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con fondos del “Patrimonio Autónomo Fondo Nacional de Financiamiento para la Ciencia,
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además de ser mı́ gúıa en el camino de la investigación, le agradezco por sus enseñanzas y
su apoyo permanente durante todo el proceso.
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Abstract
Organized deep convection can trigger severe weather phenomena, compromising human life
and impacting agriculture, infrastructure, and aviation. Convection-permitting (CP) models
have emerged as useful tools to investigate the environments and mechanisms causing deep
convection and precipitation. However, in Northwestern South America (NWSA), where
organized convection is widespread and frequent, modeling studies at CP resolution are still
limited. This research analyzes the representation of organized convection and precipitation
in NWSA using CP simulations. A set of 4-km resolution simulations with the Weather
Research and Forecasting (WRF) model covering the continental region of the NWSA are
used to: study processes that cause high sensitivity to the selection of microphysics (MP)
and boundary layer (PBL) schemes; assess the spatio-temporal representation of Mesoscale
Convective Systems (MCSs) through an object-based approach; and identify mechanisms
behind the diurnal cycle of rainfall and the organization of convection. The main results of
this investigation strengthen the findings of earlier research and show advances in the mod-
eling and understanding of convection in NWSA. In general, MP and PBL schemes strongly
impact the simulation of rainfall, revealing key processes to improve the representation of
rainfall in the region. On the other hand, CP simulations exhibit a good capacity to rep-
resent the main features of MCSs, including seasonality and diurnal frequency. Finally, the
model unveils mechanisms that contribute to explaining the diurnal rainfall cycle and the
organization of convection in different regions of NWSA. This research not only represents
the first implementation of CP simulations to study convection in continental NWSA, but
also highlights their potential to advance the study of convection in the region.

Keywords: Convection-permitting simulations, Northwestern South America, Mesoscale
convective systems, WRF model, Sensitivity analysis, Object-based evaluation.
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Chapter 1. Introduction

Deep convection is essential for rainfall occurrence and, therefore, for water security. How-
ever, convection can also trigger severe weather phenomena like extreme rainfall events, flash
floods, hailstorms, and severe winds. Consequently, convective events compromise human
life and impact agriculture, infrastructure, and aviation. In this sense, it is necessary to
advance the understanding of the physical mechanisms that trigger and maintain severe con-
vection in different regions.

Atmospheric models are widely used for the study and forecast of deep convection. As
physically-based tools, models allow the understanding of mechanisms triggering convection
in a given region (e.g., Yang et al., 2017; Karki et al., 2018; Hoyos et al., 2019). They
allow projecting changes in the distribution, frequency, and intensity of convective rainfall
under a future climate (Feng et al., 2016; Prein et al., 2017b; Rasmussen et al., 2020; Arias
et al., 2021), permitting the design of mitigation and adaptation strategies. The occur-
rence of extreme precipitation events can also be anticipated using atmospheric models (e.g.,
Hoyos et al., 2019; Rogelis and Werner, 2018), which helps inform decision-making processes.

Compared to global models, high-resolution regional models promote the understanding of
the complex interactions that determine convection in particular regions (Prein et al., 2013;
Mohan et al., 2018; Posada-Maŕın et al., 2019; Gutowski et al., 2020). Particularly, simu-
lations at convection-permitting (CP) resolution (less or equal to 4 km) have shown good
performance to represent organized convective systems (Prein et al., 2013; Feng et al., 2018;
Prein et al., 2020; Rasmussen et al., 2020; Gutowski et al., 2020), allowing the study of the
mechanisms leading to convective organization on scales larger than an individual storm.
Despite the usefulness of CP modeling, these simulations have to be implemented in specific
regions and evaluated in detail, in order to know their limitations and provide useful infor-
mation for decision-making.

In Northwestern South America (NWSA), where organized deep convection is frequent
(Houze et al., 2015; Zuluaga and Houze, 2015; Jaramillo et al., 2017), previous studies have
simulated convective events in specific regions (Martinez et al., 2021; Gomez-Rios et al., 2023)
showing that regional CP simulations have the capacity to represent these systems and their
associated mechanisms. Progress has been made in forecasting convective or precipitation
events (e.g., Ceballos B et al., 2017; Rogelis and Werner, 2018; Hoyos et al., 2019), highlight-
ing the usefulness of these strategies for forecasting this type of events. Likewise, evaluations
have been performed with different parameterization schemes (e.g., Mart́ınez-Castro et al.,
2019; Yepes et al., 2020; Junquas et al., 2022; Martinez et al., 2022; Gomez-Rios et al., 2023),
evidencing a great sensitivity to the microphysics and boundary layer schemes. However,
these studies have been developed on specific regions, and some do not reach CP resolutions,
resulting in the absence of research that implements, evaluates, and analyzes the perfor-
mance of CP simulations on a subcontinental scale in NWSA.
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CHAPTER 1

This research analyzes the representation of organized convection and precipitation in north-
western South America (NWSA) using CP-scale simulations. For this purpose, a set of
state-of-the-art questions in atmospheric modeling are raised: what processes cause high
sensitivity to the selection of microphysics and boundary layer schemes in the region? How
is the spatio-temporal representation of convective systems in NWSA using an object-based
approach? What mechanisms are behind the diurnal cycle of rainfall and the organization
of convection in different regions of NWSA? To achieve these goals, different CP simulations
were performed using the Weather Research and Forecasting (WRF) model covering con-
tinental NWSA. According to an exhaustive literature review, this is a pioneering work in
the region, which implements subcontinental CP simulations to study convection in NWSA.
The chapters have an article-like structure and each one addresses the previously exposed
research questions. Chapter 2 studies the sensitivity of microphysics and boundary layer
parameterization schemes. Chapter 3 evaluates the performance of the WRF model for the
representation of convective systems. Chapter 4 identifies convection-related mechanisms in
different regions. Finally, Chapter 5 presents the main findings and proposes future research.
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Chapter 2. Precipitation sensitivity
to Microphysics and Boundary Layer
parameterization schemes: studying

