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The diurnal cycle of total hydrometeor availability and its associated patterns of atmospheric circulation is
studied over a connected Andes—Amazon (A—A) system in the central region of Peru during the summer season.
Surface precipitation depends on the amount of hydrometeors that occur in the atmosphere and its atmospheric
dynamics. Hydrometeors and the precipitation efficiency index were estimated using radar of the core satellite of
the GPM system (N-GPM) for the period 2014-2022. The atmospheric dynamics were analyzed using the
regional Weather Research and Forecasting (WRF) model. According to the results, the Andes mountain range
produces precipitation at a surface level more efficiently during the afternoon and early evening hours (12-19 LT)
due to the convergence of the thermal mesoscale circulations transporting moisture fluxes from the east and west.
Both generate convective multicells along the Andes mountain range. The circulation from the west intensifies
during the day, causing the displacement of the chain of convective multicells towards the east and producing
hydrometeors and intense precipitations in the inter-Andean valleys. The A—A transition zone is more efficient in
producing precipitation during the early hours of the day (00-07 LT) due to an increase in the northern
circulation associated with the low-level jets and a change in the magnitude of the horizontal winds. Northerly
winds enter the A—A transition zone with increased intensity and leave with reduced intensity. This mechanism
is driven by the effect of the topographical barrier and the masses of cold air located in high areas on the eastern
flank of the Andes. These factors generate significant updrafts and, therefore, the formation of storm clouds with
high concentrations of hydrometeors and precipitation on the surface.
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Andes—Amazon connection system.
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1. Introduction

The Andes—Amazon (A-A) transition region is
considered one of the largest biodiversity hotspots
on Earth (Myers et al. 2000). The sustainability
and conservation of glaciers and water resources
within the Andes along this transition region are
modulated by the topography and the atmospheric
forcings that prevail at different temporal and
spatial scales (Sierra et al. 2022).

Chavez and Takahashi (2017) showed that
increased precipitation occurs at night at low ele-
vations (1000 m) with significant moisture trans-
port from South American Low Level Jets (SALLJ)
and orographically-forced convergence. The
SALLJ (850 hPa) in some atmospheric situations is
associated with the conditions of severe events in
the inter-Andean valleys and on the eastern flank
of the Andes (Flores-Rojas et al. 2021). Surface
flows and valley-mountain circulations also drive
the recycling of moisture from the Amazon forests
to the high slopes of the Andes, whose atmospheric
conditions favor persistent windward cloudiness
(Giovannettone and Barros 2009; Kumar et al.
2019; Sierra et al. 2022). These cloud patterns are
modulated by the mountain range, as the Andes
provide orographic lift regardless of the time of
day. At night, two cold regions of cloudiness are
located in the A—A transition region and during the
day, a region of cloudiness is formed along the crest
of the Andes and inter-Andean valleys (Giovan-
nettone and Barros 2009; Villalobos-Puma et al.
2020). At a regional level, on the eastern flank of
the Andes, a convergence process associated with
meridional circulations occurs. This process that
drives upward vertical movements is the main
component contributing to moisture intrusion from
the Amazon into the tropical Andes, including the
A-A zone (Segura et al. 2020).

The most significant interaction between
topography and moisture fluxes occurs at different
spatial and temporal scales, preferentially on the
eastern flank of the Andes. Precipitation hotspots
occur in these more active regions (Espinoza et al.
2015b; Chavez and Takahashi 2017; Junquas et al.
2018), and the precipitation amount is sensitive to
the humidity recycling process that occurs in the
Amazon region, as it contributes more than 50% of
the total accumulated precipitation at high eleva-
tions (Satyamurty et al. 2013). Precipitation is
organized according to the orography and the
diurnal cycle that predominates in this tropical
region, while its precipitation regime responds
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mainly to convective and stratiform precipitation,
in which the amount of daily precipitation repre-
sents 70% associated with convection processes and
30% with stratiform events (Chavez et al. 2017),
both contributions are vital in sustaining regional
water in the central Andes of Peru.

The impacts on regional water depend on the
amount of water vapor that can be removed from
the atmosphere through precipitation processes
forming hydrometeors (rain, snow, hail). The pro-
duction of these hydrometeors, especially snow, is
extremely useful for the central Andes of Peru
because it contributes to the increase of glacier
mass in the Huaytapallana glacier mountain range.
However, estimating the amount of condensed
water available for precipitation is challenging as
no specific instrumentation network is available.
Likewise, understanding precipitation patterns on
the surface at the diurnal scale has strong limita-
tions due to the lack of diurnal measurements of
the types of precipitation (liquid and solid) in high
mountains. Previous studies of cases of extreme
events have shown that the central Andes is
influenced by moisture transport from the Pacific
and the Amazon, where the inter-Andean valleys
(Mantaro Valley) are regions of greater activity of
associated convection to precipitation production
(Martinez-Castro et al. 2019; Flores-Rojas et al.
2021). However, the spatial patterns of hydrome-
teor production and orographic precipitation
associated with the intrusion of both moisture flows
(west and east) at the mesoscale level are not well
understood during the summer.

During severe events like electrical storms (di-
urnal), the meeting of two opposite flows (east and
west) was observed (Martinez-Castro et al. 2019).
In this case, the coupled westerly -circulation
between thermally induced sea breezes and upslope
winds introduces moisture from the Pacific side.
The intensification of this circulation is associated
with deep convection in the inter-Andean valleys
(Flores-Rojas et al. 2021). The regional water
depends on the amount of water vapor that can be
removed from the atmosphere through precipita-
tion processes forming hydrometeors (rain, snow,
hail). Therefore, it is proposed to study the pro-
duction of precipitation and hydrometeors at a
diurnal scale; for that, we attempt to quantify the
efficiency of condensate production and how it
relates to surface precipitation in complex terrain
using Global Precipitation Mission (GPM) radar
data. The objective of this research is to under-
stand the production of hydrometeors (solid and
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liquid phase) and precipitation, as well as their
associated patterns of atmospheric dynamics at the
mesoscale level during humid days in the Andes
region and its connection with the A—A zone. For
that, scientific questions are raised: What is the
fraction of tropospheric water available both in the
liquid phase and in the solid phase? What are the
mesoscale atmospheric mechanisms that prevail in
the areas of greatest efficiency in the production of
hydrometeors and precipitation?

2. Data and methodology

2.1 Study area

The study area is the Andes mountain range and
the eastern slopes of the Andes in central Peru
within the A—A transition zone (figure 1). This
region includes the Huaytapallana glacier, which
serves as a source and reservoir of water for the
Shullcas sub-basin and the city of Huancayo. Due
to its proximity to the city of Lima, agricultural
and livestock products are transported from these
inter-Andean basins.

1, HUAMANGA
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2.2 In situ and satellite observation data

Due to the lack of hourly precipitation measure-
ments, daily precipitation from pluviometers of the
National Service of Meteorology and Hydrology of
Peru (SENAMHI) was used to characterize the
surface precipitation whose precipitation data had
quality control and served as a basis to construct
the gridded precipitation product: Interpolated
data SENAMHTI’s Climatological and Hydrological
Observations (Aybar et al. 2020). The rain gauges
are located on the transect shown in figure 1(a) and
numbered from left to right as E1, E2, E3, ..., E10.
The analysis period covers from 2005 to 2019.
Stations with at least 90% of existing data were
considered. Table 1 shows the altitudes and loca-
tions of the rain gauges.

