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ABSTRACT

The significant environmental and socioeconomic consequences of hydrometeorological extreme events,
such as extreme rainfall, are constituted as a most important motivation for analyzing these events in the
south-central Andes of NW Argentina. The steep topographic and climatic gradients and their interac-
tions frequently lead to the formation of deep convective storms and consequently trigger extreme rainfall
generation.

In this dissertation, I focus on identifying the dominant climatic variables and atmospheric conditions
and their spatiotemporal variability leading to deep convection and extreme rainfall in the south-central
Andes.

This dissertation first examines the significant contribution of temperature on atmospheric humidity
(dew-point temperature, Td) and on convection (convective available potential energy, CAPE) for deep
convective storms and hence, extreme rainfall along the topographic and climatic gradients. It was found
that both climatic variables play an important role in extreme rainfall generation. However, their contri-
butions differ depending on topographic and climatic sub-regions, as well as rainfall percentiles.

Second, this dissertation explores if (near real-time) the measurements conducted by the Global Nav-
igation Satellite System (GNSS) on integrated water vapor (IWV) provide reliable data for explaining
atmospheric humidity. I argue that GNSS-IWYV, in conjunction with other atmospheric stability parame-
ters such as CAPE, is able to decipher the extreme rainfall in the eastern central Andes. In my work, I rely
on a multivariable regression analysis described by a theoretical relationship and fitting function analysis.

Third, this dissertation identifies the local impact of convection on extreme rainfall in the eastern An-
des. Relying on a Principal Component Analysis (PCA) it was found that during the existence of moist
and warm air, extreme rainfall is observed more often during local night hours. The analysis includes the
mechanisms for this observation.

Exploring the atmospheric conditions and climatic variables leading to extreme rainfall is one of the
main ﬁndings of this dissertation. The conditions and variables are a prerequisite for understanding the

dynamics of extreme rainfall and predicting these events in the eastern Andes.
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/USAMMENFASSUNG

Die entscheidenden 6kologischen und sozioSkonomischen Folgen hydrometeorologischer Extremer-
eignisse, wie z.B. extremer Niederschlige, stellen eine wichtige Motivation fiir die Analyse dieser Ereig-
nisse in den stidlich-zentralen Anden von NW Argentinien dar. Die steilen topographischen und klima-
tischen Gradienten und deren Wechselwirkungen fithren hiufig zu einer starken konvektiven Regenfall-
bildung und sind hiufig auch die Ausloser von Starkniederschligen.

In dieser Dissertation konzentriere ich mich auf die Identifizierung der dominanten klimatischen Va-
riablen und atmosphirischen Rahmenbedingungen und ihrer riumlich-zeitliche Variabilitit, die zu star-
ker Konvektion und extremen Niederschligen in den siidlich-zentralen Anden fthrt.

Diese Dissertation untersucht zunichst den wichtigen Beitrag der Temperatur zur Luftfeuchtigkeit
(Taupunkttemperatur, Td) und zur Konvektion (konvektive verfiigbare potenzielle Energie, CAPE) fiir
starke, konvektive Stiirme und damit extreme Niederschlige entlang der topographischen und klimati-
schen Gradienten. Es wurde festgestellt, dass beide klimatischen Variablen eine wichtige Rolle bei der
Erzeugung extremer Niederschlige spielen. Ihr Beitrag hingt jedoch von den topographischen und kli-
matischen Teilregionen sowie den Niederschlagsperzentilen ab.

Zweitens, auf der Grundlage einer multivariablen Regressionsanalyse, die durch eine theoretische Bezie-
hungs- und Anpassungsfunktionsanalyse beschrieben wird, untersucht diese Arbeit, ob integrierter Was-
serdampf (IWV) auf der Grundlage von GNSS (Global Navigation Satellite System) Messungen zuver-
lissige Daten sind, um die Luftfeuchtigkeit zu erkliren. Das GNSS-IWV in Verbindung mit anderen
atmosphirischen Stabilititsparametern wie z.B. CAPE ist in der Lage, die extremen Niederschlige in den
Ostlichen zentralen Anden zu entschliisseln.

Drittens, diese Dissertation identifiziert die lokalen Auswirkungen der Konvektion auf extreme Nie-
derschlige in den 6stlichen Anden. Auf der Grundlage einer Hauptkomponentenanalyse (PCA) wurde
festgestellt, dass die extremen Niederschlige hiufiger wihrend der lokalen Nachtstunden beobachtet wer-
den, wenn feuchte und warme Luft vorhanden ist.

Die Erforschung der atmosphirischen Rahmenbedingungen und klimatischen Variablen, die zu extre-
men Niederschligen fithren, ist eines der wichtigste Ergebnisse dieser Arbeit. Sie ist Voraussetzung fiir das
Verstindnis der Dynamik von extremen Niederschligen und wichtig fiir die Vorhersage dieser Ereignisse
in den 6stlichen Anden.
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CHAPTER ]

Introduction and Motivation

Motivation

The south—central Andes of NW Argentina are exposed to frequent hydrometeorological extreme events
due to the complex couplings between atmosphere and topography (e.g., Bookhagen and Strecker, 2008;
Castino etal., 2017; Ramezani Ziarani et al., 2019; Vera et al., 2006a; Marengo et al., 2012) (Figure 1.1A,B).
This complex interaction leads to processes that are difficult to decipher but are of importance when
attempting to understand extreme rainfall dynamics in the eastern and south—central Andes.

The majority of past studies identify the spatial and temporal context of extreme rainfall events, but
they often do not take into account the atmospheric boundary conditions leading to deep convection
and extreme rainfall. This work identifies the dominant climatic variables and atmospheric conditions
that trigger extreme rainfall generation and develops an empirical framework for conditions leading to
rainfall extremes.

For a more thorough motivation, I will first describe previous studies of extreme events and describe

previous frameworks for understanding orographic rainfall.

Previous Studies of Parameterization of Mean and Extreme Rainfall

Several past studies analyzed the spatiotemporal distribution of rainfall in South America and in the
greater central-eastern Andes located in the NW Argentine Andes (Boers etal., 2014a,b, 2015, 2016; Khan
etal., 2007; Castino et al., 2017; Pingel et al., 2016; Carvalho etal., 2002; Lenters and Cook, 1999; Espinoza
et al., 2015; Thibeault et al., 2010; Minvielle and Garreaud, 2011; Hierro et al., 2015; Moya—Alvarez etal.,
2018). Some studies analyzed the Andean rainfall variability (e.g., Garreaud and Aceituno, 2001; Castino
et al,, 2017; Bookhagen et al., 2011; Barros and Lang, 2003). The study of the rainfall variability in NW
Argentine Andes by Castino et al. (2017) suggested that different regions along the topographic gradient
react differently to changing climate conditions. Furthermore, Boers et al. (2015) performed a complex
network analysis of extreme rainfall events in South America. They explained the intraseasonal rainfall
variability in South America by a dipole between southeastern South America (SESA) and southeastern

Brazil (SEBRA) by analyzing the dynamical characteristic of extreme rainfall over both regions (Boers
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et al,, 2015). An additional study, Boers et al. (2016), investigated the geographical and spatiotemporal
distribution of rainfall during the South American monsoon season. An additional study, De la Torre
et al. (2015), analyzed the formation of deep convection leading to extreme rainfall as a result of the ef-
fect of topography on the vertical velocity of the air over the Andes. Furthermore, Carvalho et al. (2002)
analyzed the regional distribution of extreme rainfall in southeastern South America. Based on their find-
ings, the distribution of extreme rainfall highly depends on South Atlantic Convergence Zone (SACZ)
activity (Carvalho et al., 2002). A different study investigated the spatial distribution of rainfall in con-
nection with large-scale atmospheric circulation over the southern tropical Andes (Espinoza et al., 2015).
They found that the variation in the seasonal rainfall cycle is linked to low-level wind direction over the
Andean foothills. Some studies projected the rainfall variation over the South American Altiplano due
to climate change (e.g., Thibeault et al., 2010; Minvielle and Garreaud, 2011). Based on a regression anal-
ysis, they found, reduced rainfall in the Altiplano by the end of this century due to climate change and

temperature variation (Minvielle and Garreaud, 2011).

Previous Studies of Parameterization of Mean Orographic Rainfall

Some other previous studies analyzed mean orographic rainfall in the regions where complex terrain is
similar to South America (e.g., Smith, 1979, 2003; Smith and Barstad, 2004; Smith, 2006; Smith and
Evans, 2007). Smith (1979) analyzed orographic rainfall based on the upslope model, also used by Min-
der et al. (2011). Their model investigates the precipitation rate under idealized conditions defined by
idealized mean-annual temperature profiles and when the saturated air with given specific humidity (g,

the mixing ratio), density (p), and wind velocity (U ) reaches and parallels the topography h(x, y). Un-

der these conditions the precipitation rate is:

S(x,y) = pg,U - Vh(z,y) (L)

This model relies on two main parameters defined as moisture flux (pg,U) and the topographic slope

(Vh) (Smith, 1979, 2006).

It is rare to have idealized conditions concerning atmospheric temperature and density, as assumed in
the upslope model. Smith and Barstad (2004) improved the model and created an analytically tractable
linear model of orographic rainfall in complex terrain in the Olympic Mountains in Washington State.
They considered airflow dynamics, cloud time scales, advection of condensed water, and leeside evapora-
tion. However, the main constraints of their model are: it is not suitable for unstable conditions, and it
does not account for the vertical variations of atmospheric parameters (Smith and Barstad, 2004; Barstad
and Schiiller, 2011). Also, their model focuses on mean rainfall but does not investigate the event or ex-

treme rainfall.
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Bookhagen and Burbank (2010) analyzed the influence of topography and relief on rainfall. They
concluded that a simple relief metric can be used as a first-order parameter for characterizing the loca-
tion of orographic rainfall induced by monsoonal climates. They found that locations of high relief are
good indicators for the occurrence of mean annual maximum rainfall (Bookhagen and Burbank, 2006).
Similarly, Bookhagen and Strecker (2008) identified the threshold elevation that leads to the orographic
rainfall peak along the eastern Andes. All of these studies that analyze the orographic rainfall focus on
mean rainfall using static climatic variables and do not allow for atmospheric variability.

Most of the past studies described above do not take into account the atmospheric boundary condi-
tions leading to deep convection and extreme rainfall (e.g., Castino et al., 2017; Rohrmann et al., 2014;
Boers et al., 2015, 2016; Bookhagen and Strecker, 2008; Castino et al., 2016; De la Torre et al., 2015). The
lack of a proper understanding of the dominant climatic variables and atmospheric conditions that trig-
ger extreme rainfall generation along the climatic and topographic gradients in the south—central Andes
is the motivation for the present study of extreme rainfall in order to reduce the impact of severe flooding
in downstream areas and to reduce the destruction of infrastructure necessary for economic success and

social well-being.
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Figure 11 — Topographic and Climatic overview of South America.  (A) Topography taken from:
hteps://www.gebco.net/data_and_products/gridded_bathymetry_data/version 20141103 dara. The study
region in NW Argentina is indicated by a black box and the outline of the internally-drained Central Andes is in
white. (B) Mean annual rainfall derived from TRMM data (Kummerow et al., 1998), product 3B42 (Huffman
etal,, 2007), hteps://disc.gsfe.nasa.gov/datasets/ TRMM _3B42_Daily_7/summary (Version 7) (1999-2013) shows
the wet band along the eastern Andes.
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Climatic Setting of South America

The South American Monsoon System (SAMS) is characterized as the mostimportant climatic feature of
South America (Vera et al., 2006a). During the austral summer months (DJF) the large scale circulation
is characterized by:

(1) an anticyclonic circulation over Bolivia at upper levels, which is known as the Bolivian High (BH).
It results from both the condensational heating of the Amazon basin and the heat released by strong
convection and rainfall over the Bolivian Altiplano (Chen et al., 1999; Gutman and Schwerdtfeger, 1965;
Lenters and Cook, 1997) (Figure 1.2);

10°

OO
-10°
-20°
-30° S8
i
-40° F : :
-80° -70° -60° -50° —40° -30°
0 10 20 30
I —————— ] Wind Veloity (mis)

Figure 1.2 — Average 200-hPa wind speed for DJF (1999-2013) based on ER A-interim reanalysis data shows the
Bolivian High (BH), white box activity eastward of the south-central Andes ~70° W and 17° S. This is often as-
sociated with deep convection. The arrows indicate wind direction and are proportional to wind speed. White
polygon outlines the Central Andean Plateau. The strong upper-level westerlies represented in the east of south-
central Andes trigger the formation of the Mesoscale Convection Systems (MCSs) in connection with the South
American Low-Level jet (SALLJ) activity.

(2) the South Atlantic Convergence Zone (SACZ); and (3) the South American Low-Level Jet east of
the Andes (SALLJ) as the most important low-level features (Marengo et al., 2012) (Figure 1.4).
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At seasonal timescales and during the austral summer (DJF), the southward movement of the in-
tertropical convergence zone (ITCZ) and the thermal difference between land and ocean lead to the trans-
portation of moist air from the Amazon and tropical North Atlantic to subtropical South America (Zhou
and Lau, 1998; Boers et al., 2015). The ITCZ occurs at the transition between the northeast and southeast
trade wind systems and forms a zone of surface wind convergence (Figure 1.3). The latitudinal location of
the ITCZ in the Adantic extends from the equatorial region during austral summer to about 10°-15°N

in late auscral winter (August) (Grodsky and Carton, 2003) (Figure 1.3).

B: JUA
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Figure 13— Mean seasonal rainfall derived from TRMM data (Kummerow et al., 1998), product 3B42 (Huffman
etal., 2007) heeps://disc.gsfe.nasa.gov/datasets/ TRMM_3B42_Daily_7/summary (Version 7) (1999-2013) for DJF
(A) and for JJA (B). The arrows indicate wind direction at 850-hPa and are proportional to wind speed (based on
ER A-interim reanalysis data). The ITCZ is represented as a band of high rainfall at the transition between the
northeast and southeast trade winds at different laticudinal locations for DJF (A) and for JJA (B).

The direction of the moist air being transported to subtropical South America forms the SACZ and
the SALLJ dipole pattern (Vera et al., 2006a; Marengo et al., 2012). The westerly flow associates with the
formation of SACZ (Carvalho et al., 2002, 2004).

The SACZ is characterized as a band of strong convective activity that expands from the northwest
(Amazonia) into the southeast (south Atlantic) (e.g., Barreiro et al., 2002; Kodama, 1992; Carvalho et al.,
2004, 2002).
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The southward flow is defined as SALLJ, alow-level wind that transports the moist air from the tropical
North Atlantic and the Amazon to subtropical South America along the eastern Andes (Marengo et al.,
2004). The SALLJ associates with extreme rainfall in southeastern South America (SESA) (Marengo etal.,
2004; Boers et al., 2015; Marengo et al., 2012). The 850 hPa austral summer months (DJF) wind anomaly
represents a large anomaly during the DJF season east of the central Andes (Figure 1.4).

The two phases of the dipole are defined by: (1) strengthening of SACZ and hence suppression of con-
vection to the south (2) suppression of SACZ and hence development of convection in the sub-tropical

and intensification of the SALLJ (Marengo et al., 2012).
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Figure 1.4 - The 850-hPa austral summer months (DJF) wind anomaly with respect to the rest of the year (1999—
2013) based on ER A-interim reanalysis data. There is a large anomaly during the DJF season east of the central
Andes (bright red colors). Note similar effects in the study area outlined by a black box. The white line outlines the
central Andean plateau. Also, note the moderate to high anomalies from SESA to the Central Andes.