key processes

Abstract

Numerical models are an essential tool to advance our understanding of rainfall occurrence.
However, parameterization schemes remain one of the greatest uncertainties in atmospheric
modeling, determining the rainfall intensity, occurrence, duration, and propagation. Here we
study the role of three microphysics (MP: WSM6, Thompson, Morrison) and two planetary
boundary layer (PBL: YSU, MYNN) parameterization schemes in the rainfall representation
over Northwestern South America (NWSA). Simulations were performed using the Weather
Research and Forecasting (WRF) model at convection-permitting resolution (4km), and re-
sults were evaluated against satellite data. The simulations represented the spatio-temporal
features of precipitation, with better results for the WSM6 MP and the YSU PBL schemes.
MP and PBL schemes exerted a high sensitivity to simulated rainfall in the Colombian Ama-
zon and Pacific zones, revealing some key processes behind the representation of rainfall in
the regions of interest. We observed that PBL schemes not only influenced low-level dy-
namics and heat fluxes but also vertical cloud distribution. On the other hand, MP schemes
influenced cloud development through latent heat release caused by solid-phase hydrometeor
formation. This study provides insights into the assessment of physical parameterizations in
numerical models.

Keywords: WRF, Sensitivity, Microphysics, Planetary boundary layer, Processes

14



CHAPTER 2 2.1. INTRODUCTION

2.1 Introduction

Precipitation is essential for water security, determining the maintenance of life and being
crucial for many activities. Numerical models offer a tool to understand non-linear and highly
complex processes, mechanisms, and environments associated with rainfall occurrence. One
of the advantages of numerical models is the ability to represent atmospheric phenomena at
a broad range of scales. However, certain processes such as microphysics, radiation, land-
surface interactions, boundary layer fluxes, cumulus formation, among others, cannot be
completely represented by the models as these processes usually occur at a sub-grid scale,
and then need to be parameterized, which gives uncertainty to model results (Stensrud,
2009). Specifically, for simulations developed with a grid size equal to or less than 4 km,
cumulus parameterizations can be turned off and convection can be explicitly solved, this is
called convection-permitting simulations and usually gives better results than using cumulus
parameterizations (Woodhams et al., 2018; Gutowski et al., 2020). In addition to cumulus
schemes, previous studies have highlighted the enormous impact of microphysics and bound-
ary layer processes in the rainfall representation (e.g., Karki et al., 2018; Srinivas et al., 2018).

Microphysics parameterizations (MP) account for small-scale processes that determine the
formation and growth of hydrometeor species. As microphysics governs the cloud parti-
cle populations, these processes are highly relevant for precipitation development (Morrison
et al., 2020). Besides, phase changes of water vapor, also represented by microphysics, affect
latent and sensible heat fluxes (Morrison et al., 2020), which in turn influence dynamics
(Efstathiou et al., 2013) and induce convective patterns. Several studies have evidenced a
high sensitivity to MP schemes on rainfall representation (Feng et al., 2018; Mart́ınez-Castro
et al., 2019; Das et al., 2021). When simulating a severe rain event in India, Thomas et al.
(2021) showed high sensitivity to MP schemes, which impacts thermodynamic profiles and
convection. After evaluating the simulated precipitation over Asia Liu et al. (2018) found
that MP schemes impacted rainfall amounts, stratiform rainfall production, and cloud prop-
erties. Huang et al. (2020) observed differences in the distribution and intensity of an extreme
rainfall event in China using three MP schemes. Sensitivities were mainly associated with
the latent heat produced, as well as the cooling generated by the evaporation of rainwater
in the implemented MP schemes.

Planetary boundary layer (PBL) processes determine the exchange of momentum, energy,
and moisture between the earth’s surface and the free atmosphere, which plays a crucial role
in rainfall development. PBL processes are turbulent and highly non-linear owing to the
heterogeneity of the terrain and the surface differential heating (Lehner and Rotach, 2018).
Several studies have exhibited significant sensitivities among PBL schemes in determining
the timing, intensity, and spatial distribution of rainfall (Klein et al., 2015; Qian et al., 2016;
Chawla et al., 2018; Srinivas et al., 2018). Specifically in tropical regions, Qian et al. (2016)
showed that the selection of the PBL scheme had a great impact in simulating moisture
fluxes, convective initiation, and precipitation. Srinivas et al. (2018) simulated an extreme
rainfall event in India using various boundary layer schemes. Their results showed that upper
atmosphere circulation, energy transport, moisture convergence, and convection intensity are
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CHAPTER 2 2.1. INTRODUCTION

influenced by the selection of the PBL scheme. Taraphdar and Pauluis (2021) also observed
higher sensitivity to PBL than to MP schemes in rainfall representation, with variations in
precipitation of up to 40% between the PBL schemes. Altogether, these studies highlight
the relevance of PBL schemes for the simulation of convection and rainfall occurrence.

Some sensitivity studies have been previously performed in Northwestern South America
(NWSA). In the central Andes of Perú, Moya-Alvarez et al. (2018) and Mart́ınez-Castro
et al. (2019) developed sensitivity studies with different MP schemes for precipitation fore-
cast and representation of a convective event, respectively. Furthermore, Moya-Álvarez et al.
(2020) studied the influence of PBL schemes for rainfall forecasting in the same region and
exhibited large differences in convection between schemes, conditioning rainfall amounts.
Junquas et al. (2022) performed sensitivity analyses to different MP parameterizations in
the Ecuadorian Andes and highlighted a marked influence in the diurnal behavior of rain.
In western Colombia, the selection of MP schemes affected rainfall propagation off-shore of
the Colombian Pacific coast (Yepes et al., 2020). Martinez et al. (2022) studied the moisture
transport by the Orinoco low-level jet with three PBL schemes, the selection of PBL pa-
rameterization not only induced differences in horizontal moisture flux but also in downwind
precipitation. In the inter-Andean Magdalena Valley, Gomez-Rios et al. (2023) exhibited
spatiotemporal differences in rainfall patterns when conducting a sensitivity analysis be-
tween three MP schemes.

Nevertheless, many sensitivity studies in the region only provide a shallow description of
processes influencing rainfall representation. As physical parameterizations are constantly
being improved, studies that evaluate their performance and explore mechanisms that gen-
erate rainfall sensitivity can help to focus improvements on relevant processes for rainfall
representation.

