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Abstract: present study uses the 3 years of data from a vertically pointed profile Radar (VPPR) at
the mountain site (Huancayo at 3.2 km msl; HYO) in Peru to investigate the
precipitation characteristics/patterns including diurnal variation, bright band (BB)
characteristics and vertical structure of rain (VSR). VPPR provides continuous 1-min profiles of
radar reflectivity (Ze), rain rate (RR), liquid water content (LWC) and Doppler velocity. At the
same time, field campaign data are used to investigate the role of the surface and atmospheric
variables in generating the rainfall and organization of the cloud systems over HYO. The
precipitation shows the bimodal distribution; frequent and higher RR during afternoon and
nighttime. The BB height also shows a diurnal pattern and BB height is higher during afternoon
and nighttime compared; and follows the diurnal heating of the Andes. More than 70% BB height
lies between ~4.3-4.7 km and only 20% BB has altitude higher than 5 km. The austral summer
monsoon (December to March months) have higher intense vertical profiles (higher Ze¢) compared
to pre monsoon seasons (September to November) and shows the negative gradient for most of
the altitude. The RR and LWC show the opposite characteristics, and both have a positive
gradient below the 6 km altitude and then negative gradient above 6 km altitude. The
raindrop size distribution (DSD) parameters show most of the variation below the freezing
level, and a higher concentration of large sized of hydrometeors are observed for higher RR,
however the dominant modes of Dm are less than 1 mm. The changes in the VSR in DSD
parameters are significant for the RR>20 mm/h, whereas for RR<2 mm/h the vertical structure in
DSD parameters do not have much differences during monsoon and pre monsoon seasons. Satellite
and reanalysis data reveal the short periods of convective activity with higher accumulated rainfall
over HYO compared to stratiform precipitation, which is more common in the nighttime and sustain
for many hours. Wet spells (higher rainy days) have low pressure circulation, which favours the
transport of moisture from the Amazon to the central Sierra of Peru, while the anticyclonic
circulation at high levels favours the divergence at higher pressure levels and, enhances the
convective in the region. During the dry spells, low level weaker circulation at the west of Brazil,
restricts the transport of moisture to the central Sierra, while the circulation at high levels does not
favor rain processes. The improved understanding of the tropical Andes precipitation would be
very important for assessing climate variability and changes as well as to forecast precipitation
using the numerical models.

Keywords: MIRA35¢; diurnal variation; DSD parameters; convective rain and bright band

1. Introduction
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Peru is known as the country with natural hazards, where these natural hazards affect the social
and economic life within the valley of Andes. The west coast of Peru consists of dry Pacific Ocean,
whereas at the interiors it is divided by the Andes mountain, and east of Peru has a large area of
Amazon forest. The mountain area covered by Andes with its complex topography makes very
difficult to measure the correct rainfall estimation from the satellite-based observations due to
attenuation in the precipitating media [1]. At the same time, numerical models are not able to track
and forecast precipitation properly [2-4]. More recent research work over the tropical Andes revealed
that precipitation in tropical high mountains occurs due to a complex interaction of atmospheric
processes and external factors on several scales [5-9]. Mantaro Basin (MB; Fig. 1a) is located in the
valley of the Andes mountain and known as to have some severe thunderstorms during to September
to March months [9-10]. There are not much information’s are available about the vertical structure
of rain (VSR) and raindrop distribution (DSD) due to unavailability of ground-based observations in
the complex valley of Andes. In 2015 the Instituto Geofisico del Pert (IGP) started the ground-based
observations to investigate the various characteristics of rainfall including diurnal cycle, VSR, and
DSD parameters within the valley of Andes. As a part of it, a vertically pointed profile radar (VPPR,
Fig. 2), namely MIRA35c is installed at Huancayo (HYO, 12°S,75.3°W) to investigate the rainfall
characteristics. Also, an intensive field campaign took place at HYO between 18 February to 19 March
2019, and the results from the field campaign are presented here.
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Figure 1. Rain gauge observation of the diurnal cycle of surface precipitation (a) rain-gauge
network marked by red circle and boundaries are showing the boundary of Mantaro basin
and valley (b) Monthly variation of accumulated surface rainfall at 07 and 19 local time for
all the rain-gauge stations (c) accumulated surface rainfall at 07 and 19 LT for all the stations
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Figure 2. (a) Locations of MIRA35¢ (b) images of MIRA35c.

The diurnal cycle of rainfall over the tropical high mountain and its mechanism of formation are
discussed earlier [e.g.11-13]. For example, in an early work, it is observed the diurnal patterns with
higher rainfall between the altitude 2600 and 3300 m mean sea level (msl) over eastern cordillera of
the tropical Andes, with higher nighttime rainfall [14]. Over the last two-decade satellite-based
observations mainly based on Tropical Rainfall Measuring Mission Precipitation Radar (TRMM-PR)
and Global Precipitation Measurement (GPM) provide the diurnal cycle variation over the different
regimes of South America (SA) and Andes mountain [13,15-16] and the vertical structure of rainfall
(VSR) over the tropical globe [17-22] included land and oceanic regions over the South America [15-
17,23-25]. But there are several limitations on the satellite-based observations. First, TRMM/GPM is
non sun-synchronous satellite width swath width of ~247 km, and not able to capture otal and
complete rainy events over specific areas/location. Second, it has much higher sensitivity (~17 dBZ),
and not able to capture the light rain and drizzle. Also, the lack of DSD parameters could influence
its outcome [26-28]. For example, it is mentioned that TRMM underestimates more than 50%
stratiform rainfall below the TRMM sensitivity [29]. Ground-based observations could lead to a better
understanding of the VSR characteristics, although they also showed the uncertainty in rainfall [26-
27, 30]. DSD plays a vital role in tropical rain and cloud system [31-35] and its variation affects the
VSR because of several microphysical mechanisms. For example, evaporation, break up, collision-
coalescence affects the near-surface DSD, which leads to variation in the VSR. The major source of
uncertainty is the variation near the melting layer/height [36] and the humidity structure in the lower
troposphere [37]. For example, the constant reflectivity assumption from the surface to melting layer
affect the variation in VSR and thus it is very important to investigate the BB characteristics [36].

There are very few studies, which reported the vertical variation in radar reflectivity (Ze) with
the change in DSD spectrum with the height and their influence on rain rate (RR)[26,28,36,38,39] and
seasonal variation in Ze-RR relationship using the ground-based DSD measurements [31,40-42]. For
example, Peters et al. [26] showed the change in the DSD parameters with Ze-RR relationship in the
Baltic during heavy rainfall and showed that DSD parameters depend on the RR. Thurai et al. [27]
also showed that strong variation in VSR in convective and stratiform rainfall in Singapore region.
Das et al. [36] observed the VSR characteristics over the three tropical regions over South Asia. They
showed that negative slope in the raindrops below the melting layer height for RR greater than 20
mm/h. At the same time, RR less than 2 mm/hr has a much higher fraction of small drops below the
1 km altitude. Sumestha et al. [39] observed the BB characteristics and microphysical processes in the
stratiform precipitation over the Western Ghats over India and found that 60% of the BB lies nearly
at 4.6 km altitude. In mid-altitude cloud the DSD shows the bimodal distribution for the lowest class
of the RR (0.1<RR<1 mm/h) whereas for high-altitude clouds the DSDs do not show any modal
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distribution and does not depend on the rain categories. They also showed that DSDs parameters in
BB events show the concave downward shape near the surface levels due to collision-coalescence
processes in the mid-altitude clouds. Schuur et al. [43] showed that major variability in DSD
parameters is associated with the stratiform rain with low intensity and in the advance of convective
rains. The limited studies are available over the Andes, which showed the VSR observation along
with the diurnal cycle of precipitation events over the tropical Andes [44-46]. Perry et al. [47]
investigated the characteristics of precipitating storms over the Glacierized Tropical Andean
Cordilleras of Peru and Bolivia using vertically pointing MRR. They showed the dominance of
nighttime higher stratiform precipitation and showed that rainfall in the valley of the Andes results
from the interaction between easterly moist flow and westerly flow at the different pressure levels.
Endries et al. [46] used MRR data over the Andes mountain and showed higher RR in the afternoon
and overnight time with short periods of strong convective cells.

