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A B S T R A C T

The Andes-Amazon transition region features critically important ecological services on the local, regional and 
global scales. This region is among the rainiest zones in the world, with rainfall rates of up to 7000 mm/year. 
However, the physical mechanisms leading to the existence of these “precipitation hotspots” remain poorly 
known. Here, we attempt to disentangle the controlling atmospheric mechanisms exerted by local topographic 
structures that started to uplift about 5–10 million years ago in response to the Nazca Ridge subduction, in the 
vicinity of the Quincemil hotspot, the most intense of them. We first use the Weather Research and Forecasting 
model to conduct sensitivity tests to planetary boundary layer parameterizations at 5 km horizontal grid spacing 
during the austral summer of 2012–13. After finding the most suitable configuration in terms of the diurnal cycle 
of rainfall intensity and extent, we further perform topographic sensitivity tests by reducing the Fitzcarrald Arch 
lowlands and, on top of it, by removing the Camisea mountain. The Fitzcarrald Arch deflects moisture flux to
wards Quincemil, while the Camisea mountain induces local vortical circulations that increase moisture trans
port, convergence and rainfall over Quincemil, ultimately controlling its location and intensity by up to 40 %. 
When reducing the height of the Andes in half, we find that it sustains the development of precipitation hotspots, 
accounting for up to 60 % of rainfall, by providing a mechanical forcing to increase regional-scale moisture 
fluxes. Such mechanisms dominate during nighttime, when rainfall peaks in the region, and might explain the 
existence of the rainiest zone in the Andes-Amazon transition.

1. Introduction

The Andes-Amazon transition region, situated at the eastern flank of 
the Andean cordillera, is the rainiest and most biodiverse area within the 
Amazon basin (Espinoza et al., 2015; Hoorn et al., 2010). The devel
opment of this biodiversity is believed to be driven by interactions be
tween plate tectonics, land surface dynamics and atmospheric 
circulation (Antonelli et al., 2018; Hoorn et al., 2010). These processes 
are mainly controlled by the uplift of the Andes over the last 65 million 
years and are fundamental to the evolution of Amazonian ecosystems 
and landscapes (Sacek et al., 2023), enabling new species to develop 
(Hoorn et al., 2010; Roncal et al., 2015). In addition, rainfall over the 

Andes-Amazon transition region strongly modulates sediment transport 
at the basin scale in Amazonia (Armijos et al., 2020), which is a key 
process for sustaining the extraordinary biodiversity in this basin 
(Beveridge et al., 2024).

Particularly, about 5–10 million years ago, a topographic feature 
known as the Fitzcarrald Arch started to uplift due to the subduction of 
the Nazca Ridge beneath the South American Plate (Espurt et al., 2007, 
2009; Regard et al., 2009). This structure, which does not exceed the 
height of 600 m.a.s.l., is located in the Andean-Amazonian retro-fore
land basin of southern Peru (Fig. 1), at the vicinity of the rainiest region 
of the Andean foothills, known as the Quincemil hotspot (Chavez and 
Takahashi, 2017; Espinoza et al., 2015). This period coincides with the 
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apparition of new species of flora and fauna around the Fitzcarrald Arch 
(e.g., Athaydes et al., 2021; Roncal et al., 2015), a region also known for 
the abundance of Miocene fossils remains (Tejada-Lara et al., 2015). 
Thus, a better understanding of the links between climate and topog
raphy is needed to comprehend the processes that shaped the biodi
versity richness in this region.

The climate of the Andes-Amazon transition region is the result of the 
interplay between large-scale and local-scale atmospheric circulation 
patterns, and the complexities of its physio-geographical features 
(Espinoza et al., 2020). Precipitation occurs all year long, but is more 
intense during the austral summer (DJF), in association with the mature 
phase of the South American Monsoon System (SAMS, Vera et al., 
2006a). As prevailing winds transport moisture from the Atlantic Ocean 
and the Amazon basin towards the core of the SAMS, it forms a conduit 
of high-speed moist wind along the eastern flank of the Andes, known as 
the South American Low Level Jet (SALLJ; Marengo et al., 2004; Vera 
et al., 2006b). SALLJ-associated moisture transport towards the Andes- 
Amazon transition peaks during the summer (Li and Le Treut, 1999; 
Marengo et al., 2004) and, due to orographic blocking, it sustains the 
existence of rainfall hotspots along the exposed flank (Garreaud, 2009; 
Junquas et al., 2018; Romatschke and Houze, 2010).

The atmospheric processes associated with the diurnal cycle of 
rainfall at the local scale are controlled by thermally and mechanically 
forced circulations, both associated with local topography (Garreaud, 
1999; Junquas et al., 2018, 2022; Trachte et al., 2010). During daytime, 
the radiative warming of the surface induces thermally-driven anabatic 
(upslope) winds in valleys and slopes, transporting moisture and fa
voring convection over mountain summits. This mechanism explains the 
daytime precipitation maximum found over several Andean top valleys 

(Flores-Rojas et al., 2021; Junquas et al., 2018, 2022; Rosales et al., 
2022). In the hotspot region, this surface upslope process weakens the 
mechanical blocking process of the Amazon regional moisture flux over 
the Andes, leading to a weakening of the hotspot convection and pre
cipitation during daytime. However, during the nighttime, the radiative 
cooling of the surface induces katabatic (downslope) winds from the 
summits, which are particularly important over the eastern flank of the 
tropical Andes (Junquas et al., 2018, 2022; Trachte et al., 2010). Still 
during the nighttime, the regional-scale SALLJ-associated moisture flux 
from the Amazon lowlands is accelerated which is consistent with de
creases in eddy viscosity due to the planetary boundary layer (PBL) 
stabilization (Blackadar, 1957). The convergence of both nighttime 
katabatic winds and SALLJ-associated moisture flux explains the 
nocturnal precipitation maximum found over the eastern flank of the 
Andes and, particularly, the Quincemil hotspot (Chavez and Takahashi, 
2017; Junquas et al., 2018). This interaction of local-to-regional scales 
results in about 70 % of summertime rainfall at the eastern Andes 
foothills (including the Quincemil hotspot) being produced during the 
night (Chavez and Takahashi, 2017).