In this chapter, rainfall-related processes influenced by the selection of MP and PBL schemes
are studied. First, convection-permitting (4 km) simulations performed with the WRF model
are assessed against satellite data, which is useful both for model evaluation and to elucidate
regions where sensitivity is higher. Then, the sensitivity of different processes to the selection
of MP and PBL schemes is analyzed, focusing on regions of interest. The rest of the chapter
is structured as follows. Section 2.2 presents the description of the study area, the period of
interest, modeling details, and the metrics used for the evaluation. Section 2.3 contains the
assessment of the parameterizations, the analysis of processes that control the sensitivity,
and discusses. Section 2.4 concludes.
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2.2 Data and methods

2.2.1 Study area and period of interest

NWSA is a tropical region located in the northernmost part of South America (see Figure
2.1). The hydro-climatology in NWSA is highly driven by the meridional shift of the In-
tertropical Convergence Zone (ITCZ) and by the seasonal variations of three low-level-jets
(LLJ) known as the Caribbean, Orinoco, and Choco (Poveda et al., 2006; Torrealba and
Amador, 2010; Poveda et al., 2014). Furthermore, the region is crossed by the Andes moun-
tain range, divided into three branches in Colombia, and forming inter-Andean valleys that
favor atmospheric environments for convection development and rainfall.

According to previous studies (Urrea et al., 2019; Hernandez-Deckers, 2022), some regions
in NWSA are prone to rainfall occurrence. The Colombian Pacific coast, which is known as
one of the rainiest sites on earth and where the Choco LLJ takes place; the Magdalena val-
ley, with strong localized convection due to intra-valley processes; the Colombian Caribbean
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Figure 2.1: Study region and domains of the WRF simulations. Colored squares show the regions
of interest and orange triangles the location of OTREC soundings launched during the study period.
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coast, a lightning hotspot where sea-land breezes interact with topography causing moist
convection; the gulf of Maracaibo in Venezuela, another well-known lightning hotspot; and
the Amazon-Orinoco basin, two relatively flat regions with LLJ influence and high precipita-
tion rates. Some extreme precipitation events have been reported in NWSA with important
implications on infrastructure and the loss of human lives such as the Salgar event in 2015
(Hoyos et al., 2019) and the Mocoa event in 2017 (Martinez et al., 2021). The relevance
of convection and rainfall occurrence in these regions justifies the implementation and eval-
uation of numerical models for representing precipitation, providing a tool to improve the
understanding of physics causing rainfall in tropical mountainous sites. Figure 2.1 shows the
six regions in which we focused our assessment.

Seven days in September 2019 were selected to perform the sensitivity analysis. The selected
period is between September 18 00UTC and 25 00UTC and obeys two main reasons. First,
data from the OTREC field campaign were available for this period (OTREC project; Fuchs-
Stone et al., 2020), with soundings data from Nuqúı (Colombian Pacific coast) and Puerto
Triunfo (Magdalena valley; see Figure 2.1), which are two regions with high convective
activity but scarce observations. Second, the well-reported high convective activity during
September in different regions of the country (see e.g., Hernandez-Deckers, 2022). As an
example, Figure S.1 shows some convective events that occurred during the study period.

2.2.2 Modeling experiment

The Weather Research and Forecasting (WRF) model, which is developed and supported by
NCAR (National Center for Atmospheric Research), is used in this study (Skamarock et al.,
2019). The WRF v4.2 was configured following a two-domain (one-way nested) strategy
with a resolution of 12 km in the external domain (parameterized convection) and 4 km in
the inner domain (convection-permitting). Simulations were initialized with ERA reanalysis
data from the European Centre for Medium-Range Forecast with a spatial resolution of 0.25°
and boundary conditions were updated every 3 hours.

The spatial configuration of the domains is shown in Figure 2.1. The outer domain covers
the eastern region of Colombia, attempting to capture large-scale winds at low and medium
levels, Atlantic flows, and moisture from terrestrial evapotranspiration, which have been
identified as important humidity sources in the region (Hoyos et al., 2018; Sakamoto et al.,
2011; Ruiz-Vásquez et al., 2020; Escobar et al., 2022). This domain also contains the re-
gions where the three previously described LLJs occur. The inner domain covers the whole
country and the regions of interest (Section 2.2.1), where all the analysis will be focused.
In this domain, a convection-permitting configuration is used to solve the convection ex-
plicitly. A total of 65 vertical levels were used and the time step was set to 48 seconds in
the external domain. Additional details of the model configuration can be found in Table 2.1.

Three MP and two PBL parameterization schemes were used to assess the simulated rain-
fall’s sensitivity, representing a total of six WRF simulations. For MP, the implemented
schemes are the WSM6 scheme (WRF Single-Moment 6-class; Hong and Lim, 2006) which
considers six different types of hydrometeors and only simulates the mixing ratio of these
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species; the Thompson scheme (Thompson et al., 2008) that predicts the mixing ratio for
6-class hydrometeors and number concentrations (double-moment) for ice and rain, and the
Morrison double-moment scheme (Morrison et al., 2009) which predicts the mixing ratio of
6-class hydrometeors, and number concentrations for ice, snow, rain, and graupel. On the
other hand, for PBL the Yonsei University (YSU; Hong et al., 2006) and the Mellor-Yamada
Nakanishi Niino (MYNN; Nakanishi and Niino, 2006) were the two schemes implemented.
YSU is a non-local first-order closure PBL scheme while MYNN is a local scheme with 1.5-
order turbulence closure. Despite having differences in the level of complexity, these schemes
are well known for providing good results in previous studies worldwide (Tian et al., 2017;
Gbode et al., 2019; Mohan et al., 2018; Yáñez-Morroni et al., 2018; Mart́ınez-Castro et al.,
2019).

The rest of the setup includes the New Tiedtke cumulus scheme (only in Domain 1; Zhang
and Wang, 2017), the revised MM5 surface layer scheme (Jiménez et al., 2012), the Noah-MP
land-surface model (Niu et al., 2011), Dudhia (Dudhia, 1989) to represent shortwave radi-
ation, and the Rapid Radiative Transfer Model (RRTM; Mlawer et al., 1997) for longwave
radiation.