The Bonner (1968) identified a criteria for detecting the low-level jet events over the North American
Great Plains. Based on Bonner (1968) criteria the low-level jet is observed when the low level wind speed
(850 hPa) exceeds 12 m/s, the 850-700 hPa wind shear exceeds 6 m/s and once the meridional component
of wind is negative and larger than zonal component. The Montini et al. (2019) introduced a new criteria

for detecting the SALL]J events considering the seasonal variations of wind over South America. Based
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on Montini et al. (2019) criteria the SALL]J event is observed when wind speed at 850 hPa and the vertical
profile of wind speed between 850 and 700 hPa are greater than their 75th seasonal percentile thresholds.
The SALL] activity over Santa Cruz de la Sierra -a location along jet activity- relying the criteria above and
considering magnitude of wind speed and vertical profile of wind is detected and shown in (Figure 1.5A,B)
and (Figure 1.6).
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Figure 1.5 — The vertical profile of the meridional component of wind for February 1999 based on ER A-interim
reanalysis data (A). The vertical profile of wind for 2nd of Feb 1999 (B). An episode of LL] is detected on 2nd of
Feb 1999 in Santa Cruz de la Sierra. The meridional component on 2nd of Feb 1999 is negative and indicates the
northerly wind direction. The wind speed (850-hPa) and the 850-700-hPa wind shear show the South American
Low-Level jet (SALLYJ) activity over Santa Cruz de la Sierra.
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Fignre 1.6— The 850-hPa wind speed for 2nd of Teb 1999 based on ER A-interim reanalysis data. The active episode
of South American Low-Level jet (SALLJ) is represented east of the Andes. The study area is indicated by the red
box and wind direction is indicated by black arrows (size is proportional to velocity). The white line outlines the
central Andean plateau.

From Continental to Regional Effects: Topographic Barriers and Mesoscale

Convection Systems (M CSs)

The interplay of topography and the wind systems at low and upper levels mentioned above is often
responsible for the formation of the mesoscale convective systems (MCSs) (Rohrmann et al., 2014; Ras-
mussen and Houze, 2011; Salio et al., 2007; Durkee et al., 2009). These frequently lead to heavy rainfall
along the eastern Andes. As mentioned above, the moist air is transported to subtropical South America
along the eastern Andes by the South American Low-Level Jet (SALL]J) (Marengo etal., 2004). This moist
and warm air is affected by the subsidence of dry air transported by westerly upper-level wind systems to
the south-central Andes. As a result, it is interrupted to rise, and hence, the MCSs are formed. The later

phase is characterized by temperature rises through solar heating that triggers the condition for forming
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deep convective storms along the south-central Andes (Romatschke and Houze, 2010; Rasmussen and

Houze, 2016; Pingel et al., 2016; Rohrmann et al., 2014; Rasmussen and Houze, 2011).

Geographic and Climatic Setting of NW Argentina

The Andes are located along the west coast of South America and extend from about 10° N in trop-
ics to 53° § in subtropics (Garreaud, 2009). The Central Andean Plateau (Altiplano-Puna Plateau), the
second-highest Plateau on the Earth, lies in the west with a mean elevation of approximately 3,700 m (All-
mendinger et al., 1997). The northern central Andean Plateau is referred to as Altiplano, in contrast, the
southern Andean Plateau, which is called the Puna Plateau (or Puna de Atacama Plateau) (Figure 1.1A).
In the east of the south-central Andes, there is the low-elevation foreland area with elevations of 800m
(Figure 1.1A).

The south-central Andesin NW Argentina is exposed to a high rainfall asymmetry (Figure 1.1A,B). The
east-west direction is identified by steep rainfall gradients (Bookhagen and Strecker, 2008, 2012) caused
by high topographic gradients. A rainfall asymmetry also exists in the north-south direction resulting
from the climatic regime variation from the tropical central Andes to the subtropical south-central Andes
(Rohrmann et al., 2014; Boers et al., 2015).

The Andes extend from the tropics to the subtropics (Garreaud, 2009), therefore the south-central
Andes in NW Argentina are sensitive to the tropical and subtropical upper-level large scale circulation.
During austral summer (DJF), the upper-level westerlies get stronger in its southernmost position in the
subtropics (Figure 1.7A,B). This upper level wind is controlled by the Bolivian High (BH) (Chen et al.,
1999; Gutman and Schwerdtfeger, 1965; Lenters and Cook, 1997) (Figure 1.2). This upper level wind
leads to the more frequent formation of deep convective storms in connection with the South American
Low-Level jet (SALL]J) activity over the subtropical region compared to tropical regions along the east-
ern Andes. This suggests the existence of different climatic regimes along the topographic and climatic

gradients over the south-central Andes (Castino et al., 2017).
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Figure 1.7 - Pressure-longitude cross section of the wind speed (1994-2013) based on ER A-interim reanalysis data
at tropical (A) and subtropical (B) south-central Andes during austral summer (DJF). The stronger westerlies at the

upper levels associated with the subtropical jet are represented in the subtropics. This leads to a higher formation
of deep convective storms over the subtropical region.
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Research Questions
This thesis mainly focuses on identifying the atmospheric driving processes of extreme rainfall in the
eastern Andes of NW Argentina. This area is frequently affected by hydrometeorological extreme events
that cause infrastructural damage and economic losses. This study relies on multi-dataset analysis includ-
ing: ECMWEF (European Centre for Medium-Range Weather Forecasts)-Re-Analysis (ER A-interim) data
(Dee et al., 2011), hteps://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/, TRMM (Trop-
ical Rainfall Measuring Mission) rainfall data (Kummerow et al., 1998), product 3B42 (Huffman et al.,
2007), hetps://disc.gsfc.nasa.gov/datasets/ TRMM_3B42_Daily_7/summary (Version7) and GNSS (Gl-
obal Navigation Satellite System), https://www.ign.gob.ar data which helps to perform a reliable analysis
of the spatiotemporal variability of extreme rainfall in the eastern Andes. The main aim of this study is
to identify the dominant atmospheric conditions and climatic variables that trigger extreme rainfall along
the steep topographic and climatic gradients over the eastern Andes.

This goal is addressed by answering the following research questions that will contribute to a better

understanding of the role of dominant climatic variables on extreme rainfall generation over the southern

Central Andes:

* Can the spatiotemporal pattern of extreme rainfall events be described by a combination of dew-
point temperature and CAPE (convective available potential energy)? These have been identi-
fied as crucial climatic variables responsible for triggering deep convective storm systems, and are,
hence, of importance for forming extreme rainfall events along the steep topographic and climatic

gradients in the south-central Andes (Chapter 2).

* Can high temporal resolution integrated water vapor (IWV) based on Global Navigation Satellite
System (GNSS) data be used as a reliable humidity indicator together with other dominant climate
variables such as CAPE to understand convective processes in the eastern Andes? Can GNSS-IWV
station data be used as a predictor for extreme rainfall in the eastern central Andes, and what are

the associated timescales? (Chapter 3).

* At a regional perspective of the Central Andes, what is the effect of local convection, and what

formation times are associated with these events? (Chapter 4).
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Abstract

The interactions between atmosphere and steep topography in the eastern south—central Andes result in complex
relations with inhomogenous rainfall distributions. The atmospheric conditions leading to deep convection and
extreme rainfall and their spatial patterns—both at the valley and mountain-belt scales—are not well understood.
In this study, we aim to identify the dominant atmospheric conditions and their spatial variability by analyzing
the convective available potential energy (CAPE) and dew-point temperature (7};). We explain the crucial effect of
temperature on extreme rainfall generation along the steep climatic and topographic gradients in the NW Argen-
tine Andes stretching from the low-elevation eastern foreland to the high-elevation central Andean Plateau in the
west. Our analysis relies on version 2.0 of the ECMWF’s (European Centre for Medium-Range Weather Forecasts)
Re-Analysis (ER A-interim) data and TRMM (Tropical Rainfall Measuring Mission) data. We make the following
key observations: first, we observe distinctive gradients along and across strike of the Andes in dew-point tem-
perature and CAPE that both control rainfall distributions. Second, we identify a nonlinear correlation between
rainfall and a combination of dew-point temperature and CAPE through a multivariable regression analysis. The

correlation changes in space along the climatic and topographic gradients and helps to explain controlling factors
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for extreme-rainfall generation. Third, we observe more contribution (or higher importance) of Ty in the tropical
low-elevation foreland and intermediate-elevation areas as compared to the high-elevation central Andean Plateau
for 90th percentile rainfall. In contrast, we observe a higher contribution of CAPE in the intermediate-elevation
area between low and high elevation, especially in the transition zone between the tropical and subtropical areas for
the 90th percentile rainfall. Fourth, we find that the parameters of the multivariable regression using CAPE and T}
can explain rainfall with higher statistical significance for the 90th percentile compared to lower rainfall percentiles.
Based on our results, the spatial pattern of rainfall-extreme events during the past ~16 years can be described by a
combination of dew-point temperature and CAPE in the south—central Andes.

Keyword: eastern south—central Andes; extreme rainfall; deep convection; convective available potential energy;

dew—point temperature.

Introduction

The south-central Andes are characterized by steep gradients in topography, climate, and ecology supporting a
diverse environment with economic significance. This region is repeatedly affected by hydrometeorological extreme
events thatimpact infrastructures through mass movements and cause flooding downstream in agricultural, societal
important, and populated areas, (e.g., Olen and Bookhagen, 2018; Castino et al., 2017; Boers et al., 2014a).

The understanding and investigation of extreme rainfall in the south—central Andes of NW Argentina has been
hampered by complex interaction between the atmosphere and steep topography that can be summarized by the
following four specific challenges: (1) High relief and steep terrain with elevations ranging from ~800 m in the
foreland to >6000 m at mountain peaks cause complex rainfall patterns with strong, local impact (Bookhagen and
Strecker, 2012; Castino et al., 2017). Past studies describe the strong orographic rainfall effect of the south—central
Andes (Bookhagen and Strecker, 2008). The analysis of orographic rainfall and intense storms in the south—central
Andes has been challenging because of sparse instrumental data (Castino et al., 2017, 2016; De la Torre et al., 2015)
and high terrain variability that complicates deriving precipitation amounts from weather models (Norris et al.,
2017); (2) highly seasonal wind patterns control the moisture influx and rainfall intensity in this region (Garreaud,
2009; Vuille and Keimig, 2004). Specifically, the strong warm and dry upper-level westerlies that occur east of the
Andes during the austral summer trigger deep convection in connection with low-level wind flow and associated
shear that cause extreme rainfall in this region (Garreaud, 2009; Vuille and Keimig, 2004; Rasmussen and Houze,
2016; Pingel et al., 2016; Rohrmann et al., 2014); (3) the region lies at the climatic transition zone between the
tropical and subtropical atmospheric circulation regimes. Transfer of moisture and thermal energy occurs along
and across the transition zone between these two climatic regimes (Rasmussen et al., 2016; Rohrmann et al., 2014;
Romatschke and Houze, 2010; Boers et al., 2014a). The tropics are regions characterized by more humidity and
lower frequencies of storm formation; however, the sub-tropical regions have a higher frequencies of deep convec-
tive storms and higher seasonal rainfall. Both moisture transport from the tropics and deep convective activity in
the sub tropics, result in high convection and rainfall in this region (Rohrmann et al., 2014); and (4) formation of
mesoscale convective systems (MCSs): the complex interplay of topography, moisture transport, and the wind and
thermal fields mentioned above lead to the formation of deep convection (Rohrmann et al., 2014) that results in ex-

treme rainfall. Water vapour originates in the tropical North Atlantic and the Amazon, is transported through the
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trade winds westwards and travels southward to subtropical South America along the eastern Andes through the
South American Low-Level Jet (SALLYJ), alow-level wind system (Marengo et al., 2004). This moist and warm air is
prevented from rising due to the subsidence of dry air coming through westerly wind systems to the south—central
Andes. Because of the wind shear between upper level winds and the SALLJ, MCSs are formed. Once temperature
rises, for example through solar heating, the associated thermal energy provides the condition for forming deep con-
vective storms along the south—central Andes (Romatschke and Houze, 2010; Rasmussen and Houze, 2016; Pingel
et al,, 2016; Rohrmann et al., 2014). The combination of these atmospheric processes described above show that

the south—central Andes are a region characterized by highly seasonal and extreme rainfall events.

As mentioned above, the temperature rise triggers the condition for formation of deep convective storms along
the south—central Andes. Past studies indicate the crucial role of the atmospheric temperature on rainfall intensity.
For example, references Berg and Haerter (2013); Berg et al. (2009, 2013) investigated the strong impact of temper-
ature on convective rainfall. In all of these studies, the changes in the intensity of rainfall with temperature were
explained by the Clausius—Clapeyron (CC) relation. The CC relation explains the rate of about 6.8% °C~lincrease
of rainfall with increasing temperature (Panthou et al., 2014; Lepore et al., 2015). The convective storms which are
triggered by temperature rise increase the atmospheric water content and hence increase (extreme) rainfall amount.
It has been suggested that dew-point temperature can be used as a meteorological variable to indicate the humid-
ity rate and hence extreme rainfall amounts and also can be compared with the CC relation (Lepore et al., 2015).
Lepore et al. (2015) investigated the relationship between extreme rainfall and dew-point temperature in the east
of the Rocky Mountains in the United States where orographic storms are similar to southeastern South America
(Rasmussen and Houze, 2011). Haider et al. (2018) also investigated the relation between dew-point temperature
and precipitation extremes. They identified dew-point temperature as a reliable variable for understanding the ex-
treme rainfall under a warming climate over the tropics. They suggested that a close scaling to the CC relationship

is observed when surface air temperature is substituted by dew-point temperature.

The deep convection and rainfall extremes are not only triggered by available water content but by temperature
effects on the atmospheric stability. The parameter describing atmospheric stability is the convective available po-
tential energy (CAPE) (Lepore et al., 2015). CAPE indicates the amount of energy available for convection (North
and Erukhimova, 2009). If CAPE is efficiently transferred to parcel kinetic energy the amount of energy of a rising
air parcel and therefore the rainfall intensity are commensurate to VCAPE. , which is defined by meteorological
parcel theory (Bluestein, 1993; North and Erukhimova, 2009; Lepore et al., 2015) (assuming idealized conditions).
Gettelman et al. (2002) investigated a positive correlation between CAPE and surface temperature over the tropics.
They show that an increase in surface temperature leads to higher CAPE. Other studies show the crucial role of
convection associated with extreme rainfall over the tropical systems (Monkam, 2002). Furthermore, Mesgana and
Thian (2017) defined CAPE as a proxy for extreme rainfall over the United States and Southern Canada. Thus,

CAPE can be used as an atmospheric stability parameter to parameterize extreme rainfall.

Several previous studies analyzed the spatiotemporal distribution of annual and extreme rainfall in the greater

NW Argentine Andes, but often do not take into account the atmospheric boundary conditions leading to deep
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convection and extreme rainfall (e.g., Castino et al., 2017; Rohrmann etal., 2014; Boers et al., 2015, 2016; Bookhagen
and Strecker, 2008; Castino et al., 2016; De la Torre et al., 2015).

The aim of our study is to identify the dominant atmospheric conditions and climatic variables leading to deep
convection and rainfall extreme events in the south—central Andes by focusing on convective available potential

energy (CAPE) and dew-point temperature (7).

Continental and Regional Climatic Setting

Climatic Setting of South America

The Andes are located along the west coast of South America and extend from about 10° N to 53° S (Garreaud,
2009). Moisture transport in South America is controlled by the SALL]J and the activity of the South Atlantic Con-
vergence Zone (SACZ). Both of these atmospheric circulation systems constitute the most important components
of the South American Monsoon System (SAMS), (e.g., Vera et al., 2006a; Marengo et al., 2012). The SAMS and
its associated strong convective activity contribute to intense rainfall over tropical and sub-tropical regions in South
America during the austral summer months (DJF), (e.g., Carvalho et al., 2012; Vera et al., 2006a; Marengo et al.,
2012; Zhou and Lau, 1998).

During the austral summer season, moist air flows from the Amazon and tropical North Atlantic to subtropical
South America due to the southward shift of the intertropical convergence zone (ITCZ) and the thermal difference
between land and ocean (Zhou and Lau, 1998; Boers et al., 2015). The ITCZ is a zone of wind convergence near
the equatorial region (more detailed descriptions of the ITCZ can be found in, for example, (Grodsky and Car-
ton, 2003)). The direction of this moist air flowing to the subtropical South America is associated with the South
American rainfall dipole, which is often considered the most important component of SAMS (Vera et al., 2006a;
Marengo et al., 2012).

