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High-Elevation Monsoon Precipitation Processes
in the Central Andes of Peru
S. P. Chavez'?, Y. Silva?(), and A. P. Barros!

"Department of Civil and Environmental Engineering, Duke University, Durham, NC, USA, *Peruvian Geophysical
Institute, Ate, Peru

Abstract Measurements at the high-elevation Lamar Observatory in the Mantaro Valley (MV) in the
Central Andes of Peru demonstrate a diurnal cycle of precipitation characterized by convective rainfall
during the afternoon and nighttime stratiform rainfall with embedded convection. Wet season data
(2016-2018) reveal long-duration (6-12 hr) shallow precipitating systems (LDPS) that produced about 17% of
monsoon rainfall in 2016 and 2018 associated with El Nifio and La Nifia, respectively. The LPDS fraction
of monsoon rainfall doubles to 35% with weekly recurrence in 2017 under El Nifio Costero (coastal)
conditions. LDPS occur under favorable moisture conditions dictated by the South America (SA) Low-Level
Jet (SALLJ) and Cold Air Intrusions (CAIs). Backward trajectory analysis shows that precipitable water
sustains >80% of seasonal precipitation and ties the LPDS to particular moisture source regions in the
eastern Andes foothills 1-2 days in advance, enhanced by increased moisture supply in the midtroposphere.
Higher frequency of CAls and enhanced midlevel moisture convergence along CAI fronts explain the
increased LDPS frequency during the 2017 El Nifio Costero. These findings highlight the functional role of
the Andes morphology in organizing moisture supply to high-elevation precipitation systems on the
orographic envelope. Analysis of the Global Precipitation Measurement (GPM) mission satellite-based
radar observations points to challenges to precipitation detection and estimation in this region as the GPM
clutter-free height (~1-2 km AGL) exceeds the depth of shallow precipitation systems in the MV.

1. Introduction

Snow and rainfall in mountainous regions account for half the world's freshwater (Barros, 2013). Orographic
precipitation intensity, duration, and seasonality vary from one region to another, reflecting differences
in regional climate, topography, and landform (e.g., Barros et al., 2004; Barros & Lettenmaier, 1994;
Giovannettone & Barros, 2009). The Central Andes of Peru is the home of 70% of the world's tropical glaciers
(Chevallier et al., 2011), and the eastern slopes are a hot spot of biodiversity (Myers et al., 2000). Systematic
weather and hydrological monitoring at the temporal and spatial resolution necessary to characterize preci-
pitation processes are lacking, and long historical records are not available yet (Menne et al., 2012; Peterson
& Vose, 1997). When precipitation data are available, the measurements consist of daily accumulations from
sparsely distributed rain gauges that cannot resolve the diurnal cycle. This limits our understanding of
present-day regional hydrometeorology, let alone sensitivity to future climate variability and change.
Efforts to overcome these problems rely principally on remote sensing observations and numerical weather
prediction (NWP) and or climate model simulations. However, these approaches require validation with in
situ observations. For example, in the Central Andes of Peru's foothills, satellite-based precipitation products
(e.g., Tropical Rainfall Measurement Mission, TRMM 3B42) can underestimate annual rainfall up to 300%
on average (Lowman & Barros, 2014). Whereas new products (e.g., IMERG; Huffman et al., 2015) using
Global Precipitation Mission (GPM) observations show substantial improvements over the TRMM era, sig-
nificant underestimation errors in mountainous regions tied to ground clutter artifacts remain (Barros &
Arulraj, 2020).

On the Andes’ eastern slopes, the steep and tortuous 3-D topography results in strong precipitation gradients
and complex spatial patterns of precipitation (Nesbitt & Anders, 2009; Biasutti et al., 2012; Chavez &
Takahashi, 2017, hereafter CT17). The Central Andes of Peru encompasses mountain ridges above
6,000 m ASL (above sea level), canyons of 3,000 m depth, myriad valleys, and the Amazon rainforest at lower
elevations. Along with the Andes-Amazon transition, the low-level moisture flux (MF) coming from
the Amazon is blocked by the mountains and turns southward out of the tropics of South America
(Campetella & Vera, 2002; Marengo et al., 2004; Salio et al.,, 2002; Vera et al., 2006). Enhanced
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convergence along the Andes' foothills produces heavy rainfall resulting in three well-defined precipitation
hot spots (i.e., regions where the mean annual rain is at least double the mean rainfall in the Amazon region;
Espinoza et al., 2015; CT17). Heavy orographic precipitation in the central Andes has also been linked to
southerly cold fronts that originate in the midlatitudes in South America (Cold Air Intrusions, CAIs) and
latch to the eastern slopes of the Andes in their northward progression (Eghdami & Barros, 2019).

The spatial distribution of regional orographic precipitation is associated with favorable large-scale moisture
transport and the interaction between precipitation systems (PSs) and topography (Giovannettone &
Barros, 2009; Romatschke & Houze, 2010). In the eastern foothills of the central Andes, abundant moisture
carried by the South American Low-Level Jet (SALLJ) permits the development of mesoscale convective sys-
tems (MCSs; Liu, 2011; Rasmussen et al., 2016; CT17). Dry conditions inhibit the MCS development at high
elevations (above 3,000 m ASL; Mohr et al., 2014). Valley systems such as the Apurimac River Valley System
(14°S) channelize the MF from the foothills of the Andes to the highlands (Junquas et al., 2018; Killeen
et al., 2007). However, the reliability of this upslope moisture transport depends on moisture convergence
along the foothills and low-level moist entropy. The latter is closely tied to the modulation of atmospheric
stability by evapotranspiration from tropical montane forests in the foothills of the Andes (Eghdami &
Barros, 2020; Sun & Barros, 2015a, 2015b).

Based on the TRMM precipitation radar (PR) product 2A25 and the rain gauges from the Servicio Nacional
de Meteorologia e Hidrologia of Peru (SENAMHI), the rainiest region of Peru is between Cusco and Madre
de Dios (Biasutti et al., 2012; Espinoza et al., 2015; Nesbitt & Anders, 2009; CT17). Large systems produce
this precipitation, and 86% of these systems prevailing for strong SALLJ conditions. In contrast, the
remainder PSs (14%) are linked to CAI activity (CT17). Eghdami and Barros (2019) analyzed rain gauge
data, TRMM precipitation features (PFs; Liu et al., 2008), and European Center for Medium-Range
Weather Forecasts (ECMWF) Reanalysis (ERA-Interim) data to investigate orographic rainfall extremes
in the eastern slopes of the central Andes. They found that during CAIs, moisture convergence at higher
elevations (above 3,500 m) is significantly larger than on days of average and more vigorous SALLJ
conditions (CT17; Eghdami & Barros, 2019). Indeed, at the Quelccaya glacier, located next to the hot spot
of precipitation in the central Andes, snow records analysis indicates that CAlIs are responsible for most of
the snow accumulation (Hurley et al., 2015).

At locations in the inner mountain region, solar forcing and local circulations strongly influence precipita-
tion's diurnal cycle. In the valleys of the central Andes and at low elevations and the base of the in the
Apurimac River Valley System (13.5°S, 74°W), most of the rainfall is observed during the night and early
morning (CT17; Giovannettone & Barros, 2009; Junquas et al., 2018). At high elevation in Cusco (13.5°S,
71.9°W), afternoon short-duration convective cells produce heavy precipitation, and longer duration strati-
form PSs predominate at night (Endries et al., 2018; Perry et al., 2017). Nevertheless, in the western high-
lands of the central Andes of Peru, most of the rainfall is observed in the afternoon (CT17; Mohr
et al., 2014). High-resolution simulations in the Apurimac River Valley System (Junquas et al., 2018) show
that daytime upslope valley winds carry moisture to the surrounding ridges with a reversal at night indepen-
dent of valley orientation on the orographic envelope. Lowman and Barros (2014) showed that the centroids
of TRMM PFs in the central Andes are in the ridges between 1 and 7 p.m. LT (local time) and in the valleys
between 1 and 7 a.m. LT.