From the past study, it is clear that in a mountainous region, the interaction between the wind
systems and complex topography can affect the precipitation processes [35,48]. Also, from light to
heavy rain, raindrops undergo several microphysical processes at different altitude and then reaches
at the surface [49-52]. The dominant microphysical processes such as coalescence, collision, breakup
of raindrops are complex microphysical process and represent the uncertainty in numerical models
[53]. Therefore a climatological and filed campaign analysis of the rainfall, BB and DSD parameters
at the terrain conditions are essential to make a holistic understanding of the processes and to
formulate the parameterization of precipitation in weather and climate models [2-4,9]. At the same
time, it could be very useful for getting the positive results in cloud seeding experiment [54].
However, this is a very first attempt to characterize the growth and evolution of the vertical DSD
structure in relation to mean VSR over the complex topography of Andes. The present analysis also
examines the microphysical processes associated with the convective and stratiform rainfall over the
HYO. In summary, a statistical analysis of the diurnal cycle, BB and VSR obtained from VPPR over
HYO for 3 years (2015-2018) of the data. In summary, the main objectives of the present study is to
address the following questions:

1). How do the diurnal cycles of rainfall vary over the tropical Andes?

2). What are the associated spatial and temporal distributions of BB heights?

3). How do the vertical structures of rain look like for a specific rain rate and drop size vary over
Huancayo, Peru?

4). How do the rainfall patterns look during the campaign over the Huancayo? Following paper
is organized as follows.

Section 2 provides rainfall climatology over the tropical Andes, and section 3 provides detailed
information about the MIRA35c and other data used in the present study. Section 4 provides the
results and discussion from the study, and section 5 concludes the study.

2. Precipitation climatology over the Andes mountain

The rainfall over the tropical Andes is associated with the upper-level Bolivian high (BH,
counterclockwise circulation) during austral summer (December to March) monsoon [55] and the
rainfall in the valley is affected by the influence of mountain-valley circulations due result of thermal
differences [56]; On the other hand, BH weakens from May to October [57]. The low-level jet (LLJ)
and surface flow play an important role and transport the moisture flow from Amazon to Andes and
affect the DSD parameters at low lands and eastern slope of the Andes [35, 57]. A meso-scale cloud
systems show the bimodal distribution of diurnal patterns, and peaks occur in the overnight and
afternoon hours over the Andes mountain [13,15,45,58,59-60]. The rainfall within the valley shows a
clear afternoon peak in many studies and other parts of the Andes [13,15-16,35]. GPM data revealed
that near surface rain properties such as RR and DSD parameters depend on the topography and
surface wind directions [35] whereas the higher frequency of MCSs is observed at the eastern flank
of Andes [60]. Sulca et al. [61] showed the role of large-scale circulation on the dry and wet spells
over the MB and revealed the necessity of upper-level circulation for triggering the rainfall over the
MB. A seasonal marked behavior is also observed as the peak of accumulated rainfall found between
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austral summer (DJFM), and then September to November (SON) seasons [10]. On an average, for
the entire valley, there is marked seasonal variability in rainfall, with maximums rainfall between
January and March and minimums between June to July [10]. It was found that 83% of the annual
rainfall takes place between October to April, of which 48% are distributed almost equally between
January, February to March. Moreover, the trade winds from north-east are intensified and transport
moisture into the continent [62] and these winds cross the Amazon basin and rise on the Andes
mountains, and contribute to rainfall [63].

A dense rain-gauge network over MB are shown in Fig 1a, and the red circles show the locations
of the rain-gauge stations over the MB. SENAMI (National Meteorology and Hydrology Service of
Peru) provides the surface rainfall for every 12 hours accumulated rainfall; e.g., at 07 local time (LST;
12:00 UTC) in morning and afternoon (00:00 UTC; 19 LST). In that sense, it provides a diurnal
variation of the surface rainfall over the MB, and nearly 38 years (since 1981) of rainfall data are used
in the present analysis. Figure 1b shows the monthly variation of the accumulated rainfall at 07 (00:00
UTC) and 19 LST (12:00 UTC) over the mentioned stations. A hint of the diurnal cycle is observable
and, for most of the months (except November), night-time accumulated rainfall is higher compared
to day time accumulated rainfall and consistent with the past finding [14] and satellite-based
observations [13,35,45,47]. Fig 1c-e shows the accumulated rainfall for 12 hours for all years, DJFM
and SON seasons at 07 and 19 LST at different stations. It also shows a clear hint of diurnal variation
for most of the stations. For most of the rain gauge stations, the night time accumulated rainfall is
higher compared to day time of the rainfall. Based on the monthly rainfall climatology/variation [10],
we chose two seasons, namely monsoon (Austral summer) and pre monsoon season (SON) for the
further investigation of rainfall characteristics over HYO.

3. Data and Methodology

We used the ground-based VPPR, namely MIRA35c working at 24.1 GHz with the other
reanalysis data and mentioned below. Also, the methodology used in the present study is mentioned
below.

3.1. The Compact Meteorological Ka band Cloud Radar (MIRA-35¢)

The VPPR is placed in the HYO, located in the center of the MB (Fig. 2a). The MB is located in
the central Peruvian Andes (10°34-13°35’S, 73°55’-76-40’W) with an area close to 34550 km? (Fig. 1a).
Figure 2 shows the location and image of the MIRA35¢, which measures clouds and rain. MIRA35c
is a magnetron based pulsed Ka-band Doppler radar, with very high sensitivity and ability to detect
the clouds and fog. MIRA35c¢ transmits the linearly polarized signal and receives co and cross signals
simultaneously, to detect the Doppler spectra of radar reflectivity (Z.) and the Linear De-polarization-
Ratio (LDR). Both the data are used to investigate the cloud density and target type respectively [64].
Its ability to detect the cloud and rainfall and work as a bridge between the gap in Earths hydrological
cycle by adequately detecting clouds and precipitation and showed in many studies. MIRA35c is
specially designed radar and most compact cloud radar available today, and the low power
consumption makes it perfect for automatic measurements at remote locations. To derive the vertical
velocity, Z., RR and DSD parameters from the MIRA35C, we used the algorithm used in [26,36]. Table
1 shows the variables and description of the MIRA35. Figure 3 shows an example of the vertical
profile of Z. and vertical velocity measured through MIRA35c. From the figure, it is clear MIRA35
can measure convective and stratiform rainfall events. For example, Fig. 3a and 3c are showing the
convective rainfall events with Z:>35 dBZ from the surface to mixed phase altitude, whereas Fig. 3b
and 3d showing the Z. structure with BB events and indicate the stratiform rainfall events.
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Figure 3. An example of radar reflectivity in convective (a) and stratiform (b) and vertical
velocity in convective (c) and stratiform (d) rainfall events on 29 December 2015
(convective) and 13 February 2017 (stratiform) rainfall.

Table 1. Some Important Specifications of the MIRA35c.

MIRA35c¢ Specifications

Frequency Peak Power Receiver Operation mode Beam width
34.85 2.5 kW Single Polarization Pulsed 0.6°
Antenna Range Temporal Number of range = Number of spectral
type resolution resolution gates bins
Cassegrain 31m 56s 415 128

3.2. BB height estimation

The BB height is calculated vertical Z. profiles using the algorithm mentioned in [65, see Fig.3]
and the negative gradient in Ze. profile is used to find the BB height [46,65]. We removed the virga
rain from the study, where rainfall does not reach the surface. For the vertical profiles which consist
of BB, the height consists of maximum Ze (Zemax) is termed as Hpeak. The BB top height (H) is defined
as the height consists of the highest negative gradient of Ze, whereas BB bottom height (Hv) consists
of the largest positive gradient of Ze. This methodology is different from the methodology used X-
band Doppler radars, i.e., the SNR (Signal and Noise Ratio), falling velocity, and reflectivity [66]. We
also defined reflectivity of snow (Zesnow) and rain (Zerain) defined as the Z. at 150 m above Ht and below
Hb, respectivel.