The eastward anomalies of this flow generate heavy rainfall along the SACZ (Carvalho et al., 2002, 2004). The
SACZ is defined as the region with a strong convective activity band stretching from the northwest (Amazonia) into
the southeast (south Atlantic), (e.g., Barreiro et al., 2002; Kodama, 1992; Carvalho et al., 2004, 2002). The south-
ward anomalies (SALL]) at the eastern flank of the Andes trigger heavy rainfall in south—eastern South America
(SESA) (Marengo et al., 2004; Boers et al., 2015). The deep convection is triggered by temperature rise and thermal
energy during the daytime through solar heating (Romatschke and Houze, 2010). The diurnal timing investigated
by Romatschke and Houze (2010) documents the strongest activity of SALLJ during the night, which was triggered
by the deep convection during the afternoon and evening (local times). This is explained by a strong wind shear
between upper level winds and the SALLJ that leads to intense instability and rising of the low level flow in the
eastern south—central Andes (Romatschke and Houze, 2010).

As it is represented in Climatological wind speed (1999-2013) at 850 hPa (Figure 2.1), during austral summer
(DJF) the strong northeast trade winds near the equatorial region turn to the southwest after reaching the Andes

and producing a high wind speed east of the central Andes (Marengo et al., 2004).
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Figure 2.1 — The 850-hPa austral summer months (DJF) mean wind speed (1999-2013) based on ER A-interim
reanalysis data. The high wind speed is shown east of the central Andes. Note that wind speed is stronger during
SALL]J active episodes than the represented seasonal mean in this figure. The study area is indicated by the red box
and wind direction is indicated by black arrows (size is proportional to velocity). White line outlines the central

Andean Plateau.

The divergent circulation during the austral summer (Figure 2.2) represents the low-level convergence activity

over both, the northern and southern central Andes as a result of extreme convection during afternoon and evening,

which is followed by the early and mid-daytime thermal energy (Romatschke and Houze, 2010). Divergent circu-
lation is defined as (Wallace and Hobbs, 2006):
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where (Equation (2.1)) is the continuity equation in pressure coordinates. V-V in (Equation (2.2)) is the horizontal
component of divergence, w is the vertical velocity and p is pressure level. The horizontal divergence is defined as

(V- V > 0) while (V - V' < 0) shows the horizontal convergence.
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Figure 2.2— Average divergences for DJF (1999-2013) for the latitude band 15°-207 S (A) and for the latitude band
22°-28° S (B) based on ER A-interim reanalysis data. See Equation (2.2) for the divergent calculation. Negative
divergence is located east of the Andes at 67° W and indicates the low-level convergence activity along the moun-
tain front of the south-central Andes. The upper level divergence at 200 hI’a is associated with the Bolivian High
(Figure 2.3, white box) and is a result of strong convection during austral summer. Note the stronger negative and
positive divergence values in the sub-tropical south—central Andes (B).
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The wind at upper levels in the study area is often controlled by the Bolivian High (BH) (Figures 2.2 and 2.3),
an upper-level anticyclone associated with diabatic warming caused by the release of latent heat in the middle tro-
posphere by large-scale convective activity in the Amazon Basin (Chen et al., 1999; Gutman and Schwerdtfeger,
1965; Lenters and Cook, 1997). Anticyclonic upper level flow is formed parallel to the high with strong subsidence
to the west of the high that modulates convection in connection with low level flow in the region (Lenters and
Cook, 1997).This circulation system sits eastward of the central Andean Plateau above the low-elevation foreland
area and significantly influences convective rainfall patterns in connection with SALLJ and SACZ (Castino et al.,
2017; Gandu and Silva Dias, 1998; Virji, 1981; Kousky and Kayano, 1994; Kousky and Alonso Gan, 1981; Vuille,
1999; Lenters and Cook, 1999; Vuille and Keimig, 2004).
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Figure 2.3 — Average 200-hPa wind speed for DJF (1999-2013) based on ER A-interim reanalysis data shows the
Bolivian High (BH), white box activity eastward of the south—central Andes ~70° W and 17° S as well as the
strong upper level westerlies in the study area (red box). These are often associated with deep convection. Black

arrows and line indicate wind direction and are proportional to wind speed. White polygon outlines the central
Andean Plateau.
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Regional Geographic and Climatic Setting of NW Argentina

The south—central Andes in NW Argentina are characterized by a strong rainfall asymmetry (Figure 2.4B). In the
east-west direction exists one of the steepest rainfall gradients on Earth (Bookhagen and Strecker, 2008), result-
ing from the high topography and latitudinal position. In the west, the central Andean Plateau (Altiplano-Puna
Plateau), the second highest Plateau on the Earth, extends from about 15° S to 27° S with a mean elevation about
3700 m (Allmendinger et al., 1997). The northern central Andean Plateau is called Altiplano, whereas the southern
Andean Plateau is referred to as the Puna Plateau (or Puna de Atacama Plateau) (Figure 2.4A, Al). The central
Andean Plateau is internally drained and the geomorphic areas of the Altiplano and Puna delineate different hy-
drologic catchment regimes. The low-elevation foreland area with elevations of 800m is located in the east of the
south—central Andes (Figure 2.4A, A3). In the north-south direction, the rainfall intensity varies as the climatic

regime shifts from the tropical central Andes to the subtropical south—central Andes (Rohrmann etal., 2014; Boers

etal, 2015).

2.2.1 Study Region: NW Argentina

In order to analyze the climatic conditions leading to extreme rainfall in the study area, we divide the region (63°-
69° W, 22°-28° S) into nine boxes with equal areas (1.5° X1.5°) along the steepest climatic and topographic gradi-
ent (Figure 2.4A). The boxes go from high elevation to low elevation (numbers) and from the tropical central Andes
to the subtropical south—central Andes (letters): Al, Bl and Cl are located in the high-elevation Puna Plateau (the
southern central Andean Plateau); A2, B2 and C2 characterize an intermediate-elevation area exhibiting intramon-
tane basins and high relief, and A3, B3 and C3 indicate the low-elevation foreland area. The north-south gradient
stretches from the tropics (Al, A2 and A3), a transition zone between tropic and subtropic (B, B2 and B3) and
the subtropics (Cl, C2 and C3). In the study area both the dew-point temperature and CAPE east-west (from A3
to Al, B3 to Bl and C3 to Cl) gradients (Figure 2.4C,D) coincide with the rainfall gradient (Figure 2.4B) from low

elevation foreland regions to the high-elevation central Andean Plateau.
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Figure 2.4 — (A) Topographic and climatic overviews of the study region in NW Argentina. White line outlines
the central Andean Plateau, black lines are international borders. Boxes Al, Bl, and Cl are in the high-elevation
Puna Plateau (southern central Andean Plateau), boxes A2, B2, C2 are located in the intermediate elevation zone
characterized by intramontane basins and high relief, and boxes A3, B3, C3 lie in the low-elevation foreland area.
(B) Seasonal mean rainfall (DJF) derived from TRMM 3B42 (1999-2013) shows the E-W rainfall gradient with
wet, low elevation foreland regions and the dry, high-elevation central Andean Plateau. (C) Seasonal mean CAPE
based on ER A-interim reanalysis data shows the E-W atmospheric stability gradient. (D) Seasonal mean dew-point
temperature based on ER A-interim reanalysis data shows the E-W atmospheric moisture availability gradient.
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Data and Methods
Data

We used the version 2.0 of the ECMWF’s (European Centre for Medium-Range Weather Forecasts) Re-Analysis
(ER A-interim) data (Dee et al., 2011), hetps://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/ to an-
alyze temperature, dew-point temperature and CAPE. Dew-point temperature indicates the absolute specific hu-
midity of the atmosphere (Westra et al., 2014). High values of dew-point temperature describes near saturated air
and high-moisture availability in the air. CAPE is an area between the level of free convection (LFC) and the level of
neutral buoyancy (LNB). The level of free convection is the pressure level with the positive buoyancy, where tem-
perature of the surrounding air reduces faster than the moist adiabatic lapse rate of a saturated parcel. The level of
neutral buoyancy is the pressure level where the temperature of the air parcel is equal to the surrounding air (Blan-
chard, 1998). T, and Ty are the virtual temperature of the air parcel and surrounding environment, respectively.

R is the gas constant and P is pressure (Ye et al., 1998):

LNB
CAPE = Ry(Typ — Tye)dIn(P). (2.3)
LFC

In addition to CAPE, convective inhibition (CIN) is also characterized as an important parameter which quan-
tifies the energy provided by the triggering mechanisms for deep convection to be developed (Hierro et al., 2013;
Rasmussen and Houze, 2016). CIN is defined as the amount of energy that the rising air parcel needs to overcome
in order to reach to the level of free convection from its stable layer (Colby, 1984). The early and mid-daytime
thermal energy causes the well-mixed boundary layer which leads to high CAPE and low CIN that favors the deep
convection and extreme rainfall (Rasmussen and Houze, 2016). Since our study aims at understanding the effect of
temperature rise through solar heating on deep convection, we put our focus on atmospheric stability parameter

CAPE which is considered to be high as a result of daytime solar heating.

ER A-interim reanalysis data used in this study have a spatial resolution of 0.75°x0.75° and a temporal resolu-

tion of 6 h. We calculated the mean daily values from six hourly data.

TRMM (Tropical Rainfall Measuring Mission) data (Kummerow et al., 1998), product 3B42 (Huffman et al.,
2007), hetps://disc.gsfc.nasa.gov/datasets/ TRMM_3B42_Daily_7/summary (Version 7) with a spatial resolution
of 0.25°x0.25° and daily temporal resolution have been used to identify rainfall values. TRMM rainfall data are
interpolated on the ER A-interim grid (0.75°). We have interpolated data using the bilinear interpolation method.
TRMM data has been shown to be a reliable dataset for capturing mean and extreme rainfall in South America
(Carvalho et al., 2012; Boers et al., 2015). Our analysis was performed from 1998 to 2013. We defined an extreme
event as rainfall above the 90th percentile of the rainfall time series. For example, for a daily 16 year time series, we
used: 16 years of data X 365 days per year X 10% = 584 events at each study box, because we have calculated the
mean value of all grid points for each study box. We have explored other methodologies (fitting gamma or stretched
exponential distributions), but these were generally affected by statistic significance, because of the steep rainfall

gradient in that region. See Figure 2.5 for the events above the 90th percentiles and Figure 2.4A for the boxes.
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Figure 25 - TRMM 3B42 rainfall tdime series data (1998-2013) over the boxes Al (A), A2 (B) and A3 (C). The
90th percentile is shown by blue vertical line and varies from 0.8 mm/day on the high-elevation Puna Plateau, to
3.5 mm/day in the intermediate elevation and to 7.3 mm/day in the low-elevation foreland area. Note the different
Y-axis scales.
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Identifying the Effect of Temperature on Deep Convective Storms and

Extreme Rainfall Formation

We analyze the dominant climatic variables leading to extreme rainfall events by focusing on dew-point temperature
and convective available potential energy to show the effect of temperature on atmospheric humidity (7;;) and on
convection (CAPE) for deep convective storms (Lepore et al., 2015). We argue that these will help us to understand
extreme rainfall events that are often triggered by deep convective storms along the steep climatic and topographic
gradientin the eastern south—central Andes (22-28°S) (Rohrmann etal., 2014). Our study consists of the following
steps:

First, we analyze the temporal correlation between temperature, dew-point temperature, and CAPE in conjunc-
tion with rainfall during the austral summer months. We also show the spatiotemporal correlation between both

climatic variables and rainfall along the steep topographic gradient.

Second, we regress daily rainfall events that are above the 90th percentile onto daily values of CAPE and dew-
point temperature in each box during event days using 16 years of data. This analysis indicates an exponential
relationship between rainfall and dew-point temperature and suggests a power-law relation between rainfall and
CAPE. Our regression coeflicients undergo a comparison with the value ranges of CAPE and dew-point tempera-

ture in each box along the topographic and climatic gradient.

Previous research by North and Erukhimova (2009) and based on the CC relationship and idealized parcel theory

suggested a relation between rainfall and both climatic variables of the type:

Inrainfall =c+ axTy+ xInCAPE. (2.4)

Their model also reveals exponential sensitivity of rainfall to dew-point temperature and a power-law relation-

ship between rainfall and CAPE (Lepore et al., 2015).

Real data show that the slope coefficients v and 3 deviate from their theoretical values of @ = 0.068 (CC rela-
tionship coefficient) and 3 = 0.5 (parcel-theory coefficient) due to different meteorological boundary conditions

(North and Erukhimova, 2009; Lepore et al., 2015).
Third, we fit the regression model (Equation (2.4)) (North and Erukhimova, 2009; Lepore et al., 2015) which

shows a log-linear relationship between rainfall and both variables based on meteorological data described by con-
vective available potential energy (CAPE) and dew-point temperature (1) in our study region. We have used a

linear model fitting function that uses the Wilkinson notation.

We divided the rainfall distributions into the 50th, 75th, and 90th percentiles and separately analyzed their re-
lationship to the driving variables. For extreme (90th) and moderate (75th) rainfall percentiles, we regress daily
values of these rainfall percentiles onto daily values of CAPE and dew-point-temperature during these days. For
lower rainfall intensities, we regress daily rainfall that is above 50th percentile onto daily values of CAPE and dew-

point-temperature during these days.
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Results

The south—central Andes were characterized by extreme rainfall. We showed that the contribution of 90th per-
centile rainfall to total DJF rainfall was 70% and higher in this region (Figure 2.6) (Boers et al., 2015, 2014b). This
highlights the significant contribution of deep convective storms to rainfall over this region. Our results showed
the moderate to high temporal correlation between surface temperature and dew-point temperature and moderate
correlation between surface temperature and CAPE east of the south—central Andes during the austral summer and
during the daytime (Figure 2.7). Therefore, during the daytime, high solar heating and high temperatures trigger

deep convection and extreme rainfall over the south—central Andes (Figure 2.6).
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Figure 2.6 — Percentage of 90th percentile rainfall contribution to total DJF rainfall (1999-2013) derived from
TRMM3B42 data. Note the high contribution in the south—central Andes in our study region (black box).The
central Andean Plateau is marked in white and gray lines indicate international borders.
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Figure 2.7 — Lag-free temporal correlation between dew-point temperature and surface temperature (A) and be-
tween convective available potential energy (CAPE) and surface temperature (B) during the austral summer and
during the daytime (6 a.m.—6 p.m. local time) (1999-2013) based on ER A-interim reanalysis data. A high correla-
tion coefficient suggests that both climatic variables and surface temperature are correlated eastward of the south—
central Andes.

Our analysis of the spatial pattern of austral summer mean rainfall in conjunction with CAPE and dew-point
temperature in each box in (Figure 2.4A-D) shows that both the dew-point temperature and CAPE east-west gra-
dients (from A3 to Al, B3 to Bl and C3 to C1) (Figure 2.4C,D) coincide with the rainfall gradient from the wet, low
elevation foreland regions to the dry, high-elevation central Andean Plateau (Figure 2.4B). Both, the spatial pattern
shown by the area averaged boxes A3 and A2 compared to Al (Figure 2.8A—C) and the temporal behavior, which is
indicated by DJF seasonal mean from 1999 to 2013 (Figure 2.8A-C) of these meteorological variables, change along

the steep topographic gradient in our study boxes in conjunction with rainfall.
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Figure 2.8— The spatial (area averaged A3 and A2 (black) compared to area averaged Al (gray)) and temporal (DJF
seasonal mean 1999 to 2013) pattern of dew-point temperature and CAPE along our study boxes in conjunction
with rainfall. (A) Area-averaged DJF seasonal mean rainfall, (B) area-averaged DJF scasonal mean CAPE, and (C)
area-averaged DJF seasonal mean dew-point temperature are represented in these figures.
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Next, we analyze the relationship between CAPE, dew-point temperature, and 90th percentile rainfall along the

steep topographic gradient. We observe a nonlinear relationship between 90th percentile rainfall and associated

CAPE and dew-point temperature (Figure 2.9A-C) Boxes A3, A2, and Al
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Figure 2.9 Scatterplot showing dew-point temperature vs. CAPE colored by the 90th percentile rainfall amounts
for boxes Al1(A), A2 (B) and A3 (C). Point sizes are also scaled by rainfall amount.
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We have separately regressed the daily rainfall events that are above the 90th percentile onto daily values of dew-
point temperature (Figure 2.10) and CAPE (Figure 2.11) to quantify conditions leading to extreme rainfall. We show
the effect of temperature with respect to atmospheric humidity (77) and also with respect to convection (CAPE) for
deep-convective storms (Lepore et al., 2015). This is particularly pronounced in the eastern south—central Andes
along the latitude 22-28° S with a high distribution of MCS during austral summer months (Durkee and Mote,
2010). The regression coefficient (a) for the dew-point temperature and the regression coefficient (b) for CAPE
reveal values around the CC relation and parcel theory, respectively. The regression coefficient (a) for the dew-
point temperature is higher in the tropical and the transition zone berween the tropical and subtropical areas and
over intermediate-elevation (Box A2) and low-elevation foreland (Box A3) regions as compared to high-elevation
Puna Plateau and subtropical regions (Figure 2.10). The regression coefficient (b) for the CAPE is higher in the
transition zone between the tropical and subtropical and over the intermediate-elevation area as compared to all

others regions (Figure 2.11).
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Figure 2.10 - Scatterplot showing the dew-point temperature vs. rainfall amounts for events above 90th percentile.
(@) in regression equation (rainfall = ¢ = exp(a * T};)) shows the regression coefficient for the independent
variable dew-point temperature for all boxes along the climatic and topographic gradients. See Figure 2.4A for all
boxes (A1-C3). Regression coefficient (a) reveals a value around CC relation (0.068 °C™1) in all boxes.
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Figure 2.11 - Scatterplot showing the CAPE vs. rainfall amounts for events above 90th percentile. (b) in regression
equation (rainfall = ¢ * C APEP®) shows the regression coefficient for the independent variable CAPE for all
boxes along the climatic and topographic gradients. See Figure 2.4A for all boxes (A1-C3). Regression coefficient
(b) reveals a value around parcel theory (0.5) in all boxes.