The core satellite of the GPM system (N-GPM)
contains two active sensors operating in the Ku
(13.6 GHz) and Ka (35.5 GHz) bands. Scanning
these radars generates a set of hydroclimatic vari-
ables, which are available globally from latitude
65°S to 65°N (Hou et al. 2014). The radar precip-
itation estimation algorithm has seen significant
improvement with the Next Generation Global

80°0'0"W 70°0'0"W.

Figure 1. The Andes and the Amazon. (a) The red outline of the central mountain range of Peru and the Andes—Amazon
transition zone is the Huaytapallana mountain range within which the glaciers are located (white color). The black points
numbered from E1 to E10 are pluviometers distributed in the form of a transect (parallel to lines L1 and L2), the height contours
at 1000 and 3000 m are provided for reference, and (b) the extension of the Andes at the level of Peru and neighboring countries.
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Table 1. Description of the pluviometric stations.
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E1 E2 E3 E4 E5 E6 E7 E8 E9 E10
Lat. (°) -12.45 -12.38 -12.33 -12.12 -12.04 -11.88 -11.75 -11.59 -11.22 -11.14
Lon. (°) —76.22 —-76.13 —75.72 —75.42 —75.34 —75.29 —75.12 —75.05 —74.63 —74.27
Alt. (m) 2600 3228 4675 3600 3360 3390 3640 3690 660 690

Precipitation Measurement (N-GPM). The com-
bination of Ku and Ka wavelengths has allowed the
estimation of microphysical parameters of clouds
and precipitation, such as the mass-weighted mean
diameter (Dm) and intercept parameter (Nw) of
hydrometeors. This is a significant improvement
over the precipitation radar of the Tropical Rain-
fall Measuring Mission (PR-TRMM) (Liao and
Meneghini 2022). Using these microphysical
parameters, the raindrop size distribution (DSD)
can be estimated, and from the DSD, the equiva-
lent reflectivity (Ze) and the precipitation rate
(RR) can be obtained (Seto et al. 2013). For the
analysis, we used version 7 of the N-GPM product.
We utilized the Ku band ‘Normal Scan’ type scan,
which consists of 49 beams (245 km) horizontally
and 176 levels vertically. The spatial resolution was
125 m, and we gathered data during the period
from 2014 to 2022.

Data from N-GPM was used to study the area,
specifically two- and three-dimensional variables.
These variables included Ze (dBZe) corrected for
attenuation, RR (mm/hr) estimated in near-sur-
face zones, Nw [1/mm6 mm]|, and Dm (mm). These
variables relate to the concentration and repre-
sentative size of the DSD. In addition, the liquid
(LWP, kg/m®) and solid (IWP, kg/m®) water
paths were used. LWP and IWP represent the total
amount of precipitation particles (rain, snow,
graupel-hail) integrated in the tropospheric column
from a height near the surface (approx. 1-2 km) to
the cloud top. For the central region of Peru, there
is an evaluation of the N-GPM products, specifi-
cally the DSD and Ze variables, in three dimen-
sions, which were discussed by Castillo-Velarde
et al. (2021) and Valdivia et al. (2022). Taking
these experiences into account, the N-GPM prod-
ucts were used for our study area.

2.3 Methodology

2.3.1 Calculation of precipitation efficiency
index from N-GPM

Precipitation efficiency (PE, %) is defined as the
fraction between the precipitation that reaches the

surface and the content of condensed water in the
atmospheric column (Sui et al. 2020). PE is a
physical parameter that depends on environmental
and topographical conditions. In this study, PE
was defined from an observational perspective
using the concentration of hydrometeors, both in
liquid phase and solid phase, which were estimated
by the N-GPM satellite throughout the tropo-
spheric column. Since the concentration of
hydrometeors was used, the precipitation efficiency
index (PEI) will be defined to distinguish it from
the original definition (Huang and Chen 2019).

To define the PEI, the total liquid water path
(LWP), total solid water path (IWP) and precipi-
tation rate (RR) were used:

PP = LWP + IWP, (1)
RR

PEI = — x 100. 2
Pp ¥ 00 (2)

In equation (2), to divide RR [mm/h] by PP [kg/
m?®/h], it was considered that 1 kg/m? is equal to
1 mm of rain. The PEI quantifies the contribution
of hydrometeors (LWP and IWP) that fall on the
surface as precipitation. Higher values of PEI
indicate regions containing hydrometeor clouds
that generate greater production of surface
precipitation (Huang and Chen 2019). To
spatially visualize the PEI and other N-GPM
variables, a regular grid map was created using
swath scanning for both two- and three-
dimensional with 0.05° horizontal resolution.

For each precipitation event, a simulation was
carried out with the WRF model for 24 hours with
hourly output. The simulation start time was
considered to be at least 12 hours before the time
the event was detected by the N-GPM. In this way,
the 12 hours of spin-up of the model are guaran-
teed, which is consistent for simulations of precip-
itation events (Martinez-Castro et al. 2019). The
atmospheric dynamics associated with precipita-
tion events were processed for humid days with the
presence of precipitating clouds (verified in the
N-GPM scan). To analyze the mesoscale atmo-
spheric dynamics, the variables obtained by the
WRF model were grouped according to the time
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and date of coincidence with the N-GPM scan
time. Precipitation events were selected using the
estimated surface reflectivity by the N-GPM; this
variable is a good indicator to detect precipitation
clouds and the concentration of hydrometeors;
specifically, a threshold of Ze > 25 dBZe at the
surface level was used. Therefore, it was not nec-
essary to use the in situ records of precipitation; in
addition, in the study region, there is not enough
hourly data from the pluviometer to verify the
precipitation estimated by the N-GPM.

2.3.2 Model setup for a mesoscale simulation

For the analysis of the mesoscale atmospheric
dynamics associated with the occurrence of pre-
cipitation events identified by the N-GPM, the
Weather Research and Forecasting (WRF) version
4.0 model (Skamarock et al. 2019) was used with
the Advanced Research WRF (ARW) variant. The
WRF-ARW model was used to simulate real cases
of atmospheric processes of precipitation events
based on physical equations used by the model for
a compressible and non-hydrostatic atmosphere.
The model was configurated with the following
physical  parameterization schemes: Yonsei
University Scheme (YSU) for the Planetary
Boundary Layer (PBL), Morrison double-momen-
tum for microphysical parameterization,
Grell-Freitas scheme for convection parameteriza-
tion (see table 2), and the RRTMG shortwave and
longwave radiation schemes. This model configu-
ration is consistent with previous sensitivity stud-
ies of physical parameterization schemes for
different spatial resolutions that were carried out
in the Andes Mountains, including the A—A region

(Moya-Alvarez et al. 2018, 2019).

Downscaling was performed through one-way
nesting, with spatial resolutions from 31 to 4 km
(see table 2). The largest domain was initialized
with ERAD5 reanalysis boundary conditions every 6

Table 2. WRF model configuration.
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hours and 31 km spatial resolution. For each range
of the diurnal cycle in local time (LT) (08-11 LT,
12-15 LT, 16-19 LT, 20-23 LT, 00-03 LT, 04-07
LT), 20 precipitation events were simulated,
obtaining a total of 120 simulations. The simulated
events were selected from the events captured by
the N-GPM satellite for the summer months (DJF)
for the period 2014-2022. A precipitation event
was considered when the estimated precipitation
rate on the surface was greater than zero in the
N-GPM radar swath.