3.3. Vertical structure of rain (VSR) at different rain rate

VPPR data is validated in the past over different part of the globe and rainy areas [26, 33-34, 41-
42, 67], and results showed the VSR depends on the DSD parameters. For studying the mean VSR,
we followed the methodology described in [26,36]. We divided the near-surface RR into four
categories, namely 0.02-0.2 mm/h, 0.2-2 mm/h, 2-20 mm/h and 20-100 mm/h [36]. The basic regions
behind this classification are that RR could classify the rain into convective and stratiform [26,36].
There are various studies which used the various methodology to separate the convective-stratiform
rain based on the BB [68], however, RR is commonly used to discriminate the convective-stratiform
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222 rainfall because of its simplicity [26,36]. Ground bases observations revealed that near-surface DSD
223 measurements can differentiate between convective and stratiform rainfall [31-34]. However, this is
224 avery first approach in the valley of Andes to investigate the vertical growth and evolution of DSD
225  structure in VSR. For this purpose, we include in the statistics only the rain profiles which reach to
226  the lowest range gate of VPPR nearest to the ground. In averaging the data set, there are still some
227  possibilities of suppression of information. Peters et al. [26] showed that this suppression of
228  information is not very serious, and the mean dataset can still efficiently serve the purpose of the
229  study. For understanding the rain structure over HYO, we study the profiles of RR, liquid water
230  content (LWC), and Ze. for different near-surface RR as discussed earlier during DJFM and SON
231  seasons.

232 3.5. Campaign and reanalysis data

233 A short but intense field campaign is launched over HYO between 18 February to 14 March 2019.
234  Several ground-based instruments including radiosonde, ground-based radar and Boundary Layer
235  and Troposphere Radar (BLTR), are used to investigate the rainfall and mechanism behind it over
236  HYO. We used the reanalysis data from the GFS at 1° x 1° grid resolution including variables wind
237  velocity and wind direction at different pressure levels to investigate the evolution of clouds during
238  the convective and stratiform precipitation events. We also used the ERA-interim data for
239  Geopotential height and specific humidity at 1° x 1° grid resolution to investigate the dynamical
240  behavior of rainfall during dry and well spells during the campaign periods. We also used the
241  Geostationary Operational Environmental Satellite (GOES) satellite data which provides brightness
242 temperature (BT) to see the evolution of the cloud systems. The spatial and temporal resolution of
243 GOES satellite is nearly 4 km and half an hour respectively.

244 Table 2. Summary of the data sources.
Source Variable Temporal Scale
Radar reflectivity, echo top height, DSD parameters .
VPR, Huancayo bright band height, Rain rate (2015-2018) 1 min
Rain gauge Precipitation (1981-2019) 1 min
Radiosonde Temperature and humidity (February-March 2019) Instantaneous
ERA-Interim ECMWEF Upper level winds 6 hour
245 4. Results
246  4.1. Rainfall variability and diurnal variation of the surface rainfall
247 Figure 4 shows the diurnal cycle of surface rainfall observed from the MIRA35 during the study

248  period e.g., DJEM and SON months. The seasonal differences are less and all the panels reflect the
249  diurnal variation and mean RR (mm/h) and maximum of mean RR follows the diurnal patterns and
250 consistent with the different locations of Andes mountain (southern Ecuador; [13,46,60]. The
251  diurnal cycle during the study period shows the two maxima in RR, namely afternoon [17:00 to 19:00
252 LST] and then after midnight hour [1:00 to 3:00 LST]. However, the mean of maximum RR shows
253 several maxima during the study periods. DJFM and SON also follow the similar trends, however,
254 the mean RR is higher during SON (~0.4 mm/h) compared to DJFM months (~0.35 mm/h). The two
255  major differences are observed during two seasons, namely between the magnitude and temporal
256  distribution of maxima of mean RR. The difference between afternoon and mid-night maxima is
257 higher during SON compared to DJFM and shows most of the rainfall maxima occurs in afternoon,
258  and could be related to more topographical condition rather than the DJFM seasons, where meso-
259  scale dynamics and diurnal heating both are important [9]. For example, the mean RR peaks at ~0.35



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2019

260
261
262
263
264
265
266
267
268
269
270
271
272
273

274

275
276
277

8 of 39

mm/h and 0.18 mm/h for afternoon and early morning during DJFM months, whereas corresponding
values are ~0.4 mm/h and ~0.05 mm/h for afternoon and midnight peaks for SON seasons. Second,
the DJFEM shows a clear maximum at 18:00 LST, and, then decreases around 18:00 LST, whereas
maxima in mean RR spread between 15:00 to 18:00 LST during SON months. The mean of the
maximum RR also shows the similar trends, and the difference between afternoon and early morning
mean in the maximum RR is less for JJAS months (~2 mm/h) and highest during SON months (~8
mm/h). Figure 5 shows the diurnal cycle of accumulated surface rainfall and maximum accumulated
surface rainfall at each half an hour interval during the study periods, DJFM and SON months. SON
has a clear pattern of the diurnal cycle compared to DJFM months, where the maximum accumulated
rainfall occurs at 13.00 LST and then decreases around the mentioned time. SON has a clear maxima
in afternoon and midnight hours and the observed bimodal distribution of precipitation is consistent
with the past results [45-47] and reflects the night-time and widespread precipitation over the nearby
areas.
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Figure 4. Time series of the mean rain rate (mm/h) and mean of the maximum rain rate
(mm/h) for (a) all the study periods (b) December to March months and (c) September to
March months observed from MIRA35c.
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Figure 5. Time series of the accumulated rainfall (mm) and maximum rain fall at particular
rime (mm for (a) all the study periods (b) December to March months and (c) September to
March months observed from MIRA35c.

4.2. Bright band characteristics

Figure 6 shows the diurnal variation (a-c) and probability density distribution (d-f) for BB height
observed during two seasons and whole study periods. It is important to observe that BB is higher
during summer monsoon season compared to pre-monsoon seasons (SON months). The probability
density distribution of BB shows the seasonal variation and the DJFM months have the two peaks
(4.4 and 4.6 km), whereas SON has a single peak near 4.5 km altitude and the maximum height of BB
lies between 4.2 to 4.6 km altitude. The probability of BB height decreases sharply after 5 and 4.7 km
during DJFM and SON seasons respectively. The BB height mostly lies between 4 to 5 km altitude
and consistent with the other stations/locations over the Andes mountain [46-47]. However,
irrespective of diurnal cycle more than 70% of BB lies nearly well below the 5 km altitude, and only
less than 20% BB found over 5 km altitude and even higher in nighttime. The BB height clearly shows
the diurnal patterns and role of solar heating at the higher topographic areas. First, the higher
density/frequency of BB with high altitude (4.5<BB<5) occurs either afternoon or evening (13:00 LST
to 21 LST) and other maxima occur between 22 LST to 6 LST, but BB is mostly less than 4.5 km.
Although, there is a possibility that BB could rise more than 5 km, mostly in afternoon and late night
(13:00 LST to 23:00 LST), and follows a heating pattern over the tropical Andes and lead to higher BB
[65]. Table 3 provides the detailed information of BB observed during the different periods of the
time. The seasonal differences are not very pronounced but the diurnal variation evident and shows
the variation of 500 to 900 meters. For example, mean BB is highest (~4.66 km) during SON months
between 14:00-19:00 LST followed by DJEM months (4.62 km) between 20:00-01:00 LST. Although the
highest median BB (~4.57 km) height found between DJFM months during 20:00 to 01:00 LST and the
standard deviation in BB height is higher during SON months compared to DJFM months.
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Figure 6. (a) Time series of the bright band altitude for the Austral summer monsoon season
e.g., December to March months (b) same as a but for September to November months (c)
same as a but for all the study periods. (d) Probability density function (PDF) of bright band
height for December to March months (e) same as d but for September to November months
(f) same as d but for all the study periods.

Figure 7. shows the scatter-plot for the Zepeak and Zerain for different RR for the vertical profiles
consisting the BB. Both the seasons nearly show the common trends and for higher near-surface RR
(>1.5 mm/h) has a linear relationship between Zepeak and Zerain. The role/effect of the melting layer and
BB are evident and shows the conversion of ice or frozen hydrometeors into the rain droplets below
the melting layer [69]. The BB features is an important integral of stratiform precipitation and
whenever ice particles fall from the cloud tops or in their downward journey they grow by the
deposition of vapor into large sized of hydrometeors [70]. Once they enter the zone of within the 2.5
km of the freezing level, aggregation and riming formed the irregular shaped of snowflakes; which

melt at 0°C isotherm and produced the BB [71-74].

Table 3. provides detailed information of the BB height within the different diurnal

times.