2.2.3 Model evaluation

Model evaluation is based on satellite information to cover the whole country at high tem-
poral resolution. Precipitation data from the Global Precipitation Measurement (GPM)
satellite network was used to evaluate the simulated rainfall. The “IMERG Final Run”

Table 2.1: Summary of the WRF configuration for the performed simulations.

Model parameter Domain 1 Domain 2
Domain size 292 x 275 511 x 622
Grid size 12 km 4 km

Vertical levels 65 65
Initial conditions ERA5 ERA5

Boundary conditions ERA5 Domain 1
Physical parameterizations

Microphysics
WSM6

Thompson
Morrison

WSM6
Thompson
Morrison

Planetary Boundary Layer
YSU

MYNN level 2.5
YSU

MYNN level 2.5
Cumulus New Tiedtke Off

Surface layer Revised MM5 Revised MM5
Land surface Noah-MP Noah-MP

Shortwave radiation Dudhia Dudhia
Longwave radiation RRTM RRTM
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product was used due to its high spatial (0.1°) and temporal (30 minutes) resolutions (Huff-
man et al., 2019). Also, for completeness, we included precipitation measurements from the
Institute of Hydrology, Meteorology and Environmental Studies (IDEAM) and Corantioquia
(Piragua network) rain gauges. However, the evaluation was not focused on this information
due to its limited spatial coverage (the network is focused on populated areas) and the type
of evaluation metrics implemented (described below). Furthermore, given the relationship
between vertical cloud development and low brightness temperature (BT) values, we as-
sess the model’s ability to simulate deep convective clouds using the brightness temperature
product MERGIR (Janowiak et al., 2017) with spatial and temporal resolutions of 4 km and
30 minutes, respectively.

Soundings from the OTREC project were also used from 19th September 00UTC to 24th
September 00UTC. These soundings contain valuable information about atmospheric dynam-
ics and thermodynamics, which is helpful to the model assessment. The OTREC project
soundings were launched from two locations: Nuqúı, located on the Pacific coast (5.71 °N,
77.27 °W), and Puerto Triunfo in the Magdalena Valley (5.9 °N, 74.72 °W). The soundings
were launched two times each day at 00 and 12 UTC, and four times (00, 06, 12, and 18
UTC) in days with NCAR research flights. Additional information about the OTREC field
campaign is described by Fuchs-Stone et al. (2020) and Mej́ıa and Poveda (2020).

Different metrics were used in order to evaluate the performance of the model simulations.
Both, WRF and satellite fields were linearly interpolated seeking a common grid with a spa-
tial resolution of 12 x 12 km. First, classic verification metrics based on 2 x 2 contingency
tables were applied to the precipitation fields. In these methods, a table is created using the
number of times that the model captures whether or not rainfall will overcome a certain per-
centile (which is called an event). Several skill metrics can be computed using this strategy,
including the probability of detection (POD), the false alarm ratio (FAR), and the critical
success index (CSI), check (Wilks, 2011) for more details about these metrics. Remarkably,
the CSI (also known as Threat Score) accounts for the model’s ability to represent observed
events relative to the times the event was both simulated and observed. It allows not only
account for the number of successes but also those successes relative to the errors. The CSI
method for a given pixel and the whole study period is calculated following equation 2.1,
where Hits represent that the model was able to capture the event, False Alarms are events
simulated but not observed, and Misses are observed events that were not simulated. This
method accounts for the model simulations’ ability to capture spatially and temporally the
occurrence of precipitation events that exceed a certain threshold.

CSI =
Hits

Hits− FalseAlarms−Misses
(2.1)

Additionally, the Fractions Skill Score (FSS, Roberts and Lean, 2008) was used for the spa-
tial evaluation of the model. The FSS compares the ratio of pixels that exceed a threshold
between the model and observations in a spatial rolling window for a given time step. In
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doing so, a neighborhood has to be defined by means of a tunable window. As the FSS
considers a fraction of pixels in a window instead of a pixel-to-pixel comparison, it avoids
double penalties because of little spatial biases in the model which is a common issue in
traditional skill metrics.

Particularly, a variation of the original skill metric called Localized FSS (LFSS, Woodhams
et al., 2018) was used here. This metric is similar to the original but allows quantifying the
spatial performance of the model, which is useful for evaluating differences in performance
by region. Equation 2.2 details the procedure to calculate the LFSS. The metric is computed
for a neighborhood centered in the pixel i, j and averaged over k time steps. The numerator
on the right-hand of Equation 2.2 is the Mean Squared Error (MSE) of the number of pixels
exceeding the threshold in observation Foi,j,k and simulations Fsi,j,k, while the denominator
represents a low-skill MSE which is used as a reference.

LFSSi,j = 1−
∑n

k=1(Foi,j,k − Fsi,j,k)
2∑n

k=1(Fo2i,j,k + Fs2i,j,k)
(2.2)
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2.3 Results and discussion

2.3.1 Model evaluation

In this section the evaluation of the different MP and PBL simulations is presented. Figure
2.2 shows the mean spatial distribution of rainfall during the study period for both obser-
vations and simulations. In general terms, the WRF simulations adequately represented the
spatial distribution of rainfall in the different regions of the country, with higher precipitation
rates to the west of Colombia (Pacific region) and towards the north of the domain (in the
Lake Maracaibo), and less and more scattered rain over other regions in the study domain.
Regarding satellite information, the model overestimated the magnitude of precipitation,
especially towards the north and west of the country (see also Figure S.2).

MP and PBL parameterization schemes exhibited important differences in the simulated
rainfall fields. The simulations performed with YSU showed more precipitation in the Sa-
vannas and Amazon regions, as well as in the north of Perú. On the other hand, Morrison

Figure 2.2: Spatial distribution of mean precipitation during the study period for the whole region.
Satellite information (GPM) and rain gauges (IDEAM and Piragua) are depicted on the leftmost
side of the figure, followed by the results of the WRF simulations. Parameterization schemes were
plotted as a function of their complexity. Differences in the spatial distribution of precipitation
between WRF simulations and GPM are plotted in Figure S.2.
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produced higher precipitation rates in the Pacific and near the shoreline, while rainfall dis-
tribution with WSM6 and THOM shows a better agreement with observations. Particularly,
WSM6 transported the rain patch further from the coastline than THOM and MORR. This
is indicative of the offshore propagation of convective systems in the region (e.g., Mej́ıa et al.,
2021).