3. Results

3.1 Cross-sectional characterization
of precipitation on a daily scale

In the Andes region and the A—A transition, the
average annual precipitation shows a significant
variation along the transect (figure la). Annual
precipitation (Ra) increases from the lower slopes
located on the west side of the Andes to the highest
regions of the Andes (E1-E3), then decreases as we
move towards the inter-Andean valleys (E4-E6)
but again increases as we move towards the Ama-
zon regions (E7-E9), and finally, in E10, it
decreases again. Throughout the transect, the
highest Ra is found in E9, which corresponds to the
A-A transition region. In the spring months (SON)
and in the autumn (MAM), the contributions
represent 20% of the Ra in the pluviometer stations
from E4 to E10. While at stations E1-E3 (west
slopes), a significant variation in contributions is
observed; during the SON, the contribution is
minimal at ~5%, and in the MAM, its contribu-
tion is around 40%.

During the summer (black dots), the contribu-
tion represents ~45% in the transect (figure 2a);
specifically, on the western slopes, there is an
increase of up to 60% of Ra (E1-E2). Finally, the
contribution during the months of higher humidity
(November—April) has a pronounced negative slope

Domain 1 Domain 2
Horizontal resolution 12 km 4 km
Boundary and initial conditions ERA5 - 31 km WRF - 12 km
Cumulus parameterization Grell-Freitas scheme None

Microphysical parameterization
Vertical resolution

Morrison double-momentum
45 levels (50 m, first level)

Morrison double-momentum
45 levels (50 m, first level)
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along the transect. On the western slopes, the
contribution to total Ra can reach values close to
100% (E1-E2); this value decreases as one advan-
ces towards the Amazon; however, there is a slight
increase in E10 (figure 2a). It has been found that
low contributions occur in the transition region
A-A (E9) during the wet season, which indicates
that in this region, the contribution to Ra is gen-
erated during the other months (dry months) with
a significant percentage close to 30%.

Pa indicates the accumulated summer precipi-
tation (figure 2b); its transverse behavior is similar
to that of Ra (figure 2a) because summer precipi-
tation contributes an average of 50% along the
transect. The precipitations that occur with
greater frequency (Pf) and intensity (Pi) are loca-
ted in the transition regions A-A (E8-E9) and
Andean regions of higher altitude (E3). These
parameters (Pf and Pi) show two well-marked
peaks with similar values of 4.5 mm/day at sta-
tions E3 and E9. In this last station, the 75th
percentile of Pi is exceptional (12 mm/day), which
represents an extreme value compared to other
stations of the transect, and it is particularly evi-
dent that in this A-A transition region, intense
precipitations with high variability occur during
summer.

3.2 Spatial distribution of tropospheric
hydrometeors

Total tropospheric hydrometeors show a signifi-
cant contrast between the Andean and Amazon
regions in both the solid and liquid phases
(figure 3). The IWP (figure 3c) has higher values
than the LWP in the Andean region; in addition, in
these regions, very deep clouds occur that average

above 10 km above sea level (figure 3e). This
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indicates that the Andean zone is mainly composed
of solid-phase hydrometeors, while in the A-A and
Amagzon transition zones it is mainly composed of
liquid-phase hydrometeors (figure 3c), although
very deep clouds occur in specific areas (figure 3e)
containing solid phase hydrometeors. The LWP
extends from the Amazon to the interior of the
Andes and enters through valleys located to the
northeast and southeast of the Huaytapallana
mountain range, favoring water availability for the
generation of precipitation in the inter-Andean
valley and highlands of the Andes. The IWP has
significant values in the A-A transition zone,
probably associated with very deep vertical devel-
opment clouds mainly containing solid phase
hydrometeors.

In a topographically complex area, it is impor-
tant to visualize the radar blind zone as they can
affect the estimation of precipitation variables by
radar. In figure 3(d), the ravines that lead to the
interior of the Andes are observed to have heights
of 3 km as a blind zone, which indicates that it
is not possible to capture the entire column of
precipitation clouds due to the fact that the radar
echo is strongly contaminated by the irregular
topography of the Andes. However, in the A-A
transition region, the blind zone does not have high
values as in the ravines, which allows the radar to
obtain information from heights very close to the
surface and consequently favors a more realistic
estimate of precipitation variables, especially in
regions where the height of the blind zone is min-
imal, such as the Amazon region. On the other
hand, the average PEI during wet days (figure 3f)
has values over the A—A transition zone and in the
streams that channel the PEI towards the interior
of the Andes. This indicates that these zones are
more effective in producing clouds with high con-

centrations of hydrometeors that generate
me T T L s
Jtm [

A15 2:8;
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Figure 2. Variation of precipitation in the Andes and Amazon transect. (a) Annual precipitation (Ra, cm), colored dots indicate
contributions (%) to annual rainfall. Blue and red colors correspond to SON and MAM transition stations, respectively; black
represents the summer season (DJF), and gray is for the wet period (November—April). (b) Accumulated precipitation (Pa, m),
intensity (Pi, mm/day) and frequency (Pf, %) for the months DJF of the period 2005-2019. Height (km) indicates the vertical
profile of the topography of the Andes and the Andes—Amazon transition zone.
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Figure 3. Tropospheric hydrometeors during the rainy period (DJF) calculated from N-GPM satellite, (a) solid phase
hydrometeors (IWP, kg/m?), (b) liquid phase hydrometeors (LWP, kg/m?), (c) difference between IWP and LWP, (d) clutter
depth (km), (e) echo-top height (km) of cloud system, and (f) precipitation efficiency index (PEIL, %).

precipitation on the surface; likewise, regions with
important PEI values are observed to the west of
the Huaytapallana mountain range (red outline).
The PEI shows well-defined patterns during the
diurnal cycle (figure 4); at some specific times, the
patterns are different from the average daily values
(figure 3), which shows that the diurnal cycle has a
significant effect on the precipitation patterns in
this study region. During the period from 08 to 11
LT, the PEI is more pronounced on the eastern side
of the Huaytapallana mountain range, especially in
the A—A transition zone. During the period from 12
to 15 LT, the spatial pattern of PEI changes sig-
nificantly with more intense values on both sides of
the Andes, as well as in the inter-Andean valleys.
During the period from 16 to 19 LT, the PEI pat-
tern is mainly concentrated in the western fringe of
the Huaytapallana mountain range, covering the
western slopes of the Andes above 3000 m a.s.l.
Likewise, a small PEI hot-spot area located in the
Mantaro Valley (black star) is observed. During
the period from 20 to 23 LT, the PEI values
decrease markedly in almost the entire region,
except in the southern and northern areas. During
the period from 00 to 03 LT, the PEI begins to
increase again to the east and south of the Huay-
tapallana mountain range, and from 04 to 07 LT,
the PEI values intensify notably, especially in the
transition zone A-A and in an Amazonian strip
that goes from the northwest to the southeast.
These results show the spatial patterns of cloud
development that generate surface precipitation.
Also, it was found that during the day, the most

productive hours of hydrometeors and precipita-
tion are between 12 LT and 19 LT. In the A-A
transition zone, hydrometeors and precipitation
are produced both during the day and at night, the
peak being between the hours of 04 LT and 07 LT.
Likewise, two opposite PEI patterns were found to
occur between 16-19 LT and 04-07 LT, which
shows that different atmospheric circulation
mechanisms act at these specific times, which will
be studied in section 3.4.