70

Midnight

Afternoon

Overnight

13:00 - 18:00 UTC
8:00 -11:00LT

19:00-00:00 UTC
14:00-19:00 LT

01:00-06:00 UTC
20:00-01:00 LT

DJFM SON DJFM SON DJFM SON

Number of Profiles (11976) (1523) (11976) (1523) (11976) (1523)
Max 6.44 6.41 6.38 6.41 6.47 6.47

Min 4.01 410 401 4.04 4.01 4.01
Median 447 432 441 438 457 450
Mean 452 443 444 4.66 4.62 4.32
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322 Figure 7. Scattering plot between Zerain and Zepeak as a function of rainrate.
323 4.3. Vertical structure of rain
324 Figure 8 shows vertical variation of Ze, RR and LWC (gm-3) for DJEM (solid line) and SON (dot-

325 dash line) months and the seasonal differences are observed and monsoon seasons have the intense
326  vertical profile compared to pre-monsoon months except for the RR for class IV (RR>= 20 mm/h),
327  wherein the mixed-phase altitude (6-9 km) the average Ze is higher in SON months compared to
328  DJFM months. The maximum differences in Ze profiles are observed between the mixed-phase
329  height, and above the 9 km; the average Z. profiles merge and consistent with the longterm TRMM
330  and GPM observations for the intense rainfall events over different part of the globe and nearby areas
331  of South America[17,20,23-24,75]. The BB signature is absent in most of the average Z. profiles and
332 they are showing the negative slope with height and average Z. decreases with the height. The
333 average vertical profiles of Z. can be divided into two regions, one below ~5.0 km (very near to 0°C;
334  Fig. 8a), where average Ze either increases, decreases or remain constant with the height, and depends
335  on the class of RR, whereas above 5 km, average Z. decreases with the height for all class of RR.
336  Within the lowest ~1 km altitude, the average Ze is highest for RR between 20 to 200 mm/h and least
337  for RR lies between 0.02-0.2 mm/h. Above the BB height (~4.7 km) average Z. profiles show the
338  different characteristics, and the average Ze is least for classes of RR of class IV (20-200 mm/h). The
339  average slope changes in the mixed-phase regimes and related to the growth and decay of the
340  hydrometers in the evolution of cloud/rain droplets and depends on the cloud microphysical
341  processes [70]. Figure 8b shows the average vertical profile for RR for different classes of RR (I-IV)
342  and again the seasonal differences are observed and monsoon seasons are more intense compared to
343 pre monsoon seasons except for class of IV RR (>20 mm/h) above 4.5 km altitude. It is important to
344  see that x-axis is in logarithmic scale. For the near surface RR <= 2 mm/h, average RR has positive
345  slope e.g., average RR increases up to 6 km altitude and then decreases slowly or remain (negative
346 slope) constant and in accordance with the past studies over the different part of globe [26-27,67,76].
347  SON shows the different characteristics compared to DJFM months for RR (20-200 mm/h) and the
348  reason is not clear. Maybe the mixed rain, during the transition from convective to stratiform rain,
349  where local convection or convective systems could become stratiform precipitation very quickley
350  [36]. The moisture transported in upslope and easterly flow generates the higher near surface RR and
351  large sized hydrometeors at the eastern flank of the Andes [35]. The rising moist air flow along the
352 slope, it condensates and starts falling down and increase the local precipitation [48]. The opposite
353  slope below the ~4.5 km altitude for RR below the 2 mm/h, reveals that hydrometeors generated near
354  the freezing level are able to reach the surface and evaporation of small hydrometeors are effective
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in lowest class of RR and shows the role of moisture availability and water vapor in the regions
during Austral summer monsoon seasons [9,15]. Figure 8c shows the vertical variation of LWC for
the different classes of RR and shows similar patterns as observed in average RR profiles and
monsoon months have higher LWC compared to pre monsoon months. For the lowest class of RR
(<0.0-0.2 mm/h) the LWC has a positive slope (dALWC/dz>0) up to 6 km altitude similar to RR profiles
and then remain constant or consists of negative slope. Again the average LWC is least for DJFM
months above 4.5 km altitude and similar to that observed in RR and Z. profiles for RR>20 mm/h. For
the RR of class IV (RR<20 mm/h), average LWC has a positive slope (ALWC/dz>0) from the surface
up to 6 km altitude. These findings are consistent with the higher altitude regimes over the Shillong
(~1.6 km) over Indian subcontinent [36]. The negative slope for higher RR is expected and the errors
introduced by an overcompensation of the rain attenuation at high RR as mentioned in [36].
However, the positive slope in the LWC shows the correct estimation and errors are very less in this
RR range due to rain attenuation. The possible regions behind such kind of behavior are the shift of
the DSD peak and DSD peak toward smaller drops with increasing height. The lowest class of RR
generally associated with the drizzle (with Z.<0 dBZ) and related with the lower shallow clouds and
with less fall velocity and smaller drops and also showed in next section [26,76]. At the same time,
evaporation plays a significant role at very low RR and lower height and affects the small drops
concentration and lead to the positive gradient in LWC and RR vertical profiles below the 6 km
altitude.

10 v e 107 . . .

(b) o (e)

Height (km)

l \ . s, 1
L . L N .
-10 0 10 20 30 40 107° B ~ - 1072 10

Reflectivity (dBZ) Rain rate (mm/h) LWC (g/m3)

Figure 8. Average vertical profile for different class of rain rate for December to March
and September to November months for (a) radar reflectivity (in dBZ) (b) rain rate (mm/h)
and (c) liquid water content (g m?3).

4.4. Distribution of drop size parameters Mean drop size distribution and drop evolution mechanism

Figure 9 shows the vertical profile of the mean DSD, obtained from MIRA35c for four classes of
RR (I-IV). We plotted the DSD vertical growth up to ~8 km, but will discuss mostly below the 6.5 km
altitude e.g. nearly above and below the freezing level (Fig. 5). The vertical DSD growth during pre
monsoon and monsoon months show nearly the similar characteristics with minor seasonal
differences below the freezing height (Fig. 9). In general, all classes of RR are showing the similar
trends of higher/bigger raindrops near the surface compared to high altitude regimes. The seasonal
differences are evident as DJFM months have a higher concentration of bigger drop for less RR.
Below we will discuss in details about the DSD vertical growth for the four class of RR. For the lowest
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class of RR (0.02-0.2 mm/h) , the Dn<l mm shows the higher concentrationand dD/dZ remains
constants below the freezing height, but the drops less than 0.5 mm shows the opposite characteristics
during JJAS and SON seasons. For example, in a small differences for the lowest RR class the raindrop
less than 0.5 mm, shows the negative trends (dD/dZ<0), just below the freezing level during SON
season, and indicates the drop break up or evaporation mechanism, but not very frequent during
DJFM months and this could be because of the sufficient moisture supplied by the SA-LL]. Although
the total number of smaller drops (Dm<1.0 mm) remain constant within the mixed-phase regimes and
increases below the freezing level during both the seasons. This indicates the evaporation of small
drops (0.5 mm-1.0 mm) does not affect the much rainfall over HYO. The higher concentration of
bigger raindrops below the freezing height because of moisture loaded surface flow under the
orographic influence. This indicates that the sufficient moisture loaded flow through South American
low-level jet (SA-LLJ) under the orographic influence provide enough moisture to overcome the
evaporation effect. The negative gradient into the small droplets is consistent with the past studies
over the high altitude areas of the Western Ghats (WG) over South Asia.

For the RR lies between 0.2-2 mm/h, the DSD parameters show the dominance of drop collision-
coalescence mechanism during both the seasons and a higher concentration of bigger raindrops
(Dm>1 mm) are observed below the freezing level during both the seasons. Although overall DJFM
months consist of higher concentration of higher-sized of raindrops compared to SON months. The
concentration of the smaller drops (Dm<1 mm) also shows the similar characteristics and increases in
the lowest height. Although in a small difference, SON months show the decrease in the
concentration of Dm<0.5 mm and indicate the hint of the evaporation of the small drops. For the RR
lies between 2-20 mm/h, the seasonal differences are higher compared to lower classes of RR,
although the DSD variations are same in both the seasons. During both the cases, higher
concentration of larger raindrops (Dm>4 mm) are reaching to surface compared to previous cases.
Since the mentioned RR consists of both convective and stratiform precipitation, both the drop
evolution mechanism, namely collision-coalescence and break up are effective. For RR class between
20-200 m/h a higher concentration of rain drops of Dm<=2 mm are observed between the mixed-phase
regimes. The role of evaporation and orographic wind is evident as most of the small rain drops are
removed from the location due to strong wind. At the same time, the concentration of bigger
raindrops is also higher near the surface compared to other class of rainfall. Since this class of rainfall
mostly correspond to convective rainfall and consist of the evolution of bigger raindrops near the
surface. At the same time, it also shows the higher concentration of bigger raindrops throughout the
height regions compared to other class of rainfall. The observation indicated that there are much
higher chance of collision-coalescence in the lower altitude, whereas in the ice microphysics are
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422  responsible  for  bigger  raindrops  within  the  mixed-phase  regimes  [36].
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424 Figure 9. Average vertical DSD profiles for (a) December to March months and (b)

425 September to November seasons. Different DSD figures in each panel correspond to the
426 rain rates ranges as indicated in previous figures.