Time series of cumulative rainfall are presented in Figure 2.3 for the different regions of
interest. Satellite-derived precipitation shows a similar variability to that from rain gauges,
having comparable magnitudes in all regions. Of note is that the number of stations and
the area coverage of rain gauges is limited, and time series derived from gauges is not di-
rectly comparable to model or satellite-derived data and is just used as a reference. WRF
simulations were able to capture the occurrence of most rainfall events during the study
periods, with differences in intensity. In general, the model overestimated precipitation in
Maracaibo, Magdalena Valley, Caribbean, and Pacific regions, which are close to moun-
tainous areas, whereas, in the Savannas-Amazon region, where orography is relatively flat,
cumulative rainfall was underestimated. Simulations performed with the MYNN local PBL
scheme (discontinuous lines) produced less rain in all the regions of interest, with a higher
difference in the Amazon-Savannas regions. Similarly, MP schemes influenced the amount of
rainfall in these regions, with MORR producing more rainfall in the six regions of interest,
but especially in the Pacific and Caribbean.

Figure 2.4 shows the Critical Success Index (CSI) computed for different thresholds and
for the performed simulations. Results show that there is no generalized behavior in the
performance of the simulations, as in some regions certain schemes demonstrated better per-
formance, but other schemes performed better in other regions. The results in Amazonas,
Savannas, and the Caribbean show that the simulations with YSU generally had a better per-
formance. In the case of Lake Maracaibo and the Pacific, the runs with the WSM6 scheme
showed a better performance. In the Caribbean region, THOM (MP) with YSU (PBL)
showed the best performance, although the performance decreases for high percentiles (over
the 90th percentile).

The spatial and temporal representation of cloudiness is also important to determine multi-
ple processes in the atmosphere. Following this, Figure 2.5 presents the LFSS for brightness
temperature (BT) in the whole country. Simulations with MORR had issues reproducing
the spatial distribution of BT through the model domain. WSM6 and THOM showed sim-
ilar performance with better results in Maracaibo, Pacific, and the Caribbean, while the
performance was poorest in the Savannas and Amazon. THOM outperformed WSM6 in the
Caribbean, while WSM6 had better performance in the inter-Andean Magdalena valley. Be-
sides, as consistent with the results for precipitation, simulations with MYNN presented less
performance for brightness temperature in the Amazon and Savannas regions in comparison
with YSU.

Other studies have evidenced better results for less computationally expensive MP and PBL
parameterization schemes. Despite being a single-moment MP scheme, WSM6 has shown
good results to simulate rainfall events in different studies (Tian et al., 2017; Yáñez-Morroni
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et al., 2018; Liu et al., 2020b; Huang et al., 2020). Likewise, THOM has shown better results
compared to more complex schemes such as MORR (Mohan et al., 2018; Karki et al., 2018).
On the other hand, the non-local scheme YSU has shown better results compared to local
schemes like MYNN (Efstathiou et al., 2013; Tian et al., 2017; Comin et al., 2021; Zhu et al.,
2022), which is computationally more expensive. The results presented in this chapter are
consistent with the findings of these studies. Additionally, the importance of these results
lies in the fact that WSM6 and YSU are computationally less expensive schemes, and they
provide a more realistic rainfall representation, which is essential for forecasting tasks.

In order to check the capacity to represent the vertical behavior of dynamic and thermody-
namic variables, an analysis with the OTREC soundings was performed. Figure 2.6 displays
the average zonal and meridional wind profiles, relative humidity, and equivalent potential
temperature during the study period for the two OTREC soundings (see Figure 2.1). Also,
in order to assess both vertical and temporal variables, Figure S.3 shows Taylor diagrams
for the variables measured with the soundings. In general, the simulations were able to
capture variations in height of these variables, even though some differences between the
schemes are observed. In Nuqúı (upper panels), zonal winds were overestimated by the sim-
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Figure 2.3: Cumulative rainfall during the study period averaged for each of the six different
regions of interest shown in Figure 2.1. Continuous black lines show satellite-based rainfall (GPM),
discontinuous black lines represent gauge-based rainfall, and colored lines are the simulated rainfall
using different schemes.
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ulations, especially by WSM6-YSU, although this scheme was able to capture the winds at
medium and high levels. The simulations with MORR showed good results at low levels,
however, westerly winds were observed at medium levels instead of easterlies as well as an
underestimation of easterly winds at high levels. As for southerly winds, the simulations
were systematically biased at low levels, although speeds above 800 hPa were adequately
captured. The relative humidity is high from the surface to 400 hPa, with a sharper de-
crease at high levels, this behavior was captured by the simulations, although simulations
with WSM6 and the performed with THOM-MYNN presented underestimations of humid-
ity at upper levels, while MORR overestimated between 600 and 400 hPa. In addition, the
equivalent potential temperature in Nuqúı showed lower values at low levels, especially for
the simulations carried out with WSM6, which is consistent with lower humidity at these
levels. On the other hand, at high levels, a higher temperature was observed for MORR,
which may be related to deeper convection, and consequently, a greater latent heat release
at high levels for this scheme.

In Puerto Triunfo, low-level winds were overestimated by the model, with a marked overesti-
mation of the up-valley component in all WRF simulations. However, THOM-YSU exhibited
a greater similarity with the observations. At medium levels, low sensitivity between pa-
rameterizations was observed, while at high levels, the simulations with WSM6 had a better
performance. In addition, the relative humidity and the equivalent potential temperature
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presented a behavior similar to that described in the Nuqúı radiosondes. Overestimations
observed in the zonal winds (Nuqúı soundings) and in the up-valley winds (Puerto Triunfo
soundings) are likely related to the rainfall overestimation in the Pacific and the Magdalena
Valley, respectively.

