-resolution (1 km) 
WRF simulations, we verified that the model accurately captures the 
regional diurnal cycle, despite an overestimation (up to 25%) in the 
Mantaro Basin in the central region of Peru and underestimation on the 
western slopes.

Our findings reveal a complex, dipole-like precipitation response to 
deforestation. On the eastern slopes and the Amazon-Andes transition 
(AMA), rainfall is inhibited (negative pole), particularly within identi
fied precipitation hotspots where reductions can reach 10–20%. This 
inhibition is driven by a reduction in the intensity of the LLJ and a 
significant decrease in atmospheric moisture extending from the defor
ested Amazon. The weakened LLJ also diminishes moisture transport 
into the highlands through the deep valleys, such as the Mantaro Basin. 
These quantified precipitation changes represent a significant risk to 
regional water security, potentially impacting the Mantaro hydroelectric 
complex—which generates 19% of Peru's electricity—and threatening 
food security for the Lima metropolitan area (>10 millions of people).

In contrast, we identified a notable localized precipitation increase 
along the ridges of the western slopes (WSA, positive pole). This phe
nomenon is explained by a zonal dynamic response: deforestation- 
induced atmospheric subsidence over the Amazon Basin strengthens 
the easterly cross-barrier flow, reinforcing the daytime anabatic circu
lation. While this localized increase might offer a partial buffer, we 
acknowledge that the overall response of the Andean hydroclimate may 
be further modified by rising global CO2 concentrations and land-cover 
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changes occurring within the Andean foothills themselves, which could 
interact with the Amazonian signal.

Based on our results, we propose the following actionable insights:
For Water-Resource Planners: The identified drier scenario — 

characterized by reduced precipitation and atmospheric moisture — in 
the Mantaro Basin and eastern slopes acts as a warning signal for future 
water availability. This suggests a risk of dry-season extension, neces
sitating contingency plans for prolonged deficits to safeguard water 
supply for human consumption and agricultural demands. Given the 
reliance of major population centers on these high-altitude catchments, 
adaptation strategies must prioritize potable water security alongside 
reservoir management.

For Policymakers: Our results physically demonstrate the tele
connection between Amazonian forest cover and Andean water security. 
This implies that conservation efforts in the Amazon are not merely a 
biodiversity issue but a critical component of the Andean economic 
stability. Effective adaptation requires trans-regional policies that treat 
the Amazon rainforest as effectively part of the hydrological infra
structure of the Andean nations.

For Earth-system Modelers: Our scale-dependency analysis estab
lishes a guideline for regional climate downscaling: while a 5 km reso
lution is sufficient for representing the broad topography of inter- 
Andean basins like the Mantaro, convection-permitting scales (~1 km) 
are mandatory to correctly simulate the valley-ridge circulations (e.g., in 
the western slope of the Andes) and probably also necessary for con
vection in the Mantaro basin itself (Chavez et al., 2025). To reduce 
remaining uncertainties, we outline two priority next steps: (1) con
ducting coupled experiments that include aerosol-cloud interactions and 
dynamic vegetation to quantify potential feedback loops that could 
amplify the drying signal reported in this study; and (2) executing multi- 
year ensemble simulations to statistically separate the deforestation 
signal from interannual variability (e.g. ENSO; changes in the Atlantic 
SST).
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Nicolas, J., Peubey, C., Radu, R., Schepers, D., Simmons, A., Soci, C., Abdalla, S., 
Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., et al., 
2020. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146 (730). https://doi.org/ 
10.1002/qj.3803.

Hirota, M., Holmgren, M., van Nes, E.H., Scheffer, M., 2011. Global resilience of tropical 
forest and savanna to critical transitions. Science 334 (6053). https://doi.org/ 
10.1126/science.1210657.

Hong, S.Y., Noh, Y., Dudhia, J., 2006. A new vertical diffusion package with an explicit 
treatment of entrainment processes. Mon. Weather Rev. 134 (9). https://doi.org/ 
10.1175/MWR3199.1.

INEI, 2021a. Compendio estadístico Perú 2021, parte 1, Biblioteca Nacional del Perú, 
2021–13020. https://cdn.www.gob.pe/uploads/document/file/3117981/Compendi 
o%20Estad%C3%ADstico.%20Per%C3%BA%202021%20%28Tomo%201%29.pdf? 
v=1653079933.