For the Andean cordillera, previous research based on climate sim
ulations showed that the Andean cordillera as a whole exerts a signifi
cant influence in the lower tropospheric circulation due to mechanical 
forcing (Insel et al., 2010; Junquas et al., 2016; Saurral et al., 2015). 
These controls are less significant in the upper tropospheric circulation, 
as it is mainly a response to latent heat release by the summer convec
tion over the Amazon basin (Figueroa et al., 1995; Lenters and Cook, 
1997). When the Andes are removed in numerical experiments, SALLJ- 
associated moisture transport is greatly weakened over the eastern flank 
of the Andes, suppressing convection along the rainfall hotspots (Insel 

Fig. 1. a) Domains of the WRF simulations. Black diamonds represent the locations of sites used to construct vertical profiles of winds: Santa Cruz de la Sierra in d01 
and Cobija in d02. The dashed violet line bounds the Amazon basin, and selected contour values (see the colorbar) represent annual rainfall over the domain area 
based on a climatology (2000–2020) of CMORPH estimates The Fitzcarrald Arch is bounded by the dashed black line. The location of secondary regions such as the 
Llanos de Moxos and the Brazilian Plateau is shown in thin black characters. The dotted red rectangles in both a) and b) represent an approximate location of the 
Quincemil hotspot. Sea bathymetry data was obtained from the General Bathymetric Chart of the Oceans (https://www.gebco.net). The Nazca ridge is oriented from 
the southwest to the northeast. b) Geographical details of the Amazon-Andes transition region around the Fitzcarrald Arch and Quincemil hotspot. The Fitzcarrald 
Arch is bounded by the dashed black line, while the dashed golden line represents the Camisea mountain. Main rivers are delineated by blue lines. Red squares and 
crosses represent the locations of major cities and rain-gauge records used in this study. Weather stations names are represented by numbers: 1 is Quincemil, 2 is San 
Gabán, 3 is Macusaní, 4 is Ollachea. Thick black lines delineate the path followed to construct precipitation/altitude transects. The thin red lines represent the 500 
and 3000 m.a.s.l., while the thin black lines represent the altitudes of 50, 100, 150, 200, 300, 400, 600, 1000, 2000 and 4000 m.a.s.l.. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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et al., 2010; Junquas et al., 2016; Poulsen et al., 2010; Saurral et al., 
2015; Sepulchre et al., 2009). However, these previous investigations 
were conducted at the regional scale with grid spacings ranging from 2◦

to 0.6◦. The fine details of spatio-temporal distribution of precipitation 
hotspots (e.g. Quincemil) and how they are affected by Andean heights 
at the local scale could not be examined.

Previous studies have demonstrated the necessity of high-resolution 
atmospheric models in order to resolve the mechanisms associated to 
rainfall at the topographically-complex Eastern Andes flanks (Junquas 
et al., 2018, 2024; Martinez et al., 2024; Trachte et al., 2009, 2010). In 
particular, for the Quincemil hotspot, Junquas et al. (2018) showed that 
high resolution modeling is useful in order to identify both synoptic and 
local mechanisms such as thermal-driven and mechanically-forced cir
culations in this region. Recently, Gutierrez et al. (2024) identified high- 
resolution models at 0.2◦ as better reproducing the location and in
tensity of the Quincemil hotspot, among a set of regional climate models 
from 0.2◦ to 0.5◦. Therefore, recent improvements made in kilometer- 
scale atmospheric modeling could help in identifying the crucial role 
of topography over the hotspot of precipitation.

At local scales, the influence of several topographic structures in 
regional and local atmospheric mechanisms has been studied through 
experiments in high-resolution regional climate models (Δx < 5 km). 
Xiang et al. (2024) showed that the Hengduan Mountains, which is also 
a biodiversity hotspot and is located at the southwestern Tibetan 
plateau, serves as a local topographic barrier to large-scale moisture 
fluxes, which results in pronounced orographic precipitation in its vi
cinity. Junquas et al. (2018) and Gomez-Rios et al. (2023) illustrated the 
role of Andean valleys (Apurímac and Magdalena, respectively) in the 
channelization of moisture, which feeds convective processes down
wind. Another Andean-associated topographic feature studied is the 
Córdoba ranges east of the Andes in Argentina for case studies of 
Mesoscale Convective Systems (MCS) (Mulholland et al., 2019; Ras
mussen and Houze, 2016). They found that the Córdoba ranges focus 
convective initiation and results in more intense storms due to changes 
in internal MCS dynamics and environmental changes such as vertical 
wind shear and atmospheric instability. However, to our knowledge, no 
one has studied yet the impacts of local topography on the atmospheric 
processes leading to rainfall in the Quincemil hotspot, the rainiest zone 
in the Amazon basin.

In this study, we aim to elucidate the controls of local topographic 
structures on the atmospheric processes associated with the Quincemil 
hotspot. We do so by employing the Weather Research and Forecasting 
model (Skamarock et al., 2021) to simulate atmospheric conditions 
during DJF 2012–13 with both “control” (CTRL) conditions and modi
fied topographies in a nested domain approach. The CTRL conditions are 
obtained by validating the model after a sensitivity test to three plane
tary boundary layer parameterizations. Next, in the topographic ex
periments performed, we eliminate the Fitzcarrald Arch, and an 
associated localized relief (the Camisea mountain) and reduce the height 
of the Andes; all of which are approximations to past states of local and 
regional topography.

2. Datasets and model

2.1. Precipitation data

To validate the model simulations in the Quincemil hotspots, we use 
precipitation data from 4 in-situ pluviometers operated by the National 
Service of Meteorology and Hydrology of Peru (see the red crosses in 
Fig. 1b). These gauges provide data every 12 h, at 07 and 19 LT (GMT 
− 5:00) during December–February (DJF) of 2012–13 (with the excep
tion of the Quincemil station during December 2012). This period was 
selected as it was close to the long-term average precipitation in the 
tropical Andes (e.g., Mourre et al., 2016). Due to the low density of in- 
situ precipitation records in the study area, we also consider series of 
precipitation gridded datasets with sub-daily temporal resolutions as 

references (Table 1). In addition, because the in-situ precipitation 
measurements are registered every 12 h, precipitation from the gridded 
datasets is averaged every 12 h (daytime: 07–19 LT, and nighttime: 
19–07 LT). We use precipitation data from the TRMM’s Precipitation 
Radar (TRMM-PR, version 7, product 2A25), which is subsequently 
referred to as “TRMM-2A25”. The climatological product from DJF 
2000–2014 is used, and was constructed by remapping the swath in
formation into a Cartesian grid with pixels of 0.05◦ x 0.05◦ (see Chavez 
and Takahashi, 2017; and Junquas et al., 2018). We also use precipi
tation estimations of DJF 2012–13 from the CMORPH product (Joyce 
et al., 2004), with a grid size of ~8 km × 8 km. We also use a climatology 
(2015–2020) from the PISCOp_h product, which is a recent high- 
resolution gridded hourly precipitation developed by the National Ser
vice of Meteorology and Hydrology of Peru (Huerta et al., 2022). In 
order to keep the spatial consistency and signal of the satellite estima
tions, we use the non-diurnal-bias-corrected version, which we refer to 
as “PISCOph nonDBC” hereinafter. The quantitative biases of CMORPH 
and TRMM-2A25 have been addressed in previous studies (e.g., Espi
noza et al., 2015; Huerta et al., 2022; Zubieta et al., 2019).