Figure 2.5: Localized Fractions Skill Score (LFSS) computed for brightness temperature during
the whole study period using the implemented parameterization schemes. Metrics were calculated
using a 40-pixels window and the 10th percentile was used as a threshold.
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2.3.2 Model sensitivity

This section analyses different processes that explain the sensitivity of MP and PBL pa-
rameterizations to precipitation during the period of interest. Identifying the processes that
have greater uncertainty could help to elucidate the atmospheric mechanisms playing a fun-
damental role in the occurrence, magnitude, and intensity of rainfall in a certain region.
Due to the substantial differences among the six regions of interest, to simplify the analy-
sis, emphasis was placed on the regions in which the greatest differences were observed in
the representation of rainfall, that is greater sensitivity to the choice of parameterizations.
The study of these processes is crucial to improve physical parameterizations in atmospheric
models, as this exposes which features must be carefully and precisely simulated by models.

Figures S.4 and S.5 show differences in mean precipitation fields by PBL and MP schemes,
respectively. In general, it is shown that more marked differences between PBL schemes
can be seen in the Colombian flatlands. On the other hand, maximum differences among
MP schemes are allocated on the Pacific coast, with differences up to 1 mm/h. Due to
these differences, the Amazon region was selected for the analysis of processes that trigger
sensitivity among PBL schemes, and the Pacific for MP processes. In order to study only
the sensitivity associated with PBL schemes, the simulations were averaged for different MP
schemes. The same procedure was carried out to study the sensitivity to MP schemes.

2.3.2.1 Sensitivity to Planetary Boundary Layer

In this section, an analysis of possible processes causing sensitivity to PBL schemes is carried
out. The PBL schemes exhibited a larger sensitivity to rainfall representation in the Colom-
bian flatlands (see Figure S.4). As the Colombian Amazon is a region of high climatological,
ecological, and hydrological importance, processes causing sensitivity between PBL schemes
are studied in detail. Previously, low-level processes have been identified as drivers of con-
vection and precipitation in the Colombian flatlands (Martinez et al., 2022). In this sense,
Figure 2.7 shows the lower tropospheric integrated moisture flux, its convergence, and 700
hPa vertical moisture flux averaged for the two PBL schemes. Simulations performed with
YSU, which previously showed higher precipitation, exhibited increased moisture flux from
the southeast (left-hand panels), which flows from the Amazon rainforest into the Colombian
Amazon. In addition, a notable decrease in low-level moisture flux (orange to red colors) for
YSU coincides with greater convergence of moisture (colored contours in the right figures)
over the Colombian Amazon. Besides, MYNN showed a greater moisture flux towards the
north, outside the region of interest, which coincides with less convergence over the Colom-
bian Amazon. Moisture convergence patterns resulted in stronger wet convection for YSU
compared to MYNN (gray contours in right panels) over the entire region of interest, favor-
ing deep cloud formation and precipitation occurrence.

Energy and moisture fluxes from the earth’s surface are key factors in determining wet con-
vection and rainfall occurrence. PBL parameterization schemes exert a great influence on
sensible and latent heat fluxes. Figure 2.8 presents the mean daytime simulated sensible and
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latent heat fluxes, as well as the incoming shortwave radiation. In general, greater sensible
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Figure 2.7: Left panels: magnitude of mean lower tropospheric (1000 to 800 hPa) moisture flux
(colored contours) and horizontal winds at 850 hPa (arrows). Right panels: mean lower tropospheric
moisture flux convergence (colored contours) and 0.05 g ∗ kg−1 ∗m ∗ s−1 vertical moisture flux at
700 hPa (gray contours)
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and latent heat fluxes can be seen in the simulations with YSU compared to MYNN, with
differences of 30% for sensible heat and 20% for latent heat in the Colombian Amazon. This
implies that the YSU-simulated atmosphere has more energy to trigger deep convection and
more moisture for condensation. Differences in heat fluxes are consistent with enhanced
horizontal and vertical moisture transport in YSU. Additionally, the incident shortwave ra-
diation was also higher in the YSU than in MYNN simulations, with a difference of more
than 100 Wm−2. Thus, differences in heat fluxes are highly related to the entrance of solar
radiation to the surface, which is also conditioned by the PBL schemes.

In order to explain the differences observed in the incident radiation, and in the sensible and
latent heat fluxes, Figure 2.9 shows the daytime distributions of the cloudiness fraction aver-

Figure 2.8: Mean daytime (07 to 17 LT) sensible heat (left), latent heat (center), and downward
shortwave radiation (right) as simulated by YSU (upper panels) and MYNN (lower panels) simula-
tions. Annotations in lower panels show the absolute and percentage differences between schemes
(MYNN minus YSU) in the Colombian Amazon (delimited region).
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aged for different levels in the atmosphere. MYNN produced a higher cloudiness fraction at
low levels (between 900 and 600 hPa) compared to YSU. Low-level clouds (especially stratus
and stratocumulus) are widely known to have high optical depth, so these have a high albedo
and produce a net cooling effect in the surface (Hartmann et al., 1992; Chen et al., 2000;
Mace et al., 2006). In this sense, a greater amount of low clouds in MYNN could decrease
sensible and latent heat fluxes. Furthermore, in MYNN a possible positive feedback can
be inferred, where the presence of low clouds decreases the sensible and latent heat fluxes,
causing shallower convection than YSU which produces more amount of lower clouds and
reduces heat fluxes. Otherwise, YSU exhibited a higher mid-level cloudiness fraction, which
can be associated with deeper convection and the occurrence of precipitation. At high levels,
no marked differences were identified between the PBL schemes.