INEI, 2021b. Compendio estadístico Perú 2021, parte 2. Biblioteca Nacional del Perú, 
2021–13022. https://cdn.www.gob.pe/uploads/document/file/3117982/Compendi 
o%20Estad%C3%ADstico.%20Per%C3%BA%202021%20%28Tomo%202%29.pdf? 
v=1653079933.
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Moya-Álvarez, A.S., Silva, Y., Villalobos-Puma, E., Saavedra-Huanca, M., Del Castillo, C., 
Kumar, S., Valdivia-Prado, J.M., 2025. Extreme precipitation events associated with 
summer rains in the western slope of the Peruvian Andes using a numerical modeling 
and weather radar data: Case studies. Pure Appl. Geophys. https://doi.org/10.1007/ 
s00024-025-03834-8.

Nobre, C.A., Borma, L.D.S., 2009. “Tipping points” for the Amazon forest. Curr. Opin. 
Environ. Sustain. 1 (1). https://doi.org/10.1016/j.cosust.2009.07.003.

Nobre, C.A., Sampaio, G., Borma, L.S., Castilla-Rubio, J.C., Silva, J.S., Cardoso, M., 2016. 
Land-use and climate change risks in the amazon and the need of a novel sustainable 
development paradigm. Proc. Natl. Acad. Sci. USA 113 (39), 10759–10768. https:// 
doi.org/10.1073/pnas.1605516113.

Paulson, C.A., 1970. The mathematical representation of wind speed and temperature 
profiles in the unstable atmospheric surface layer. J. Appl. Meteorol. 9 (6). https:// 
doi.org/10.1175/1520-0450(1970)009<0857:tmrows>2.0.co;2.

Pontoppidan, M., Reuder, J., Mayer, S., Kolstad, E.W., 2017. Downscaling an intense 
precipitation event in complex terrain: the importance of high grid resolution. Tellus 
A: Dyn. Meteorol. Oceanogr. 69 (1), 1271561. https://doi.org/10.1080/ 
16000870.2016.1271561.

Rau, P., Bourrel, L., Labat, D., Melo, P., Dewitte, B., Frappart, F., Lavado, W., Felipe, O., 
2017. Regionalization of rainfall over the Peruvian pacific slope and coast. Int. J. 
Climatol. 37 (1), 143–158. https://doi.org/10.1002/joc.4693.

M. Saavedra et al.                                                                                                                                                                                                                              Atmospheric Research 340 (2026) 109016 

15 

https://doi.org/10.1002/qj.49712051806
https://doi.org/10.1002/joc.1791
https://doi.org/10.1029/2011gl047862
https://doi.org/10.1002/2014wr016273
https://doi.org/10.3389/feart.2020.00064
https://doi.org/10.1175/JCLI-D-21-0303.1
https://doi.org/10.1175/JCLI-D-21-0303.1
https://doi.org/10.1038/s41598-024-58782-5
https://doi.org/10.1016/j.aeaoa.2019.100037
https://doi.org/10.1016/j.aeaoa.2019.100037
https://doi.org/10.1111/j.1529-8817.2003.00774.x
https://doi.org/10.1029/2005jd006152
https://doi.org/10.1016/j.atmosres.2020.105188
https://doi.org/10.1073/pnas.1302584110
https://doi.org/10.1073/pnas.1302584110
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1175/1520-0493(1999)127
https://doi.org/10.1175/1520-0493(1999)127
https://doi.org/10.5194/adgeo-22-3-2009
https://doi.org/10.5194/adgeo-22-3-2009
https://doi.org/10.3390/cli8020023
https://doi.org/10.1029/2002gl015311
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1126/science.1210657
https://doi.org/10.1126/science.1210657
https://doi.org/10.1175/MWR3199.1
https://doi.org/10.1175/MWR3199.1
https://cdn.www.gob.pe/uploads/document/file/3117981/Compendio%20Estad%C3%ADstico.%20Per%C3%BA%202021%20%28Tomo%201%29.pdf?v=1653079933
https://cdn.www.gob.pe/uploads/document/file/3117981/Compendio%20Estad%C3%ADstico.%20Per%C3%BA%202021%20%28Tomo%201%29.pdf?v=1653079933
https://cdn.www.gob.pe/uploads/document/file/3117981/Compendio%20Estad%C3%ADstico.%20Per%C3%BA%202021%20%28Tomo%201%29.pdf?v=1653079933
https://cdn.www.gob.pe/uploads/document/file/3117982/Compendio%20Estad%C3%ADstico.%20Per%C3%BA%202021%20%28Tomo%202%29.pdf?v=1653079933
https://cdn.www.gob.pe/uploads/document/file/3117982/Compendio%20Estad%C3%ADstico.%20Per%C3%BA%202021%20%28Tomo%202%29.pdf?v=1653079933
https://cdn.www.gob.pe/uploads/document/file/3117982/Compendio%20Estad%C3%ADstico.%20Per%C3%BA%202021%20%28Tomo%202%29.pdf?v=1653079933
http://hdl.handle.net/20.500.12816/715
http://hdl.handle.net/20.500.12816/715
https://doi.org/10.1007/s00382-017-3858-8
https://doi.org/10.1007/s00382-021-06079-y
https://doi.org/10.1088/1748-9326/acb72b
https://doi.org/10.1088/1748-9326/acb72b
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0225
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0225
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0225
https://doi.org/10.5194/adgeo-14-231-2008
https://doi.org/10.5194/adgeo-14-231-2008
https://doi.org/10.1002/hyp.9418
https://doi.org/10.1002/hyp.9418
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0240
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0240
https://doi.org/10.1038/s41467-021-22840-7
https://doi.org/10.5194/acp-20-13283-2020
https://doi.org/10.1016/j.atmosres.2025.108262
https://doi.org/10.1016/j.atmosres.2025.108262
https://doi.org/10.1126/science.1146961
https://doi.org/10.1126/science.1146961
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0265
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0265
https://doi.org/10.3390/atmos10080442
https://doi.org/10.3390/atmos10080442
https://cdn.www.gob.pe/uploads/document/file/11907/Inventario-de-Ecosistemas-de-Selva-Alta-Yanachaga.pdf?v=1530547990
https://cdn.www.gob.pe/uploads/document/file/11907/Inventario-de-Ecosistemas-de-Selva-Alta-Yanachaga.pdf?v=1530547990
https://doi.org/10.1007/978-3-642-20992-5_1
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0285
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0285
http://refhub.elsevier.com/S0169-8095(26)00280-2/rf0285
https://doi.org/10.1175/jas3446.1
https://doi.org/10.5194/hess-20-125-2016
https://doi.org/10.1155/2018/1381092
https://doi.org/10.1007/s00024-025-03834-8
https://doi.org/10.1007/s00024-025-03834-8
https://doi.org/10.1016/j.cosust.2009.07.003
https://doi.org/10.1073/pnas.1605516113
https://doi.org/10.1073/pnas.1605516113
https://doi.org/10.1175/1520-0450(1970)009<0857:tmrows>2.0.co;2
https://doi.org/10.1175/1520-0450(1970)009<0857:tmrows>2.0.co;2
https://doi.org/10.1080/16000870.2016.1271561
https://doi.org/10.1080/16000870.2016.1271561
https://doi.org/10.1002/joc.4693