427 HYO is at 3.2 km above msl and very near to the BB height and once the snow or ice crosses the

428  0°C height, it melts and creates the bigger raindrops, which falls quickly. In a recent study, Gatlin et
429 al. [77] used ground-based radar data and showed that a thickening, and to a lesser extent a lowering,
430  of the BB causes an increase in raindrop diameter below the BB that extends to the surface. At the
431  same time strong orographic wind could leads to small drops to a higher altitude, and we can see the
432 negative slope. Raindrops often develop from the melting of precipitation-sized ice hydrometeors
433 [78]. For example, melting snowflakes are a common source of rainwater in stratiform precipitation.
434  Several studies have found that larger raindrops were observed at the ground beneath more intense
435  radar reflectivity BB. The constant cloud base layers due to supplied moisture within the boundary
436  layer affect the DSD variations [39] and at the same time internal dynamics (shallow layer with the
437  upper layers) at the hills tops contribute the number-controlled processes such as collision-
438  coalescence, breakup and further leads to the generation of smaller drops. These processes are in
439  dynamic equilibrium contributing to the fact that smaller drops have a uniform vertical profile at
440  high-altitude region. The presence of smaller drop with a high concentration in lower RR could be
441 associated with the BB features where BB events contribute to DSD at smaller rain rates [39]. The
442 drops originate from the BB could have less liquid water content [Fig. 6] and may contribute the less
443 rainfall just below the melting layer height, but undergoes the collision-coalescence process and affect
444 the total rainfall near the surface, and thus a sudden increase in drop size is observed just below the
445  median BB height.
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5. Campaign periods over Huancayo

5.1. Synoptic conditions during the dry and wet spells

Figure 10a shows the daily rainfall data recorded during campaign periods between February
18 and March 14, 2019. It is observed that the campaign periods could be divided into dry and well
spells and mostly rainfall took place between March 4 and March 10, 2019. On the 10 March 16.3 mm
rainfall was recorded in 24 hours, followed by 7 March and February 25 2019, with 12.2 and 10 mm.
The dry spells are characterized between the February 20 and 24 and between February 26 and March
3, where daily rainfall was less than 2 mm. Figure 10b shows the diurnal variation in the rainfall
during the campaign periods and again reveals the afternoon and night-time have higher rainfall
during the campaign periods. However, the specific humidity field (Fig. 12) for the period with
rainfall (wet spells), that the humidity isolines are more elongated to the west (with a quasi-zonal
axis), corresponding to the period with less rainfall. The above is an indication of a greater transport
of moisture from the Amazon to the central Sierra in the case of days with rain. The analysis of the
period between February 20 and 24, when it practically did not rain on the observatory, confirms
what was seen in the previous case. Here the situation is similar to that of the period between
February 27 and on March 3. At 700 hPa circulation is greatly weakened, which does not guarantee
the entry of moisture from the Amazon, while at 200hPa the anticyclonic circulation has become very
distorted. Also the trough on the ocean penetrates towards the north, locating its axis to the west of
Peru, which blocks the flow of the east on the Peruvian territory. In this case, it is important to
emphasize that this trough, even, has a long-wave and greater depth than in the previous case, in
which the wave is shorter.
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Figure 10. Precipitation (mm/24h) recorded at the Huancayo observatory between February
18 and 11 March 2019.
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Figure 11. Average of geopotential height during wet and dry spells at 700 hPa and 200
hPa.

Figure 11 shows the synoptic behavior during dry and wet spells as mentioned earlier. Figure
11a shows the average geopotential height field at 700 hPa for the period between 4 and 10 March
(wet spells) and observed that South Atlantic anticyclone ridge is well established and extends to the
near Bolivia and the outskirts of the border between Brazil and Peru, which guarantees a humid
airflow of the eastern region, from the Amazon to the central zone of Peru. Also, note that a good
"trough" established in the vicinity of Pacific Ocean at the Peruvian coast. At the 200hPa (Figure 11b)
the high pressures were established, with their center of circulation in the near the border between
Peru, Bolivia and Chile, which guarantees a divergent flow of the eastern region over the central zone
of Peru, which constitutes an important requirement for the occurrence of rainy days in this zone of
the country, according to the studies carried out in this regard [2-3,9]. Another important element is
that the trough over the ocean is located at South of the latitude of Peru in the form of a short wave,
which allows anticyclonic circulation over the area of interest. A different features are observed in
Fig. 11¢;d corresponding to the period between 27 February and March 3 (dry spells). During the dry
spells at 700 hPa the South Atlantic anticyclone ridge is moved towards the east, leaves a very weak
flow between the Amazon and the central Sierra, so the supply of moisture to this region of the
country would not be the same in the period analyzed above. Similarly, the "trough" on the ocean in
the vicinity of the Peruvian coast is much weaker than in the previous case. For this period, as can be
seen in Fig. 11a, the center of high pressure has moved to the northeast, what the predominant flow
over Peru is confluent in the western region, which does not favor the occurrence of precipitation
over the region.

Note in this case that the trough over the ocean penetrates more to the north. The analysis of the
averaged moisture fields (Fig. 12) showed no significant differences between both periods, so can
infer that the dynamics of flow over the region plays a fundamental role once the content of humidity
on the area is sufficient for the generation of rainfall.

Table 4. Meteorological and VPPR statistics for the case studies. Upper-level winds are
derived from ERA-Interim data for the grid cell closest to the VPPR at the event location
and at the reanalysis hour closest to the middle of each event. Surface meteorological
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501 variables were obtained from SPZO and a station collocated with the La Paz VPPR.
502 Duration values are calculated using 3-h breaks and, therefore, represent parts of the event
503 that may exist outside of the range of the VPPR image.
Date Time 03/06 03/07 03/08 03/09 03/10 03/11
00 UTC 8.7 6.8 14.3 11.5 15.5 3.9
06 UTC 34 10.7 14.1 11.9 10.4 2.3
850-hPa wind speed (m/s)
12 UTC 4.5 15.2 14.5 11.0 11.6 2.1
18 UTC 15 15.0 10.9 11.7 5.4 0.5
00 UTC 241 194 184 85 196 242
06 UTC 250 191 86 188 192 231
850-hPa wind direction ()
12 UTC 38 88 87 70 208 74
18 UTC 211 184 185 184 236 78
00 UTC 3.7 6.4 5.9 6.2 3.3 2.6
06 UTC 2.1 6.2 9.2 7.4 5.8 6.8
500-hPa wind speed (m/s)
12 UTC 8.3 8.1 7.6 6.2 5.8 6.0
18 UTC 9.5 7.5 6.7 5.6 3.6 2.6
00 UTC 256 76 66 187 78 36
06 UTC 188 199 208 200 208 78
500-hPa wind direction ()
12 UTC 220 84 204 197 210 108
18 UTC 197 182 209 207 190 187
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Figure 12. Humidity profiles for wet and dry spells at mid level pressure level (700 hPa)
and upper level pressure level (200 hPa).