3.3 Vertical structure of precipitation clouds

The vertical structure of the precipitation cloud
system is shown in figure 5. In the early hours of
the day (08-11 L'T), the bright band is observed on
the western slopes of the Andes (figure 5a), indi-
cating the occurrence of stratiform precipitation.
In addition, in the inter-Andean zone, cumulus
clouds that are probably in the formation phase are
observed, while in the A-A transition region, the
combination of both types of stratiform and con-
vective clouds is observed. Deep clouds predomi-
nate in this region, with important convection
nuclei associated with cumulonimbus clouds that
reach heights close to 14 km above the surface.
During the period from 12 to 15 LT, the predomi-
nant clouds are of the convective type (figure 5b)
and are located in the higher mountainous regions
compared to the previous times (08-11 LT). The
same pattern is observed in the inter-Andean val-
leys; in addition, some convective clouds persist
over the A—A transition region. In the following
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73°W

Figure 4. Diurnal cycle of precipitation efficiency index (PEIL, %) during the rainy period (DJF), (a) 08-11 LT, (b) 12-15 LT,
(c) 16-19 LT, (d) 2023 LT, (e) 00-03 LT, and (f) 04-07 LT. Cross-section (A-B) in panel (d) will be used to represent the

vertical structure of precipitating clouds (see section 3.3).
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Figure 5. Diurnal cycle of precipitating cloud system calculated from N-GPM satellite during the rainy period (DJF), (a) 08-11
LT, (b) 12-15 LT, (c) 16-19 LT, (d) 20-23 LT, (e) 00-03 LT, and (f) 04-07 LT. See figure 4(d) for the map of the cross-section
A-B. Gray shading represents topography, and the red line refers to the height of 5 km ASL.

period (16-19 LT) on the western slopes of the
Andes, the structure of the precipitation clouds
shows the presence of a bright band (Kumar et al.
2019; Villalobos et al. 2019), it indicates that the
precipitation clouds are in the process of
dissipation.

In contrast, in the inter-Andean valleys, con-
vective activity persists. Subsequently, the intense
convection dissipates rapidly in hours (20-23 LT

and 00-03 LT, figure 5d and e) (Chavez et al. 2017;
Villalobos-Puma et al. 2020). In the Andean
regions, the dissipation of precipitation clouds is
characterized by not having a defined bright band;
this is due to the fact that the radar has limitations
in detecting the complete structure of the clouds
due to the height effect of the blind zone, which is
explained in section 3.2. On the eastern slopes of
the Andes (figure 5c), convective clouds are
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observed, especially in the A-A transition zone.
Later, during the early night hours (20-23 L'T), the
storm clouds move towards the upper areas of the
slopes to the east of the Andes (figure 5d). During
the period from 00 LT to 03 LT, a change in the
vertical structure of the precipitation clouds is
observed due to the dissipation process, and from
04 LT to 07 LT, the clouds completely dissipate
over the Andes. Instead, at the far right of the A-A
transition zone (figure 5e), convective clouds begin
to intensify and reach heights of 15 km above the
surface (Chavez and Takahashi 2017). During the
period from 04 to 07 LT, the convective clouds
begin to dissipate, forming stratiform-type clouds
(figure 5f). Likewise, it is observed that the clouds
cover the higher mountain areas with low reflec-
tivity values, probably generating snow precipita-
tion. These precipitations on higher slopes are
strongly influenced by the precipitation system
that occurs with high PEI values (figure 4f) in the
lower areas of the Andes—Amazon transition zone.

The total hydrometeor transects (IWP and
LWP) and the cloud top echo show changes
according to the diurnal cycle. In general, the
clouds are deeper over the Andes than the Amazon,
and the decay of their height occurs in the A-A
transition zone (figure 6) in response to the topo-
graphic gradient. In figure 6(a), it is observed that
a greater quantity of hydrometeors is produced in
the A—A transition region and over the Amazon
compared to those generated over the Andes. Over
the Andean region, the IWP exceeds the LWP
values, and over the Amazon, this relationship is
inverted (figure 6); this result is consistent with the
spatial distribution of hydrometeors shown in
figure 3. High LWP values observed over the A—A
transition region and over Amazonia respond to
the presence of precipitation clouds that are gen-
erated more frequently in an environment with a
warm atmosphere, which is below freezing height.
A clear example is observed in figure 6(f); the
highest value of LWP corresponds to the stratiform
clouds (figure 4f) that are observed in transition
zone A—A. Over the Andean region, the predomi-
nant fraction is of the solid type (IWP) due to the
fact that the predominant cloud cover is above or
close to the freezing height, in which an environ-
ment with a cold atmosphere predominates
(Valdivia et al. 2022).

In figure 7, the total number of hydrometeors
(PP) and the PEI are shown. During the period
from 08 to 11 L'T, there is an important gradient of
PEI in a west—east direction, the same pattern is
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seen in PP but to a lesser extent. On the western
slopes of the Andes, the PP is higher than the PEI,
which indicates that there is a high availability of
precipitation particles in the troposphere. How-
ever, not enough precipitation occurs at the surface
level. During the period from 12 to 15 L'T, the PEI
increases significantly over the Andes compared to
the previous period (08-11 L'T). The most effective
areas in the production of clouds and precipitation
are located on the crests and slopes of the moun-
tains on both sides of the mountain range. Instead,
the PP values are relatively uniform throughout
the entire transect. During the period from 16 to 19
LT, higher PEI values are observed over the
Andes, while over the A—A transition region, the
intensity of PEI values falls sharply. This result
indicates that during this period, there is sufficient
cloudiness and precipitation on the surface over the
Andes compared to the A—A transition area, and
consequently, a PEI gradient in an east—west
direction is generated. During 20-23 LT and 00-03
LT, the PEI wvalues decrease considerably
throughout the transect. However, during the
00-03 LT, important PEI signals begin to generate
on the A—A transition zone. At the right end of the
transect, on the low hills, the PP values exceed
those of PEI, which indicates that a sufficient
amount of precipitation particles are produced;
however, these hydrometeors do not reach surface
levels (figure 7e). During the period from 04 to 07
LT (figure 7f), higher PEI values are observed in
the Amazon and the A-A transition zone, while,
over the Andes, PEI values are close to zero. It was
found that PEI exhibits distinct patterns along the
transect. Furthermore, two opposite patterns of
PEI, with positive (figure 7f) and negative
(figure 7c) gradients, were found in the tran-
sect. The possible causes of these patterns will be
discussed in later sections (3.4 and 3.5).

3.4 Mesoscale atmospheric flows

Figure 8 shows the surface moisture flux as a
function of slope; this variable allows us to under-
stand the local surface circulation influenced by
valley-mountain conditions. During the day, sur-
face flows upslope predominate, and at night,
downslope predominate (Junquas et al. 2018). In
general, the surface moisture flow of the upslope
type intensifies during the daytime (figure 8b) on
both sides of the mountain range, which is induced
by thermal circulation forced by solar radiation
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incident on the slopes. In addition, it is evident
that when the magnitudes of moisture fluxes
intensify, a pronounced development of precipita-
tion clouds is generated. For example, in the
afternoon hours (12-19 LT), when the PEI
(figure 4b and c) has higher values over the Andes
mountain range, the flows from the western slopes
intensify and manage to enter the inter-Andean
valleys, favoring the production of clouds and
precipitation at surface level. At night, the

direction of the flows is reversed in relation to
daytime flows, showing downslope-type flows. This
behavior occurs predominantly in the valleys on
the eastern side of the Huaytapallana mountain
range (figure 8d, e and f). This behavior indicates
that the mountain-to-valley circulation is signifi-
cant over the streams in the transition zone A—A.
These air masses that descend from the high areas
have low temperatures and accumulate in the
valleys and ravines. These cold westerly winds at a
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Figure 8. Surface flux of moisture (uq[dz/dz + dz/dy)/sqrt(dz/dz x dz/dz + dz/dy * dz/dy)) associated with upslope (positive
values) and downslope (negative values) components determined from WRF simulations for precipitation events during summer
(DJF), where reference vector (the lower right corner) has unit: g/kg * m/s, the red contour is the Huaytapallana mountain
range. (a) 08-11 LT, (b) 12-15 LT, (c) 16-19 LT, (d) 20-23 LT, (e) 00-03 LT, and (f) 04-07 LT.

mountain-valley scale play an important role dur-
ing the early morning hours because when they
interact with northeasterly flows, they promote
pronounced convergence in the Andes—Amazon
transition zone (Giovannettone and Barros 2009;
Chavez and Takahashi 2017). This statement is
discussed in more depth in section 3.5 using
figure 11.