Reynolds, R.W., Rayner, N.A., Smith, T.M., Stokes, D.C., Wang, W., 2002. An improved in 
situ and satellite SST analysis for climate. J. Clim. 15, 1609–1625. https://doi.org/ 
10.1175/1520-0442(2002)015<1609:AIISAS>2.0.CO;2.

Rosales, A.G., Junquas, C., da Rocha, R.P., Condom, T., Espinoza, J.-C., 2022. 
Valley–mountain circulation associated with the diurnal cycle of precipitation in the 
Tropical Andes (Santa River Basin, Peru). Atmosphere 13 (2), 344. https://doi.org/ 
10.3390/atmos13020344.

Saavedra, M., Takahashi, K., 2017. Physical controls on frost events in the Central Andes 
of Peru using in situ observations and energy flux models. Agric. For. Meteorol. 239, 
58–70. https://doi.org/10.1016/j.agrformet.2017.02.019.

Saavedra, M., Junquas, C., Espinoza, J.-C., Silva, Y., 2020. Impacts of topography and 
land use changes on the air surface temperature and precipitation over the central 
Peruvian Andes. Atmos. Res. 234 (2014), 104711. https://doi.org/10.1016/J. 
ATMOSRES.2019.104711.

Sampaio, G., Nobre, C., Costa, M.H., Satyamurty, P., Soares-Filho, B.S., Cardoso, M., 
2007. Regional climate change over eastern Amazonia caused by pasture and 
soybean cropland expansion. Geophys. Res. Lett. 34 (17). https://doi.org/10.1029/ 
2007GL030612.

Segura, H., Junquas, C., Espinoza, J.C., Vuille, M., Jauregui, Y.R., Rabatel, A., 
Condom, T., Lebel, T., 2019. New insights into the rainfall variability in the tropical 
Andes on seasonal and interannual time scales. Clim. Dyn. 0 (0), 0. https://doi.org/ 
10.1007/s00382-018-4590-8.

Segura, H., Espinoza, J.C., Junquas, C., Lebel, T., Vuille, M., Garreaud, R., 2020. Recent 
changes in the precipitation-driving processes over the southern tropical Andes/ 
western amazon. Clim. Dyn. 54 (5–6), 2613–2631. https://doi.org/10.1007/s00382- 
020-05132-6.

Sierra, J.P., Junquas, C., Espinoza, J.C., Segura, H., Condom, T., Andrade, M., Molina- 
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