The log-linear model defined in Equation (2.4) also indicates exponential sensitivity of rainfall to dew-point
temperature and a power-law relationship between rainfall and CAPE (Lepore et al., 2015). We used the linear mul-
tivariable regression model (Equation (2.4)) (Lepore et al., 2015) to show the joint effect of both climatic variables in
our study region, The regression analysis reveals statistically significant relationships (p-value << 0.001) between
the dew-point temperature and CAPE and 90th percentile rainfall over all nine areas. The regression coefficient (o)
for the dew-point temperature in (Equation (2.4)) is higher and it is close to CC relationship (0.068 °C~1) for the
extreme (90th percentile) rainfall in the tropical region and over intermediate-elevation (Box A2) and low-elevation
foreland areas (Box A3) (Figure 2.12A). We show that the high contribution of dew-point temperature to extreme
rainfall over these regions coincide with the higher dew-point temperature values (>10 °C) for most of the events
of the 90th percentiles rainfall over these boxes (Figure 2.13). We show that the dew-point temperature scaling of
rainfall, based on our regression coefficients, are much higher than that derived from CC relation for the low rainfall
percentile (50th percentile). This argues that the dew-point temperature scaling of rainfall for the lower rainfall per-
centiles cannot reliably explain rainfall amounts, likely because of the low rainfall intensities and other atmospheric
driving processes.

The regression coefficient for CAPE (3 in Equation (2.4) indicates that CAPE is the more important climatic
variable for extreme (90th percentile) rainfall in the transition zone between the tropical and subtropical region and
over the intermediate-clevation area (Figure 2.12B, B2). Based on the regression coeflicient for CAPE (Figure 2.12B)
in all three topographic regions for 90th percentile rainfall and regarding the value ranges of CAPE in each box, we
indicate that there is a high contribution of CAPE also over the Altiplano—Puna region (Figure 2.14) as the regres-

sion coefficient does not reveal much lower value as those over low-elevation foreland and intermediate-elevation
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areas. That is the case despite the low value ranges of CAPE for most of the events of 90th percentiles rainfall over

Altiplano region.
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Figure 2.12 - ((A) dew-point temperature) Changes in the regression coefficient for the independent variable dew-
point temperature for all boxes (Figure 2.4). Dashed line shows the coefficient based on CC relation with about 6.8%
°C~ ! increase of rainfall with temperature. (B) (CAPE) Changes in the regression coefficient for the independent
variable CAPE for all boxes. Dashed line shows the coefficient based on parcel theory. Note that we have used a
linear model fitting function to fit the regression model (Equation ( 2.4)) in our study region.
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Figure 2.14 - Line plot showing the percentage of the events of 90th percentile rainfall for different value ranges of
CAPE. We show higher values of CAPE for most of the events of 90th percentile rainfall over low-elevation foreland
and intermediate-elevation areas as compared to Altiplano region.
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Based on root mean squared error (RMSE) values, uncertainties decrease with increasing percentiles. This argues

that rainfall can not be explained reasonably at the low percentile (50th) using CAPE and T} (Figure 2.15).
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Figure 2.15 - Line plots showing the model RMSE value for 50th, 75th and 90th percentiles rainfall over all boxes.
The model RMSE decreases with increasing rainfall percentile. Thatis, at higher rainfall percentiles, the model pro-
vides better constrained values and is likely 2 more realistic atmospheric-process explanation than at lower rainfall

percentiles.

Discussion
Our observations show a strong dependence of extreme rainfall on CAPE and dew-point temperature (Figure 2.4).
We have used a functional relationship (Equation (2.4)) to quantify their relative impacts.

Based on our regression coefficient (o in Equation (2.4)) dew-point temperature is the most important climatic
variables for the extreme (90th percentile) rainfall in the tropical regions (Figure 2.12A) (Al, A2, and A3). This can
be attributed to the fact that warmer tropical air can hold larger amounts of water vapor and hence can lead to higher
occurrences and amounts of rainfall. Dew-point temperature is also a more important factor in the intermediate-
elevation area and low-elevation foreland area (A2, B2, C2 and A3, B3, C3) compared to the high-elevation Puna
Plateau (Al, Bl and CI) (Figure 2.12B). This is, because warmer air over these regions contains higher moisture
availability and can lead to high convection and extreme rainfall (Figure 2.13). The highest contribution of dew-
point temperature in the tropical intermediate-elevation area can be explained by the small differences between

dew-point temperature and air temperature and consequently higher moisture availability (Figure 2.16).
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Figure 2.16 — The small differences between dew-point temperature and air temperature during austral summer
(1999-2013) over the tropical and the intermediate-elevation area explains the high contribution of dew point tem-
perature in extreme rainfall in chis region (Figure 2.4A, Box A2). White line outlines the central Andean Plateau,
black lines are international borders.

The larger differences between coefficient av for dew-point temperature in (Equation (2.4)) and their expected
CC relationship (0.068 C~) in the high-elevation Puna Plateau compared to intermediate-elevation area and low-
elevation foreland area for the extreme rainfall argues that the mechanism of converting atmospheric moisture to
rainfall is less efficientin the high-elevation Puna Plateau. Several studies have shown and documented the super-CC
scaling of extreme rainfall by variations in intensify of convection processes with temperature (Berg and Haerter,
2013; Berg et al., 2013; Lepore et al., 2015). By comparing the regression coeflicients of the 90th percentile (extreme
rainfall) and the two lower percentiles at 75 and 50, the extreme 90th and moderate 75th rainfall percentiles in
our analysis reveal a scale close to CC or in some cases super-CC (2x CC) which is supported by other studies as
mentioned above. We emphasize that the temperature scaling of rainfall for the lower rainfall percentiles cannot
be explained reliably because of the low rainfall intensities and this is supported by other studies (Lenderink et al.,
2017). Taken together, this suggests that the mechanism of transforming dew-point temperature to rainfall is more
efficient when the rain intensity is higher (Lepore et al., 2015). It is important to mention that the low value of
dew-point temperature does not always reflect the lower chance of rainfall occurrence. Even a dry layer can become
unstable if lifted (potential instability) for example over high elevations in mountains (Rasmussen and Houze,
2011).
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The regression and coefficient 3 for the CAPE (Equation (2.4)) indicates a high importance of CAPE for ex-
treme rainfall in the study area (Figure 2.12B). This is of particular importance in the transition zone between the
tropical and subtropical region and over intermediate elevations, because the transition zone is characterized by
strong rising of warm and moist air and the formation of deep convective storms. The coefficient 3 for CAPE in
(Equation (2.4)) in the high-elevation Puna Plateau for extreme rainfall is not much lower than those over two other
lower topographic regions, which have larger absolute values of CAPE (Figure 2.14). Therefore, even the lower val-
ues of CAPE play an important role for extreme rainfall over high-elevation Puna Plateau. Based on previous studies
(Rasmussen and Houze, 2011), it is likely that CAPE is important for convection initiation but it does not always
contribute to its development. This can be seen south of 28°S and over the intermediate-elevation area where the
high CAPE does not necessarily contribute to higher rainfall.

Past studies (Lepore et al., 2015) investigated the relationship between extreme rainfall and CAPE and dew-point
temperature in the Eastern United States. Their results show a power-law relationship between rainfall and CAPE
with a regression coefficient of /20.2-0.4 changing with geographic regions. For the dew-point temperature the
regression coefficient changes significantly depending on the rainfall percentile. Our study suggests similar results,
but different coefficients v and 3, which change depending on the rainfall percentile as well as the topographic and
climatic sub-regions.

Some other studies used different modeling approaches on investigation of rainfall along the topographic gra-
dient. Smith and Barstad (2004); Bookhagen and Burbank (2010, 2006); Bookhagen and Strecker (2008) param-
eterized the mean orographic rainfall in south America and other regions where complex terrain is similar. These
models rely on static climatic variables and allow reproducing an average rainfall patterns. But they do not allow for
atmospheric variability along a larger geographic region. In our approach, we considered not only the topographic
gradient, but also allow for atmospheric variability by including the dominant atmospheric conditions and climatic

variables leading to deep convection and extreme rainfall events.

Conclusions

We analyzed extreme rainfall events by documenting the effect of temperature on atmospheric humidity (dew point
temperature, 1) and convective available potential energy (CAPE) on deep-convective storms in the south—central
Andes in NW Argentina. We used a multivariable regression analysis to describe the correlation between rainfall
percentiles and the two driving atmospheric variables: Ty and CAPE. We have separately analyzed low-elevation
frontal areas (Andean foreland), intermediate-elevation areas (intermontane basins), and high-elevation areas (cen-
tral Andean Plateau). We obtained the following key results:

First, based on our spatial analysis, the rainfall distribution in the south—central Andes correspond to spatial
differences in CAPE and T} (Figure 2.4B-D). The east-west gradients in both, dew-point temperature and CAPE
(from A3 to Al, B3 to Bl and C3 to Cl in (Figure 2.4C,D), correlate with the rainfall gradient (Figure 2.4B). Our
temporal analysis indicates that the temporal differences in CAPE and T} correspond the rainfall distribution in
the south—central Andes (Figure 2.8A-C).

Second, we find a correlation between extreme rainfall and a combination of dew-point temperature and CAPE

through a multivariable regression analysis (Equation (2.4)). Our results based on p values << 0.001 show a sta-
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tistically significant relationship between a non-linear combination of dew-point temperature and CAPE and 90th
percentile rainfall. This suggests that spatial and temporal occurrences of rainfall at the 90th percentile (i.e., extreme
rainfall) can be partially explained by combining dew-point temperature and CAPE.

Third, we observe that the atmospheric mechanism of transforming moisture to extreme rainfall is more efficient
in the tropical low- and intermediate-elevation areas and the mechanism of transforming CAPE to extreme rainfall
is more efficient in the transition zone between the tropical and subtropical and in the intermediate-elevation areas
(Figure 2.12).

Fourth, we observe that the uncertainties (RMSE) of the model fit decrease with increasing rainfall percentiles
(Figure 2.15). This suggests that the described modeling approach is more reliable for higher rainfall percentiles as
these are primarily driven by CAPE and dew-point temperature variations.

Our study deciphers the important role of dew-point temperature and CAPE on extreme rainfall events in the
south—central Andes. We show that hydrometeorological extreme events are triggered by different boundary con-
ditions from north to south along the steep topographic gradient of the eastern Andes and that multiple conditions

must be met before extreme rainfall events can be triggered.
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Abstract

Atmospheric water vapour content is a key variable that controls the development of deep convective storms and
rainfall extremes over the central Andes. Direct measurements of water vapor are challenging, but recent develop-
ments in microwave processing allow the use of phase delays from the L-band radar to measure water vapour content
throughout the atmosphere: The Global Navigation Satellite System (GNSS) based integrated water vapour (IWV)
monitoring shows promising data to measure vertically integrated water vapour at high temporal resolutions. In
addition to IWV, the convective available potential energy (CAPE) is also identified as key climatic variable for the
formation of deep convective storms and rainfall in the central Andes. Our analysis relies on GNSS data from the Ar-
gentine Continuous Satellite Monitoring Network, Red Argentina de Monitoreo Satelital Continuo (RAMSAC)
network from 1999 to 2013. CAPE is derived from version 2.0 of the ECMWEF’s (European Centre for Medium-
Range Weather Forecasts) Re-Analysis (ER A-interim) data and rainfall from TRMM (Tropical Rainfall Measuring
Mission) data. In this study, we first analyse the rainfall characteristics of two GNSS-IWV stations by comparing
their complementary cumulative distribution function (CCDF). Second, we derive the relation between rainfall
and both, CAPE and GNSS-IWV, separately. We show that the relation between GNSS-IWV and rainfall as well
as CAPE and rainfall varies with different rainfall percentiles. Based on our distribution fitting analysis, we observe

an exponential relation of rainfall to GNSS-IWV. In contrast, we report a power-law relationship between the daily

T submitted as Maryam RamezaniZiarani, Bodo Bookhagen, Torsten Schmidt , Jens Wickert, Alejandro de la Torre, Zhiguo Deng and Andrea Calori.
"Using GNSS-derived integrated water vapour and CAPE to decipher rainfall in the eastern central Andes.” Remote sensing.
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mean value of rainfall and CAPE at the GNSS-IWV station locations in the eastern central Andes that s close to the
theoretical relationship based on parcel theory. Third, we generate a joint regression model through a multivariable
regression analysis using both variables (CAPE and GNSS-IWV) to explain extreme rainfall occurrences. We find
that rainfall can be characterised with a higher statistical significance for higher rainfall percentiles e.g., above the
90th percentile considering the joint effect of both variables. Fourth, we identify the temporal relation between ex-
treme rainfall (90th, 95th, and 99th percentiles) and both GNSS-IWV and CAPE at 6 hourly time steps. We observe
an increase before the rainfall event and at the time of peak rainfall - both for GNSS integrated water vapour and
CAPE. We show higher values of CAPE and GNSS-IWV for higher rainfall percentiles (99th and 95th percentiles)
compared to the 90th percentile at a 6-hour temporal scale. Based on our correlation analyses and the dynamics of
the time series, rainfall-extreme events can be described by a combination of GNSS-IWV and CAPE in the eastern
central Andes. This relation can be exploited in future studies to increase the prediction potential of extreme events.

Keywords: Global Navigation Satellite System (GNSS); GNSS Integrated Water vapour; convective available
potential energy (CAPE); extreme rainfall; TRMM.

Introduction

The south—central Andes is an area that is affected by hydrometeorological extreme events (e.g., Castino et al., 2017;
Boers et al., 2014a; De la Torre et al., 2015; Ramezani Ziarani et al., 2019). The combination of topography and
climate forms the most important driver for generating deep convective storms along the eastern central Andes
(e.g., Rasmussen and Houze, 2016; Pingel et al., 2016; Rohrmann et al., 2014; Bookhagen and Strecker, 2008).
Atmospheric water vapour content is a crucial variable triggering the convection and rainfall extremes in the south—
central Andes (Rasmussen and Houze, 2011). Water vapour also plays an important role in controlling atmospheric
stability as it is the primary variable leading to the formation of convective storm systems (Priego and Porres, 2016)
by enhancing the convective available potential energy (CAPE) (Adams et al., 2011).

However, the direct and three-dimensional measurements of water vapour in the atmosphere is difficult and
requires atmospheric sounding (Berbery et al., 1998) or recent developments in radar processing such as Global
Navigation Satellite System (GNSS) methods to monitor the atmospheric integrated water vapour (IWV) content
(Bevis et al., 1992, 1994; Duan et al., 1996). GNSS-derived troposphere products derived from zenith total delay
(ZTD) (Chen et al., 2018) are now used as a reliable meteorological data in climate studies (Guerova et al., 2016).
The advantage of GNSS-IWV measurements is their high spatial and temporal resolutions.