The IVTge 500 npa (figure 9) indicates the trans-
port of water vapor across the transition zone A—A.
It is observed that the transport of water vapor
occurs in north and northwest directions, following
the contour of the topography of the eastern side of
the Andes. Likewise, the intensity of IVT . 500 npa
shows varying patterns during the diurnal cycle.
Early in the morning (08-11 LT), the flows enter
the Andes through the ravines. These flows inten-
sify at 12-15 LT, increasing water vapor transport
in the A—A transition zone. In turn, these flows
enter the inter-Andean valleys through the ravines
located to the north and south of the Huaytapal-
lana mountain range. The water vapor transport
persists during the following hours (16-19 LT)
without significant variations. At this time of day
(12-19 LT), when the transport of water vapor flow
intensifies in the A-A transition zone, conse-
quently, precipitation patterns increase strongly

along the Andes mountain range (figure 4b and c).
During the period from 20 to 23 LT, the magnitude
of IVT 500 npa decreases notably in the ravines on
the eastern side of the Andes. During the period
from 00 to 03 LT, IVT 500 npa presents higher
intensities compared to the other periods of the
day, particularly intensifying in the ravines of the
transition zone A-A. Finally, during the period
from 04 to 07 LT, the IV T 500 .pa decreases over
the entire study region. At night (00-07 LT),
increased precipitation occurs in transition zone
A-A as water vapor flow intensifies (figure 4e and

f).

The IVT500_200 hPa (ﬁgure 10) is conditioned by
the easterly circulation during 24 hours of the day
due to the influence of Alta Bolivia. Meanwhile, its
intensity changes depending on the diurnal cycle.
During the period from 08 to 11 L'T, an increase in
the intensity of IV T500_200 npa is Observed over the
transition zone A—A and the Amazon. During the
period from 12 to 15 LT, the intensity of
IVT500_200 npa decreases slightly in the transition
zone A—A. During periods 16-19 LT and 20-23 LT,
the intensity of IVT500_200 npa again increases to
the north and south of the Huaytapallana moun-
tain range and over the highlands of the Andes
(west of the Huaytapallana mountain range).
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During periods 00-03 LT and 04-07 LT, an
intensification of IVT509_200 npa 1S Observed in
well-localized areas on the streams of the transition
zone A—A. During these periods, the vector field of
IVT500—200 npa changes slightly from east to
northeast, favoring the intrusion of moisture flows
from the Amazon towards the inter-Andean valleys
through the ravines. These areas of high intensity
of IVT500_200 npa coincide with a greater generation
of clouds and precipitation on the surface repre-
sented by the PEI (figure 4).

Figure 11 shows the moisture budget, which is
obtained by the vertically integrated product of
specific humidity and horizontal mass convergence.
Here, negative values are referred to as moisture
flux convergence (MFC), which is related to forced
lifting (Zhao et al. 2020). During the day, the for-
mation of an MFC strip parallel to the mountain
chain on the western side of the Andes is observed
(figure 11a). Then, during the course of the day
(figure 11a and b), the MFC strip moves towards
the inter-Andean valleys due to the fact that the
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diurnal winds from the west intensify in the after-
noon. The MFC strip coincides with the confluence
zones of the westerly and easterly winds at near-
surface levels. Likewise, the MFC fringes coincide
with the highest PEI value (figure 4b and c).
Therefore, it can be pointed out that the regions
where the greatest amount of clouds and precipi-
tation are generated respond to the convergence
mechanism that produces intense vertical move-
ments of the atmosphere. During night periods,
this mechanism is not observed along the Andes
mountain range because the westerly winds
weaken, and as a consequence, they are completely
dominated by the easterly winds. During night
periods, well-defined convergence areas over the
Amagzon and the A-A transition zone show signif-
icant rises in air masses in these regions. However,
it is not easy to identify the convergence mecha-
nisms in these regions, unlike the Andean regions.
Therefore, we selected a small domain (black box,
figure 11) to identify the main mechanisms of
mesoscale that occur in the A—A transition region.
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Figure 11. Spatial average of moisture budget from WRF simulations for precipitation events during summer (DJF), negative
values (blue) indicate convergence and positive values (red) indicate divergence and have unit: 10 kg m™ 7', vector fields are
near-surface horizontal winds (m/s). (a) 08-11 LT, (b) 12-15 LT, (¢) 16-19 LT, (d) 20-23 LT, (e) 00-03 LT, and (f) 04-07 LT.
The height contours at 1000 and 3000 m are provided for reference. A black box will be used to analyze the atmospheric dynamics
associated with the PEI hot-spot region and the Andes—Amazon transition region.
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3.5 Atmospheric dynamics in the A—A
transition region

Figure 12 shows the horizontal wind circulation
and its magnitude at 730 hPa focused on the A-A
transition region (black rectangle in figure 11). It is
observed that the winds are well channeled from
the north to the south in regions with low eleva-
tions. These winds are associated with low-level
jets. The direction of these winds undergoes a sig-
nificant deviation when they meet the winds com-
ing from the slopes of the A—A transition zone due
to the blocking effect of the mountain range. The
wind direction is deflected to the east (figure 12b)
when it meets the mountain range. This region of
strong interaction between the intense winds from
the north with the winds from the slopes and the
topography of the Andes coincides with the most
productive region of clouds and precipitation
(black box), mainly at night. During the night, the
winds coming from the north intensify their mag-
nitude and, therefore, have a greater capacity to
overcome the obstacle of the mountain range
(figure 12e). This mesoscale interaction process
causes an attenuation effect of the intensity of the
winds; the greater this intensity, the attenuation
process will also be greater (figure 12e), and as a
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result, the wind flow only escapes towards higher
levels of the tropospheric layer, causing a signifi-
cant increase in air masses. Around the intense
wind flows, horizontal wind magnitude decreases.
It is evident that the north wind enters with an
increased magnitude and leaves with a reduced
magnitude, as seen in figure 12(e). This process is
caused by the convergence of winds that are asso-
ciated with the formation of ascending vertical
movements. This behavior of the winds is consis-
tent with the result shown in figure 11(e), which
shows the moisture flux convergence patterns
during the night.