Interannual variability of precipitation in the Peruvian Andes has long been linked to variability in ENSO
activity. Takahashi et al. (2011) proposed two indices of sea surface temperature (SST) anomalies tied to
ENSO based on eastern Pacific (E) and central Pacific (C) conditions. Subsequent studies found that posi-
tive/negative C conditions are associated with dry/wet anomalies in the Central Andes of Peru. In contrast,
positive E conditions are associated with the southern displacement of the Intertropical Convergence Zone
(ITCZ) and therefore more rainfall in northern Peru (Lavado-Casimiro & Espinoza, 2014; Sulca et al., 2018).
Both indices are associated with westerly wind anomalies that generate less than average rainfall and nega-
tive mass balance in glaciers in the tropical Andes (Francou et al., 2004; Vuille et al., 2008). However, the E
index’s significant anomalies are restricted to the south of Peru (Sulca et al., 2018). El Nifio activity was
highly variable in 2016-2018. The Strong El Nifio in 2016 with low precipitation across Peru was followed
by the El Nifio Costero (coastal; Takahashi & Martinez, 2019) in January—-March (JFM) of 2017 that caused
extensive flooding in north-central coastal Peru and widespread landslides in the inter-Andean Valleys
(Ramirez & Briones, 2017), and a moderate La Nifia in 2018.
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The meteorology of high-elevation monsoon rainfall in the central Andes has been studied at the event-scale
and selected locations (e.g., Flores et al., 2019; Martinez-Castro et al., 2019; Moya-Alvarez et al., 2018). In this
study, the region of interest is the Mantaro Valley (MV; Figure 1) that is nestled in the central Andes with a
north-south orientation and a mean elevation of 3,300 m. The MV's eastern (Amazonian) flank is the
Huaytapallana chain that reaches 5,500 m ASL elevation. The Huaytapallana glacier (HG) is a crucial fresh-
water source in the dry season. Agriculture and water resources in the MV provide essential food supplies
and hydroelectricity to Lima, Peru's capital city, where around 10 million people live. Heightened concerns
with water resources in the MV stem from the recent acceleration of the HG retreat due to global warming
(e.g., Rabatel et al., 2017; Vuille et al., 2008). Furthermore, the MV is highly vulnerable to extreme hydrolo-
gical events, including floods, frosts, and landslides that threaten agriculture (Espinoza et al., 2013; Lavado
Casimiro et al., 2010; Saavedra & Takahashi, 2017; Zubieta et al., 2017). Understanding the dynamics of pre-
cipitation in this valley is key to regional water security and socioeconomic resilience.

The Laboratory of Atmospheric Microphysics and Radiation (LAMAR) of the Peruvian Geophysical
Institute (IGP) is a measurement site that has been operational since 2015 (Figure 1). LAMAR is equipped
with a Ka-band vertical profiling radar, an optical disdrometer, two rain gauges, and a vertical profiler wind
radar (Table 1). These instruments measure the vertical structure of clouds and precipitating systems for the
first time in this region, the rain type, the drop size distribution, and the low-level and midlevel winds.
LAMAR observations enable examining the diurnal cycle of precipitation that is key to understand regional
precipitation processes and provide ground-validation for remotely sensed precipitation products. LAMAR
data provide information on the temporal structure of surface precipitation at point scale; TRMM and
GPM data provide information on spatial structure and the diurnal cycle climatology at a regional scale.
The objective of this study is to characterize the diurnal cycle and interannual variability of monsoon preci-
pitation at high elevation in the Central Andes of Peru using the ground-based LAMAR data and long-term
satellite-based remotely sensed precipitation products from the TRMM and the Global Precipitation
Measurement (GPM) mission.

The manuscript is organized as follows. Sections 2 and 3 describe the data and data-analysis methods,
respectively. Results are presented in section 4, which is organized to highlight the diurnal cycle of precipi-
tation structure and interannual variability of precipitation in the context of regional hydrometeorology. In
section 4.1, the focus is on the diurnal cycle of rainfall, including the vertical structure of PSs and the asso-
ciated microstructure of surface rainfall (i.e., the raindrop size distribution, DSD) from ground observations
and vertical and horizontal structure (i.e., spatial PFs) from satellite observations. In section 4.2, the focus is
on elucidating the synoptic precursors of long-duration precipitation systems (LDPS) toward explaining
LDPS frequency changes that account for significant interannual variability of MV monsoon precipitation
(~30%). The manuscript concludes in section 5 with a synthesis of results, discussion of findings, and future
work outlook.

2. Data

2.1. Ground Observations

Table 1 provides a detailed list of the suite of instruments at the LAMAR observatory, including character-
istics of the measurements used in this work. The data are publicly available from Duke University
Repositories.

Rain gauge data at 1 min temporal resolution from January 2016 to March 2018 were used to calculate rain
rate and accumulation. DSDs from an optical disdrometer (e.g., Parsivel-2) at 1 min temporal resolution
were available from September 2017 to March 2018.

Three monsoon seasons of reflectivity data from the Doppler pulsed 35 GHz Ka-band vertical profiler radar
(JFM 2016, December-February [DJF] 2017, and JFM 2018) were available for analysis. An attenuation
correction algorithm is not available for the LAMAR Ka-band radar. Rain rates exceeding 5 mm/hr are
not frequent at LAMAR even at the monsoon season's peak. However, attenuation errors can be severe
for convective precipitation. Rain gauge and disdrometer measurements are used to identify attenuation
artifacts that might lead to misclassifying precipitation type (stratiform or convective) from ground-based
radar observations.
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Figure 1. Top left: map of terrain elevation of South America; the red square is the region used to detect Day 0 cold air incursions. Top right: map of Peru showing
the Mantaro and Apurimac rivers and the location of the Mantaro Valley (MV). Bottom left: 3-D digital elevation model of the MV. Bottom right: cross section at
12°S of the MV. The red dot marks the location of the Laboratory of Atmospheric Microphysics and Radiation (LAMAR).

Vertical profiles of wind velocity for each component u, v, and w were obtained from the Boundary
Layer Tropospheric Wind Radar (BLTR) during JFM 2016 and DJF 2017. The BLTR radar operates at
50 MHz and is sensitive to rainfall and winds. Thus, its utility is merely qualitative for assessing winds

during rainfall.

Table 1

Overview of Sensor Characteristics at LAMAR

Sensor Variable Units Accuracy Samp. Rate Period References

Tipping Bucket rainfall mm 0.254 mm 1 min 01/2016 to 03/2018 www.onsetcomp.com/files/
Rain Gauge manual_pdfs/10241-D-MAN-

RG3.pdf

Optical radar reflectivity factor dBZ Range: [—9, 99] 1 min //www.otthydromet.com/en/p-ott-
Disdrometer Drop Size Distribution logl0 Range: [0.05, 27.5 mm]| 09/2017 to 03/2018 parsivel
Parsivel 20TT  (N(D)) (1/m> mm)

Ka-band cloud radar reflectivity factor mm® m—> Sensitivity: —40 dBZ 53s 01/2016 to 02/2017 //http://metek.de/product/mira-35c/#
radar Mira35c and dBZ  No attenuation correction 01/2018 to 03/2018

Boundary-Layer ~ wind components u, v, ms ~01ms " 1 min 01/2016 to 03/2016 and DOI: 10.13140/RG.2.2.30331.26404
Tropospheric and w 12/2016 to 02/2017
radar
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2.2. Satellite Observations

TRMM PR swath products 2A23 and 2A25 Version 7 (Awaka et al., 2009; Iguchi et al., 2009; Iguchi,
Meneghini, et al., 2000; Kozu et al., 2009) over 15 years (1 January 1998 to 31 December 2012) were used
to extract PFs and the climatology of precipitating systems echo-top heights. GPM dual precipitation
radar (DPR) product 2ADPR Version 06 with Normal Scan (NS) swaths (Iguchi et al., 2017) starting on
1 November 2014 through 31 March 2020 are used for the same purpose as the TRMM PR data.
GPM-DPR Ku-band NS swaths are used to determine the ground clutter-free height (i.e., the height above
which reflectivity measurements are not contaminated by ground backscatter).