The climatological products TRMM-2A25 and PISCOph nonDBC are 
used qualitatively in this paper as a reference for characterizing the 
spatial distribution of precipitation and the intensity of the Quincemil 
hotspot during daytime and nighttime. The PISCOph nonDBC dataset 
does not have data before 2015. We could not use TRMM-2A25 specif
ically for the DJF 2012–13 period as it provides a low number of pre
cipitation observations in the Andes for each hour in the day. For this 
reason, we averaged the product every 12 h and considered a 12-hourly 
climatology (2000–2014) in order to reduce uncertainties, as originally 
suggested by Negri et al. (2002). Note that shorter aggregations (e.g., 3 
h) were used in previous studies (Junquas et al., 2018), but we decided 
to coarsen it to match the in-situ pluviometers’ temporal frequency. 
Nevertheless, it can be regarded as a valid climatological product over 
the Quincemil hotspot (Espinoza et al., 2015; Junquas et al., 2018).

2.2. WRF model simulations

The WRF model version 4.3 (Skamarock et al., 2021) is used to 
simulate the atmospheric regional climate, including precipitation and 
atmospheric variables for DJF 2012–13. We select this period as it fea
tures low sea surface temperature anomalies in the Atlantic and Pacific 

Table 1 
Characteristics of the selected precipitation gridded datasets.

Gridded 
dataset

Selected time- 
window

Grid 
size

Original 
time 
frequency

Reference

TRMM PR 
version 7, 
producto 
2A25

DJF 2000–2014 
(climatology)

0.05◦

×

0.05◦

One hour TRMM 
Precipitation 
Radar Team 
(2011)

CMORPH DJF 2012–13 (as 
the simulations)

8 km 
× 8 km

30 min Joyce et al. 
(2004)

PISCOp_h 
non- 
diurnal- 
bias- 
corrected

DJF 2015–2020 
(climatology)

0.1◦ ×

0.1◦

One hour Huerta et al. 
(2022)

Table 2 
Model setup characteristics at the two simulations domains.

d01 d02

Forcing ERA5 d01
Horizontal resolution 15 km 5 km
Nx 180 171
Ny 200 150
Nz 50 50
dt 75 s 25 s
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Oceans, thus selecting a “normal” summer by limiting the effect of 
remote teleconnections. In addition, this period was also used in a 1-year 
WRF model assessment in the tropical Andes as it is close to 1965–2014 
climatology (Mourre et al., 2016). The simulations begin in November 
2012, with the first month being discarded as a spin-up. The model is 
non-hydrostatic and uses terrain-following vertical coordinates (sigma). 
The WRF model domains are setup as shown in Fig. 1 and Table 2, with a 
first domain (d01) set in tropical South America at 15 km resolution and 
forced by the ERA5 reanalysis (Hersbach et al., 2020), which has a 
spatial resolution of ~27 km. The second domain (d02) is centered in the 
Quincemil hotspot (Fig. 1b) with a resolution of 5 km. All domains use 
50 vertical levels and the top of the atmosphere is set at 50 hPa. The 
selected physical parameterization schemes are listed in Table 3. We 
first perform three sensitivity experiments to PBL parameterizations.

Recent studies have shown significant influence of PBL parameteri
zations on moisture transport and ultimately, the diurnal cycle of pre
cipitation, over the Andes-Amazon transition region (Hu et al., 2023; 
Huang et al., 2023; Martinez et al., 2022). Previous 3-month simulations 

showed that the Yonsei University (YSU, Hong et al., 2006) and the 
Asymmetric Convective Model v2 (ACM2, Pleim, 2007) schemes 
exhibited large differences in precipitation in regional climate simula
tions over the Andes-Amazon transition region (Hu et al., 2023; Huang 
et al., 2023). Such sensitivity is associated with differences in treatments 
of turbulence-cloud-precipitation processes in both the PBL and free 
troposphere within the YSU and ACM2 schemes. In addition, Martinez 
et al. (2022) showed that the YSU scheme simulates stronger low-level 
jets than the Mellor-Yamada-Nakanishi-Niino 2.5 scheme (MYNN, 
Nakanishi and Niino, 2009), although the results were centered over the 
equatorial and northern South America. Thus, we first study the sensi
tivity of the diurnal cycle of precipitation over the Quincemil hotspot 
under the YSU, ACM2 and MYNN PBL schemes, and we select the best 
scheme under which precipitation over the Quincemil hotspot is best 
resolved.

One of the main variables under analysis is the integrated water 
vapor transport (IVT) and its convergence. For the former, its formula
tion is represented in the following equation: 

IVT = −
1
g

∫ ptop

psfc
(uq+ vq).dp (1) 

In Eq. (1), q is the specific humidity, u and v are the zonal (x) and 
meridional (y) components of the wind, respectively, p is the pressure 
level, psfc is the surface level, ptop is the top of the atmospheric layer 
(50 hPa), and g is the acceleration due to gravity. IVT is calculated by the 
summation of water vapor transport over the pressure levels using finite 
centered differences in the vertical dimension. Its units are in 
kg⋅m− 1⋅s− 1.

Similarly, IVT convergence is calculated as Eq. (2) by using finite 
centered differences on a lat/lon (x-y) grid. Its units are in kg⋅m− 2⋅s− 1 

IVT convergence = −
1
g

∫ ptop

psfc

(
∂uq
∂x

+
∂vq
∂y

)

.dp (2) 

Next, we perform topographic sensitivity experiments, which are 
listed in Table 3, and the correspondent model altitudes are illustrated in 

Table 3 
List of WRF physical parameterizations used in the simulations and the tested 
PBL schemes.