In figure 13, the moisture flux is shown in three
dimensions for levels near the surface. The flow
transports water vapor from the north to the south;
these flows are intense at levels close to the surface
that enter the Andes, particularly entering through
a deep ravine known as the Canyon Valley. At
12-15 LT (figure 13a), the flows from the north
enter along the Canyon Valley. Likewise, it is
observed that the flows are diverted towards the
higher slopes of the Andes. These upslope flows are
associated with thermal circulations induced by
solar radiation that heats the slopes during the
day. At 16-19 LT (figure 13b), the same pattern of
the previous hours persists, although a slight

75°30'W 75°W 74°30'W

15 2 25 3 35 4 45 5 55 6 65 7 7.5 8 85 9 95 10

Figure 12. Vector field and magnitude of horizontal winds (m/s) at 730 hPa for the black box in figure 11. The white box
represents the PEI hot-spot region (see figure 4f). Line C-D (magenta vertical line) shows the transect along the 75°W longitude

for figure 15.
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Figure 13. Three-dimensional moisture flux (m/s * g/kg) over the A-A transition region averaged over the following local time
periods from WRF simulations for precipitation events during summer (DJF), (a) 12-15 LT, (b) 16-19 LT, (c) 00-03 LT, and

(d) 04-07 LT.

increase in moisture transport towards the A-A
transition zone is observed in the higher parts of
the Andes.

During the night at 00-03 LT (figure 13c) and
04-07 LT (figure 13d), the flow pattern varies
strongly in relation to daytime flows. Especially
between 00 and 03 LT, moisture transport increa-
ses significantly; although these flows are intense,
they do not deviate towards the higher slopes of the
Andes. On the contrary, they are channeled by
lower levels bordering the contour of the Andes in
the A—A transition region, and as they enter the
Andes, they decrease in magnitude. With this
result, it was evidenced that an important change
occurs in the flow patterns between day and night
on the higher slopes of the Andes; at night, the
intensity of the wind is neutral. From these results,
it can be seen that the flows from the north that
enter through the Canyon Valley are blocked both

by the topography of the Andes and by the masses
of cold air that are located on the higher slopes of
the Andes.

Figure 14 shows the vertical profiles of atmo-
spheric variables in the tropospheric column over
the PEI hot-spot region in the A—A transition zone.
Specifically, vertical averaging of the atmospheric
variables within the white box was performed
(figure 12). The equivalent potential temperature
(Te) that combines both the moisture content and
the temperature of the atmosphere shows higher
values at levels close to the surface, and its vertical
profile changes between daytime and nighttime
hours (figure 14a). In the daytime, the values of Te
begin with a higher value and then significantly
decrease as the height increases. On the other
hand, during the night (00-03 LT), the Te increa-
ses slightly from the surface to higher levels, and
above 800 hPa, the vertical Te gradient decreases
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Figure 14. Vertical profiles of atmospheric variables over the PEI hot-spot region (white box in figure 12) from WRF simulations
for precipitation events during summer (DJF), (a) equivalent potential temperature (K), (b) moisture flow (m/s * g/kg),

(c) moisture flux convergence, and (d) relative humidity (%).

slowly; even above 750 hPa, the Te values exceed
the diurnal values. At specific times of the day,
particularly at night (00-03 LT and 16-19 L'T), the
flow of moisture increases considerably (figure 14b)
at various levels of the tropospheric column, and
the flow of water vapor has its maximum intensity
level around 800 hPa. Convergence normally
occurs at all times during the day (figure 14c),
ranging from 850 to 700 hPa, of which the most
intense convergence occurs at night (00-03 LT and
04-07 LT). Especially during these times, higher
values of relative humidity are observed at various
vertical levels (figure 14d). With this result, it is
evident that there are favorable atmospheric con-
ditions for the occurrence of intense precipitations
and the formation of cumulonimbus clouds associ-
ated with the generation of storms due to the
presence of convergence of winds and fluxes of
humidity that occur mainly at night.

To analyze the ascending vertical circulations of
wind fields, a latitudinal section was made on line

A-B (as shown in figure 12a). The vertical struc-
ture of this section is shown in figure 15. During the
period from 08 to 11 LT (figure 15a), the winds
come from the north throughout the vertical col-
umn of the troposphere, although there is a strip of
weak winds above 5 km in height over the Amazon.
Over low hills (Lat. = 10.5°S, figure 15a), uphill
winds occur with a significant increase in intensity.
Also, wind intensity increases in the upper parts of
the Andes (Lat. =11.5°S), where an atmospheric
disturbance occurs at lower levels. In some cases,
this disturbance can be deep, generating atmo-
spheric instability in the middle levels of the tro-
posphere. The disturbances are more
notable during the period from 12 to 15 LT, gen-
erating a strong atmospheric instability through-
out the tropospheric column, especially in the hills
and the upper part of the Andes (figure 15b).

The upslope winds are intensified by the thermal
effect. During the period from 16 to 19 LT, the
northerly winds are quite superficial and
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Figure 15. Wind cross section (using meridional and vertical components) calculated along the latitude on line C-D (see
figure 12) from WRF simulations for precipitation events during summer (DJF), (a) 08-11 LT, (b) 12-15 LT, (c) 16-19 LT,
(d) 20-23 LT, (e) 00-03 LT, and (f) 04-07 LT. White vector indicates the intensity of orographic lift.

compressed due to the weak winds that dominate
from the opposite direction (south-north) in a
specific upper-level layer (5 and 7 km high). During
the period from 20 to 23 LT, the layer of weak
winds is thicker in the middle level of the tropo-
sphere, covering the slopes and the upper parts of
the Andes. There are no significant rises in these
areas, as observed during daylight hours because
the upslope winds disappear at night. On the con-
trary, downslope winds predominate. In spite of
that, atmospheric disturbances are produced on
the lower hills, mainly associated with the jets of
northerly winds. During the period from 00 to 03
LT, weak winds prevail over the highlands and on
the slopes to the east of the Andes, and at surface
level, the winds descend, accumulating masses of
cold air in the valleys and slopes of the A—A tran-
sition zone, due to katabatic circulation. At this
time, the winds from the north increase strongly,
and they encounter two blocking effects: the
topography and the masses of cold air. As a result
of this interaction, the winds are redirected
towards higher levels, causing atmospheric insta-
bility at medium to higher levels of the

troposphere. The same pattern is observed in the
later times (04-07 LT) but with lower intensities
due to the fact that the magnitude of the northerly
winds decreases near the surface.

Figure 16 shows the ascending and descending
circulations in the transect to the Andes and the
transition zones A-A. At the same time, the
equivalent potential temperature contours are
shown, which present intense magnitudes in areas
close to the surface, and a negative vertical gradi-
ent is also observed, which indicates strong condi-
tions of atmospheric instability in a humid
condition, especially during periods of 00-03 LT
and 04-07 L'T. On the contrary, during the day, on
the western slopes and high regions of the Andes,
upward vertical movements occur associated with
upslope winds generated by anabatic circulations
(figure 13b). During the night, the ascending cir-
culations are more intense and generalized over the
A-A transition zones. They do not respond to
anabatic circulations but are associated with the
convergence of moisture flows generated by the
topographic barrier effect and cold air masses
located along the eastern slopes of the Andes.



_#HH Page 18 of 24

J. Earth Syst. Sci. _tHHHHHHBHHHAAAHHHAAAH

Height(km)

Height(km)

P R
2 Oxa e 7

W (m/s)

Height(km)

o o
-160 -12.5 -12.0 -11.5 -11.0 -10.5 -10.0 -9.5 -E.O -B.O -12.5 -12.0 -11.5 -11.0 -10.5 -10.0 -9.5

Latitude (2)

Latitude (2)

Figure 16. Same as figure 15, but for vertical velocity (w, m/s) and equivalent potential temperature (K). Dashed contours with

a label that indicates the values.