There are critical differences in the sensitivity of the GPM KuPR and the TRMM PR, as well as in measure-
ment errors—for example, sidelobe clutter contamination for the Ku-PR (Kubota et al., 2016) and ground
clutter (Iguchi et al., 2017)—and in viewing geometry (e.g., parallax errors; Hamada & Takayabu, 2016).
Caution in integration and interpretation of GPM and TRMM measurements is therefore warranted.
Besides, an optimization approach based on a relationship between rain rate and mass-weighted diameter
was implemented in Version 6 of the DPR algorithm (Liao & Meneghini, 2019) in contrast with the
TRMM PR single-wavelength algorithm (Iguchi et al., 2009; Iguchi, Meneghini, et al., 2000). Overall, deeper
profiles and more extensive PFs are expected from DPR due to improved light rainfall detection.

2.3. Reanalysis

The ERA-Interim (Dee et al., 2011) at 0.75° X 0.75° horizontal resolution and 6 hr time steps was used as
the meteorological input for trajectory analysis using the Hysplit model (Stein et al., 2015). ERA-Interim
was used for back trajectory analysis on the orographic envelope to identify moisture source regions. ERA
Version 5 (ERAS5; Hersbach et al., 2020) at 31 km spatial resolution and hourly time steps was used to
probe interannual variability of moisture sources. In particular, we used the hourly pressure levels fields
of winds (u, v) and specific humidity (q) during January 2000-2019 and during January and February
of 2016-2018.

3. Data Analysis Methodology

3.1. Ground Observations

3.1.1. Reflectivity Profiles

First, vertical reflectivity profiles from the Ka-band radar at the original temporal resolution of 5.3 s were
averaged to 10 min. Second, the diurnal cycle of vertical reflectivity structure under rainy conditions was
derived from profiles where the near-surface reflectivity (280 m AGL, above ground level) is greater than
0 dBZ. This threshold is an indicator of light rainfall based on the disdrometer and rain gauge observations
at LAMAR. The vertical structures of the Ka-band reflectivity profiles for the three wet seasons 2016-2018
were summarized in a contoured frequency by altitude diagram (CFAD) to display the relative occurrence
of radar reflectivity as a function of height. The relative occurrences were obtained by counting the reflectiv-
ity values above the minimum threshold of —20 dBZ for each bin (31 m height) at one dBZ intervals.
3.1.2. Wind Profiles

Raw BLTR wind profiles were averaged to 10 min resolution. Profiles of each wind component concurrent
with Ka-band near-surface reflectivity greater than 0 dBZ were extracted to derive the diurnal cycle when
rainfall is measured at the surface.

3.1.3. Precipitation Systems

PSs were classified based on duration and vertical precipitation structure as they passed over the ground-
based Ka-band radar during JFM of 2016, DJF of 2017, and JFM of 2018 when complete observational
records are available at LAMAR. Note that the Ka-band radar data are 2-D; that is, the vertical axis is the
range, and the horizontal axis is time. The PSs were extracted from the 10 min average reflectivity profiles
time series as follows. First, the contiguous areas where reflectivity is higher than —15 dBZ are identified.
This low threshold accounts for radar attenuation and cloudiness while reducing fragmentation of persistent
PSs, and it is suitable for detecting embedded convection systems. Only PSs with at least one value of reflec-
tivity higher than 20 dBZ near the surface were submitted to further analysis to eliminate cloud systems with
no precipitation or very light precipitation. Next, the shape of each PS is delineated by fitting an ellipse to its
area. The centroid of the ellipse and the minor and major axes serve as PS metrics. Because of the alignment
of the PSs in range-time space, the principal (vertical) axis represents the PS range or height AGL, and the
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minor (horizontal) axis represents the PS duration in minutes. Finally, the PSs were categorized as
long-duration PSs (LDPSs) if rainfall lasts at least 6 hr according to the Ka-band radar, disdrometer, and rain
gauge observations. All other PSs lasting less than 6 hr are considered short-duration PSs. A precipitating
system is classified as shallow precipitation if it has no reflectivity above 20 dBZ above the isotherm of
0° (around 5,000 ASL or 1,700 AGL).

3.1.4. Rain Microphysics

The DSD is expressed as the number of drops per volume of air for a given drop size interval refereed as N(D)
(Tokay et al., 2014). The DSDs' hourly diurnal cycle was calculated by averaging 1 min N(D) measurements
when hydrometeors were detected. Hourly totals of detection counts (detection counts for a given drop size
interval per minute) were also calculated. The contrast between DSD diurnal cycles in the austral spring
(September-November, SON) and in the summer monsoon (DJF) highlights seasonal changes in the type
of PSs.

3.1.5. Rain Gauge Accumulations

The diurnal cycle of hourly monsoon rainfall was obtained by accumulating separately the hourly totals for
LDPS and short-duration PS categories during January and February of 2016, 2017, and 2018 for consistency
with other data sets.

3.2. Satellite Observations

3.2.1. Echo-Top Heights

Andes-Amazon transects of echo-top heights from TRMM PR reflectivity measurements for the 1998-2012
period and from GPM DPR Ku-band for 2014-2020 were obtained following CT17. These transects are
centered in the 1,000 m ASL topographic contour over ~3.5° latitude from 10° to 13.5°S. The vertical distri-
bution of echo-top heights was calculated by counting all echo-tops heights in bins of 200 m elevation for
6 hr intervals. Only observations in the center part of the DPR Ku swath (four rays at each side of the nadir
ray, nine rays in total) are used to minimize sidelobe clutter and parallax errors.

3.2.2. Clutter-Free Heights

The GPM DPR clutter-free height was calculated for Ku-band NS mode over the period March 2014 to March
2019 using as reference the GPM-DPR Level 2 algorithm theoretical basis document (Iguchi, 2018).

3.2.3. Precipitation Features

TRMM PR PFs are rainy areas of contiguous pixels with an estimated surface rain rate greater than
0.15 mm/hr, according to Romatschke and Houze (2013). PFs' horizontal extend was identified from the
TRMM PR 2A25 instantaneous swath product (Iguchi, Kozu, et al., 2000) and the precipitation type (convec-
tive or stratiform) from the TRMM 2A23 product (Awaka et al., 2009; Funk et al., 2013). The PFs were cate-
gorized by horizontal area in three categories small (S, 25-2,250 kmz), medium (M, 2250-24,700 km?), and
large (L, >24,700 km?). GPM DPR Ku-band NS swaths were analyzed to extract PFs over the MV in the
2014-2020 period. Analogous to TRMM-PR PFs, the GPM-DPR PFs were organized by their horizontal area
in S, M, or L. Then, after the size of the PFs is determined, pixels within the MV are identified. The precipita-
tion type (convective and stratiform) and the rain intensity were used to calculate the rain-type contribution
for MV pixels only. This approach allows us to determine the rain contribution by type (convective and
stratiform) of S, M, and L size PFs to the MV.

3.3. Reanalysis

3.3.1. Moisture Transport

Moisture transport was mapped by following the back wind trajectories (HYSPLIT; Stein et al., 2015) starting
500 m AGL in the MV at 13 LT in the afternoon over the previous 48 hr every 6 hr from January to February
in 2016-2018. Subsequently, trajectories were divided into two subgroups corresponding to LDPS and
short-duration PS days. On any given day, the analysis gives precedence to LDPSs because they start in
the afternoon or the evening and last until the morning of the next day, thus dominating daily rainfall when
they occur. There is one case only when the LDPS begins at 08:00 LT and lasts until 23:50 LT.

3.3.1. Moisture Flux and Moisture Flux Convergence

ERAS5 hourly specific humidity (q) and horizontal winds W = (u, v) were used to obtain the horizontal MF

(MF =g¢q Vh)) and daily values were used to obtain moisture flux convergence (MFC; MFC = — qV,Vh)) at
different pressure levels. Cross sections of the zonal MF (west-east, qu) at 12°S were averaged to monthly

values for January and February in 2016-2018. Daily averages of g, Vh), MF, and MFC were obtained for
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the day of LDPS detection (Day 0) and the past 48 hr (Days -1 and -2).
A 20 year (2000-2019) climatology of January MF was derived from the
hourly fields.