Previously, sensitivity analyses in different regions have highlighted that non-local PBL
schemes (such as YSU) generate greater mixing and produce more precipitation than lo-
cal schemes (such as MYNN). For example, Efstathiou et al. (2013) performed a sensitiv-
ity study to represent a heavy rainfall event with the non-local YSU and the local Mel-
lor–Yamada–Janjic (MYJ) PBL schemes. The authors showed that the vertical mixing pro-
duced by MYJ was lower, diminishing the water vapor transport to higher levels, and thus
causing lower precipitation rates than YSU. In the Asian summer monsoon region, Que et al.
(2016) exhibited a strong overestimation of precipitation intensity with the non-local YSU in
comparison with the local MYJ. In Northeast Brazil, an extreme rainfall event was simulated
using YSU and MYNN, with higher accumulated rainfall for YSU and better results (Comin
et al., 2021). Recently, Zhu et al. (2022) studied the impacts of YSU and MYNN to forecast
the heavy rainfall generated by the passage of a tropical cyclone. The authors observed that
less vertical mixing was generated by MYNN, and therefore, compared to YSU, a decrease in
upward fluxes of moisture and temperature was evidenced. Consequently, less precipitation
was generated at MYNN compared to YSU. These studies are in agreement with the results
presented in this chapter and highlight the importance of the selection of the PBL scheme
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Figure 2.9: Distributions of low-level (900 to 600 hPa), mid-level (600 to 400 hPa), and high-level
(400 to 200 hPa) mean daytime cloud fraction. Blue (orange) distributions show the results with
YSU (MYNN).
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in regions such as the Colombian Amazon.

2.3.2.2 Sensitivity to Microphysics

As previously described and highlighted in Figure S.5, rainfall sensitivity to MP schemes is
larger in western Colombia, along and off-shore the Pacific coast. Here an analysis of pro-
cesses causing this sensitivity is carried out. Previous studies have shown the importance of
low-level moisture fluxes for the development of moist convection in the Pacific (Mej́ıa et al.,
2021). Figure 2.10 presents the lower tropospheric integrated humidity flux and the vertical
humidity flux along the day. Surprisingly, remarkable differences in moisture transport are
observed among MP schemes. First, WSM6 and THOM showed similar low-level moisture
flux patterns (left panels) with enhanced transport toward the continent between 14 and
20 LT, which then produce moist convection in the western foothills of the Andes (around
76.5°W; right panels). Afterward, convection develops in the ocean during the early night
and the morning. By contrast, MORR showed a more intense and longitudinally deeper
low-level moisture flux throughout the day. Also, the convection in MORR was more intense
and long-lasting than that of WSM6 and THOM. These results show that in the Pacific, the
selection of MP schemes impacts low-level and vertical moisture fluxes, which are relevant
factors for rainfall development in the region.

In order to elucidate how MP schemes modify vertical fluxes, Figure 2.11 shows the longitude-
height section of vertical and horizontal winds, as well as diabatic heating. It can be seen
that the microphysical schemes had a marked impact on convection in the Pacific. WSM6
and THOM showed similar patterns, with convection near the shoreline from 900 to 600
hPa and a broader convective region aloft, although WSM6 presented a more intense and
further offshore convective structure that is consistent with a greater spread of rain towards
the ocean. Contrarily, MORR exposed a broader convective region with stronger convection.
Also, the more intense convection patterns for MORR were consistent with a greater amount
of rain generated by this scheme along and further from the shoreline (between 77.5°W and
78.5°W). This shows that the MP parameterization schemes significantly affect the inten-
sity and location of the convection in the Pacific region, which also can influence low-level
humidity fluxes and convergence by mass continuity. Moreover, sources and sinks of heat
are represented by diabatic heating in Figure 2.11. Large amounts of heat are released at
medium to high levels (500 to 300 hPa), with the simulations carried out with MORR pro-
ducing a more intense top-heavy diabatic heating profile compared to WSM6 and THOM.
The implications of these heating differences are further discussed below.

Figure 2.12 shows the longitude-height section of the mixing ratio for different hydrometeor
species. Notable differences were observed in the solid phase hydrometeors. WMS6 featured
graupel around 500 hPa and ice aloft, with both extending and reaching a maximum in the
oceanic region. THOM produced a large amount of snow between 500 and 300 hPa, which
extends into the ocean, although not as far as WSM6. MORR showed the presence of the
three solid-phase hydrometeors (ice, graupel, and snow), with graupel and snow much closer
to the shoreline than WSM6 and THOM, and between 500 and 300 hPa. Ice was produced
above 300 hPa with a much higher mixing ratio than WSM6, and extended into the oceanic
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region as well. In addition, MORR produced a higher condensate mixing ratio (Q cloud)
between 600 and 500 hPa. In the simulations performed with MORR, ice-nucleation could
be favored by the presence of water below the freezing point (supercooled water) above 600

0

1000

2000

0

1000

2000

He
ig

ht
 [m

as
l.]

15:00

21:00

03:00

09:00

W
SM

6

15:00

21:00

03:00

09:00

W
SM

6

15:00

21:00

03:00

09:00

TH
O

M

15:00

21:00

03:00

09:00

TH
O

M

79.5°W 78.5°W 77.5°W 76.5°W
Longitude [deg]

15:00

21:00

03:00

09:00

M
O

RR

5 [ms 1]

79.5°W 78.5°W 77.5°W 76.5°W
Longitude [deg]

15:00

21:00

03:00

09:00

M
O

RR

0.0 1.8 3.6 5.4 7.2 9.0 10.8 12.6 14.4 16.2
Lower tropospheric moisture flux

[10 5g * m 1 * s 1]

0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8
Upward moisture flux at 700hPa

[g * kg 1 * m * s 1]
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hPa. Furthermore, graupel production by riming could be favored in the mixed-phase region
allocated between 600 and 400 hPa. These processes imply phase changes from liquid to
solid and vapor to solid, and a subsequent release of latent heat, which could explain the
greater diabatic heating observed in MORR. The possible implications of these results are
discussed below.
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Different studies have shown the importance of latent heat release in the development and
maintenance of convection. Halder et al. (2015) modified the ice-nucleation formulation in
MP Morrison’s scheme. The modified version generated a greater release of latent heat in the
upper atmosphere due to deposition, causing changes in the vertical wind speed. Huang et al.
(2020) studied the sensitivity of three MP schemes to representing an extreme rainfall event.
The authors attributed the sensitivity to condensation-associated heating and evaporative
cooling, influencing storm development and convection propagation. Studying Mesoscale
Convective Systems (MCSs) in the United States, Yang et al. (2017) and Feng et al. (2018)
demonstrate the role of diabatic heating in producing feedbacks that influence circulation
fields and contribute to forming more long-lived MCSs. Furthermore, the impact of latent
heat release on dynamics could be greater in tropical regions (Fan et al., 2015; Das et al.,
2021). Altogether, the results of these studies are consistent with that presented in this
subsection and suggest that the release of latent heat, caused by the formation of ice-phase
hydrometeors, may be essential for the development of rainfall and convection in the Pacific.
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2.4 Conclusions

In this chapter, the sensitivity of MP and PBL schemes to the representation of precipitation
in Northwestern South America was analyzed. 7-day simulations with the WRF model were
performed using three MP schemes (WSM6, THOM, MORR) and two PBL schemes (YSU
and MYNN). The simulations were evaluated using satellite information and soundings from
the OTREC campaign as reference.