Chosen/tested 
schemes

References

Microphysics Morrison Morrison et al. 
(2009)

Tested Planetary Boundary Layer 
parameterizations

ACM2 Pleim (2007)
MYNN2.5 Nakanishi and Niino 

(2009)
YSU Hong et al. (2006)

Cumulus New Tiedtke Zhang and Wang 
(2017)

Land Surface Noah-MP Yang et al. (2011)
Surface layer MM5 revised Paulson (1970)
Longwave radiation RRTM Mlawer et al. (1997)
Shortwave radiation Dudhia Dudhia (1989)

Fig. 2. First and second domain altitudes for each topographic sensitivity experiment. The black and purple dashed lines represent the Fitzcarrald arch and Camisea 
mountain, respectively, while the dashed red rectangles in both a) and e) represent an approximate location of the Quincemil hotspot. In 2e, blue oblique lines 
represent the transects followed across the Quincemil hotspot, and the red crosses represent the weather stations locations across them. Blue dashed lines represent 
differences of − 250, − 1000 and − 2500 with respect to CTRL. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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Fig. 2. The control simulation (“CTRL”) is constituted by the best of the 
three PBL sensitivity experiments. The sensitivity experiments were 
conducted by changing different topographic structures, and comparing 
them to CTRL. In the “No Lowlands” experiment (hereafter called NL), 
we remove the lower part of the Fitzcarrald arch, being flattened to an 
altitude of 200 m.a.s.l., to isolate its effect (Fig. 2b, f). 200 m.a.s.l. is 
chosen as an approximate height of the adjacent Amazonian regions to 
the Fitzcarrald arch. In the “No Lowlands + No Camisea” experiment 
(hereafter called NLC; Fig. 2c, g), in addition to the removal of the arch, 

we removed the Camisea mountains, which are associated with the 
formation of the Fitzcarrald arch (Espurt et al., 2007). The NLC50A 
experiment is like the NLC experiment but, in addition, the Andes is 
reduced to 50 % of its altitude (Fig. 2d, h). This fraction is selected as 
inspired by paleo-altitudes of the Andean range of 5–10 million years 
ago (Garzione et al., 2017), at the beginning of the formation of the 
Fitzcarrald Arch (Table 4).

It is worth mentioning that the scope of the topographic sensitivity 
experiments is primarily on the response of atmospheric mechanisms 
and rainfall around the Quincemil hotspot. Regional changes are also 
appraised in the NLC50A experiment. However, this investigation does 
not aim to explore changes in global atmospheric mechanisms as a 
consequence of reducing the Andes in half (NLC50A).

3. Model validation

In this section, we validate the simulated diurnal cycle of precipita
tion over the Quincemil hotspot region using three satellite products and 
rain-gauge measurements. We focus on the region around the Quincemil 
hotspot, and we use the WRF model output from the second domain. 
From the satellite estimations, important differences are noticeable 

Table 4 
Model set-up and physical parameterization tests of the carried topographic 
sensitivity experiments (see corresponding altitudes in Fig. 2). The CTRL con
ditions were obtained after a sensitivity analysis of three PBL parameterizations 
(Table 3), where the best simulation of the diurnal cycle of precipitation over the 
Quincemil hotspot is chosen.

Topographic sensitivity experiment Complete description

CTRL Control
NL No Lowlands
NLC No Lowlands + No Camisea
NLC50A No Lowlands + No Camisea + 50 % Andes

Fig. 3. Precipitation rates (mm/d) derived from observational gridded datasets (first and third rows) and simulated by parameterization tests (second and four rows) 
during daytime (07-19LT, first two rows) and nighttime (19-07LT, third and fourth row). Note that the DJF 2015–20 and DJF 2000–14 averages are shown for 
PISCOph and TRMM 2A25 products, while DJF 2012–13 is shown for CMORPH. Black lines represent the altitudes of 200, 500, 1000 and 3000 m.a.s.l. The dashed 
red rectangles represent an approximate location of the Quincemil hotspot. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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between daytime and nighttime conditions (first and three rows of 
Fig. 3). In the eastern slope of the Andes between 3000 and 500 m.a.s.l. 
(including the Quincemil hotspot), summertime rainfall tends to occur 
during all day, but with a stronger maximum during the night. However, 
in the Andean highlands above 3000 m.a.s.l., and the Amazonian plains, 
the precipitation maxima occurs during the day (Chavez and Takahashi, 
2017; Junquas et al., 2018). While there are significant quantitative 
differences between satellite estimations, they all agree with this spatial 
pattern.

Regarding the model, the three performed PBL sensitivity experi
ments were able to broadly reproduce this pattern (second and fourth 
row of Fig. 3). However, some quantitative biases over the Quincemil 
hotspot arise in these simulations. First, a significant daytime over
estimation of 300 % and 450 % of rainfall rates observed by PISCOp_h in 
altitudes between 3000 and 4000 m.a.s.l. occurs in the MYNN and YSU 
simulations, respectively. This bias is partially mitigated under the 
ACM2 simulation, which is also evident in the spatially averaged cross 
sections in Fig. 4a. Second, the intensity and spatial extension of the 
nocturnal Quincemil hotspot differs significantly between the PBL 
sensitivity simulations. Although there are also important differences 
between satellite products, nighttime rainfall over the Quincemil hot
spot is underestimated by the MYNN simulation (~15 mm/d with 
respect to PISCOp_h). In addition, YSU simulates a very strong nocturnal 

hotspot, where grids with >32 mm/d are present in altitudes above 
3000 m.a.s.l, while at this altitude all products show values less than 20 
mm/d (Fig. 4b). The ACM2 simulation, on the other hand, is contained 
within the variability of the satellite products for both day and night 
below 3000 m, which can also be seen in the spatially averaged cross 
sections over Quincemil in Fig. 4, and it is the simulation with less daily 
over-estimation above 3000 m (Fig. 4a–b). When model biases are 
quantified against CMORPH for DJF 2012–13 (the only product with a 
common time period with simulations), the validation metrics yield 
inconclusive results. While the ACM2 simulation appears to exhibit 
lower biases during daytime, none is markedly better at nighttime 
(Fig. S1 and Tables S1–S2).

When taking into account a fixed route following the rain-gauges 
locations instead (Fig. 4c–d), we find similar biases in the PBL sensi
tivity experiments. Interestingly, the YSU and ACM2 experiments are 
able to capture the nocturnal rainfall maximum around the location of 
the San Gabán station better than the satellite estimations (Fig. 4d). 
Nonetheless, a denser rain gauge network would be required to validate 
such rainfall gradients.