4. Results and Discussion

] 4.1. Diurnal Cycle of Precipitation

2845 o 4.1.1. Ground Observations
Rain gauge 4.1.1.1. Vertical Structure
g T T T T T T T T T T T T T T T T T T T 171 1% The reflectivity profiles of precipitating systems in the MV reveal a robust
%05 % diurnal cycle (Figure 2) with precipitation occurring mostly in the
£04 > afternoon and at night and very low accumulations from early morning
T3 g (5 a.m. LT) to early afternoon (12 LT). The corresponding wind profiles
<<(°330.2 % provide qualitative insight into the underlying processes (Figure S1 in
§0.1 § the supporting information). In the afternoon, in particular, between 16

o

012345

Figure 2. Top panel: diurnal cycle of Ka-band radar reflectivity concurrent
with surface rainfall during the three wet seasons JFM of 2016, DFJ of 2017,
and JFM of 2018 at the LAMAR site located in the Mantaro Valley

6

0
7 8 9 1011121314151617 181920 21 22 23

and 20 LT, the reflectivity profiles reach altitudes above 11,000 ASL

Hour LT despite attenuation. The wind profiles show upward vertical motion in

the lower 1 km consistent with convective activity forced by solar heat-
ing, as suggested by previous studies (Martinez-Castro et al., 2019;
Moya-Alvarez et al., 2018). Vertical motion is downward or negligible

(Figure 1). Bottom panel: mean hourly rainfall accumulations (blue bars) at other times at all elevations. Because wind and raindrops velocities
and rainfall intensity, that is, the mean hourly rainfall without zeros are averaged together in the BLTR profiles, it is impossible to determine
(orange line) from the Lamar rain gauge during JFM of 2016, DFJ of 2017, ind direction conclusively during rainfall. Nightime rainfall intensities

and JFM of 2018.

(20-07 LT) are lower than during the afternoon. Reflectivity profiles exhi-

bit a bright-band feature (local reflectivity peak) below 5 km ASL typical
of stratiform precipitation (Houze, 2014). Besides, there are some intervals in the early morning with
no bright band and no downdraft but localized updrafts instead (Figure S1), suggesting stratiform
precipitation with embedded convection.

A synthesis of the vertical structure of precipitation based on the Ka-band reflectivity profiles is presented in
Figure 3. On average, the 0° isotherm is at 5,000 m ASL (~1,700 m AGL) as shown by the bright-band
between 4,700 and 5,000 m ASL (1,400 and 1,700 m AGL) due to hydrometeor melting below the 0° iso-
therm. The flattening of the low-frequency contours for reflectivity above 20 dBZ illustrates the impact of
attenuation for heavy (convective) precipitation.

Figure 4 (right column) shows the diurnal cycle of rain DSDs during the 2018 monsoon (JFM) and the
DSD diurnal cycle in the previous spring (SON; Figure 4, left column) for contrast. The DSD diurnal cycle
is depicted in terms of counts (number of detections for a given drop size interval per minute, top row)
and drop number concentration N(D), which is the number of drops per volume of air for a given drop
size interval.

In the summer months, that is, JFM of 2018, large counts are observed at all times compared to the spring
(SON), except around noon. In particular, large drops with diameters greater than 1.75 mm are measured
between 15 and 21 LT and in the early morning (2-6 LT). The latter is concurrent with the peak in rainfall
produced by LDPSs at that time (Figure 4, right panel). The large differences between JFM and SON are in
the magnitude of the spike in detections associated with convective rainfall in the late afternoon and into the
evening (18-21 LT), and in summer nighttime detections (21-06 LT) tied to LDPSs in contrast with negligi-
ble counts in the spring. Drops with diameters larger than 2.00 mm are observed during convective rainfall
episodes (15-21 LT), and diameters as large as 4.0 mm can be detected in the late afternoon, albeit infre-
quently. Rare large drops (diameter >4.5 mm) are likely associated with melted graupel or hail during the
afternoon. Drop diameters remain below 2 mm at nighttime (21-06 LT) with substantive drop number con-
centrations N(D) during the monsoon consistent with persistent light rainfall (Figure 2).

Drop-counting errors in optical disdrometers are large for very small drops due to instrument accuracy
limitations. This is in part due to instrument sensitivity (drops smaller than ~0.2 mm effectively cannot be
measured), drop overlap when concentrations are very high resulting in large undercount errors, and
wind conditions that strongly impact drop trajectories and deviate drops from the measurement volume

CHAVEZ ET AL.

7 of 23

85U80 | SUOWILLOD BRSO 3|qedt|dde au) Aq peuseno a1e S9|o1e O '8N 0 S9INI o} AfeIqIT8UIUO AB]IM UO (SUORIPUOD-pUR-SWIR}W0D" AB| 1M AReJq1feuuo//Sdny) SUORIPUOD Pue SWwis L 38U} &3S *[5202/80/6T] U0 AriqiT auljuO A8|IM ‘nied 8UeIU0D Aq L76280Qr0202/620T 0T/I0p/Wwioo A8 |mAreiqutjuo'sgndnBe//sdiy wouy pepeo|umoq ‘+2 ‘0202 ‘96686912



~I
A\-"Ul Journal of Geophysical Research: Atmospheres 10.1029/2020JD032947
AND SPACE SCIENCE
Gr'ound racllar 400 (e.g., Angulo-Martinez & Barros, 2015; Testik et al., 2006). Nevertheless,
13000 1 9700 the late-night (0-3 LT) monsoon peak in detection counts and the light
350 rainfall and large drop counts at midday in both spring and summer
(Figure 4) also resemble disdrometer observations in the Southern
11000 17700 . 300 Appalachian Mountains attributed to seeder-feeder interactions (SFIs)
«j g 250 between stratiform precipitation aloft and low level clouds and fog
E 9000k 1 5700 E @ (Duan & Barros, 2017; Wilson & Barros, 2014, 2015). Additional mea-
g 2 1200 § surements, in particular, high-resolution reflectivity profiles obtained
,g E © from low-frequency radars to reduce attenuation would be necessary
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100 4.1.1.2. Precipitation Systems
5000 - 1 1700 Two types of PSs were identified according to rainfall duration and inten-
150 sity using the concurrent disdrometer, rain gauge, and Ka-band radar
measurements following the methodology described in section 3.1:
3000 -0

Figure 3. Ground-based Ka-band radar reflectivity CFAD for
January-March and December of 2016, January-February of 2017, and
January-March of 2018. The shading scale represents the number of counts
in bins of 31 m altitude and one dBZ reflectivity.
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(1) short-duration (<6 hr) PSs that are the most frequent type and (2) infre-
quent LDPS. Only 11 LDPS were detected during the study period.

Figure 5 shows the temporal evolution of reflectivity (top row) and
drop size distribution (bottom row) for an afternoon short-duration PS
(duration <3.5 hr) and a nocturnal LDPS (duration >8 hr). The micro-
physics of short-duration PSs exhibits the signature of vigorous convec-
tion, including large raindrops (drop diameters up to 4 mm) in the late
afternoon and high reflectivity (40 dBZ), the vertical extent of which is
impacted by severe attenuation between 18:30 and 19:30 LT. Note the
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Figure 4. Diurnal cycle of the drop size distribution from measurements of the optical disdrometer Parsivel 2 at 1 min
time scale. Left: September-November (SON) of 2017. Right: January-March (JFEM) 2018. The x axis is the hours of
the day. The y axis is the drop diameter. The color scale represents the number of detections (top row) and N(D)

(bottom
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Figure 5. Ka-band reflectivity vertical profiles (top row) and disdrometer raindrops number concentration N(D)
(bottom row) for a short-duration PS in the late afternoon (left column) and a nocturnal LDPS (right column).

deep clouds up to 9 km between 19:30 and 20:30 LT as the PS microphysics evolve into light rainfall
(drop diameters less than 1 mm). The LDPSs show persistent stratiform rainfall characteristics, including
the presence of a bright band, drop diameters <2 mm, and echo-top heights (using a 0 dBZ threshold) in
the 7-8 km range. Episodic increases in reflectivity synchronous with large increases in small drop num-
ber concentrations past midnight (2-6 AM LT) suggest the possibility of SFI among layered clouds,
including melted ice hydrometeors and near-surface radiation fog not unlike those reported by Wilson
and Barros (2014). Intermittent high reflectivity (>30 dBZ) is attributed to short-lived embedded convec-
tion initiated by the forced lifting of warm moist valley air at the katabatic front associated with drainage
winds from surrounding ridges.