4. Discussion

Due to the lack of data on an hourly scale in the
study region, it has been impossible to analyze the
diurnal cycle of precipitation. However, from daily
data (mm/day), annual precipitation was charac-
terized along the Andes transect and over the A—A
transition zone. Precipitation patterns present two
modes in the transect. The first mode is observed
over the western region of the Andes mountain
range; in this elevated region, specifically in E3
(4675 m a.s.l.), caution must be taken while
recording the pluviometer readings due to the
occurrence of solid precipitation (snow). In the
Andes, the measurement of solid precipitation
currently represents a challenge (Condom et al.
2020) since the measured precipitation could be
influenced by the melting of snow accumulated in
the pluviometer. The second mode is observed in
the A-A transition region, where a greater amount
of accumulated precipitation was found in relation
to the other transect points. Therefore, the A-A
transition zone corresponds to the hot-spot pre-
cipitation region. The rainfall that occurs in this
region has a high variability in its intensity; par-
ticularly, its variability is more notable from the

median to the most extreme quartiles, which gen-
erates a greater accumulation of precipitation
(figure 2b). The contributions to annual precipi-
tation in the transition periods (SON and MAM)
represent 20% in the inter-Andean valleys and the
A-A transition region.

Meanwhile, on the western slopes of the Andes,
the contributions differ by 40%, which indicates
that seasonal precipitation responds to different
atmospheric conditions. For example, during the
MAM, the zonal circulation at upper levels is per-
sistent due to the delay in the weakening of Boli-
vian High, while during the SON, the circulation is
dominated by the southern component (Trachte
et al. 2018). During the rainy months (DJF), the
contribution to total precipitation is 60% on the
western slopes of the Andes, 53% in the
inter-Andean valley, and only 40% in the A-A
transition zone.

During the wet season (November—April), the
contribution is 70%, which shows that the rainfall
that occurs during the dry season (May—Septem-
ber) contributes 30% in the A—A transition zone.

The N-GPM blind zone (Ku band), defined as
the atmospheric layer close to the surface that the
radar cannot observe, has a pronounced height in
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the inter-Andean valleys due to the fact that the
radar signal is heavily contaminated by the irreg-
ular topography of the Andes. Due to the presence
of the blind zone, the radar does not capture the
entire column of precipitation clouds, which gen-
erates high uncertainty in the quantification of
precipitation, as well as in the determination of the
bright band over the Andes (Barros and Arulraj
2020; Valdivia et al. 2022). Therefore, it is evident
that, in the Andes, it is necessary to consider the
correction of the blind zone to improve the capture
of the complete structure of the cloud system,
especially in the inter-Andean ravines.

Tropospheric hydrometeors (LWP and IWP)
have different proportions between the Andes
region and the A—A transition zone. Over the
Andes, the total content of hydrometeors is com-
posed in greater proportion by solid types. This is
because the precipitation clouds have a predomi-
nant vertical extension above the freezing height.
In addition, the freezing height is closer to the
surface, which favors the formation of cold clouds.
Meanwhile, in the A—A transition zone and the
Amagzon, liquid-type hydrometeors predominate
due to the high amount of cloudiness that forms
below the freezing height (Villalobos et al. 2019).
Also, hydrometeors that are above freezing height
are able to change phase from solid to liquid
because they have to travel a greater distance to
reach the surface.

On a daily scale, the PEI shows a well-defined
pattern of the most efficient areas in producing
hydrometeors and precipitation. In the A—-A tran-
sition region, there are more efficient areas with
values above 100% PEI, probably because the
microphysical process of coalescence predominates
below the freezing height (Huang and Chen 2019).
These most efficient areas coincide with the pre-
cipitation hot-spot regions identified from the
TRMM radar data (Espinoza et al. 2015a; Chavez
and Takahashi 2017). Our results confirm that
precipitation hot-spot areas depend to a greater
extent on LWP-type hydrometeors and not so
much on IWP-type hydrometeors. On an hourly
scale, the PEI shows different spatial patterns
depending on the diurnal cycle. The mountain
chain and the inter-Andean valleys are the most
efficient regions in producing hydrometeors and
precipitation from noon to the beginning of the
night (12-19 LT). During these hours, the PEI
depends to a greater extent on IWP and a lesser
extent on LWP; that is, there is a greater propor-
tion of solid-type hydrometeors throughout the
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tropospheric column. At night, the PEI pattern is
inverted since it is observed that the most efficient
region in the production of hydrometeors and
precipitation is the A—A transition zone, known as
the precipitation hot-spot region that occurs from
midnight to early morning (00-07 LT). During
these hours, the PEI is dominated by clouds and
stratiform precipitation, clearly defined by the
bright band (figure 5e and f), and that lasts until
later hours (figure 4a). Total hydrometeors (PP)
have marked patterns between the Andean and
A-A transition regions. In the Andean regions,
during the most productive hours, the PP does not
exceed the values of the A—A transition zone;
however, the same does not occur with the PEI
values. In the Andean regions, the PEI has higher
values than in the A-A transition zone. This
behavior of the PEI responds mainly to the stages
of convective cloud formation and the abundance
of hydrometeors that occur over the Andes. In
contrast, the PEI has lower values over the A-A
transition region because it is associated with the
formation of isolated and localized convective
clouds. Subsequently, the PEI increases when the
convective clouds reach the dissipation phase
(stratiform precipitation), causing an impact on
the PEI values.

In the present study, the efficiency of using the
PEI is discussed from the dynamic aspect of the
atmosphere associated with the production of
hydrometeors and precipitation. However, the
efficiency of precipitation can be affected by other
physical processes, such as the interaction of
aerosols—clouds (A-C) and aerosol-radiation
(A-R). Both processes can affect the dynamics,
thermodynamics, cloud microphysics, and oro-
graphic precipitation (Henao et al. 2023; Masrour
and Rezazadeh 2023). In the Andes of Peru,
knowledge about the A—C and A-R processes is
limited due to the complexity of these processes
and the lack of specialized equipment required to
carry out studies. Therefore, in future work, it is
necessary to include studies of these processes
associated with the efficiency of precipitation,
taking into account that the Andes of Peru receive
a significant amount of atmospheric aerosols that
move from both sides of the Andes: Atlantic flank,
including the Amazonia and Pacific flank including
the coasts and Pacific Ocean (Moya—Alvarez et al.
2023).

Moisture flux patterns are calculated at the
surface level (figure 8) and, in turn, integrated into
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two layers of the troposphere (figures 9 and 10). On
the western slopes of the Andes, IVT. 500 npa
intensifies in conjunction with surface flows, espe-
cially in the afternoon. These flows transport water
vapor perpendicular to the Andes mountain range
from the Pacific side due to mesoscale thermal
circulation and are probably strengthened by sea

breezes from the Pacific Ocean (Moya-Alvarez
et al. 2020; Flores-Rojas et al. 2021). In contrast,
on the eastern slopes of the Andes, the
IVT 500 npa associated with low-level jets from
the Amazon is channeled into the A—A transition
region and the inter-Andean valleys through the
lower region known as the Canyon Valley (75.3°W,
9.5°S), generating the conditions for the formation
of clouds and precipitation (Kumar et al. 2019;
Chavez et al. 2020). IVT500_200 npa prevails with
the easterly circulation during the diurnal cycle,
instead its magnitude patterns change consider-
ably. During the day, there is a notable increase in
the transport of water vapor on both sides of the
slopes of the Andes (leeward and windward). At
night, there is greater transport of water vapor
only in focused areas, for example, in the most
efficient regions of hydrometeors and precipitations
of the A-A transition zone.