It should be noted that we do not explore how regional and meso
scale processes change due to the PBL scheme choice near Quincemil, 
and how these differences interact with the removal of topography in the 
following sensitivity experiments. Nevertheless, the sensitivity of these 

Fig. 4. Mean precipitation-elevation cross sections across the transects over the Quincemil hotspot delineated in Fig. 2e (a, b) and across the transects delineated in 
Fig. 1b (c, d) Diurnal precipitation averages (07-19LT) are shown in a, c, while nocturnal precipitation means (19-07LT) are shown in b, d. Observational gridded 
datasets are delineated by dotted lines, and parameterization tests by solid lines. Mean altitude (WRF) across the transects are illustrated by thick black lines. In a, b, 
the altitude spread (minimum/maximum) across each transect point is shown as a gray envelope and red crosses represent the altitude, location and daily pre
cipitation average for the stations located across the transects (see Fig. 2e). In c, d, blue bars represent the altitude, location and diurnal/nocturnal precipitation 
averages for the stations located across the transects (see Fig. 1b). Note that the DJF 2015–20 and DJF 2000–14 averages are shown for PISCOph and TRMM 2A25 
products, while DJF 2012–13 is shown for CMORPH. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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mechanisms to PBL parameterizations over the western Amazon have 
been investigated before (e.g., Hu et al., 2023; Huang et al., 2023; 
Martinez et al., 2022). Here, we prioritize the preservation of the spatial 
coherence of the diurnal cycle of rainfall over the Quincemil hotspot, 
thus choosing the ACM2 simulation as our CTRL simulation for the 
remainder of this study, using the ACM2 scheme as the selected PBL 
parameterization.

4. Influence of topographic features

4.1. Diurnal cycle of precipitation

In this section, we start analyzing the topographic sensitivity ex
periments in terms of the diurnal cycle of precipitation in the d02 
domain (spatial resolution of 5 km). The removal of the Fitzcarrald arch 
in NL is associated with a slight increment on diurnal rainfall around the 
Quincemil hotspot (~3 mm/d), but stronger diminutions on nocturnal 
rainfall at the core of the Quincemil hotspot (around 8 mm/d, second 

column in Fig. 5). When also removing the Camisea mountains in the 
NLC experiment, such nocturnal diminutions are even stronger, with 
values approximately 15 mm/d lower than in CTRL.

Additionally, at the west of the original Quincemil hotspot location, 
where the Camisea mountains were located, precipitation increases to 
values above 18 mm/d, due to a westward shift of the hotspot. This 
constitutes a reduction of about 40 % of precipitation over the Quin
cemil hotspot. When reducing the altitudes of the Andes by 50 % in 
NLC50A, the strongest diminutions are found, virtually removing the 
Quincemil hotspot from the simulation by reducing about 60 % of pre
cipitation. The spatially averaged cross-section over Quincemil corrob
orates such results (Fig. 6). The cross-section derived from NLC exhibits 
a double-peaked precipitation profile. The lower altitude maximum 
might appear as the extension of a western-migrated rainfall hotspot, 
which now is located closer to the removed Camisea mountains. It is 
worth noting that the only experiment that exhibits significant changes 
in daytime precipitation over the Quincemil hotspot is NLC50A 
(Fig. 6a), while important reductions in nocturnal precipitation arise in 

Fig. 5. Diurnal and nocturnal precipitation rates simulated by topographic sensitivity experiments (first and second row, respectively). Differences with respect to 
CTRL are shown in the third and fourth row. Black lines represent the altitudes of 50, 100, 150, 200, 300, 400, 500, 600, 1000, 2000, 3000 and 4000 m.a.s.l., with 
500 and 3000 m.a.s.l. as thick black lines. Magenta lines show altitude differences with respect to CTRL of − 200, − 400, − 600, − 800 and − 1000 m.a.s.l. The dashed 
red rectangles represent an approximate location of the Quincemil hotspot. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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all of the experiments (Fig. 6b).

4.2. Local changes in moisture transport, relative vorticity and mountain 
circulations

Given that the most significant changes in precipitation occur during 
nighttime, we focus on the atmospheric physical mechanisms occurring 
during the night. The nighttime integrated water vapor transport (IVT) 
and its convergence are shown in Fig. 7. The IVT convergence in CTRL 
(Fig. 7a) is consistent with nighttime precipitation regions in Fig. 5, 
located on the eastern Andean slopes between 500 and 3500 m.a.s.l. The 
averaged SALLJ structure is also evident from the strong northwesterly 
moisture transport. In addition, the direction of IVT relative to the axis 
of the Andean cordillera was previously proposed as a hotspot-related 
process associated with the spatial maximum of precipitation and 
increased convergence in the eastern Andean slopes (Espinoza et al., 
2015; Junquas et al., 2018).

With the removal of the Fitzcarrald arch in the NL experiment 
(Fig. 7b, f), the IVT convergence around the Quincemil hotspot is 
reduced, consistent with nocturnal rainfall diminution seen in Fig. 5. 
Under the NLC experiment (Fig. 7c, g), IVT convergence around the 
Quincemil hotspot experiences stronger reductions than under NL, and 
it is associated with an anticyclonic-like IVT anomaly around the con
cavity of the removed Camisea mountain. The direction of the SALLJ- 
associated IVT relative to the axis of the Andean cordillera is more 
parallel around Quincemil due to such IVT anomalies which, combined 
with the reduced convergence, considerably reduces nocturnal rainfall 
around Quincemil (Fig. 5).

Finally, under the NLC50A experiment, SALLJ-associated IVT over 
the entire domain is greatly diminished, and the reductions on IVT 
convergence yield very strong reductions of precipitation over the 
Quincemil hotspot (Fig. 5). Such results are consistent with Insel et al. 
(2010), who performed regional climate simulations with reduced 
values of modern Andean heights. In addition, the removal of the 
Camisea mountains in this experiment might also provide another 
source of diminution of IVT and its convergence, although regional scale 
anomalies appear to be dominant.

We now explore changes in 850 hPa winds and relative vorticity 
(Fig. 8). This pressure level is commonly analyzed as it is representative 
of large-scale moisture transport towards the rainfall hotspots (e.g., 
Chavez and Takahashi, 2017; Espinoza et al., 2015). The characteristics 
of the average nocturnal 850 hPa in CTRL and their differences in the 

experiments are similar to those from IVT in Fig. 7. In CTRL, the negative 
relative vorticity values downstream the Camisea mountains towards 
the Quincemil hotspot further illustrate the possible role of local 
topography in providing a local atmospheric dynamic trigger to con
vection around the Quincemil hotspot. Under the NL experiment, there 
is a very slight reduction in relative vorticity associated with the 
removal of the Fitzcarrald arch. However, significantly greater dimi
nutions in this variable occur with the removal of the Camisea moun
tains under NLC and NLC50A. Since the maximum altitude of the 
Camisea mountain is around 700 hPa (~3000 m a.s.l.), it could be ex
pected that the greatest diminutions are found in low pressure levels. 
This diminution is consistent with the reductions of IVT convergence in 
Fig. 7, leading to significant reductions in nocturnal rainfall under such 
experiments (Fig. 5).