The mean vertical structure of short duration PSs at different times of the day is shown alongside nocturnal
LDPSs in Figure 6 for the 3 years when ground-based radar data are available. Short-duration PSs were
assigned to the 6-hr interval where they spend more time. Note that the Ka-band radar detects not only
the precipitating regions but also the associated clouds. The left panel in Figure 6 shows that the depth of
short duration PSs generally does not exceed 4 km, although the full vertical development of some PSs
can reach heights of 12 km ASL (8.7 km AGL). LDPSs exhibit a much higher frequency of deep clouds in
the 8-10 km ASL (4-6 km AGL) range compared to all other PSs except in the afternoon (15-20 LT) due
to convective activity.

Using a threshold of 0 dBZ to identify echo-top heights shows that shallow precipitation is predominant
(~3.5 AGL and ~7 km ASL), although occasionally deep PSs extend up to 12-14 km ASL (right panel).
Because the LDPSs nocturnal echo-top heights are above 5 km more than 50% of the time, there is an impor-
tant contribution from midlevel stratiform precipitation to the observed rainfall rates at the surface consistent
with the ubiquitous bright-band in the time series of reflectivity. Falling ice hydrometeors melt below the 0°
isotherm and seed warm low-level clouds explaining moderate rainfall rates (3-5 mm/hr; Figure S2)
concurrent with large numbers of small drops amidst a background of light rainfall (2:20-4:20 LT in
Figure 5, right column).

4.1.2. Satellite Observations

4.1.2.1. Vertical Structure

The distribution of echo-top height measurements along transects between 10°S and 13.5°S reveals the diur-
nal cycle of echo top heights of precipitating systems in the transition region from the Andes Mountains to
the Amazon (Figure 7a for TRMM; Figure 7b for GPM).
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Figure 6. Left: probability density function of ground-based Ka-band radar reflectivity profiles (greater than —15 dBz) of
short-duration PSs at different times of day (continuous lines) and for nocturnal LDPSs in different years (dashed lines) at
LAMAR. Right: probability density function of the Ka-band radar echo-top heights (0 dBZ threshold) of short

duration PSs (blue line) and for nocturnal LDPSs (red line) at LAMAR. Radar data are available for January-March and
December of 2016, January-February of 2017, and January-March of 2018.

In the context of Figure 7, the Andes mountains refer to the region where the average terrain elevation is
above 2,000 m ASL, and the average terrain elevation is between 500 and 2,000 m ASL in the Andes foothills.
Generally, echo tops in the Andes Mountains during the afternoon (13-18 LT) are higher (5-13 km) than in
the foothills (5-9 km). At LAMAR in particular (black dashed line in Figure 7), the TRMM PR echo-top
heights (Figure 7a) range from 5,500 to 12,500 m in agreement with the Ka-band radar (Figures 2 and 3).
In the evening and at night (19-00 LT), the number of echo-top heights between 5 and 9 km altitude
diminishes in the foothills toward the Amazon, and echo-tops above 10 km are not detected over the moun-
tains. In the early morning (01-06 LT), echo-tops heights over the foothills reach their daily maximum alti-
tude. This behavior was also reported by CT17, who showed convective systems having greater depth and
higher rain rate in the Andes-Amazon transition region at that time. Nocturnal mountain downslope winds
interacting with the warm moist flow from the Amazon basin along the Andes foothills as proposed by
Giovannettone and Barros (2009) can explain the alignment of nocturnal convective activity at low eleva-
tions against the foothills apparent from infrared imagery and the diurnal cycle of TRMM precipitation
(Liu et al., 2008; Lowman & Barros, 2014).

The TRMM echo-top heights in the early morning at LAMAR range from 5-8 km in agreement with the
Ka-Band radar measurements, but the frequency is much lower than elsewhere in the region at any time.
Fewer echo tops occur over the Andes and the foothills in the morning (7-12 LT) as precipitating systems
decay from convective to stratiform (CT17).

The distribution of GPM DPR Ku-band echo-top heights is shown in Figure 7b. Besides the differences in the
record length compared to TRMM, the much lower counts for GPM also reflect comparatively few
overpasses at low latitudes when it is raining and the fact that the analysis is limited to near-nadir scans
as discussed in section 3. Deeper PSs with afternoon (13-18 LT) echo-top heights well above 5 km over
the Andes (e.g., 100 km mark) and in the morning (07-12 LT) over the foothills (e.g., 125 km mark) detected
by GPM and missed by TRMM are a significant improvement that can be validated against rain gauge
measurements (Barros, 2013; Eghdami & Barros, 2019). In contrast with TRMM, shallow precipitation with
low echo-top heights (<5 km) is detected everywhere at all times of the day because of the KuPR's improved
sensitivity and viewing geometry.

The clutter-free height is the lower altitude threshold for the detection of precipitation in complex terrain.
An example (blue line) is shown in Figure 8 for one randomly selected GPM-DPR Ku-band NS swath over-
pass among all examined. Arulraj and Barros (2019) and Barros and Arulraj (2020) showed that contamina-
tion of near-surface reflectivity profiles due to ground clutter is the most important error source in GPM
Ku-PR quantitative rainfall estimates in complex terrain. For instance, the contaminated region's height
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Figure 7. (a) Echo-top height counts in vertical bins of 200 m from the TRMM PR along west-east transects at 6-hr intervals. The gray area represents the mean
terrain elevation. The transects range between 10°S and 13.5°S. The color scale is the total local count of echo-top heights. The vertical dashed line marks
the Ka-band radar at LAMAR. (b) The same as (a) but from GPM DPR observations near the center of the swath (viewing angle <3.2°).

varies from 1.5-3 km AGL in the Southern Appalachian Mountains, depending on the radar view angle. In
the MV, during the lifetime of the GPM DPR (2014-2019) examined here, the ground-clutter height ranges
from 0.9-2.1 km AGL. Because of the high elevation (3,300 m ASL), the contaminated region's height is 44%
of the time above the 0° isotherm, resulting in severe underestimation of rainfall. Furthermore, warm PSs,
including LDPS with vertical development below the clutter-free height, are not detected.

4.1.2.2. Horizontal Structure: PFs

PFs obtained from the instantaneous TRMM and GPM swaths are aereal snapshots of PSs. Following
CT17, TRMM PFs are categorized here according to aereal extent: small (25-2,250 km?), medium
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Figure 8. Example of GPM DPR Ku-band NS (Nadir Scan) cross sections of reflectivity across and along swath. Clutter-
free height ~2 km. SRTM = Shuttle Radar Topography Mission.

(2,250-24,700 km?) and large (>24,700 km?). The large PFs that contribute most of the rainfall in the eastern
slopes of the Andes (CT17) are not observed at MV's high elevation as expected due to dry conditions that
inhibit the development of large convective systems (Mohr et al., 2014). Based on the TRMM swath
retrievals (Iguchi, 2000), the contribution of small and medium PFs to MV rainfall is 75% and 25%,
respectively (Figure 9). By disaggregating the contributions to the total rainfall into 6-hr intervals, it was
found that afternoon (13-18 LT) small size PFs account for 41% of the TRMM daily rainfall based on 145
small-size PFs and 10 medium-size PFs in the record (Figure 9). Indeed, the number of small PFs is
generally 1 order of magnitude higher than the number of medium-sized PFs at all times.