5.2. Vertical profiles of reflectivity and wind measurements during the rainy periods

Figure 13 shows the vertical profile of temperature collected during the wet spells in the early
morning (07 LST) and afternoon (19 LST) along with dry and moist lapse rate and temperature
profiles are nearer to moist lapse rate in the nighttime. We did not find any significant inversion
mechanism during the rainy periods and all the profiles cross the 0°C only once, mostly lies between
5250 and 5550-m and nearly 150-200-m higher than the observed climatological BB (see Fig. 5). These
results are consistent with the finding of the [79], where BB existed 253 m below the 0°C level because
of the time taken by the frozen hydrometeors to melt with respect to ambient temperature. Figure 14
and 15 shows the vertical profile of Ze and vertical velocity from the MIRA35 and BLTR respectively
during wet spells. It is observed that most of the higher rainy days (wet spells) consist of the cloud
systems with well defined BB structure rather than intense convection [46]; although few convective
events are also observed [4] and discussed later. For example, the day with the highest rainfall (10
March, 16.8 mm) has a clear BB feature between 4:00 to 5:00 UTC. Intense convection is observed at
the 23:40 UTC and lost for nearly 3 hours, and later followed by stratiform precipitation with BB
features. Second row shows the accumulated rainfall for each day and 10 March has higher
accumulated rainfall followed by 7t March, and could be related to higher convective rainfall with
short-lived convective activity (Fig. 14). Table 4 provides details information about the dynamical
behavior for each day (6 March to 11 March) at each 6-hour interval at different pressure levels using
ECMWEF data at 1°x 1° grid resolution.
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539 5.3. Convective and stratiform rainfall activity

540 It is well known that the rainfall and amount of the cloud fraction over the MB is modulated by
541  the moisture convergence in the easterly and westerly flow [9,61] and triggers the convective activity
542 [4,9]. At the same time, orographic features are also very important to produce rainfall over HYO, as
543 orography could modulates the different wind at different pressure levels [7-8,35,60-61]. In summer
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months, intense heating of Earth’s surface, because of the large availability of solar energy, favors the
development of convective clouds [80]. In a recent study, Flores et al. [9] showed that southern
displacement of the South-east Pacific Subtropical Anticyclone up to latitudes higher than 35°S,
weakening and south-eastern displacement of the BH-NL system and intrusion of westerly winds
along the west side of the central Andes at upper and medium levels are important to generate the
thunderstorms over HYO. For example at the meso-scale, convergence of two important fluxes
from north-west and south-east side of Andes trigger the deep convection into the MB. The intrusion
of the sea breeze from the Pacific Ocean along the west of the Andes and couples with upper and
middle westerly winds and thermally induced moisture fluxes from SA-LL]J is the main moisture
fluxes in these areas. However on the local scale previous hours conditional instability also simulate
the thunderstorms. For example, SPSA generates the subsidence which causes the arid and stable
conditions along northern Chile and southern Peru which extend over the inland over the western
slope of the Andes [61]. The other important dynamical feature is BH and north-east low (NL) and
main circulation over South America during the Austral summer [61].

07 March 2019
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Figure 16. Images of the GOES infrared channel for the period of development in the area
of the Mantaro river basin for convective rainfall events. The color bar indicates the
brightness temperature. The UTC in hours is indicated for each image. The contour of the
basin is shown with a continuous line, and inside, the outline of the valley is highlighted,
approximately in the center of each square.

Based on the MIRA35 and BLTR data we identified the three convective and two stratiform
precipitation events (CPEs and SPEs) and tabulated in table 5. We would like to investigate the
evolution and dynamical behavior during the CPEs and SPEs of the cloud systems, from where they
generate and reaches up to HYO. From the table, it is clear that CPEs have much higher accumulated
rainfall compared to SPEs and documented in a recent study [4,9,46]. For example, the first CPE
produces ~7.4 mm of accumulated surface rainfall within one hour (19:00 to 20:00 UTC on 7t March)
whereas second CPE produces ~2.01 mm of rainfall within one and half hour of the convective
activity. The SPEs show the different characteristics compared to CPEs and lost for many hours but
produce less rainfall. For example, first SPE occurred on 7t March between 00:00 UTC to 10:00 UTC
and produces 3.55 mm of accumulated rainfall with median BB height occurs at ~4.56 km, whereas
other SPE lost for nearly 8 hours (00:00 UTC to 07:30 UTC) and contribute 1.01 mm of accumulated
rainfall with BB lies nearly 4.70 km. Both the SPEs mostly occur in the afternoon and nighttime and
consistent with the past findings of the stratiform precipitation over different tropical locations over
tropical Andes mountain [46].
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Figure 17. Images of the GOES infrared channel for the period of development in the area
of the Mantaro river basin for stratiform rainfall events. The color bar indicates the
brightness temperature. The UTC in hours is indicated for each image. The contour of the
basin is shown with a continuous line, and inside, the outline of the valley is highlighted,
approximately in the center of each square.

To investigate the evolution of the CPEs and SPEs, the BT from GOES are shown. Figure 16
shows time series for the BT for all the CPEs and SPEs for 7th, 10t and 11t March during the campaign
periods. It is observed that convective activity developed mostly at the south-west of the HYO and
moves towards the north-east (Fig. 16) and generate the copious rainfall [4,9]. For example, the first
CPE generated at the west of the HYO at ~8:30 UTC and moves towards the north east and produces
the copious amount of surface rainfall. A simultaneous convective activity is also observed at the east
of the HYO but not able to reach to HYO [4,9]. For the second and third CPEs, it is again confirmed
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that convective activity mostly develops at the west of the HYO and then moves at the northeast.
However, the SPEs show the different features/characteristics and both the SPEs generated at the east
of the MB (in the Amazon forest and low lands area of the SA) and reaches HYO (Fig. 17) which is
known as to consists of the largest squall lines and large number of meso-scale convective systems
[13-14,35,60,81] and moves towards the east of the Andes mountain under the influence of SA-LLJ
[9,15-16,61] and surface winds [35].

Figure 18 shows the wind vectors and reduced sea level pressure for the 7%, 10t and 11 March
(a,b and c respectively) using the GFS reanalysis data (resolution: 1°). On the 7t March, an SPSA is
generated and centered near 40°S and moves at the northern SA continent. The lower/less value of
atmospheric pressure level at the southern SA (990-995 hPa) and along the coastal latitude of MB
(1000 to 1010 hPa) could diminish the subsidence effect over the coast pacific and favors the intrusion
of the sea-breeze [9]. On the 10" March lower/less precipitation is observed at the north-west of SA
continent (995-1000 hPa) and inland over the eastern of the HYO, whereas for the whole day along
the coastal latitude of SA diminishes the subsidence effect over the coast pacific and favors the
intrusion of the sea-breeze. The 11t March also shows the similar features and an area of low pressure
area is observed at the west coastal latitude of HYO. These low-pressure regimes at the coastal area
produce rainfall activity over HYO [2-4,9]. Figure 19 shows the wind-stream lines at 18:00 UTC for
the three mentioned days at lower, mid and upper pressure levels. At mid-level pressure (700 hPa)
the wind circulations show the different characteristics for the three CPEs. On the 7 March 2019 (Fig.
19a), along the east side of the Andes, a well-defined north-easterly circulation was observed along
that follows the SALLJ at 850 and 950 hPa. These north-easterly circulations could favor the intrusion
of moisture from the Amazon basin to the central Andes. In contrast, on the 10t March (Fig. 19b) the
easterly circulations are restricted to low latitudes (around 15°S), probably due to the disturbance
produced by two anticyclone circulations centered at 20°S, 50°W and 40°S, 58°W, respectively. The
last anticyclone was also observed at 850 and 950 hPa and is probably associated with the south-west
displacement of the South-Atlantic high-pressure system (Fig. 19b), which generate south-easterly
circulations along the east side of the Andes that could disfavor the intrusion of moisture from the
Amazon basin to the central Andes. On the 11t March, the north-easterly circulations are partially
re-established at 700 hPa, but they are less observed in the 850 and 950 hPa, where the presence of
the South-Atlantic high pressure system is still near the south-west coast of Brazil (Fig. 19c). Along
the west side of the Andes, at low-level pressures (850 and 950 hPa) a westerly circulation was
observed which could favor the intrusion of moisture from the sea breeze and mountain valley
circulations inside the Andes around the MB (Fig. 19c). These westerly moisture fluxes that intrude
inside the high lands of the Mantaro valley can be observed in the band of cloudiness (Fig. 16;17).
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Figure 18. Wind streamlines and reduced pressure to mean sea level (hPa). Cold colors
indicate lower values and warm colors higher values. All composites data were obtained
for the convective events at 1800 UTC from the GFS reanalysis data (resolution: 1°).
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Figure 19. Wind streamlines (m s) and vertical velocities (Pa s7) at high levels (700 hPa) at
18 UTC for three dates. Positive (negative) values indicate downdraft (updraft) winds. All
composites data were obtained for the three convective events at 1800 UTC from the GFS
reanalysis data (resolution: 1°).