We also considered changes in the vertical structure of wind speed 
over Cobija, a Bolivian city located at the Amazon lowlands along the 
SALLJ stream (Marengo et al., 2004). Wind speeds in the lower and mid 
troposphere are the most sensitive in the performed experiments, where 
a maximum of ~7.2 m/s is found around 750–800 hPa in CTRL (Fig. 7e). 
Slight decreases are found in NL, while stronger reductions in wind 
speed are found in NLC. However, the most profound reductions in wind 
speed occur under NLC50A between 500 and 900 hPa. The strongest 
wind shear changes can also be found under this experiment, where the 
maximum is now located at 925 hPa. This is coherent with the weak
ening of lower-to-middle tropospheric meridional winds found in 
similar experiments by Insel et al. (2010) and Saurral et al. (2015). Wind 
speeds quickly decrease with altitude, showing a maximum reduction of 
~40 % in 750 hPa. This is consistent with the strong IVT reductions 
found in NLC50A (Fig. 7h). The 500–900 hPa layer corresponds to the 
presence of a SALLJ-like structure in the simulations, and the maximum 
reduction in 750–800 hPa also corresponds to the maximum of the 
SALLJ-like wind speed observed during the SALLJEX experimental 
campaign (Vera et al., 2006b; Yabra et al., 2022). Such reductions could 
be caused by the reduced capability of the Andes to block the synoptic 
flow in the NLC50A experiment.

When further analyzing changes in a longitudinal vertical cross 
section around the Quincemil hotspot, we find reductions in specific 
humidity of around 0.2 g/kg below 750 hPa in NL and below 0.4 g/kg 
below 700 hPa in NLC (Fig. 9). Such changes are associated with re
ductions in vertical velocity across the vertical profiles around Quince
mil, especially in NLC (Fig. 9f). Furthermore, stronger diminutions in 
specific humidity (~1 g/kg) are found in NLC50A between the 400 and 

Fig. 6. Mean precipitation-elevation cross sections for four topographic sensitivity experiments across the transects over the Quincemil hotspot delineated in Fig. 2e. 
Diurnal precipitation means (07-19LT) are shown in a), while nocturnal precipitation means (19-07LT) are shown in b). Mean CTRL (NLC50A) altitude across the 
transect is illustrated by solid (dashed) black lines, and their spreads (minimum/maximum) across each transect point are shown as gray envelopes. Note that NL and 
NLC profiles are not shown as the constructed transects do not pass through modified terrain (Fig. 2) and they would be very similar to CTRL.
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850 hPa layer, in association with stronger decreases in vertical velocity 
around Quincemil (Fig. 9g). In addition, strong southerly anomalies in 
meridional winds, of up to 3 m/s, are found at 700 hPa.

Thus far, only the nocturnal atmospheric mechanisms have been 
discussed, as the most significant changes in precipitation occurring 
during the night (see Section 4.1). Changes in daytime atmospheric 
mechanisms are similar of those during the night, especially those 
regarding regional scale moisture changes, which are more noticeable in 
NLC50A (Figs. S4–S6). However, some important differences arise when 
analyzing the cross section constructed in Fig. 9 (Fig. S8). During the 
day, reductions in moisture content and vertical velocity are more 
confined to the mountain surface compared to nighttime conditions, 
resembling anabatic winds; whereas at night it becomes stronger and 

extends over a broader atmospheric layer (Fig. 9). This suggests that the 
modification of the terrain in our experiments might produce important 
changes in the thermal forcing that originates local scale mountain 
circulations, which manifests in diurnal differences in mentioned mo
tions. However, previous studies suggest that both thermal-induced 
circulations and SALLJ-associated moisture transport during the night 
contribute to approximately 70 % of total precipitation around the 
Quincemil hotspot (Chavez and Takahashi, 2017; Espinoza et al., 2015; 
Junquas et al., 2018). Both processes might have been weakened in our 
simulations, which helps to explain the greater reductions in nocturnal 
rainfall over the Quincemil hotspot. Nevertheless, the interaction of 
changes induced by the Andean terrain modification in the thermal 
forcing and in the regional scale atmospheric circulation remain to be 

Fig. 7. Nocturnal moisture transport over the Quincemil hotspot in topographic sensitivity experiments. Mean fields of nocturnal IVT and its divergence (a–d), and 
differences with respect to CTRL (f–h). The black diamonds in 68.77◦W and 11.03◦S in a–d and f–h represent the location of Cobija. e) Average vertical profiles of 
nocturnal wind speed in Cobija. The reference vector for each row is the one at its rightmost side. Black and thin lines in f–h delineate the altitudes of 200, 500, 1000 
and 3000 m.a.s.l. The white path in a) shows the region where the cross sections shown in Fig. 9 are constructed.
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disentangled.

4.3. Regional scale changes in moisture transport

In this section, we discuss the climate impacts of changing the Fitz
carrald arch, Camisea mountain and the overall Andes altitudes upon 
the regional-scale climate (near and beyond the vicinity of the topo
graphic modifications). We focus on the regional scale changes induced 
by the topographic sensitivity experiments in both precipitation and 
moisture transport by analyzing the d01 domain (spatial resolution of 
15 km). The removal of the Fitzcarrald arch in both NL and NLC 

experiments seems to have an impact in regional climate by producing 
an increase in rainfall centered at around 12◦S 63◦W, to the east of a 
modern wetland known as Llanos de Moxos (Fig. 10 and Fig. 1a). In 
addition, with the removal of the Fitzcarrald arch, the Camisea moun
tains, and the overall reduction of the Andes by 50 % in NLC50A, sig
nificant reductions in rainfall are also evident in the regional scale across 
the eastern Andean slopes between 7◦S and 18◦S. These are the locations 
of other precipitation hotspots identified in previous studies (e.g., 
Espinoza et al., 2015) and reproduced by the model in CTRL.

Because the most significant changes in precipitation occur during 
nighttime, we further analyze changes in nocturnal IVT and its 

Fig. 8. 850 hPa winds and its rotational component over the Quincemil hotspot in topographic sensitivity experiments. Mean fields of nocturnal 850 hPa winds and 
their relative vorticity (first and second rows), and differences with respect to CTRL (third and fourth rows). The reference vector for each row is the one at its 
rightmost side. Black and thin lines in the second row delineate the altitudes of 200, 500, 1000 and 3000 m.a.s.l. Magenta lines show altitude differences with respect 
to CTRL of − 200, − 500 and − 1000 m.a.s.l. The white path in a) shows the region where the cross sections shown in Fig. 9 are constructed. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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convergence in the d01 domain (Fig. 11). Local topographic changes in 
both NL and NLC induce a wave-like response in IVT in the western- 
southern Amazon, and a cyclonic anomaly (Fig. 11f, g) around 
15◦S–63◦W explains the positive rainfall anomalies simulated around 
eastern Llanos de Moxos seen in Fig. 10. For NLC, the local anticyclonic- 
like anomaly around Quincemil seen in Fig. 7 for the d02 domain can be 
found, and it is associated with a cyclonic-like anomaly centered at 
15◦S–61◦W.