Summary statistics of the convective and stratiform contributions to total rainfall according to the TRMM PR
2A23 product classification (Awaka et al., 2009; Funk et al., 2013) are shown in black and white, respectively
(Figure 9). On a daily scale, the principal contribution to the total TRMM rainfall in the MV comes from stra-
tiform precipitation (60%). After disaggregating the rainfall in intervals of 6 hr (Figure 6), the contributions
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Figure 9. Climatology of small and medium-size PFs from TRMM PR 1998-2012 in the Mantaro Valley during the wet
season (November-February). Top panels: overall contributions from convective (black) and stratiform (white) rainfall to
the daily rain and as a function of time-of-day in percentage disaggregated in 6 hr intervals. Bottom panels: total
number and frequency of small (S) and medium (M) size PFs as a function of time of day.
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Figure 10. GPM DPR Ku-band radar swath retrievals show the spatial distribution of surface rainfall intensity [mm/hr, color scale] for a small (left panel) and a
medium (right panel) size PFs over the Mantaro Valley (black dots). The 3,500 and 1,000 m ASL topographic contours are shown in brown and green, respectively.
The title shows the date and hour of the acquisition of each swath.

of stratiform and convective precipitation remain around 60% and 40%, respectively, except during the early
morning (01-06 LT) when the stratiform contribution is about 75%, and the convective contribution is 25%.
Recall that this classification misses shallow PSs below the clutter-free height (Arulraj & Barros, 2017, 2019;
Duan et al., 2015).

The spatial patterns of one small and one medium-size PFs obtained from GPM DPR Ku-band swaths are
shown in Figure 10 for illustrative purposes. Based on the GPM DPR Ku-band swaths retrievals (Iguchi,
2018), the contribution of small and medium PFs is, respectively, 55% and 45% of MV rainfall (Figure 11).
The 20% increase in the number of GPM DPR medium-size PFs is attributed to the DPR's higher sensitivity,
viewing geometry, and algorithm changes (e.g., Liao & Meneghini, 2019) to improve detection of light rain-
fall that lead to larger PF aereal extent.

The principal contribution to the total GPM DPR rainfall in the MV comes from stratiform precipitation
increasing from 60% to 70%. In contrast to the TRMM era, the rainfall contribution from medium PFs

13-18LT  19-00LT 01-06LT 07-12 LT

45 T r
70 Ml Convective [Istratiform ||
Stratifor
o 60 [Istratiform

Rain contribution
Rain contribution

M Y s M

400 150
£ 200 100¢
v .
u5100 & 50
g >0 5
Q —
E 20 g 10k
2 10 c
Z 5 S 5f
I =2
o
[—

s M S M S M S M S M

Horizontal extension Horizontal extension of the PFs
of the PFs

Figure 11. The same as Figure 6 but for GPM DPR Ku-band during 2014-2020.
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Figure 12. Temporal evolution of HYSPLIT trajectories that begin at 13 LT in the Mantaro Valley, for days when
afternoon short (left) and long (right) duration precipitating systems were identified in January and February 2016-2018.

(37%) during the afternoon is higher than that of the small PFs (20%). There is an increase in the convective
rainfall fraction in small PFs during the morning (07-12 LT) and in medium-size PFs during the afternoon
(13-18 LT) consistent with the relative increases in echo-top heights reviewed earlier. During the remainder
of the day, the rainfall contribution of small PFs is higher than medium size PFs in agreement with
the TRMM-era.

A survey of GPM DPR PFs between 11 a.m. and 2 p.m. LT reveals infrequent small PFs (~1/month) produ-
cing light rainfall in the premonsoon season and higher rainfall rates in December and January when the
convective fraction increases to ~50%. The frequency of small midday PFs doubles in February for mostly
light stratiform rainfall. The high number of small raindrops at midday (Figure 4) is indicative of warm rain
processes possibly including SFI among layered shallow clouds, which might be misclassified as an indica-
tion of convective activity depending on overpass geometry similar to what happens in the Southern
Appalachians (Arulraj & Barros, 2019; Barros & Arulraj, 2020; Duan et al., 2015).

4.2. Interannual Variability of Precipitation

Among the 11 LDPSs detected at LAMAR, two events per season occur in 2016 and 2018, contributing 17% of
January-February (JF) rainfall totals. In contrast, seven LDPSs produced 35% of JF rainfall in 2017. The sig-
nificant year-to-year differences in frequency of LDPSs have significant implications in terms of precipita-
tion totals and natural hazards. Persistent light rainfall saturates the landscape, leaving it more
susceptible to flooding and landslides in response to heavy rain, such as in 2017. LDPSs play, therefore, a
pivotal role in the high-elevation hydrometeorology of the central Andes. Next, the focus is on elucidating
the interannual variability of LDPS from the regional moisture supply logistics perspective and on examin-
ing the specific synoptic staging that explains the interannual variability of the diurnal cycle of precipitation
associated with LDPS.

4.2.1. Seasonal Moisture Sources

Previously, moisture advection from the eastern foothills of the Andes was associated with precipitation at
higher elevations in the southern Andes of Peru in Cusco by Perry et al. (2017), and Endries et al. (2018) iden-
tified nocturnal long-duration stratiform PSs similar to the ones identified here at LAMAR. The moisture
source regions for the afternoon short-duration PSs at LAMAR were linked to the eastern foothills and
the Western Cordillera (Martinez-Castro et al., 2019; Moya-Alvarez et al., 2018). In the present study, wind
backward trajectories for LDPSs and afternoon short duration PSs detected at LAMAR (following the meth-
odology described in section 3.3) show that the principal moisture source is the low-level moisture conver-
gence zone along the eastern Andes foothills (Figure 12; see also Sun & Barros, 2015a). For the 2016-2018
wet seasons, the trajectories originating from the western Cordillera and the Andes’ eastern slopes account
for 10% and 75% of the total seasonal rainfall, respectively. Afternoon short-duration PSs and nocturnal
LDPSs explain 85% of MV seasonal rainfall, the remainder 15% corresponding to short duration PSs at dif-
ferent times of the day. Moist air reaching LAMAR at 13 LT comes from adjacent ridges (02-13 LT), which
in turn can be traced back to lower elevation upwind valleys and ridges down to the foothills over 2 days
(Figure 12). The dependability of definite moisture source regions along the eastern Andes foothills is there-
fore key to dependable precipitation at high elevations.
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Figure 13. Top: climatological (2000-2019) January SALLJ MF delimited by an isosurface of mean moisture flux (MF; 60 g kg_1 ms ") at 13 LT obtained from
ERADS reanalysis. The orientation of the orange cones depicts wind direction. The Andes topography is the gray surface. The vertical box marks the cross section.

The black flag indicates the location of the MV. Bottom left column: accumulated rainfall during January and February for years 2016-2018 at different

hours. Blue = LDPS; orange = short duration (<6 hr) PSs. Bottom right column: cross sections at 12°S of January mean zonal MF 2016-2018 at 13 LT. Blue shades

and yellow arrows = eastward zonal MF. Red shades and green arrows = westward zonal MF. The size of the arrows is indicative of MF magnitude.
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Table 2
Summary of Most Common ENSO Indexes Corresponding to SST Anomalies at Different Locations and Time Scales
Year Month E © Region 1.2 Region 3 ONI JFM JF rain (mm) LAMAR
2016 1 1.87 1.93 1.81 2.59 2.2 200
2016 2 1.18 1.95 1.38 1.97
2017 1 0.44 —-0.79 0.95 —0.08 —-0.1 313
2017 2 0.79 —0.70 1.44 0.42
2018 1 —1.04 —-1.18 —1.10 —-1.19 —0.8 238
2018 2 —0.91 —0.98 —0.89 —-0.91

Table 3

Note. ONI is the Oceanic Nifio Index. The last column shows the accumulated January-February (JF) rainfall measured
at LAMAR in the Mantaro Valley.