Several previous research studies used GNSS atmospheric data to study extreme rainfall events (Brenot et al.,
2013; Barindelli et al., 2018). Some studies have shown and documented that the variations in the GNSS-IWV
are temporally correlated with rainfall. These studies have shown an increase in GNSS-IWV several hours before
extreme rainfall, mostly followed by a decrease after the event (Benevides et al., 2015, 2019). Furthermore, Priego
and Porres (2016) investigated the joint effect of GNSS-IWV and atmospheric pressure on extreme rainfall and they
show a high spatiotemporal correlation between the variations of GNSS-IWV and severe rainfall in eastern Spain.
Calori et al. (2016) indicated that GNSS-IWV can show moisture variability in connection with severe storms in the
Cuyo region in Mendoza in the south—central Andes. Thus, GNSS-IWV has been identified as a reliable parameter

for detecting atmospheric convection and extreme rainfall.
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An additional parameter that triggers convection and rainfall extremes and describes the atmospheric stability
is CAPE (Lepore et al., 2015). CAPE indicates the amount of energy available for convection (North and Erukhi-
mova, 2009). Mesgana and Thian (2017) defined CAPE as a proxy for extreme rainfall over the United States and
Southern Canada. Furthermore, Murugavel et al. (2012) have shown a high contribution of CAPE to heavy rainfall
during the monsoon season over the Indian region. A different study suggested that the spatial pattern of rainfall-
extreme events can be described by a combination of dew-point temperature and CAPE in the south—central Andes

(Ramezani Ziarani et al., 2019).

These previous studies separately analyzed the spatiotemporal distribution of extreme rainfall related to IWV
and CAPE (Calori et al., 2016; Mesgana and Thian, 2017), but they were not fully sufficient in explaining extreme
rainfall based only on one variable. Our study aims to identify the relationship between rainfall, GNSS-IWV, and
CAPE and to analyze the joint effect of GNSS-IWV and CAPE on extreme rainfall generation. We specifically focus

on the south—central Andes where convection plays an important role in extreme rainfall generation.

Data and Methods

Data

We used the ER A-Interim reanalysis data (1979-present), version 2.0 of the ECMWF (European Centre for Medium-
Range Weather Forecasts) (Dee et al., 2011), https://apps.eccmwf.int/datasets/data/interim-full-daily/levtype=sfc/
to analyse CAPE. ER A-Interim reanalysis data used in this study have a spatial resolution of 0.75°x0.75° and a
temporal resolution of 6 hours. ER A-Interim reanalysis data are interpolated to the station points using a nearest-
neighbour interpolation method. Because of the steep topographic gradient in that region, we have explored other

interpolation methods such as bilinear interpolation, but this does not affect the results.

We used GNSS integrated water vapour data from the Argentine Continuous Satellite Monitoring Network
(RAMSAC) for two stations: San Miguel de Tucumén (TUCU, 1999-2013) located at 65° 13’ W and 26° 50’ S and
San Fernando del Valle de Catamarca (CATA, 2008-2013) located at 65° 46’ W and 28° 28’ S (Figure 3.1A). These two
stations are selected as they have the longest data availability for this region. The RAMSAC network was created in
1998 and has grown to include around 100 continuously operating GNSS stations in north and central Argentina
(Pinon et al., 2018). The GNSS-IWV data used in this study have a temporal resolution of 30 minutes. There were
several missing data in the GNSS-IWV data set that were removed from the associated CAPE and rainfall data for

these days or hours.

TRMM (Tropical Rainfall Measuring Mission) data (Kummerow et al., 1998), product 3B42 (Huffman et al,,
2007) https://disc.gsfc.nasa.gov/datasets/ TRMM_3B42_Daily_7/summary (Version 7) with a spatial resolution
of 0.25°x0.25° and hourly temporal resolution have been used to analyse rainfall. TRMM rainfall data are inter-
polated at the station location using nearest neighbour interpolation method. TRMM data have been indicated to
be a reliable dataset for investigating rainfall in South America (Ramezani Ziarani et al., 2019; Carvalho et al., 2012;

Boers et al., 2015).



Chapter 3. Using GNSS-derived integrated water vapour and CAPE to decipher rainfall in the eastern

42 central Andes
o
0 ©
g ~—

! 1
o4 o
N
Y &

1
Mean annual

o o rainfall for
© O 1999-2013
(\II (\Il [mmiyear]
o o
o
% &

-68° -64° -68° -64°

0 1000 2000 3000 40()0 5000
Elevation [m]

Figure 31— (A) Topographic overview of the study region in the central Andes in northwestern Argentina with the
outline of the internally-drained central Andes in white (see inset for location in South America with the internally-
drained central Andesshown in red). Black lines are international borders. White stars show the GNSS stations used
in this study: San Miguel de Tucumdn (TUCU, n=15 years) and San Fernando del Valle de Catamarca (CATA, n=6
years). (B) annual mean rainfall derived from TRMM 3B42 (1999-2013) shows rainfall distribution on the station
locations. White stars show the GNSS stations.

GNSS Integrated Water Vapour (IWV) Processing

The Global Navigation Satellite System (GNSS) data are organized in units of 24 hours periods and were pro-
cessed using the earth parameter and orbit system software (EPOS) at the German research centre for geosciences
(GFZ) (Gendtet al., 2013). The data processing was done based on the following steps: First, the two stations were
processed in a Precise Point Positioning (PPP) model using the GFZ’s own second reprocessed Global Positioning
System (GDPS) satellite clock and orbit products (Deng et al., 2015). In the PPP processing, the low quality obser-
vations and outliers were removed. In a second step, the remaining data were used for network processing. Several
well distributed IGS (International GNSS Service) core stations are included in this network. In the next step, the

estimated troposphere products of zenith path delay (ZPD) were converted to integrated water vapour (IWV). The
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humidity-induced part of ZPD provides a valuable source of vertically integrated water vapour, e.g., (Bevis et al.,
1992,1994). To estimate IWV, meteorological information (ground pressure and mean temperature above the sta-
tion) is needed. In this study, the ECMWTF ground pressure and mean temperature data were used to convert the

ZPD to IWV (Heise et al., 2009).

Identifying the Effect of GNSS-IWV and CAPE on Extreme Rainfall For-

mation

Understanding the conditions leading to extreme rainfall events is difficult, because of complex, interfering atmo-
spheric processes in the eastern central Andes. Previous research indicates that extreme rainfall in the south-central
Andes is often caused by deep convective storms (Rohrmann et al., 2014; Romatschke and Houze, 2010). An analy-
sis requires the investigation of the dominant climatic variables leading to extreme rainfall events with reliable data.

In this study, we analyze the joint effect of GNSS-IWV and CAPE on extreme rainfall generation.

First, we analyse the rainfall distribution for each GNSS-IWV station (TUCU and CATA, (Figure 3.1A)) in the
south-central Andes using complementary cumulative distribution function (CCDF) and by comparing the best-fit

parameter S.

Second, we investigate the seasonal behaviour and the fluctuations in the GNSS-IWV and CAPE in conjunction
with rainfall for both stations (TUCU and CATA) on the daily scale. We use the wavelet coherence analysis to
confirm the seasonal agreement between rainfall, GNSS-IWV, and CAPE.

Third, we analyze the relation between the daily mean of GNSS-IWV and rainfall considering the rainfall per-
centiles for both station locations (TUCU and CATA). We perform a curve fitting process to model the rainfall as
a function of the GNSS-IWV. After fitting several different models to the data, we find that data are best fitted by
an exponential model (Equation (3.1)) based on model fitting statistics (root mean squared error, R-squared value,

statistic test for the F-test on the regression model, and p-value).

rainfall = exp(a * GNSS-IWTV) (3.1)

where a is the regression coefficient for GNSS-IWV.

We take natural log of both sides of the equation to linearize the equation:

Inrainfall = a x GNSS-IWV (3.2)

Fourth, we analyze the correlation between the daily mean of rainfalland CAPE at both station locations (TUCU
and CATA) using a power-law relationship as described in previous research based on parcel theory (North and

Erukhimova, 2009; Lepore et al., 2015; Ramezani Ziarani et al., 2019). Based on parcel theory, we expect the rainfall
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intensity to be commensurate to VCAPE (8= 0.5), if CAPE is efficiently transferred to parcel kinetic energy
(North and Erukhimova, 2009; Lepore et al., 2015).

rainfall = CAPE" (3.3)

where 3 is the regression coefficients for CAPE

After data linearization, the following equation is substituted to describe the parcel theory:

Inrainfall = B *InCAPE (3.4)

Fifth, we generate the regression model equation (3.5), which shows a log-linear relationship between rainfall
and both variables at both station locations. We show the joint effect of both variables on rainfall extreme events
(events above the 90th percentile) by joint regression of both variables. We test the goodness of our model based on

the statistics of the model.

Inrainfall = ¢ + a * GNSS-IWV + 8« InCAPE (3.5)

where o and 3 are the regression coefficients for GNSS-IWV and CAPE, respectively. Our approach and the for-
mulations are based on previous studies for extreme rainfall (North and Erukhimova, 2009; Lepore et al., 2015;
Ramezani Ziarani et al., 2019).

Sixth, we analyse the temporal relation between extreme rainfall and both GNSS-IWV and CAPE on the 6-hour
scale. We select all data with rainfall above the 90th, 95th, and 99th percentiles, respectively, and their corresponding
CAPE and GNSS-IWV amounts. We then averaged 6 hourly GNSS-IWV and CAPE data within the 72 hours
(event day plus day before and day after) for each percentile in both stations, and we show the correlation between

both variables and extreme rainfall.

Results

Observed Correlation of Rainfall, GNSS-IWYV, and CAPE at the GNSS

Station Locations

3.1.1 Rainfall and GNSS-IWV Characteristic at the GNSS-IWV Stations
In this study, we aim to decipher the influence of both GNSS-IWV and CAPE on rainfall-extreme events. We first
show that each station (TUCU and CATA) in the eastern central Andes has a different rainfall distributions. We

rely on a two-sample Kolmogorov-Smirnov (KS) test to compare the distribution of rainfall at both stations during

(2008-2013) due to data availability for CATA station. Based on the test result the hypothesis that rainfall in both
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station are from the same continuous distribution is rejected. Therefore, we accept the alternative hypothesis that
each station has a different rainfall distributions. Also the p-value ( p = 4% ) confirms the difference between both
distributions at the 5% level. Similarly, the KS test for the comparison of IWV data shows that they are drawn from

different distribution.

Similar to a previous work (Foster et al., 2006), our analysis suggests that the rainfall and GNSS-IWV distribu-
tions are best fitted by a lognormal distributions. The estimated parameters (4 and o reveal different values for each
station that underline their different climatic environments. We note that the tail of the rainfall distribution can be
described by a power law starting at T in=12.9 and with the estimated exponent a=2.5 for TUCU station and

Tmin= 28 and the estimated exponent =2.9 for CATA station.

In order to compare both stations, we show the exceedance probabilities of binned rainfall and GNSS-IWV data

(Figure 3.2).
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Figure 3.2 — Logarithmically binned rainfall data (A) and GNSS-IWV (B) for TUCU station (blue dots) and for
CATA station (red dots). The fitting parameters of the lognormal distribution show the differences between two
stations (2008-2013). We note that the tail of the distribution exhibits power-law behaviour starting at Ty, = 12.9
and with the estimated exponent a=2.5 for TUCU station and Zy,in= 28 and the estimated exponent =29 for
CATA station.

Next, we show the seasonal pattern of both variables with respect to rainfall. Our results show that the daily val-
ues of GNSS-IWV and CAPE increase during the austral summer months and coincide with an increase in rainfall

at both station locations (TUCU and CATA) (Figure 3.3). In contrast to the GNSS-IWV, which represents higher
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absolute values during austral summer at the TUCU station location (Figure 3.3A,C), CAPE shows larger absolute

values for the CATA station (Figure 3.3B,D) during austral summer months,
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Figure 3.3 — Daily mean GNSS integrated water vapour (orange line) vs. daily mean rainfall from TRMM data
(blue line) (A) for TUCU and (C) for CATA stations and daily mean CAPE (red line) from ER A-interim vs. daily
mean rainfall from TRMM data (blue line) (B) for TUCU and (D) for CATA stations for (2010-2013). Both data
represent a high seasonal agreement with rainfall in both stations.

We then show the cyclic behaviour of rainfall and CAPE as well as rainfall and GNSS-IWV using the wavelet

coherency analysis. As it can be seen in Figure 3.4 the significant coherence area between CAPE and rainfall as

well as GNSS-IWV and rainfall time series is observed from the cycle scale of 8 months to 16 months and more

significantly around 12 months from 2008 to 2013. The arrows (phase) which are turning to the right at the period
band 8-16 show in-phase coherence and argue that the CAPE and GNSS-IWV contribute to the rainfall.
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Figure 3.4 - Squared wavelet coherence between the CAPE and rainfall (2008-2013) for TUCU (A) and CATA (B)
stations and between the GNSS-IWV and rainfall (2008-2013) for TUCU (C) and CATA (D) stations. The arrows
indicates the lag phase relation between rainfall and CAPE and rainfall and GNSS-IWV.

3.1.2 Relation Between Rainfall and GNSS-IWV

In the next step, we analyze the relation of rainfall with GNSS-IWV. We determine the functional relationship for
each station and investigate if the relation between GNSS-IWV and rainfall changes for higher rainfall percentiles.
We show that for wet days with rainfall above 0.1 mm/day exist an exponential relationship between TRMM rainfall
data and GNSS-IWV. The Q-Q (Quantile-Quantile) plot also shows an identical distribution within the assumed
log-linear relation (after linearization) between rainfall and GNSS-IWV for wet days and above the 10th percentile
(Figure 3.5 A,B). We observe that below the 10th percentile rainfall and GNSS-IWV do not follow an identical
distribution (Figure 3.5 A,B).
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Figure 3.5 - Quantile-Quantile plot on loge scale of rainfall vs. GNSS integrated water vapour shows that most of
the data are well correlated when the log.(TRMM rainfall) vs. GNSS-IWV is considered in both stations (A) for
TUCU and (B) for CATA. Below the 10th percentile rainfall and GNSS-IWV do not follow an identical distribution
at both stations. Black dashed lines indicate rainfall percentiles (10th and 90th percentiles).

We test our model for each percentile based on the statistics of the model. Our results show a significant rela-
tionship between rainfall and GNSS-IWV based on p-value << 0.001. Also, our F-value (F-statistic) argues that

our model is more compatible with data than the intercept-only model with no independent variable.

We test our data for other possible model fits such as power, Gaussian, and polynomial, but we find that the

exponential model fits the data better compared to other models based on the statistics of the fit (Table 3.1).
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Table 3.1- Comparing the quality of the fits for rainfall vs. GNSS-IWV based on RMSE and R-squared values for
TUCU (top) and CATA (bottom) for different fitting models. Best-fit results are marked in italic font.

Model (TUCU) RMSE R-squared

exponential 13 017
power 10 0.13
gaussian 9 0.07
polynomial 11 0.09

Model (CATA) RMSE R-squared

exponential 156 015
power 11 0.10
gaussian 10 0.08
polynomial 11 0.09

By comparing the regression for different rainfall percentiles, we find that there is a better fit or more significant
relationship between rainfall and GNSS-IWV for higher rainfall percentiles based on higher R-squared value and
lower RMSE for both stations (Table 3.2). Our regression coefficients for different rainfall percentiles represent a

higher dependence of rainfall to GNSS-IWV for higher rainfall percentiles (Table 3.2).

Table 3.2 — Comparing the quality of the fits for rainfall vs. GNSS-IWV (Equation (3.2)) based on RMSE and
R-squared values for TUCU (top) and CATA (bottom) for different rainfall percentiles as well as the regression
coeflicient for the independent variable GNSS-IWV (Equation (3.2)) for TUCU (top) and CATA (bottom).