Regional-scale effects dominate in the first domain of NLC50A when 
compared to CTRL, as seen in the southerly IVT anomalies across the 
eastern flank of the Andes and associated IVT convergence reduction in 
that region (Fig. 11d, h). At the western Amazon, IVT is reduced by 
20–60 %, with higher reductions closer to the Andes-Amazon transition 
region. Such results are consistent with Insel et al. (2010) and Junquas 
et al. (2016), who completely removed the Andes in a two-way nested 
general circulation model. Our results might be associated with the 

weakening of the mechanical forcing of the intensity of the SALLJ by the 
Andes. The weakening of the SALLJ in NLC50A might explain why the 
Quincemil hotspot practically disappears from the simulation, whereas 
in NLC there is still a weakened hotspot. This suggests that the height of 
the Andean cordillera is a factor that influences the intensity of not only 
the Quincemil rainfall hotspot, but all the rainfall hotspots in the eastern 
flank of the Andes, via its regional impact on the moisture transport.

When analyzing the vertical structure of wind speeds over Santa Cruz 
de la Sierra, one of the main locations used to study SALLJ form and 
variability (Marengo et al., 2004; Montini et al., 2019), a vertical 
maximum of 12 m/s appears around 800–850 hPa in CTRL (Fig. 11e). 
While mild increases in wind speed appear in NL and NLC, the strongest 
changes occur in NLC50A, as found in Fig. 7 for the d02 domain. While 
in NLC50A the vertical structure is somewhat similar to CTRL, re
ductions of up to 45 % are simulated between 600 and 900 hPa. This is 
consistent with the significant reductions found in NLC50A with respect 

Fig. 9. Nighttime-averaged (19-07LT) vertical cross sections between 70.4◦S–70.6◦S and 12◦S–14◦S (white box in Figs. 7–8) of meridional-vertical winds (vectors), 
specific humidity (colorbars) and zonal winds (contours). These vectors/magnitudes are shown in terms of averages for each topographic sensitivity experiment (a–d) 
and in terms of differences with respect to CTRL (e–g) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.).
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to CTRL in Fig. 11h.

5. Discussion and conclusions

In this study, we assess the role of local topographic features in the 
rainiest region of the Andes-Amazon transition zone on the summertime 
atmospheric mechanisms associated with the Quincemil precipitation 
hotspot in topographic sensitivity experiments using the WRF model. 
We schematized the main findings of this paper in Fig. 12. Our results 
indicate that such features, namely, the Fitzcarrald Arch and the 
Camisea mountains, both related to the Nazca Ridge subduction (Espurt 
et al., 2007, 2009), play an important role in the modulation of the 
location and intensity of the Quincemil hotspot. The associated atmo
spheric mechanisms are linked to modulations in the moisture flux and 
its convergence towards the eastern Andean slopes between 500 and 
3500 m.a.s.l., where the Quincemil hotspot is located. These mecha
nisms are local scale-induced, where the Fitzcarrald Arch (NL) and both 
the Fitzcarrald Arch and the Camisea mountain (NLC) account for about 
16 % and 40 % of rainfall amount over the Quincemil hotspot, respec
tively. These factors not only affect the intensity of the Quincemil hot
spot, but also its location. This especially happens for the Camisea 
mountain, as the vortical-induced circulations due to its concavity can 
also channelize the moisture flux towards the Quincemil hotspot and 

serve as a trigger to convective processes over this region (thin blue 
arrows in Fig. 12a–b). When including a reduction in 50 % of the modern 
Andean heights on top of the removal of mentioned features, we find a 
significant role of the Andes in modulating moisture fluxes over the 
Andes at the regional scale (dashed red arrows in Fig. 12d). This factor 
controls as much as 60 % of total rainfall in the eastern flank of the 
Andes, and is decisive in the simulation of rainfall hotspots at the Andes- 
Amazon transition region. Such modulation is consistent with previous 
topographic sensitivity experiments, where it was found that the Andes 
serves as a mechanical forcing to SALLJ-associated moisture flux (Insel 
et al., 2010; Junquas et al., 2016; Saurral et al., 2015).

In this paper, we have used simulations at a spatial resolution of 5 km 
with parameterized convection. Recent developments in regional 
climate modeling have made use of convection-permitting simulations, 
where kilometer-scale simulations (finer than 5 km) allow for a more 
explicit representation of convective processes by deactivating convec
tive parameterization (e.g., Dominguez et al., 2023; Junquas et al., 
2022). In principle, it could be useful to alleviate problems of coarser 
climate models with parameterized convection due to the greater detail 
in the representation of surface heterogeneity (Kendon et al., 2021), 
Nevertheless, these benefits might not be obvious over the tropical 
Andes.

Junquas et al. (2022) conducted one-year numerical experiments at 

Fig. 10. As Fig. 5, but considering the output from the d01 domain.
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Δx = 1 km in the equatorial Andes and found that cumulus schemes still 
need to be activated at this resolution to properly capture the diurnal 
cycle of precipitation and its processes in the area. This suggests that 
certain convective and turbulent-scale processes over a tropical, 
topographically-complex region are still not fully represented within 
this framework at 1 km grid spacing, falling into the convective “gray 
zone”. Further investigation is needed to assess the benefits or limita
tions of convection-permitting modeling over other tropical Andes lo
cations, such as the Quincemil hotspot region, which can use a finer 
spatial resolution than the one used in this study.

We found significant impacts on vertical motions across the vicinity 
of the Quincemil hotspot in the topographic sensitivity experiments 
(especially in NLC50A), with noticeable differences between daytime 
and nighttime processes (Fig. 9 and Fig. S8). While during the day sig
nificant reductions in vertical velocity were found closer to the surface 
(in resemblance of anabatic winds), during the night they were stronger 

and covered a deeper atmospheric layer. We do not address thermally- 
driven processes in our experiments, but the sensible heat fluxes are 
proven to determine the precipitation distribution over the eastern flank 
of the Andes in sensitivity experiments (Junquas et al., 2018). In addi
tion, topographic changes in the experiments could alter sun heating 
exposure and slope angles and distances, potentially introducing 
another local source of uncertainty in the simulation of anabatic and, 
especially, katabatic winds (Trachte et al., 2009).