Based on the analyzed results, a scheme of
atmospheric circulation mechanisms at the mesos-
cale level is proposed (figure 17) that are key in the
development of clouds and intense precipitation in
the central Andes of Peru and the A—A transition
regions. During the day, precipitation clouds
develop associated with the increased upslope cir-
culation that predominates on both sides of the
Andean slopes. During the day, these clouds reach
their mature phase, leading to increased transport
of water vapor. This causes moisture to enter the
inter-Andean valleys from both the Pacific side and
the Amazon (Martinez-Castro et al. 2019; Flores-
Rojas et al. 2021). The same pattern of circulations
and moisture flows was reported in the Santa River
basin (latitude 9.5°S) (Rosales et al. 2022).

The circulation from the east intensifies in the
inter-Andean valleys, and when they meet the
circulation from the west, both converge along the
Andes mountain range. As a result of this conver-
gence, a chain of convective multicells is formed
with high concentrations of hydrometeors that
produce intense precipitation. This circulation
mechanism was evidenced in case studies during
intense convective precipitation events in the
Mantaro Valley (Martimez-Castro et al. 2019;
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Flores-Rojas et al. 2021). This convergence strip
moves transversally towards the inter-Andean
valleys due to the fact that the circulation from the
west intensifies in relation to those from the east as
the hours of the day advance. Especially during the
afternoon hours (figure 17a), the convergence zones
represent more efficient areas in producing precip-
itation particles, mainly composed of solid-phase
hydrometeors and intense precipitation on the
surface.

At night, atmospheric circulation patterns
change relative to daytime patterns. The circula-
tion from the north associated with low-level jets
(below 4 km high) increases their magnitude sig-
nificantly. As you enter the A—A transition region,
you encounter two well-defined barriers: the
topography of the Andes and the masses of cold air
located in the highlands and slopes to the east of
the Andes. Due to the notable increase in the
northerly circulation and its interaction with the
topographical barrier and cold air masses, an
atmospheric convergence develops over the A-A
transition region (Giovannettone and Barros 2009;
Espinoza et al. 2015a; Chavez and Takahashi
2017). Therefore, the A-A transition region is
characterized as the most efficient area in produc-
ing hydrometeors, composed of a higher fraction of
liquid-phase hydrometeors and surface precipita-
tion, which occur during night periods. Instead,
overnight significant precipitation does not develop
over the Andes because the circulation from the
east is intense and dominates the circulation from
the west, mainly at lower levels of the troposphere.

The mesoscale atmospheric modeling used in this
study was able to identify the main thermal cir-
culation mechanisms to explain the most efficient
areas of hydrometeor and precipitation production
in the Andean regions and the A—A transition zone.
The selected precipitation events from the N-GPM
satellite are representative of the summer (DJF) of
the period 2014-2022 and have statistical signifi-
cance with a confidence level of 95%. To explain
the local processes related to the most efficient
areas of precipitation production, it is necessary to
carry out simulations with a high spatial resolu-
tion, as has been done in other places in the trop-
ical Andes (Junquas et al. 2018; Ruiz-Herndndez
et al. 2021; Rosales et al. 2022). Likewise, numeri-
cal experiments must be carried out modifying the
topography of the most efficient areas in the pro-
duction of precipitation that were identified in this
study and in the regions through which the flow of
humidity is channeled to understand the local
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Figure 17. Conceptual diagram of the mesoscale circulations that predominate during precipitation in the Andes—Amazon region
of central Peru. The precipitating cloud system is represented in three dimensions through 25 dBZ (cyan) and 30 dBZ (magenta)
thresholds estimated by the N-GPM satellite. (a) During the day, upslope winds predominate on both sides of the Andes, and the
interior of the Andes experiences moisture flux convergence (MFC, wide yellow arrows). (b) During the night, convergence does
not occur over the Andes because the easterly low-level winds (EWLL, red arrows) dominate the westerly winds. Over the high
elevations and slopes to the east of the Andes, the air mass is characterized by cold and stable wind (SW, black curved lines).
These air masses and the topography of the Andes block the northerly flows (NMF, black outlines arrows) propagating from a

region of MFC centered on the Andes—Amazon transition zone.

interaction that occurs between these moisture
flows and the topography.

5. Conclusions

This study presents the diurnal cycle analysis of
the total availability of tropospheric hydrometeors
and their associated atmospheric patterns over the
connected Andes—Amazon system of the central
region of Peru. The total number of hydrometeors
was analyzed at the diurnal cycle level using the
N-GPM radar data for the period 2014-2022, while
the atmospheric dynamics were analyzed using the
hourly outputs of the WREF regional model. Due to
the high computational cost, only a total of 120
numerical simulations corresponding to randomly
selected precipitation events were carried out
among all the events detected by the N-GPM
satellite radar. Based on the results obtained, a
scheme of atmospheric circulation patterns that
predominate during the hours of greatest produc-
tion of tropospheric hydrometeors and precipita-
tion at the surface level is proposed (figure 17). The
conclusions of this work are the following:

e The seasonal and annual accumulated precipita-
tion presents two modes on the A-A tran-
sect. The first occurs on the Andes mountain
range caused by the prevailing atmospheric
circulations during daytime hours. The second
mode is more pronounced compared to the
previous one and is generated on the A-A

transition zone forced by the prevailing atmo-
spheric circulations during the night hours.

e The difference in total content and type of
tropospheric  hydrometeors is well-marked
between the Andes and the A—A transition zone.
Over the Andean region, they are composed of a
greater proportion of solid-type hydrometeors,
and over the A-A region, they are composed of a
greater proportion of liquid-type hydrometeors.

e The efficiency of extracting precipitation from
tropospheric hydrometeors has opposite diurnal
behavior in the transect to the Andes and the
A-A transition zone. During the period from
16-19 LT, a positive gradient (west—east) of
efficiency is generated over the transect, the
Andes mountain range being the most efficient
area to extract hydrometeors as precipitation at
the surface level. On the other hand, during the
period from 04-07 LT, a negative gradient
(east—west) of efficiency is generated over the
transect, the transition zone A—A being the most
efficient area to extract hydrometeors as precip-
itation at the surface level.

In addition, two patterns of atmospheric circu-
lations at the mesoscale level were identified that
are predominant during the most efficient hours of
production of hydrometeors and precipitation on
the surface, which are the following;:

e During the daytime, early in the morning,
orographic clouds develop over the mountains
due to the effect of the upslope winds that
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predominate on both slopes of the Andes. Over
the course of the day, these clouds develop into
the mature phase due to the convergence of
horizontal winds from the west and east over the
Andes mountain range. The convergence strip,
formed by a chain of convective multicells,
moves transversally from the Andes mountain
range towards the inter-Andean valleys due to
the intensification of the thermal circulation
from the west in relation to that from the east.
e At night, the circulation from the north associ-
ated with the low-level jet increases notably.
Upon entering the A-A transition zone, it
encounters two well-defined barriers: the topog-
raphy and the masses of cold air located on
slopes and high areas of the eastern flank of the
Andes. The A-A transition zone is characterized
by the fact that the convergence process pre-
dominates due to the change in the magnitude of
the northerly horizontal winds that enter with
greater intensity and leave with lower intensi-
ties. Consequently, ascending vertical move-
ments are generated, which generate deep
convection and produce intense precipitation.
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