Rainfall percentiles (TUCU) RMSE R-squared Regression coefficient (o)

10-100th 1.2 0.17 0.06
10-95th 13 0.15 0.03
10-90th 13 0.13 0.026
10-80th 1.2 0.11 0.02

Rainfall percentiles (CATA) RMSE R-squared Regression coefficient ()

10-100th 1.1 0.16 0.04
10-95th 1.2 0.14 0.035
10-90th 1.1 0.13 0.024

10-80th 12 0.1 0.02
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3.1.3 Relation Between Rainfall and CAPE

Next, we analyzed the relation between rainfall and CAPE. Previous research based on the idealized parcel theory
suggested a power-law relationship between rainfalland CAPE with an exponent 8 = 0.5 (Equation (3.3)) (Lepore
etal,, 2015; Ramezani Ziarani et al., 2019). The Q-Q plotindicates that below the 10th percentile rainfall and CAPE
do not follow a same distribution within the assumed log-linear relation at both stations (Figure 3.6 A,B). Similar
to rainfall vs. GNSS-TWV, we observe a more significant relationship berween rainfall and CAPE for the higher
rainfall percentiles based on higher R-squared values and lower RMSE for both stations ( Table 3.3).

Quantile-Quantile plot of logg rainfall vs. logg, CAPE

90th

10th

logg rainfall [mm/day]

- 90th

{10th

logg rainfall [mm/day]

loge CAPE [J/kg]

Figure 3.6 - Quantile-Quantile plot on log, scale of rainfall vs. log, scale of CAPE essentially shows that most of
the data are well behaved within the assumed relation for both stations (A) for TUCU and (B) for CATA. Below
the 10th percentile rainfall and CAPE do not follow an identical distribution at both stations. Black dashed lines
indicate rainfall percentiles (10th and 90th percentiles).
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Table 33— Comparing the goodness of the fits for rainfall vs. CAPE (Equation (3.4)) based on RMSE and R-squared
values for TUCU (top) and CATA (bottom) for different rainfall percentiles as well as the regression coefficient for
the independent variable CAPE (Equation (3.4)) for TUCU (top) and CATA (bottom).

Rainfall percentiles (TUCU) RMSE R-squared Regression coefficient (/3)

10-100th 1.2 0.06 0.19
10-95th 1.2 0.05 0.13
10-90th 1.2 0.04 0.08
10-80th 1.4 0.03 0.05

Rainfall percentiles (CATA) RMSE R-squared Regression coefficient ()

10-100th 11 0.11 0.26
10-95th 11 0.09 0.2
10-90th 1.7 0.08 0.17
10-80th 1.2 0.06 0.12

The regression coefficients for different rainfall percentiles show a higher dependence between rainfalland CAPE
for higher rainfall percentiles. Also, the regression coeflicient for all rainfall percentiles and for both stations shows

values similar to the predicted value from the parcel theory (0.5) but generally lower (0.1 to 0.3, Table 3.3).

As an additional analysis and based on the approach described by Aaron Clauset (Clauset et al., 2009) we fit the
power law distribution to CAPE data using maximum likelihood estimator discussed in their paper. Relying on the
goodness-of-fit we observe that power law is a plausible hypothesis for the CAPE data. (Figure 3.7 A,B). In order to
homogenize the number of observations of CAPE because there are many more observations at lower magnitudes
as it is represented in (Figure 3.7 A,B) we use the logarithmically binned CAPE. We then indicate that there is a

power-law relationship between logarithmically binned CAPE and median rainfall of each bin (Figure 3.8 A,B).
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Figure 3.7 - The power-law behaviour using a maximum likelihood approach of log-binned data for the indepen-
dent variable CAPE (A) for TUCU and (B) for CATA (Clauset et al., 2009). We identify a power-law like behaviour
for CAPE values above 2500 J/kg (for TUCU) and 2900 J/kg for (CATA). The p-value greater than 0.1(TUCU=0.9,
CATA=0.4) confirms that power law is a plausible hypothesis for the data.
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Figure 3.8— The logarithmically binned CAPE vs. median rainfall (A) for TUCU and (B) for CATA. The exponent
B in (Equation (3.3)) is 0.38 for TUCU and 0.3 for CATA.

3.1.4 Relation Between Rainfall, CAPE, and GNSS-IWV

As mentioned above, our regression analysis reveals an exponential relationship between rainfall and GNSS-IWV
with a higher statistical significance for higher rainfall percentiles and a power-law relationship between rainfall
and CAPE, which is supported by (Lepore et al., 2015; Ramezani Ziarani et al., 2019) (Figure 3.9). We used a linear
multivariable regression model (Equation (3.5)) to show the joint effect of both climatic variables on extreme rainfall
at both station locations. The regression analysis reveals a statistically significant relationship (p-value << 0.001)
between the GNSS-IWV and CAPE and the 90th percentile rainfall at both stations. We show an improvement by
jointly regressing CAPE and GNSS-IWV onto rainfall extremes as compared to individually regressing each variable
onto rainfall (Table 3.4, 3.5). The regression coefficient 3 in Equation (3.5) has been described by parcel-theory to
be 0.5 (North and Erukhimova, 2009; Lepore etal., 2015). Based on our results, the regression coefficient (3) reveals

a value close to the parcel theory, but generally lower (0.1 to 0.3, Table 3.4, 3.5) at both stations.
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Figure 3.9 - Scatterplot showing loge rainfall vs. log. CAPE colored by GNSS-IWYV for rainfall events above 0.1
mm/day for TUCU (A) and CATA (B). Point size is also scaled by GNSS-IWV amount.
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Table 3.4 - Comparing the quality of the fit for the individual and joint regression (top) and the regression coeffi-
cients for data above the 90th percentile rainfall (bottom) for TUCU station.

Regression RMSE R-squared
Individual regression of rainfall vs. GNSS-IWV 0.4 0.15
Individual regression of rainfall vs. CAPE 0.3 0.30
Joint regression of rainfall vs. GNSS-IWV and CAPE 0.3 0.34
Regression Regression coefficient (/)  Regression coefficient (3)
Individual regression of rainfall vs. GNSS-IWV 0.02 -
Individual regression of rainfall vs. CAPE - 0.25
Joint regression of rainfall vs. GNSS-IWV and CAPE 0.07 0.26

Table 3.5 — Comparing the quality of the fit for single and joint regression (top) and the regression coefficients for
90th percentile rainfall for CATA station.

Regression RMSE R-squared
Individual regression of rainfall vs. GNSS-IWV 0.3 0.13
Individual regression of rainfall vs. CAPE 0.2 0.38
Joint regression of rainfall vs. GNSS-IWV and CAPE 0.2 0.40
Regression Regression coefficient (/) Regression coefficient (3)
Individual regression of rainfall vs. GNSS-IWV 0.02 -
Individual regression of rainfall vs. CAPE - 0.25
Joint regression of rainfall vs. GNSS-IWV and CAPE 0.06 0.26

Temporal Relation Between Extreme Rainfall and Both GNSS-IWV and
CAPE on the 6-hour scale

We show the correlation between GNSS-IWV and CAPE and extreme rainfall events averaged for the events above
the 90th, 95th, and 99th rainfall percentiles. We average the correlation for 72 hours: 24 hours before the event,
24 hours on the event day, and 24 hours afterward. We averaged the 6 hourly mean values of CAPE and GNSS-
IWYV for all events above the 90th, 95th, and 99th rainfall percentiles separately. We show that for all three rainfall
percentiles, the GNSS-IWV and CAPE generally increase during the day before the event and that peak values - both
for GNSS-IWV and CAPE - are observed on the day of the 90th, 95th, and 99th percentiles rainfall events. We also
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indicate that this increase is mostly followed by a decrease afterwards. Our results show the higher values of CAPE
for the CATA station on the event day. In contrast, higher GNSS-IWV values for the TUCU station are observed
at days of 90th, 95th, and 99th percentiles rainfall events. We show the higher values of CAPE and GNSS-IWV for
the averaged 99th percentiles rainfall events as compared to the averaged 90th and 95th percentiles at both stations

(Figure 3.10).
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Figure 3.10— The line plot shows the averaged GNSS integrated water vapour (blue line) and CAPE (red line) for the
TUCU and CATA stations for the 90th percentile rainfall (A,D), for the 95th percentile rainfall (B,E), and for the
99th percentile rainfall (C,F). We selected all times with rainfall above the 90th, 95th, and 99th percentiles, respec-

tively and their corresponding GNSS integrated water vapour and CAPE amounts. We then show the correlation
for 72 h (event day plus day before and day after). Note that the GNSS integrated water vapour and CAPE generally

increase during the day before the event and that peak values - both for GNSS integrated water vapour and CAPE
- are observed at the day of the 90th, 95th, and 99th event rainfall.

Discussion

Our observations show that the two stations TUCU and CATA in the eastern central Andes, have different rainfall

distributions. This can be atrributed to the face that each station is locared ar different topographic and climaric
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regions. Past studies, (Ramezani Ziarani et al., 2019; Bookhagen and Strecker, 2008) investigated the different char-
acteristics of rainfall along the climatic and topographic gradient over the south-central Andes. We show that the
GNSS-IWV time series coincide with rainfall minima during austral winter and maxima during austral summer.
Past studies also indicate a nearly homogeneous annual cyclical signal for GNSS-IWV data and a relation with heavy
rainfall in Spain (Priego and Porres, 2016). Our wavelet coherence analyses support a seasonal agreement between
GNSS-IWV and rainfall as well as CAPE and rainfall. Based on our results from the correlation between rainfall and
GNSS-IWV, we show that the relation between both variables at the daily scale can be explained with an exponen-
tial relationship for rainfall percentiles above the 10th percentile. We show increased fitting statistics of GNSS-IWV
for extreme rainfall at the TUCU station compared to CATA station. This may be related to the fact that extreme
convection has occurred more often in the northern (tropical) part of the Andes, where wide convective cores as
part of a large mesoscale convective system are more frequently observed than deep convective cores (Romatschke

and Houze, 2010).

The correlation between rainfall and CAPE indicates that there is a higher correlation between both variables
at the CATA station compared to the TUCU station for rainfall events above the 90th percentile. This can be
explained by the fact that higher values of CAPE at the CATA station contributed to the higher correlation between
CAPE and extreme rainfall. Previous research, (Ramezani Ziarani et al., 2019) also indicated higher importance of
CARPE for extreme rainfall in the transition zone between the tropical and subtropical regions compared to tropical
regions. These regions have been identified by intense rising of warm and moist air that triggers the formation
of deep convective storms (Romatschke and Houze, 2010; Rohrmann et al., 2014; Ramezani Ziarani et al., 2019

Castino et al., 2017).

We show an improvement in jointly regressing CAPE and GNSS-IWV onto rainfall extremes as compared to a
single regression of each variable separately. In order to explain the extreme rainfall over the eastern central Andes,
where convection plays an important role in extreme rainfall generation, it is important to consider multi-proxy ap-
proaches, including both dominant climatic variables (GNSS-IWV and CAPE). Previous research by (North and
Erukhimova, 2009; Lepore et al., 2015; Ramezani Zjarani et al., 2019) suggested a model that displays an exponential
relationship between rainfall and dew-point temperature and describes a power-law relationship between rainfall
and CAPE. Based on fitting function analysis in this study, we show that GNSS-IWV can be substituted as a reli-
able humidity data together with CAPE to analyse extreme rainfall. They are both responsible for convection and

extreme rainfall.

A previous study (Santhi et al., 2014) investigated the stability indices to predict the occurrences of deep convec-
tive storms in India, with a focus on the convective available potential energy (CAPE). A different study suggested
a mean increase of GNSS-IWV just before the extreme precipitation on the Mediterranean coast of Spain (Priego
et al.,, 2017). Some other studies, (Benevides et al., 2019; Sharifi et al., 2015) emphasized that the investigation of
IWV, together with other meteorological variables, can be used as a proxy of extreme rainfall. They found that high
integrated water vapour peaks that lead to intense rainfall coincide with strong peaks of vapour pressure, relative

humidity, and K-index (an indicator of the instability of the atmosphere) (Sharifi et al., 2015).
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The correlation between the GNSS-IWV and CAPE during extreme rainfall events suggests that GNSS-IWYV, in
conjunction with CAPE, may be used to predict extreme rainfall events. In our analysis, we used 6 hourly CAPE
data for the day before, during, and after the events (a total of 72 hours) and observe a strong correlation. Near
real-time GNSS-IWV can improve the predictability of strong rainfall events. Our finding is supported by other
studies that indicated an increase in GNSS-IWV just before the start of the extreme rainfall (Van Baelen et al., 2011;

Li and Deng, 2013; Sapucci et al., 2018; Priego et al., 2017).

Conclusion

We investigated the contribution of GNSS-IWV and CAPE on rainfall-extreme events at two GNSS station lo-
cations in the eastern central Andes. We used a regression analysis to describe the single and joint effects of both

atmospheric variables on extreme rainfall. We obtained the following key results:

First, we observe that the two GNSS-IWV stations in the eastern central Andes (CATA and TUCU) belong to

different climatic conditions with varying lognormal parameters in the exceedance probability domain (Figure 3.2).

Second, based on the correlation analysis, we find that there is a statistically significant exponential relationship

between GNSS-IWV and extreme rainfall at both station locations (Table 3.1).

Third, we support a statistically significant power-law relationship between rainfall and CAPE at the GNSS-
IWV station locations in the eastern central Andes. The regression coefficient reveals a value around parcel theory

(0.5) at both station locations (Table 3.3).

Fourth, we show the effect of both variables (GNSS-IWV and CAPE) on rainfall generation by multivariable
regression analysis. We find that rainfall can be investigated with higher accuracy by considering both dominant

climatic variables (Table 3.4, 3.5).

Fifth, we observe that the temporal variations of GNSS-TWV and CAPE are well correlated with extreme rainfall

just before and after the extreme rainfall (Figure 3.10 A,B).

In this study, we show the effect of two important climatic variables (GNSS-IWV and CAPE) that trigger deep
convection and lead to extreme rainfall in the eastern central Andes. We show that high-temporal resolution GNSS-
IWV can be used as a reliable data source for extreme rainfall investigation. We indicate that the combination of
GNSS-IWV with other dominant climate variables such as CAPE can be used as a proxy of extreme rainfall in the

eastern central Andes.
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Abstract

In this study, we detect high percentile rainfall events in the eastern central Andes, based on Tropical Rainfall Mea-
suring Mission (TRMM) with a spatial resolution of 0.25°x0.25°, a temporal resolution of 3 hours, and for the
duration from 2001-2018. We identify three areas with high mean accumulated rainfall and analyze their atmo-
spheric behaviour and rainfall characteristics with specific focus on extreme events. Extreme events are defined by
events above the 95th percentile of their daily mean accumulated rainfall. Austral summer (DJF) is the period of
the year presenting the most frequent extreme events over these three regions. Daily statistics show that the spatial
maxima, as well as their associated extreme events, are produced during the night. For the considered period, ER A-
Interim reanalysis data, provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) with
0.75°%0.75° spatial and 6-hourly temporal resolutions, were used for the analysis of the meso- and synoptic-scale
atmospheric patterns. Night- and day-time differences indicate a nocturnal overload of northerly and northeasterly
low-level humidity flows arriving from tropical South America. Under these conditions, cooling descending air
from the mountains may find unstable air at the surface, giving place to the development of strong local convec-
tion. Another possible mechanism is presented here: a forced ascent of the low-level flow due to the mountains,
disrupting the atmospheric stratification and generating vertical displacement of air trajectories. A Principal Com-

ponent Analysis (PCA) in T-mode is applied to day- and night-time data during the maximum and extreme events.

Tpubli_rbed as Hierro, R., Burgos Fonseca, Y., Ramezani Ziarani, M., Llamedo, P., Schmidt, T, de la Torre, A., Alexander, P. 'On the behavior of
rainfall maxima at the eastern Andes.” Atmospheric Research, 2020, 234, 104792. https://doi.org/10.1016/j.atmosres.2019.104792.
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The results show strong correlation areas over each subregion under study during night-time, whereas during day-
time no defined patterns are found. This confirms the observed nocturnal behavior of rainfall within these three

hotspots.