In turn, the dependability of moisture source regions is tied to large-scale mechanisms of moisture conver-
gence along the eastern Andes, specifically the SALLJ and CAIs. The SALLJ can occur simultaneously or
separately in the northern and central Andes (e.g., Jones, 2019). The January climatology (2000-2019) of
the mean structure of the SALLJ at 13 LT shows that the SALLIJ is in close alignment with the topography
east of MV (Figure 13). Consequently, moisture transport with NW-SE orientation at 12°S has a large east-
ward component (i.e., away from the terrain). Further south, at the Fitzcarrald Arch (13-13.5°S; Regard
et al., 2009), the SALLJ turns and acquires a significant westward component that brings moisture toward
the eastern slopes of the Andes (Figure 13; CT17; Espinoza et al., 2015). Moisture transport to the central
Andes is linked, therefore, to SALLJ morphology and orientation at 12°S.

Figure 13 also shows the zonal MF at 13 LT in January of 2016-2018 along a cross section at 12°S. The zonal
MF is positive (to the east) at low elevations (~2,000 m) east of MV and negative (to the west) at midlevels
(altitudes above 4,000 m) in 2017 when the low-level MF into the foothills strengthens. A similar analysis
for February is available in the supporting information (Figure S3). This suggests that one or both character-
istics of the zonal MF, that is, the increase in westward MF at middle and low levels, explain the ~35%
increase in JF cumulative rainfall in 2017 relative to 2016 and 2018.

Table 2 summarizes ENSO activity 2016-2018. In JFM of 2016, a very strong El Nifio was identified in Region
3.4 (L'Heureux et al., 2017; Rasmusson & Carpenter, 1982), and the Oceanic Nifio Index (ONI) was 2.2. In
2017, the ONI index was neutral. However, the SST anomalies in Region 1.2 are very high, consistent with
El Nino Costero conditions (Takahashi & Martinez, 2019). In JFM of 2018, the ONI index and the SST anoma-
lies in Regions 1.2 and 3.4 indicate moderate La Nifa conditions. Earlier studies (Ferreira et al., 2003;
Marengo et al., 2004) demonstrated that the SALLJ was stronger and more
frequent during DJF of the 1998 El Nifio than in the same months of the
1999 La Nifia. This result was generalized in a recent climatology by

Date When LDPS Were Detected in the Mantaro Valley (12°S) and the Date  Montini et al. (2019), who report that SALLJ days are more frequent dur-
When the Nearest Cold Air Incursion (CAD) Was Identified (Eghdami  ing DJF of El Nifio years than during DIF of neutral years. Thus, the mean

& Barros, 2019)

zonal MF during January 2016 (El Nifio year) represents a month with a

LDPS LDPS day Synoptic regime CAI day high SALLJ frequency. Inspection of the climatology of CAIs (1979-
1 2/11/2016 SALLJ 2/9/2016 2017) conducted by Eghdami and Barros (2019) reveals seven CAls during
2 2/28/2016 SALLJ _ January and February of 2017 and only two in January and February of
3 1/4/2017 SALLJ 1/5/2017 2016 (Table 3).

4 1/15/2017  SALLJ 1/11/2017 ) ]

5 1/19/2017 CAI 1/18/2017 Next, the zonal MF in 2016 and 2017 was examined on a month-by-month
6 1/24/2017 CAI Transition 1/18/2017 and 1/26/2017 basis for each year and each LDPS separately. In January of 2016, the east-
7 1/26/2017 CAI 1/26/2017 ward zonal MF was the strongest in the 3 years analyzed here; thus, less
8 2/16/2017 CAI Transition 2/14/2017 and 2/19/2017 moisture reaches the Andes, and no LDPS occurred in the MV. In
30 iﬁzggi; g:iu 119/2017 February of the same year, the eastward moisture transport weakened,
1 1/17/2018 SALLJ _ and two LDPS were detected in the MV. The back trajectories for these

Note. Day 0 is the day when a CAI is formally detected as it reaches the

2 days originate in the eastern foothills, and the total amount of rainfall

tropics (55.5-60°W and 22.50-27.00°S). The synoptic regime classes are measured in January and February of 2016 was 200 mm. In January of

defined based on the inspection of moisture flux maps at 850 and 2017, the low-level moist convergence is considerable (and conversely,
750 hPa (see Figures 14-16).

the eastward zonal MF was the weakest). At midlevels (2-6 km), the MF
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Figure 14. SALLJ conditions. Analysis of moisture flux (MF) and moisture flux convergence (MFC) for each day relative to the occurrence of LDPS at MV (day 0).
Left: mean daily MF and winds at 850 hPa. Center: mean daily MFC and winds at 850 hPa. Right: cross sections at 12°S of mean daily zonal MF (top) and MFC
(bottom). The red dot marks the MV. The gray dashed line marks the 12°S cross section. The thin black lines are the 1,000 and 3,500 m elevation contour
lines. MFC values are multiplied by 10*

toward the Andes was the largest in the 3 years studied here. The northward propagation of the CAI front
decreases the low-level eastward MF and increases the westward MF at midlevels. Under these favorable
conditions, five LDPS were identified in the MV, with the back trajectories of four traced to the eastern
foothills and only one originating from the western Andes Cordillera. During February of 2017, two CAIs
occurred. Despite a decrease at low levels, the midlevel MF is similar to January of 2017. In January of
2018, the eastward low-level MF was more substantial than in January of 2017 but weaker than in January
of 2016, and two LDPS were located in the MV with trajectories linked to the eastern foothills. No LDPSs
were found in the MV in February of 2018. MV JF rainfall in 2017 was 313 mm, 35% of which was
associated with LDPSs that explain ~2/3 of the rainfall accumulation difference between 2016 and 2017.
The total accumulation in January and February of 2018 was 238 mm, close to 2016 values.

The data suggest that the interannual variability of monsoon precipitation is explained by changes in the fre-
quency of LDPS in the High Andes and that synoptic-scale circulations govern LDPS frequency in the
Western Amazon by organizing moisture source regions along the eastern Andes foothills and easterly
MF at midlevels. Large MF at midlevels is the distinguishing factor that controls the intraseasonal frequency
of LDPS. The role of large-scale conditions such as ENSO teleconnections is challenging to ascertain, given
the short duration of the ground validation data available at LAMAR.

4.2.2. Synoptic Precursors of LDPS

Analysis of MV LDPS on a case-by-case basis point to three distinct classes of synoptic-scale precursors
according to regional meteorology (Table 2): (1) SALLJ; (2) northward propagation phase Cold Air
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Figure 15. The same as Figure 14 but for CAI conditions.

Longitude

Longitude

Incursions (CAI); and (3) CAI transition (CAI-T) when the LDPS occurs late in the CAI retreat phase and
before the next one reaches the tropics. In 2016 and 2018, the LDPS (two in each year) occurred on days
associated with SALLJ conditions. In 2017, two LDPS were tied to the SALLJ, three to CAI, and two to
CAI-T. For each category, the mean daily zonal MF, the 850 hPa MFC maps, and cross sections at 12°S
for the LPDS day (Day 0) and the two previous days (Days —1 and —2) are presented in Figures 14-16.
Because 10 of 11 LDPS are nocturnal, the mean daily flux values corresponding to Day 0 (zero) are
calculated for the 24 hr starting at 19 LT.

Under SALLJ conditions, a narrow and shallow band of high values of MFC (2 x 10™*-3 x 10~ gkg™'s™)
forms along the 1,000 m topographic contour (Figure 14). It reaches up to 1,500 m and is characterized by the
highest MFC values in the Andes’ most eastern foothills near the surface. By contrast, CAIs produce high
MFC along a broader region around the 1,000 m contour (Figures 15 and 16), with high MFC penetrating
the inner Andes and reaching altitudes up to 3 km. The differences in MF between Days —2 and 0 for the
SALLJ category are small. The CAI forward propagation into the western Amazon basin along the Andes
and subsequent retreat significantly reorganize regional moisture convergence patterns over the Andes
(CAI and CAI-T synoptic regimes). The zonal MF in Figure 14 shows a SALLJ structure (similar to
January of 2016; Figure 13) during Days —2, —1, and 0, with a slight increase in Day 0 MF. The foothills
are, therefore, the source of moisture to the MV 1-2 days before the LDPS.