The characteristics of the CPEs depend on both the static stability of the environment, wind
speed and wind direction shear [82]. Sounding results between 06-11 March at 07 and 19 LST are
shown in Fig. 20 and at 13 LST in Fig. 21. For all the rainy days, a stable atmosphere is observed at 07
LST that creates an air potential temperature gradient (0) directed towards the surface with values
between 315 K and 320 near the surface. For 07, 08 and 10t March, negative gradients of the
equivalent potential temperature (Oe) were observed at 07 LST, which indicates a slightly
conditionally unstable layer in the first 4 km, probably caused by the presence of high moisture
content in these days with surface value close to 340 K. In contrast, at 13 LST a high unstable condition
was observed, with higher negative gradients in 07, 10 and 11 March. However, the release of
conditional instability, which occurs when Oe is almost equal to Oe* (saturation equivalent potential
temperature) near the surface, happened on 07 March at 1500 m, on 08 March at 3000 m and on 09
March at 2500 m. The key factor in producing a nonzero convective available potential energy (CAPE;
Fig. 22) in these days, is the higher Oe (350 K) near the surface. Probably, the higher Oe near the surface
is mainly produced by a higher mixing ratio near the surface. This behavior is maintained at 19 LST
on 07 and 10 March with significant negative gradients in Oe near the surface. Significant vertical
wind speed and wind direction shear were observed on 07 and 10 March (Fig. 23), which contributes
to increasing the longevity of convective processes. The super-cell structure in thunderstorm is
promoted by strong environmental shear, which leads to strong mid-level vorticity on the storm
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655  flanks. The negative dynamic pressure perturbations in these vorticities lead to vertical acceleration
656  and continual regeneration of the updrafts on the two flanks of the storm.

657 Table 5. Time of occurrences, accumulated rainfall and bright band height during the
658 convective and stratiform rainfall events during the campaign periods.

Convective activity

Date Time Total amount of rainfall (mm) Median BB height
07/03/2019  19:00 —20:00 UTC ,14:00-15:00 LT 7.3660 No
10 /03 /2019  23:00 - 0:30 UTC, 18:00 LT-19:30 LT 2.0320 No
11/03 /2019 19:00 —23:30 UTC, 14:00-18:30 LT Nil No

Stratiform rainfall activity

07/03/2019 00:00 -10:00 UTC 3.5560 4.56 km
10/03/2019 00:00 -07:30 UTC 1.0160 4.70 km
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Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2019

27 of 39
13000 . 13000 ¢ . - 13000
12500 Equivalent & 12500 | —— Equivaient ¢ 12500 —— Equivalent ¢
12000 - 2019/03/06 - 13 LT —— Equivalont Sat . | ~ 12000/  2019/03/07 - 13 LT —— Equivaient Sat 4, 12000  2019/03/08 - 13 LT —— Fauivalent Sat 0,
fance —— Potential # 11600] Potontal ¢ 11500 - —— Potential ¢
11000 11000 | 11000
10500 10500 | 10500
10000 10000 | 10000
9500 - 9500 | 9500
9000 9000 9000
8500 8500 8500
8000 8000 | 8000
= 7500 = 750 = 7500
\Ef 7000 L 7000 } ~E— 7000
6500 6500 | £ 6500
§' 6000 - g 6000 ? 6000
T 5500 5500 | T 5500
5000 5000 | 5000 /
4500 4500 | 4500
4000 4000 | 4000 - f
3500 3500 | ’ 1500 /
3000 3000 | } 3000 //
2500 2500 | f 2500 /
2000 2000 2000 /
1500 1500 | 1500 )
1000 ~ 1000 | 1000 [
500 500 { 500 - /
0 \ [ \ { ] i
300 320 340 360 380 400 420 440 460 %0 320 30 360 380 400 420 40 460 30 320 30 30 30 400 420 40 460
Temperature (K) Temperature (K) Temperature (K)
13000 13000 13000
12500 | —— Equrvalent & 12500 + —— 12500 —— Equvaient ¥
12000/ 2019/03/09 - 13 LT ——Equivalent Sat 0, 12000 2019/03/10-13 LT —— Equvalent Sat #, 12000 2019/03/11-13 1T — Ecualent Sat.
11800 —— Potental ¥ 1 11500 Potentiad ¢ 1100 Potential ¢
11000 | =S e T 11000 11000
10500 | 10500 0500
10000 | 10000 10000
9500 9500 + 9500
9000 1 9000} 9000
8500 8500 8500
7500 ] 7500
€ E o £ ool
£ 6500} § 6500 3 6900
4 6000
& 6000 8000 - 3
T ssoof 4 5500 5500
5000 5000 500
4500 4500 4500
4000+ 4 4000 4000
3500 f / 3500 ;xw)g
2000 J i 2500
2500 | /7 2500 e
2000 | / 2000 1500
1500 / 1500 1000
1000 1000+ 500+
500 ¢ 500 } 0
L A " > " . | " i 0 . . . - e
300 320 340 360 380 400 420 440 460 300 3220 340 360 380 400 420 440 460 R ety | e
Temperature (K) Temperature (K) )

662
663 Figure 21. Equivalent Potential temperature, Saturation Equivalent Potential Temperature
664 and Potential Temperature calculated from the radiosonde data for 06-11 March at 13 LST.



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2019

Obs. de Huancayo 2019-03-07_1309
‘Thermodynamic parameters

250

P (hPa)

700

850

1000

MUCAPE = 0 J/kg
PBL mixing = 9.6 g/kg
LCL level = 578 hPa

LCLtemp = 5°C

PWAT = 19 mm

TQ index « -6 °C

.15‘(:

Th1000-500 = 2540 gpm
Th1000-850 = 0 gpm
Th1000-700 = 0 gpm

Freezing level = 5610 m

Shear 0-6km = 7.3 m/s
Shear 0-3km = 0 m/s
Shear 0-1km = 0 m/s

SREHO-3km = 0 m’/s’
SREHO-1km = 0 m*/s’

EHI0-3km =
ST

665

Obs. de Huancayo 2019-03-10_1257
Thermodynamic parameters.

150

700

MUCAPE = 0 Jkg
PBL mixing = 10.3 g/kg
LCL level = 608 hPa

LCLtemp =6.9°C

PWAT « 19 mm

TQ index = -3 °c

Total Totals = 28 "C
Lifted index = -999 °C
LR 850-600 = 8 °C/km
Thompson index = 19 °C

Th1000-500 = 2540 gpm
Th1000-850 = Ogom

gpm
Freezing Ieve 5470 m

T500 = -1.79 °C

Shear 0-6km = 5.5 m/s
Shear 0-3km = 0 m/s
Shear 0-1km = 0 m/s
SREHO0-3km = 0 m'/s’
SREHO-1km = 0 m'/s’

EHIO-3km = 0

666

Obs. de Huancayo 2019-03-11_1256

Thermodynamic parameters

667

MUCAPE = 326 J/kg

PBL mixing = 9.6 g/kg

LCL level = 588 hPa
LCL temp = 5.3°C

| . KO-Index --2. 7 K
Total Total 7°C
Lifted index = -999 °C
LR 850-600 = B‘ “C/km
Thompson index = 16 °C
Th1000-500 = 2540 gpm
Th1000-850 = 0 gpm
Th1000-700 = 0 gpm
Freezing level = 5490 m
T850 = 17.33 °C
T700 = 17.33 °C
T500 « -1.18°C

P (nPa)

38mis
0mis
0mis

Shear 0-6km
Shear 0-3km
Shear 0-1km

SREH0-3km = 0 m’/s’

SREHO-1km = 0 m"/s’

EHI0-3km = 0

BRN « 45.2
SCP =0

Obs. de Huancayo 2019-03-07_1857

28 of 39

P (hPa)

400

MUCAPE = 299 Jkg
PBL mixing = 10 gkg

SWi«-278°C
SWEAT « 110
. KO-indox « -

‘c
LR 850-600 = 7.7 “C/xm
Thompson index = 20 °C

Th1000-500 « 2520@"\
gpm

T500 = -4.37°C

Shear 0-6km
Shear 0-3km =
Shear 0-1km = 0 m/s
SREHO0-3km = 0 m'/s’
SREHO-1km = 0 m/s'
EHI0-3km

54m's
om/s

Station latitude: 12°.02
‘Station longitude: 75°.19
Station ekevation: 3330 m

Obs. de Huancayo 2019-03-10_1919

MUCAPE = 0 Jkg

index = 17°C

Th1000-500 = 2520
Th1000-850 = 0 gpm
Th1000-700 = 0 gpm

Freezing level = 5050 m

T850 = 10.76 °C
T700 = 10.76 °C
T500 = -4.43°C

Shear 0-6km = 8.8 m's

E
scP

Obs. de Musncaye
Station lethude: 17' 02
Station longitude: 75°.19

‘Station slevation 3330 m

Obs. de Huancayo 2019-03-11_1857

(€) Huancayo Observatory

Thermodynamic parameters

MUCAPE = 420 Jig
PBL maxing = 9.9 9%g
LCL level = 614 hPa
LCLtemp « 65°C

SREHO-3km
SREHO-1

Station sevation: 3330 m

(€) Huancayo Observatory



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2019

668
669

670

671
672

673

674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691

29 of 39

Figure 22. Skew-T diagram for the wet spells (6th March to 11th March 2019) using the
radiosone observations.
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Figure 23. Wind direction and shear observed for the campaign periodsduring wet spells
(6th March to 11 March 2019).