Introduction

Rainfall distribution and occurrence over South America (SA) are strongly determined by their low-level circulation
and by the presence of the Andes range. Moist air coming from the Atlantic Ocean enters the continent at northern
Brazil and continues its journey westward over the Amazon basin (e.g., Fernindez et al., 2006; Gulizia et al., 2013).
It finally reaches the eastern Andes and heads towards the south (Seluchi and Marengo, 2000). It is the South At-
lantic subtropical high which transports moist air from the ocean to the Amazon basin and toward extratropical
South America (Vera et al., 2006a). The south-north flow at the western side of the Andes suggests that polar air
masses are introduced by the Pacific subtropical high, giving place to a high contrast in the meridional component
of the wind along the eastern side of the range, from higher to lower latitudes. This behaviour is also observable
in humidity, yielding a good correspondence between moist air and meridional wind. A regional reinforcement
of this southerward flow at the east of the Andes gives place to the principal low-level transport mechanism of the
continent, the South American Low-Level Jet (e.g., Virji, 1981; Paegle et al., 1987). Regarding rainfall itself, Hoff-
man (1975) showed the north-south aligned precipitation band at the east of the Andes, reaching 30°S latitude with
maximum at approximately 23°S over the mountains. As shown by Vera et al. (2006b), by September the convec-
tion migrates from Central America into SA, starting the wet season over the equatorial Amazon and spreading
fast to the southeastern side of the region. Abundant rainfall follows the onset over the Amazon basin, which lasts
for about one month (e.g., Kousky, 1988; Horel et al., 1989; Marengo et al., 2001; Liebmann and Marengo, 2001).
This, in turn, is followed by a more frequent northerly cross-equatorial flow (Marengo et al., 2001; Wang and Fu,
2002). Seasonal changes of convection in tropical SA may be explained by the changing moisture content of the
planetary boundary layer as well as by temperature changes at its top (Vera et al., 2006b) and references therein.
Romatschke and Houze (2013) stated that solar heating triggers convection of small horizontal dimension over the
slopes of the Andes. Moist flow coming from the Atlantic is capped by dry westerlies at the lee side of the range,
making the diurnal lifting over the mountains one of the main factors for convection development (De la Torre
et al., 2004; Rasmussen and Houze, 2011). Saavedra et al. (2020) have tested the output of precipitation in several
high spatiotemporal simulations over the Peruvian area using different topography and land use data sources. A
clear influence of moisture flux and its convergence in the Andes-Amazon transition was found, with differences
of up to 25% in precipitation due to orography or land use changes. (Kumar et al., 2019) identified precipitat-
ing cloud systems in order to investigate the influence of surface wind flow and topography on precipitation over
South America. They found that its features are modulated by different directional flows, giving place to higher
rain rates at the eastern slope as compared to the western side and to brighter band characteristics in the northern
vs. the southern Andes. Montero-Lépez et al. (2014) pointed out that the understanding of how tectonic forcing
influences climate and surface processes is closely linked to the knowledge of the distribution of the orographic de-

velopment of mountain belts. In addition, they argued that the south-central Andes region presents an asymmetric
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distribution of rainfall because high mountain range altitudes, and meteorological precipitation mechanisms affect
erosion and deposition. Extreme rainfall is one of the major factors that control the hydrological cycle of SA, trig-
gering landslides and flash floods along the eastern side of the Andes (e.g., Boers et al., 2015) and references therein).
Marengo etal. (2012a) showed that floods in the Amazon river are related to positive precipitation anomalies as well
as to the time when extreme rainfall occurs. The direction of the low-level flow drives the occurrence of extreme
events along the Amazon basin as well as to the south, after it turns to the Peruvian and Bolivian Andes (Boers et al.,
2014b). Bookhagen and Strecker (2008) explained this effect as a result of moist air lifting over the mountains along
the eastern slope of the central Andes and determined that extreme events in the tropics are driven by the low-level
flow. As stated by these authors, rainfall has a direct impact in shaping hillslope morphology and determining flu-
vial characteristics in mountain belts. In turn, the relief of mountain ranges and its relationship with orographic
rainfall may re sult in different landscapes, where the mean precipitation in geological timescale is one of the key
factors in the development of the Andes range (e.g., Lowman and Barros, 2014) and references therein). More-
over, this precipitation may give place to spatial correlations between fast tectonic uplift and strong rainfall, even in
the absence of any erosional influence on tectonics (Whipple 2009). In the case of the Andes range, the extremely
asymmetrical distribution of rainfall owing to the high topography strongly affects erosion and deposition. A key
concept regarding the interactions between orography and climate interactions is based on the idea that over a re-
gion with similar geologic conditions, wet climate produces slower erosion than under dry conditions (Bookhagen
and Strecker, 2012). Severe socio-economic effects are present along the Andes as a result of downstream floodings
and landslides produced by strong precipitation events (e.g., Moreiras, 2005; Harden, 2006). The aim of the present
work is to locate and characterize extreme rainfall events at the east of the subtropical Andes. The evolution of their
occurrence time is described and some statistical results that may be used to allow better forecasting of their pres-
ence over this region are included. In section 2, we present the data used and describe the methodology employed.
In section 3, we characterize the maximum and extreme events found, and in section 4 their dynamical conditions
in different scales are considered. In section 5, a principal component analysis is performed, and in section 6 we

outline some concluding remarks.

Methodology and database

We focus this study on the east of the Andes, in the region enclosed by [15S —278, 70W- 60E], where strong signals
of mean accumulated rainfall have been systematically observed (e.g., Hierro et al., 2015) (Figure 4.1). As mentioned
by Rivera et al. (2018) (and references therein), South America presents limitations in its rainfall network as regards
the density and frequency of observations. Moreover, over complex orography areas, large uncertainties appear due

to difficulties in accessing the rain gauges.

Considering the high quality of TRMM verified data, the chosen period under analysis runs from summer 1998
to winter 2018. 3-hourly (0.25x0.25 km) accumulated rainfall data (R) are obtained from the Daily TRMM and
Others Rainfall Estimate product (TRMM 3B42 V7 derived Data). The use of these data over any topographic
region in South America offers a significant advantage, as far as this technique is not obstructed by orographic fea-

tures. Technical details can be found in Kummerow et al. (2000), among others. TRMM data have been validated
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over different regions and seasons around the world. Huffman et al. (2007), found that these data successfully re-
produce the observed precipitation at small scales and is able to detect large daily events. Hobouchian et al. (2017)
validated daily TRMM data over the subtropical Andes and found some limitations in these measurements associ-
ated with the type and location of the event in relation with the orography. Over the central Andes region, Mantas
et al. (2015) found these products to be in good agreement with rain gauges during one-week periods, as well as
a strong dependence on the analysed region, described by clearly diverse orography and climate features. Extreme
precipitation events in the range of 50-200 mm/day and areas affected by high rainfall amounts have been well
determined by TRMM data over the Philippines (Jamandre and Narisma, 2013). Fonseca and Cavalcanti (2012)
detected, from TRMM measurements, a correlation between extreme precipitation, flooding and landslide events
along the eastern South America coast. this was found to result from the passage of synoptic systems causing excess
of daily rainfall. (Figure 4.1a) shows the daily accumulated field of R (24) during the 1998-2018 period, averaged
over the region involved in the study. After a convenient rescaling of a portion of this figure, three relative strong

mean [24 signals are observable over the base of the mountains, at the lee side of the Andes (Figure 4.1b).
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Figure 4.1- (a) Mean daily R (24) during the period 1998-2018 over South America and (b) the same variable over
the selected region, showing the subregions under study, Al, A2 and A3, respectively. The white rectangle in (a) is

0 1 2 3 4 5 6 7

expanded in (b), with the scale conveniently rescaled. Note that in (b) R values saturate above 2 mm/day.

Each one of these preeminent R signals was arbitrarily enclosed into subregions Al (16-178, 64.5-65.5W), A2
(22-23.55, 63.5-64.5W) and A3 (26-278, 63-65W), respectively (Figure 4.1b). This allows to quantify 3 sets of
spatial maximum precipitation events, respectively over Al, A2 and A3 (hereinafter, called M1, M2 and M3). In
doing so, the methodology applied to detect M1, M2 and M3 is based on a comparison of rainfall at each Ai and
that observed in an extended region around it (see Appendix for details). Following the establishment of M1, M2
and M3, the days detected within each subregion, now under the constraint imposed by the 95th percentile over
M1, M2 and M3 (45mm/day, 28mm/day and 22mm/day), are called extreme event days. These are grouped in sets
El1, E2 and E3, respectively.
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Maximum and extreme values of precipitation

The dynamical condition characterizing these extreme cases is explored, from Era-interim reanalysis with a spa-
tial resolution of 0.75°. After identifying the hotspots and considering that previous studies extensively discussed
different initiation mechanisms for convection and moist instability regimes depending on local time, day- and
night-time data are separately considered below. Day-time is defined as the interval 21Z-00Z before the event day,
and night-time to the interval 00Z-09Z during the event day. Below, M(i)day / M(i)night and E(i)day / E(i)night)
represent, respectively, Mi and Ei associated to day-time / night-time, where i = 1, 2, 3. The monthly distribution of
maximum rainfall reveals that December to March (austral summer) are the months with highest occurrence (Fig-
ure 4.2a). Rygp, is defined by averaging all Mi events every 3 hours during the day of the event and the day before.
It is computed over 3-hour intervals during M1, M2 and M3, and is shown in Figure 4.2b, including the median, to
test a possible influence of outliers in the data. Shaded areas in this figure indicate the event day. For M1, 06Z (3 a.m.
or 2 a.m. local time (LT)) indicates the mean maximum rainfall. Remarkably, the rainfall increase begins during the
previous hours, whereas its intensity decreases after the 06Z peak of the event day. In the cases contained in M2, the
time of maximum precipitation occurs earlier, at 03Z. The total evolution resembles a one-wavelength structure,
with maximum and minimum values respectively at 03Z and 12 hours later, at 15Z. M1, M2 and M3 indicate low
values of Rysp, during the first 24 hours (the previous day to the maximum event), with a slight increase during the
last hours and a steep increase at the beginning of the event day. This behaviour clearly evidences the occurrence of

a systematic nocturnal maximum of precipitation within each subregion.

Following the definition given above, we select extreme events for each subregion. (Figure 4.3a) shows the

monthly distribution of E1, E2 and 3.

In all cases, summertime includes the totality of extreme events classified in this study with the 95th percentile. E1
shows January as the month with more frequent extreme events and in general, austral summer appears as the period
with the highest activity. In E2 this is clearer, with almost all the events taking place between December and March.
A similar behaviour is observed in E3, where January-March is the period with more frequent extreme events. Mean
and median of Rugy, (Figure 4.3b) clearly show low values during the previous day, with a steep increase starting
before 18Z. As observed in M1, M2 and M3, these extreme rainfalls originate during the previous day, mostly in
the interval 18-21Z. Only E1 presents a steep slope beginning on 00Z of the extreme event day. This (shaded area)
shows a behaviour similar to that of M1, M2 and M3, with increasing values of rainfall during the local night, reach-
ing a maximum at 06Z in El events and 03Z in the two others. In previous works, persisting mesoscale convective
systems clouds at the region considered have been already documented (e.g., Rozante and Cavalcanti, 2008). From
numerical simulations and satellite imagery, this night rainfall behaviour has been already found close to this region
(e.g., Trachte etal., 2010). A possible mechanism explaining this phenomenon can be found, for example, in Chavez
and Takahashi (2017) -and references therein-, who stated that, when cooling downslope air converges at the surface
with low-level unstable layers, a maximum of precipitation at the base of the mountain may occur. Banta (1990)
and references therein, provided that three ingredients are present: 1) a conditionally unstable temperature lapse

rate, mostly important in the warm season, 2) an initiation or triggering mechanism provided daily by mountain
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Monthly distribution histogram
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Figure 42— (a) Monthly distribution of M1, M2 and M3. (b) Mean and median of R over each region during each
event day and the previous day. Shaded areas indicate the event day. Local time (LT) corresponds to UTC-3 or
UTC-4 depending on the region. Peaks occur at 2 a.m. or 3 a.m. (LT) in Ml cases and 11 p.m. or 12 a.m. (LT) in
M2 and M3 cases.

circulations, and 3) adequate moisture, which is generally advected in by the larger-scale flow. We know that adi-
abatic lifting represents the most important process in the atmosphere, since air can be brought to saturation by
evaporation, by cooling, or by expansion from adiabatic lifting,. In effect, mountains produce rising motion and
adiabatic ascent in two ways: forced ascent and convergence caused by the heating of elevated topography. Under
this first mechanism, mountains disrupt the atmospheric stratification and force vertical displacement of air trajec-
tories. In these regions, moist air ascents and clouds can form. Then, in addition to the stability properties of the
atmosphere, the characteristics of the flow disturbance given by the lifting created by the mountain appear to be
essential. A major difference between potential and latent instability (Iribarne and Godson, 1973) is that moun-
tain lifting does not affect the potential stability or instability of a layer with respect to its vertical displacement.
However, it can destabilize a column of the atmosphere with respect to vertical parcel displacements in such a way
that a stable column becomes unstable. Following this concept, the question is whether the flow pattern is able to
lift air to its lifting condensation level and form clouds. Moreover, if the flow pattern is able to lift air at any level
to its level of free convection, unstable cumuliform clouds can form; if not, the clouds will be stable or stratiform
(Banta, 1990). An alternative point of view to explain the occurrence of nocturnal mountain rainfall may be pro-
posed by Barros and Lang (2003), who analyzed a case of nocturnal storm close to the Himalaya range detected

using TRMM data. They found that a constant night and day flow is blocked by the mountains giving place to
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Monthly distribution histogram

a)
E1 (34 days) E2 (23 days) 5 E3 (21 days)
12 "
10
= 8 10
_§‘ 8
5
[ 4 5
4
) 2
p. 4 6 8 0 12 2 4 6 8 10 12 2 4 6 8 0 12
Months Months Months
b = - _
) Rusnr E1-34days Rusn E2-23days Rugnr E3-21 days
8
=12 [mm/3hr] [mm/3hr] 6 |mm/3hr|
@ 6
0
=i — mean 4
E 4
= —— median
2
- 2
.§
0 0 0
6 12 18 0 6 12 18 6 12 18 0 6 12 18 6 12 18 0 6 12 18
Hour (UTC) Hour (UTC) Hour (UTC)

Figure 4.3 Same as Figure 4.2, now for E1, E2 and E3. Peaks occur at 2 a.m. or 3 a.m. (LT) in El cases and 11 p.m.
or12am. (LT) in E2 and E3 cases.

convergence at low levels. This convergence is weakened during the day by upslope flow which reduces in turn, the
spatial gradients in wind. At night, however, the convergence close to the surface increases given the decreasing in
wind intensity at lower levels, which yields upward motion and convection. This convection is promoted by the
increasing of advected moisture and the nocturnal increasing instability by the interaction between the diurnal at-
mospheric cooling and heating and the steady enhance of moisture close to the surface. The nocturnal peak is thus

produced by the surface forcing, the instability coinciding with available humidity.

Large and small-scale dynamical conditions

Following the arguments in section 3, the dynamical differences affecting the extreme events between day and night
are distinguished from Era-interim reanalysis, under a spatial resolution of 0.75°. According to Figure 4.2 and

Figure 4.3, the increasing values of rainfall during the night begin at approximately 18Z of the day before the event.

We test the specific humidity (q) and lower levels wind (7) patterns during extreme days (Figure 4.4) using
Erainterim reanalysis each 3 hours. We define day-time as 18Z-21Z (subindex d) of the day before the event and
night-time (subindex n), as 00Z-12Z of the event day. Figure 4.4a-c shows the mean humidity transport at 850

hPa, calculated as:

qr=qV
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In all cases, a strong humidity transport from the North following the climatological low-level circulation mainly
during summer is observed, when moist air from the Atlantic goes through the Amazon region. Then, it is chan-
nelled towards the south, giving place to the South American Low Level Jet (SALLJ) events. This transport under-
goes a rotation close to latitudes defining each extreme events subregion, yielding to an accumulation of humidity
at the base of the mountains. Figure 4.4¢-f present the differences between the average, for El, E2 and E3, of 7(d)
and 7 (n)? A7 = 7 )" V(d) (differential wind) at 850 hPa and the mean specific humidity at the same level (q)
(shaded). As mentioned before, this variable seems to reach higher values close to the base of the mountains at the
lee side of the range over the studied area of each extreme, following the transport pattern shown in Figure 4.4a-c.
The differential wind shows a zonal westwards component during the night in each case. This gives place to a con-
vergence over the mountains where a core of humidity prevails over the region. This behaviour is emphasized in
Figure 4.5, which shows the mean differential zonal wind averaged over each latitude band corresponding to E1, E2

and E3. As can be seen, the maximum negative values at the subregions immediately to the west of the mountains

are more evident for El and E3 than for E2.
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Figure 4.4 - a-c) Mean humidity transport (in m g / s kg) at 850 hPa for E1, E2 and E3, respectively. d-f) Differential
wind (in m/s) (night-day) at 850 hPa averaged for E1, E2 and E3, respectively, and the mean specific humidity at the

same level (shaded).
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Figure 4.5 — Mean difference night - day of zonal wind averaged over each latitude band corresponding to El, E2
and E3.