Figure 15 shows MF and winds for CAI conditions during Day 0 along the foothills of the Andes between 10°
and 20°S following weak SALLJ conditions in Day —2. On Day —1, the northern SALLJ is cut off, and winds
are very weak in the central Andes between 5° and 12°S. At the same time, the approach of the CAI front is
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Figure 16. The same as Figure 14 but for CAI-T conditions.

already apparent with strong southeasterly winds south of 12°S. The front latches to the central Andes'
eastern slopes as it propagates further northwestward in Day 0. The MFC map at 850 hPa (Figure 15)
from Days —2 to 0 shows values ranging between 2 x 10™* and 4 x 10™* g kg™ s™" in the foothills of the
Andes around 12°S. Weak MF at low levels in Day —2 is followed by strong low-level and midlevel
westward MF on Day 0, the CAI arrival. On Day —2, the MFC is high (=3 x 10™* g kg™* s™") below
2,000 m above the foothills and extends from the surface up to 3,000 m at 74°W toward the inner region.
The additional moisture availability at 3,000 m before the CAI arrival suggests that moisture needs to
travel shorter distances to reach higher heights in the Central Andes and explains the association of
snowfall at the Quelcaya glacier in Cusco to CAI events (Hurley et al., 2015).

Figure 16 illustrates CAI-T conditions along the foothills of the Andes between 10°S and 20°S. Note how the
conditions in Day —2 are very similar for the CAI case in Day 0 with the difference that the CAI is beginning
to retreat. In Day —1, the central SALLJ connects to the northern SALLJ. Still, the core remains away from
the foothills. It only recovers fully by Day 0 with strong moisture convergence along the foothills and the
eastern slopes up to 5 km elevation, reaching the high-elevation inner valleys in the central Andes. The
850 hPa mean daily zonal MFC map on Day —2 is similar to Day 0 in the CAI category (Figure 15) with
values in the range between 2 x 10™* and 4 x 10™* g kg™* s™'. Likewise, the zonal MF cross section on
Day —2 has CAI structure. The zonal MF resembles a weak SALLJ in Day —1. The SALLJ structure apparent
in Day 0 is similar to Day —2 in the CAI category (Figure 15).

In summary, high MFC in the eastern foothills of the central Andes around 12°S occurs 1-2 days ahead of a
CATI arrival. It persists for 1-2 days as the CAI recedes and the SALLJ strengthens, respectively, for CAI and
CAI-T LDPS. The large MFC (~3 x 10~* g kg™ ' s*) extends from the surface up to ~2,000 m along the east-
ernmost ridges (73-72°W) and penetrates to ~3,000 m and higher to the west (74°W) as the CAI front serves
as a dynamic guide to midlevel MFC. For SALLJ conditions, the low-level MFC is shallower (~below
1,500 m) and confined to the eastern foothills during the 2 days before the LDPS in agreement with the
2 day time scale for upslope moisture transport from the foothills to the MV as shown in section 4.2.1.
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5. Conclusion

Observations from the GPM dual-polarization radar (DPR), TRMM PR, ground-based radars, rain gauges,
and an optical disdrometer were used to characterize the diurnal cycle of precipitation and interannual
variability of monsoon precipitation at high elevations in the central Andes of Peru.

5.1. Diurnal Cycle

Convective activity is dominant in the afternoon and early evening (15-20 LT) when the highest rainfall
intensity and larger drop sizes are observed at LAMAR. Stratiform precipitation with bright-band prevails
during the night and early morning (20-06 LT). Storm echo-top heights are higher (up to 13 km ASL)
between 13 and 18 LT in the High Andes than in the foothills, and the reverse is true at night. The increase
in the frequency and altitude of daytime eco-top heights-based GPM DPR Ku-band reflectivity profiles rela-
tive to the TRMM PR climatology is attributed mainly to improvements in radar sensitivity.

A 20-year climatology of the spatial structure of the PSs that affect the MV was developed based on the ana-
lysis of 15 years of TRMM PR (1998-2012) and 6 years of GPM DPR (2014-2020) observations. The results
show that the MV climatology is dominated by small and medium-size PFs in contrast with large PFs in
the Andes foothills (CT17). Small-size PFs in the afternoon (12-18 LT) produce 40% and 20% of the daily
rainfall, according to TRMM PR and GPM DPR, respectively. The ratio between convective and stratiform
rain is 45/55 and 38/62. During the night (19-00 LT), the proportion of stratiform over convective precipita-
tion is higher, with stratiform precipitation amounting to 58% and 65% of total rainfall estimated
from TRMM PR and GPM DPR measurements, respectively, in agreement with previous global studies
(e.g., Funk et al., 2013). Nevertheless, bias due to ground-clutter contamination of satellite-based radar mea-
surements over complex terrain must not be overlooked. Retrieval algorithms cannot detect precipitation
below the clutter-free height (i.e., the blind zone). There are a high number of missed detections, while
rain-rate estimates are significantly lower than ground-based observations (Barros & Arulraj, 2020; Duan
et al., 2015). Furthermore, retrieval algorithms that rely on the presence of a bright band to classify precipi-
tation as stratiform fail if the 0° isotherm is below the clutter-free height (Awaka et al., 2009). Indeed, the MV
topography is a significant challenge for GPM DPR with the clutter-free height ranging between 900 and
2,100 m ASL and above the 0° isotherm (~5,000 m ASL) 44% of the time.

LDPSs evolve from afternoon embedded convection (predominantly in the late afternoon, albeit early also as
in 2017) in the valley into nighttime stratiform rainfall. They often persist until the early morning of the next
day and make a distinctive contribution to monsoon precipitation at high elevations. LDPS events contribute
approximately 25% of the wet season rainfall in MV for the 2016-2018 period of study. Previously, Perry
et al. (2017) and Endries et al. (2018) identified similar LDPS to the south into Bolivia. LDPSs emerge, there-
fore, as the principal mode of nighttime precipitation at high elevations in the Central Andes.

5.2. Interannual Variability

Hot spots of moisture convergence along the Central Andes’ eastern foothills are the moist source for LDPSs
in the MV. Interannual changes in the spatial organization of moisture source regions impact the diurnal
cycle of precipitation at high elevations. In particular, LDPS moisture source regions are determined by
the interaction of the SALLJ with the eastern Andes foothills and by CAI activity, with broader and deeper
moisture pooling against the foothills associated with the latter. For SALLJ conditions, moisture conver-
gence occurs 1-2 days prior and on the same day of detecting an LDPS in the most eastern slopes facing
the Amazon. Moisture convergence is enhanced along the CAI front at low levels against the eastern foot-
hills (74°W) and midlevels 1-2 days before detecting an LDPS. This 1-2 day time scale is in keeping with
the transport time scale from the Central Peruvian Andes’ eastern foothills to the MV inferred from the back
trajectory analysis.

Analysis of synoptic-scale conditions using ERAS5 indicates that enhanced easterly MFC at midlevels
(2-6 km) is necessary to explain increases in LDPSs frequency. For instance, when the number of CAIs
increased from 1 to 6 in JF of 2017, the number of LDPSs increased from 2 two 7, leading to a 56.5% increase
in total rainfall accumulation relative to 2016. The CAI fronts work as a guide to organize the midlevel
moisture ahead of the front in the northward propagation phase and, or behind it in the retreat phase
(e.g., Eghdami & Barros, 2019).
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5.3. Summary

This study articulates a novel hypothesis that explains monsoon precipitation's interannual variability at
high elevations in the Central Andes in terms of LDPS frequency and CAI activity. Nevertheless, a note of
caution is warranted due to the short record-length of ground-based observations available (3 years) and
the relatively small number of LDPSs identified (11 events). The lack of long records and strategically placed
mesoscale observing systems poses a significant research challenge in the region. Ongoing work seeks to
develop a climatology of LDPS by proxy based on large-scale circulation patterns favorable to moisture con-
vergence at midlevels from ERAS. However, reanalysis does not capture the nonlinear interactions among
weather dynamics, topography, and land cover that govern orographic precipitation processes in the eastern
slopes of the Central Andes (e.g., Eghdami & Barros, 2019, 2020). Therefore, high-resolution modeling stu-
dies are necessary in the future to elucidate the mesoscale dynamics of LDPS at high elevations.
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