6. Summary, conclusions and limitations

The present study presents the climatological rainfall characteristics including diurnal variation,
BB characteristics, and VSR characteristics of the rainfall. Also, in-situ measurement shows the
evolution/characteristics of the convective and stratiform precipitation and dynamics of the rainfall
patterns during wet and dry spells over the HYO. HYO is located at the west of the Amazon basin,
which is primary moisture source for the central Andes [45,57,83] and partially explained the
variability in the rainfall observed over HYO. A bimodal pattern in the rainfall is observed and
maximum RR BB height occurred in afternoon and nighttime and associated with a deep, well-mixed
planetary boundary layer following daytime surface heating [45-47]. In-situ observations show the
wet spells have short lived convective cells and long-lived stratiform precipitation with a layered
well structure of well defined BB with weaker vertical air motion [46,84-85]. The dominance of the
stratiform precipitation over the tropical Andes was previously observed in radar studies [13,47,59]
and nighttime higher precipitation over the tropical Andes associated with Amazon basin in MCS
structure [13,15-16,35,60,86]. These lowland MCSs could reach at a higher Andes altitude because of
daytime heating in upslope flow and by the convergence of downslope flow, which develops from
rapidly cooling high terrain [13,15,35]. For example, daytime heating over the higher Andes altitude
induces the upslope valley breeze and sufficient moisture flux initiate the precipitation [13,15-16]. At
the same time evaporating cold downslope flow converge with the north-easterly Amazon moisture
flux and induce the precipitation over the tropical Andes [13,15,16,35,59]. Whenever there are no
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clouds in the overnight, the radiative cooling induced the downslope flow interacts with the
Amazonian moisture and induces the nighttime precipitation peak in the valleys [13,58]. Chavez and
Takahashi [86] showed that SALL]J along the eastern slopes of the Andes can also be impeded by
weaker nighttime upslope flows, feeding organized convection at lower elevations. Orographic
precipitation also increases the local precipitation, which mainly occurs due to stratiform
precipitation associated with seeder—feeder mechanism [45-47]. BB height is higher at afternoon and
night-time and [46-47,87-88] and increases due to long-duration stratiform precipitation [46]. Perry
et al. [47] showed that BB heights greater than 5 km over the nearby tropical Andes represent the
occasional rainfall occur in alpine zones such as on the Nevado Chacaltaya. The higher differences in
VSR in the mixed phase regimes (6-9 km) are related to the ice microphysics processes [70]. For
example, the hydrometeors which are lifted in upper troposphere in the early phase of evolution
started their downward under weaker velocity and increase in size due to cloud ice microphysics.
Houze [89] showed that convective and stratiform precipitation consists of different microphysical
processes and they significantly impact on the latent heat profiles and DSD parameters. For example,
in well matured stratiform cloud, falling ice particles from cloud top grow by deposition of vapor to
a moderately large size, then within about 2.5 km of freezing level, aggregation and rimming process
occurs to form irregularly shaped large snowflakes which then melt at 0°C isotherm level and
produce BB signatures [71-74]. Based on the present study the major finding of the presents are
mentioned below:

1. A bimodal patterns are observed in precipitation with local maxima in the precipitation during
after-noon and overnight and shows the higher afternoon and nighttime RR and accumulated
rainfall. Both JJAS and SON months show the same features and mean RR is slightly higher during
pre monsoon seasons compared to monsoon seasons. However the highest accumulated rainfall
observed between 12:00 to 14:00 UTC during JJAS months, whereas during SON the highest
accumulated observed during 19:00 UTC to 21:00 UTC.

2. The BB clearly shows the diurnal variation, and, afternoon and nighttime BB height are higher
compared to early morning BB for both the seasons and consistent with the diurnal cycle of surface
temperature in the tropical Andes [46]. Also, the median BB height occurs around ~4.7 km altitude.
The vertical profiles, which consist of the BB have higher Z. above the freezing height and revels the
melting of ice could produce higher rainfall. More than 20% BB height is higher than 5 km altitude
and has important implications on the climate of the Andes.

3. The vertical structure of Z. and DSD information are important for predicting the correct
estimation of rain information. Also, the vertical evolution of DSD is important to investigate and
characterize the rainfall information. The information presented here is important consequences in
space based radar retrieval of precipitation. The average Z. profiles have show the gradient near the
freezing height due to melting layer and for the higher near surface RR, Ze decreases sharply above
the freezing height and consistent with the TRMM and GPM observations. RR and LWC show the
differences in vertical variation below and above the 6 km altitude. The DSD variation shows the
higher concentration of higher drop size for higher RR below the freezing height and even higher for
higher RR and shows the effect of BB height and discussed in the txt. The DSD could be
assumed/responsible for VSR behavior. Convective rain is found to have a larger drop size at ground
level than that of stratiform rain.

4. The rainfall patterns/characteristics during campaign data reveal the convective organization
with higher precipitation, however stratiform precipitation is more common and exist for the longer
periods. Most of the convective activity generated at the west of the Andes and moves north-west to
reach the HYO and produces the copious rainfall [4,9]. However the stratiform precipitation at HYO
comes from the east of the Andes and generated over Amazon and moves at the eastwards. The
sounding results showed that CPEs depend on both the static stability of the environment, wind
speed and wind direction shear. Higher Oe (350 K) near the surface produces the higher CAPE values
during convective events. Strong environmental shear leads the strong mid level vorticity to create
the organized thunderstorms, and negative dynamic pressure perturbations in these vorticities lead
to vertical acceleration and continual regeneration of the updrafts on the two flanks of the storm.
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5. Dry and wet spells over the HYO consist of different dynamical behaviors at different pressure
levels. For example the circulation at low levels guarantee the transport of moisture from the Amazon
to the central Sierra of Peru, while the anticyclonic circulation at high levels guarantees the
divergence at high pressure levels and, favours, the development convective on the region. While,
during dry spells the circulation at low levels are very weak on the west of Brazil and Peru, limits the
transport of moisture to the central Sierra, while the circulation at high levels does not favor rain
processes. These cases confirm the importance of transportation humidity from the Amazon towards
the Peruvian Sierra and the presence of the anticyclonic circulation at high levels, centered in the
vicinity of Bolivia and southeastern Peru.

However, more investigations are required to disentangle the relationship between convection
triggering and its development into organized precipitation and how these organized precipitations
affect the tropical Andes weather and climate. The present study improves the understanding of
characteristics of rainfall using the ground based observations and in-situ observations, however
several uncertainty induces the errors in the outcomes. For example, a VPPR can only
observe/measure the cloud systems/hydrometeors which passing over it and could miss the intense
and other part of the cloud systems. Other issue is the algorithm used in the retrievals of
microphysical variables such as radar reflectivity and DSD variations. Peters et al. [26] explained that
the negative slope at higher RR is expected as the due could be because of the errors introduced by
overcompensation of the rain attenuation at high rain rate as mentioned in Das et al. [36] and also
observed in higher Z. and RR profiles. However the positive slope in the LWC shows the correct
estimation and errors are very less in this RR range due to rain attenuation. The possible regions
behind such kind of behavior are the shift of the DSD peak and DSD peak toward smaller drops with
increasing height. The lowest class of RR generally associated with the drizzle (with Z<0 dBZ, Houze
[89] and related with the lower shallow clouds and with less fall velocity and associated with the
smaller drops [26,76]. At the same time, evaporation also plays a significant at very low rain rates
and lower height and alters the DSD and affect the small drops concentration and lead to the positive
gradient in LWC and RR profiles.
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