Principal Component Analysis

In previous meteorology and climatology studies, some elementary features of events characterized by large data
sets have been detected by applying Principal Component Analysis (PCA). In particular, some tropospheric and
stratospheric mechanisms over South America were successfully analysed through this technique (e.g., Compag-
nucci et al,, 2001). There are six different recognized ways to interpret PCA: Q, R, P, O, S and T modes (Cattell,
1952). In this case, given the expectedly relevance of the spatial variability, the most useful mode to be applied is
the T-mode (e.g., Compagnucci and Richman, 2008). In T-mode, the statistical variables are defined by the spatial
fields of the studied variable at a given time. The grid points are the statistical observations and the domain is given
by the time of occurrence. The obtained time series are called PC loading. They show the moment of occurrence
of a given pattern, called PC scores, and also indicate the significance with respect to the actual field at that time. In
T-mode, the PC loadings represent the correlation between the represented pattern by the PC scores and the real
field of the variable. The PC scores, in turn, provide the patterns which correspond to the leading spatial field. As
stated by Compagnucci et al. (2001), T-mode determines the main spatial pattern field types in a parameter. In this
work, a PCA analysis in T-mode is separately applied to M(i) and E(i) night and day respectively, over the study
region. This allows to determine the correlation areas of rainfall for each M(i) and E(i) during night and day with
a certain percentage of explained variance. It is not referred to the PC loadings, since we are not dealing with time

but with selected cases, so we cannot consider the temporal behavior of the PC scores.

Figure 4.6 presents PCl in T-mode applied to M1, M2 and M3 during night-time and day-time, following the
definitions given in section 2. It is important to mention that we do not show the PCs loadings. This is due to the
fact that we are dealing with case studies, which are not equally spaced in time, so we cannot consider time series.
However, we point out that in all cases, they are positive, which means that the patterns shown in each PC1 are

always the same. Figure 4.6a, corresponding to M1, shows a strong positive correlation among grid points over Al
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Figure 4.6 - a-c) T-Mode applied to M1, M2 and M3 events. On the left side, PCI at night-time is shown; on the
center, PCl at day-time; on the right side we present the explained variance for PCI at night-time (solid line) and

day-time (dashed line)

during the night, with an explained variance of 22%. During the day-time (Figure 4.6a, center) there are no clear

correlated regions. Although it seems that close to Al there are some positively correlated areas, this PC explains

around 70% of the total variance, with a small contribution of the other PCs (Figure 4.6a, right). In the case of night-

time, PCI and PC2 contribute with 22% and 5% respectively, while the rest present smaller values. (Figure 4.6b,

left), shows M2 PCl during night-time. As in the previous case, we can distinguish the A2 grid points with a strong

positive correlation, explaining around 18% of the total variance. On the right side, we can see that the second PC

explains around 5% of the total variance, decreasing with increasing PCs. During day-time (Figure 4.6b, center) it
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is clear that no correlation among points is found in PCI scores. Although 8% seems to be a small value, it is the
largest one compared with the other PCs. The following pattern (PC2) -not shown-, presents a similar behaviour
without correlation in A2 and the others. Similar results are found for PC3 during the night (Figure 4.6¢, left) and
during day-time when there is no correlation over A3. Both cases present low values of explained variance; however,
PC2 explains around 5% in each one, decreasing with the following PCs. This procedure was also followed for El,
E2 and E3. Figure 4.7a, (left) shows positive correlation over Al during night for PC1. Around 44% of the variance
is explained by this PC. PCl1 during day-time does not show any correlation in the region. Although not shown,
the following PCs do not show significative values. As in the case of M2, Figure 4.7b, (right) presents PCI scores
with high positive values over A2 during night-time. In this case, this PC explains 46% of the total variance, whereas
the second only explains around 10% (Figure 4.7b, center). During day-time again, no correlation is found in PC1
and the following E3 cases, shown in (Figure 4.7c, right), exhibit high correlation over A3, explaining 40% of the
total variance during night-time. As with the remaining events, E3 during day-time does not show a clear pattern
in PCl scores. From the PCA applied both to maximum and extreme events, we can see that the latter contain less

dispersion than the former, since the total explained variances are always higher.
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Figure 47— Idem Figure 4.6 for E1, E2 and E3.
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Summary and Conclusions

Looking at the mean field of daily accumulated precipitation over the study region, three regions with relative maxi-
mum values were identified. 611, 458 and 389 cases (days) respectively, were found. Austral summers are the periods
with higher frequencies of occurrence. Night peaks were found in all cases. The 95th percentile of each one was
considered as a cutoff for extreme events. The cutoff values were 45 mm/day, 28 mm/day and 22 mm/day for each
region respectively. 34 days, 23 days and 21 days with extreme values were found in each region respectively. The
monthly distribution of days with extreme values shows austral summer as the period of higher activity for each one.
January, and December-March and January-March are the periods where the occurrence of these extreme values is
most frequent. Their daily average also shows peaks at night. The average daily evolution shows a similar behaviour
in the three cases, with increasing values of rainfall during the local night, reaching a maximum at 06Z. The idea of
night convection given by cooling descending air that reaches unstable air at the base of the mountains was tested
using Erainterim data. It shows that during the night, there is an increase of differential humidity over the regions
studied. In all of them, we found stronger low-level winds and a differential northern transport of humidity with a
strong meridional component during the night. Through PCA, it was determined that for maximum events, there
is a strong correlation among grid points over each area studied during the night time, defined as 00Z-09Z of the
event day. The day-time events (18Z-21Z of the day after of the event), in turn, show that there is no correlation
found at any PC. The same occurs for extreme events, which present less dispersion considering their enhanced
explained variance by PCI with respect to maximum events. We can conclude that in the presence of humidity and
warm air, mostly during the last hours of summer days, extreme precipitation may occur in the region under study
during local night hours. Two mechanisms are proposed as possible sources responsible for this rainfall distribu-
tion: i) cooling downslope air converging at the surface with low-level unstable layers and ii) a forced lifting created

by the mountains.
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Appendix

The methodology applied to detect the relative spatial maximum is as follows. First, the total mean of R for the
complete time interval (2001-2018) is computed. This is performed within each Ai subregion (to illustrate this, see
the example in Figure 4.8 for Al), with i =1, 2, 3), namely RRéy,,¢qr. Then, the total mean of I24 is now computed
over the Aijqs and Aijey, rectangles (see Figure 4.8) associated to each Ai, namely Rijq¢ and Rijop. Rijq: and
Rijon, are, expectedly, less than Riyeqn. The selected limits of Adjqe and Aijey, contain Ai and are arbitrarily

specified, on the basis of the observed R distribution. To perform this, we took into account the systematically



8. Appendix 77

14.5S/65.5W  14.55/64.5W

19.0S/65.5W 19.0S/64.5W

16.0S/67.0W 16.0S/61.5W

17.0S/67.0W 17.0S/61.5W

Figure 4.8
Alyq; (horizontally shaded) and A1y, (vertically shaded), both including subregion Al (see text),
which corresponds to the northern hotspot of precipitation found.

observed deep decrease and steep increase of precipitation over the W-E and N-S boundaries, in Aijq; and Aijop,

respectively, due to the SALLJ effect and the income of humidity.

With the definition of Rimean — Rijqr = dif fiar and Ripean — Rijon = di f fion(Ri) (both of them positive
values), the events belonging to Mi are selected only for those k days that verify Riyeqn (k) — Rijqe(k) > di f fia:(Ri)

and Rimean(k) — Rijon(k) > diffjon (Ri). Rimean(k), Riq¢(k) and ijop, (k) specify that the R averages are com-
puted over a single k day.






CHAPTER S

Conclusion

Conclusion

The main goal of this study is to analyze the atmospheric conditions leading to rainfall-extreme events in the south-
central Andes of NW Argentina. Particular emphasis is placed on characterizing the dominant climatic variables
and atmospheric conditions that trigger the extreme rainfall in this region along the strong E-W topographic and
N-S climatic gradients. Both topographic and climatic gradients impose strong rainfall asymmetry (Bookhagen and
Strecker, 2008, 2012; Castino et al., 2017; Ramezani Ziarani et al., 2019) in the south-central Andes. The better
understanding of hydro-meteorological extreme events will provide a higher possibility of predicting these events,

and hence, better mitigation for their environmental and socio-economic impacts.

While several studies which have analyzed deep convective storms and rainfall over South America and along
the eastern Andes exist (e.g., Castino et al., 2017; Boers et al., 2015, 2016; Bookhagen and Strecker, 2008; De la
Torre et al., 2015; Pingel et al., 2016; Carvalho et al., 2002; Lenters and Cook, 1999; Espinoza et al., 2015; Thibeault
etal., 2010; Minvielle and Garreaud, 2011; Hierro et al., 2015; Moya—Alvarez etal., 2018), the atmospheric boundary

conditions leading to deep convection and extreme rainfall have not yet been well understood.

In this study, I analyzed the contribution of dominant climatic variables on deep convective storms and extreme
rainfall. I used a multivariable regression analysis to explain the correlation between rainfall extremes and the dom-
inant climatic variables. The analysis relied on both the theoretical relationship and fitting function analysis. Con-
tribution of climatic variables on rainfall extremes underwent a comparison with lower rainfall percentiles along

both the topographic and climatic gradients.

I summarize the main key findings of all three studies of chapters 2 through 4 in the following subsections.
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The Effect of Temperature on Extreme Rainfall Generation Along the

Climatic and Topographic Gradients in the NW Argentine Andes

In this study, the crucial effect of temperature on atmospheric humidity (Td) and on convection (CAPE) for deep
convective storms in three topographic as well as three climatic areas was investigated. The ECMWF (European

Centre for Medium-Range Weather Forecasts)-Reanalysis (ER A-interim) data (Dee et al., 2011),

https://apps.ecmwf.int/datasets/data/interim-full-daily/leveype=sfc/ were used to analyze temperature, dew-
point temperature, and CAPE and TRMM (Tropical Rainfall Measuring Mission) data (Kummerow et al., 1998),
product 3B42 (Huffman et al., 2007),

https://disc.gsfc.nasa.gov/datasets/ TRMM_3B42_Daily_7/summary (Version 7) were used to analyze the rain-
fall. T used a multivariable regression model to show the correlation between rainfall and both variables. The regres-
sion model relied on the theoretical relationship, which explains a power-law relation between rainfall and CAPE
and exponential sensitivity of rainfall to dew-point temperature (North and Erukhimova, 2009; Lepore et al., 2015).
The temporal correlation between both variables and surface temperature in conjunction with extreme rainfall ar-
gued that both climatic variables and surface temperature are correlated eastward of the south-central Andes along
all topographic and climatic sub-regions. By relying on a functional relationship, the relative impacts of both vari-
ables on extreme rainfall along the topographic and climatic gradients were analyzed. It was concluded that dew-
point temperature is the most important climatic variable for the extreme (90th percentile) rainfall in the tropical
regions, and over lower elevation areas compared to the high-elevation Puna Plateau. Comparing this with the
lower rainfall percentiles, a more efficient transformation of dew-point temperature to rainfall was observed when
the rain intensity is higher. Regarding the CAPE, it was concluded that CAPE is the most important climatic vari-
able in the transition zone between the tropical and subtropical regions and over the intermediate area. Similarly,
CAPE revealed a more realistic explanation of rainfall for higher rainfall percentiles based on the statistics of the

model.

In summary, this analysis clearly showed that both dew-point temperature and CAPE play an important role
in generating extreme rainfall over the south-central Andes, and both are important for understanding the spatial

pattern and dynamics of extreme rainfall in the eastern Andes.

Using the GNSS-IWV Data to Understand Convective Processes Lead-

ing to Extreme Rainfall in the Eastern Andes

To test if GNSS-IWV data, https://www.ign.gob.ar can be used as reliable data to explain the extreme rainfall in
the eastern central Andes, I selected two GNSS stations with the longest data availability. Two GNSS stations are
located at two different regions in the eastern central Andes and represent different rainfall patterns (San Miguel de
Tucumin (TUCU, 1999-2013) located at 65° 13° W and 26° 50’ S and San Fernando del Valle de Catamarca (CATA,
2008-2013) located at 65° 46° W and 28° 28’ S). I used a multivariable regression model based on both theoretical
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relationships and fitting function analysis in order to explore the effect of both GNSS-IWV and CAPE on extreme
rainfall. GNSS-IWV data as humidity data induced convection and rainfall and CAPE as an indicator of available
energy for deep convective storms to form were used. The correlation analysis represented exponential sensitivity
of rainfall to GNSS-IWV at both station locations and supported the theoretical power-law relationship between
rainfall and CAPE (North and Erukhimova, 2009; Lepore et al., 2015). It was concluded that both variables play a
crucial role in rainfall extreme formation. The multiple regression of both variables explained the extreme rainfall
with higher statistical significance compared to a single regressing of each variable into rainfall. Based on my analysis
at 6 hourly time steps a high agreement between temporal variations of GNSS-IWV and CAPE and extreme rainfall

was observed.

In summary, this study suggested that (near real-time) GNSS-IWV measurements provide reliable data repre-
senting the humidity, which triggers the convection. In combination with CAPE, GNSS-IWV are crucial parame-

ters describing atmospheric stability that can be used as a proxy of extreme rainfall in the eastern central Andes.

The Effect of Local Convection and Associated Formation Time on Ex-

treme Rainfall in the Eastern Andes

In this study, three regions with strong mean accumulated rainfall in the eastern Andes were selected. The associated
atmospheric behavior with a focus on extreme events was analyzed. The study relied on a Principal Component
Analysis (PCA) which was applied to day- and night-time data during the extreme events. It was observed that in
the presence of moist and warm air, there is a higher chance of extreme rainfall occurrence during local night hours
in all three study regions. It is proposed that two possible mechanisms are involved in triggering the convection and
extreme rainfall; 1) Wind shear between upper-level winds and the low-level flow leading to formation of mesoscale
convective systems (Romatschke and Houze, 2010; Rasmussen and Houze, 2016; Pingel et al., 2016; Rohrmann

etal., 2014) ; 2) a forced lifting associated with the mountains (Barros and Lang, 2003).

In summary, this study suggested that local convection plays an essential role in generating extreme rainfall spe-

cially during the night hours in the Eastern Andes.

Summary

This study revealed that there is a strong rainfall asymmetry in the eastern south-central Andes due to strong topo-
graphic and climatic gradients. The study characterized the atmospheric conditions and climatic parameters associ-

ated with extreme rainfall generation along the above-mentioned gradients over this region.

The observed relationship between dew-point temperature and CAPE and extreme rainfall was consistent with
the theoretical value (North and Erukhimova, 2009; Lepore et al., 2015) that confirm the contribution of both

climatic variables on rainfall generation.

The work suggested that the GNSS-IWV data, https://www.ign.gob.ar are reliable data that temporally well

correlated with extreme rainfall, which is supported by Benevides et al. (2015, 2019). It was observed that in the
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presence of high CAPE, the GNSS-IWV is associated with extreme rainfall formation in the eastern south-central

Andes.

The local convection induced by mountains (Barros and Lang, 2003) or mesoscale convective systems (Ro-
matschke and Houze, 2010; Rasmussen and Houze, 2016; Pingel et al., 2016; Rohrmann et al., 2014) triggering

the extreme rainfall formation mostly during the night hours in the Eastern Andes.
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