The choice of the designed topographies for the sensitivity studies 
was based on previous studies on the origin and tectonic uplift evolution 
of the Fitzcarrald Arch, starting around 5–10 million years ago (Espurt 
et al., 2007, 2009), when the central Andean heights were at half of its 
modern values (Garzione et al., 2017). However, our experiments are 
not designed to be simulations of past timescales. Other evolving tec
tonic and climatic factors have certainly influenced the regional climate, 
including the continental drift of South America, changes in large-scale 

Fig. 11. As Fig. 7, but considering the output from the d01 domain. Orange diamonds represent the location of Santa Cruz de la Sierra (17.78◦S, 63.08◦W), where 
vertical profiles of nocturnal wind speed are constructed in e). Note that the x axis is scaled differently between Figs. 10e and 7f.
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oceanic circulation and sea surface temperatures, changes in atmo
spheric chemical composition, and changes in land surface character
istics. In addition to the removal of the Fitzcarrald arch and the Camisea 
mountain in NLC50A, we imposed a reduction of 50 % of the Andean 
heights as a whole, but the uplift of the Andes was diachronous and not 
uniform (Boschman, 2021). In this sense, the imposed scenario could 
have been more realistic by imposing a western flank with closer-to- 
modern altitudes and an eastern flank with lesser altitudes (~50 % of 
modern values), as estimated by around 5–10 million years ago 
(Garzione et al., 2017). On the other hand, other experiments have 
performed more spatially-uniform experiments by prescribing the whole 
Andean cordillera to the same reductions (e.g., Insel et al., 2010; Poulsen 
et al., 2010), finding an abrupt increase in precipitation at the eastern 
flank when the Andean elevations reach about 70 % of modern 
elevations.

Furthermore, we do not account for such past conditions in our 
lateral boundary conditions, as they are based on DJF 2012–13 condi
tions in ERA5 reanalysis. The advantage of the present setup is its 
relative simplicity, isolating the impact of local topographic features 

directly upon atmospheric circulation leading to rainfall over the 
Quincemil hotspot. The results reveal significant changes in its extension 
and intensity due to the moisture flux intensity and direction changes by 
atmospheric adjustments to the removed topographies. Nevertheless, a 
more sophisticated setup is needed to consider the impacts of the 
aforementioned paleoclimatic and paleotectonic features in order to 
shed light on the origin of the Quincemil hotspot region and its impli
cations on the evolution of landscape and biodiversity.

When we analyzed regional climate controls by the Fitzcarrald Arch 
and the Camisea mountain, we found an increase in rainfall to the east of 
a modern wetland known as Llanos de Moxos (Fig. 10 and Fig. 1a). This 
is associated with the cyclonic phase of a wave-like anomaly in IVT 
(Fig. 11). We tried to investigate the potential impacts of local topo
graphic structures on regional climate by applying a technique known as 
two-way-nesting (TWN). This technique was previously applied to 
investigate the two-way interactions between a nested domain and its 
parent domain in regional scale impacts on global climate (e.g., Junquas 
et al., 2016; Lorenz and Jacob, 2005). However, besides reductions of 
biases in the area of the child domain, no significant results were found 

Fig. 12. A conceptual model regarding the role of local and regional scale topography on local and regional atmospheric circulation, and precipitation hotspots 
(precipitation rates >18 mm/d represented by green bars) during summer. Regions between 200 and 3000 m a.s.l. are bounded by a gray surface, while regions 
above 3000 m a.s.l. are depicted by a black surface. Regional and local scale moisture fluxes are shown as thick and thin arrows, respectively, in CTRL and in the 
topographic sensitivity experiments (b–d) if “unchanged” w.r.t. CTRL. Weakened moisture scale fluxes are shown as red dashed arrows. Key geographical locations 
under modern topography such as the Fitzcarrald Arch, the Camisea mountain and the Andes cordillera (altitudes higher than 500 m a.s.l.) are bounded by black, 
purple and gold dashed lines, respectively. The locations of key contemporaneous cities, Lima and Cusco, are depicted by red diamonds. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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(see Figs. S2 and S3 in the Supplementary Material). Yet, both the results 
from the d01 domain and the TWN experiments aim to solely assess the 
impact of local topography around Quincemil on regional atmospheric 
circulation, and do not consider other climate factors, as stated in the 
previous paragraph. In particular, the region downwind affected by the 
removal of Fitzcarrald Arch and Camisea mountain is located around the 
hypothesized southern tip of the Miocene megawetland with marine 
influence, connected to the Caribbean Sea and known as Pebas System 
(Hoorn et al., 2010). These land cover changes can potentially modify 
the distribution of atmospheric moisture and associated mesoscale ver
tical circulations, but are not taken into consideration in this study.

Two limitations arise due to the setup of the NLC50A experiment. 
First, it produces a discontinuity in the southern boundary (23◦S) be
tween the WRF d01 solutions in half-reduced Andes and the ERA5 
boundary conditions based on “complete” topography. While this might 
introduce a potential source of numerical error, the dominance of 
moisture flux from equatorial latitudes over the model’s domain 
(Fig. 11a) could effectively mitigate the propagation of errors associated 
to the southernmost boundary. Lastly, this setup does not allow us to 
explore the impacts of the Andean cordillera on global atmospheric 
dynamics. While we focused only on the atmospheric dynamics associ
ated to the Quincemil hotspot rainfall with a high-resolution numerical 
atmospheric model, we refer the reader to Junquas et al. (2016) for 
numerical experiments on the influence of the Andes on regional and 
global scales circulation.

These results also motivate the consideration of the representation of 
the documented mechanisms in the location and intensity of the Quin
cemil hotspot in climate models and future climate projections. The 
coarse grid size of climate models used in the production of climate 
change simulations leads to considerable smoothing of the model 
topography. Such issues might pose biased atmospheric mechanisms 
around the Quincemil hotspot region, which could result in incorrect 
extensions and intensities of rainfall hotspots in the Andes-Amazon 
transition region (Gutierrez et al., 2024). Such misrepresentations can 
also be extended to future climate projections, in particular to those in 
response to increased greenhouse gas concentrations and deforestation. 
Recent studies using global and regional climate models showed that 
both perturbations can lead to energetic and moisture flux changes, both 
at local and regional scales (e.g., Agudelo et al., 2023; Arias et al., 2023; 
Sierra et al., 2022, 2023). Nevertheless, model biases in the represen
tation of local atmospheric processes around Quincemil might constrain 
these results at the local scale.
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