In general, the performed simulations were able to capture the spatiotemporal characteristics
of precipitation during the study period, with some differences between the parameteriza-
tion schemes. Simulations with MORR showed higher precipitation rates, especially in the
Pacific and near the coastline. In terms of PBL, higher rainfall rates were observed with
YSU, especially in the Colombian flatlands. Although the performance was highly dependent
on the study region, WSM6 and THOM provided the best results among the MP schemes,
while the PBL YSU scheme showed a better performance compared to MYNN. These results
were consistent with other previous studies and imply that less computationally expensive
schemes exhibited better performance, which is convenient for forecasting tasks. In addition,
the different simulations were able to capture the vertical profiles of different dynamic and
thermodynamic variables.

Since PBL parameterizations determined precipitation rates in the flatlands of the study
region, processes related to these differences were studied in the Colombian Amazon. PBL
schemes exerted a marked influence on the moisture transport at low levels, where YSU
presented higher fluxes, a more marked convergence, as well as higher humid convection
compared to MYNN. When analyzing the sensible and latent heat fluxes, YSU showed
higher values with differences that exceeded 20%. In addition, it was observed that the PBL
schemes impact the incident solar radiation through variations in the vertical distribution of
cloudiness. Specifically, MYNN produced a greater amount of low-level clouds, blocking the
incident solar radiation. These results suggest that the differences between PBL schemes
may be associated with positive feedback between cloud partitions and heat fluxes for MYNN.

In the Pacific, where the MP schemes had less agreement, microphysics modified the intensity
and spatial structure of low-level moisture flux. Particularly, MORR showed a higher mois-
ture flux that extended longitudinally deeper than for THOM and WSM6. Likewise, MORR
showed a greater low-level flux convergence and a more marked upward moisture transport.
The enhanced convection in MORR is mainly related to diabatic heating at medium to high
levels, which also coincides with the area of greatest rainfall. Particularly, it was observed
that higher latent heat release in MORR was associated with the production of solid-phase
hydrometeors in the mixed-phase zone, which in turn can influence the vertical velocity.
According to these results, MP schemes can influence low-level moisture fluxes due to mass
continuity. Future modeling studies in the Pacific should carefully consider the selection of
the MP scheme due to its sensitivity in representing precipitation.

Finally, it is important to point out that this study was carried out during a study period of
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7 days, so it is necessary to perform longer simulations in order to obtain more robust con-
clusions. Additionally, a more detailed assessment could be done using information available
from weather radars and surface stations. Future studies could be oriented in this sense.
Studies like this provide a framework that can contribute to the continuous improvement of
parameterization schemes, which is fundamental to reducing the uncertainty of numerical
models.
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Chapter 3. Assessing the
spatio-temporal representation of
Mesoscale Convective Systems in
Northwestern South America

Abstract

Organized thunderstorms can compromise human life and impact agriculture, infrastructure,
and aviation. Convection-permitting models have emerged as useful tools to investigate the
environments and mechanisms causing deep convection. However, in northwestern South
America (NWSA), where deep convection is widespread and frequent, modeling studies at
convection-permitting resolution are limited. In this context, we perform subcontinental
scale convection-permitting simulations to represent Mesoscale Convective Systems (MCSs)
in NWSA using the Weather Research and Forecasting model. The model was assessed
following an object-based approach, using an algorithm to identify and track MCSs. Sim-
ulated features of MCSs such as frequency, intensity, size, evolution, and propagation were
compared with satellite-derived MCSs characteristics. Results showed that the model ad-
equately represented the seasonal occurrence of MCSs in NWSA, which is consistent with
the latitudinal migration of the ITCZ. WRF also represented the diurnal cycle of MCSs and
precipitation in different regions of the country, with nocturnal convection in northwestern
Colombia, a notable oceanic hotspot during the morning in the Colombian Pacific, and a
diurnal maximum in the Savannas-Amazon flatlands. WRF underestimated the area and
overestimated the intensity of MCSs, although simulations captured the evolution of MCSs
from initiation to dissipation. Also, the model correctly captured the MCSs’ initiation hour,
especially for systems lasting less than 10 hours. Consistent with observations, simulated
MCSs propagated westward and presented higher speeds on the Amazon-Savannas flatlands,
whereas lower velocities were observed over and to the west of the Andes. In general, convec-
tive patterns were associated with the seasonality of low-level winds and moisture, which are
highly modulated by the Choco and Orinoco low-level jets. This study provides insights into
the strengths and weaknesses in the simulation of MCSs in NWSA at convection-permitting
resolution. As far as know, this is the first effort to assess the representation of MCSs in the
region using convection-permitting simulations.

Keywords: WRF, Mesoscale convective systems, Northwestern South America, Object-
based evaluation, Seasonal, Diurnal
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3.1 Introduction

Deep convection can trigger severe weather phenomena like extreme rainfall events, flash
floods, hailstorms, and severe winds. As a consequence, convective events compromise hu-
man life and impact agriculture, infrastructure, and aviation. The relevance of convective
systems for society translates into the growing scientific interest in studying and forecasting
their formation and evolution.

Convection varies enormously over a wide range of spatial and temporal scales (Houze et al.,
2015) due to the confluence of multiple atmospheric mechanisms, including high amounts of
water vapor, features causing air to rise (e.g., orographic barriers or low-level convergence),
and atmospheric instability (Schumacher and Rasmussen, 2020). Consequently, mechanisms
causing deep convection are strongly dependent on the study region. Regional models are
valuable tools for studying convection in certain regions because they can represent atmo-
spheric physics and dynamics at high resolutions, improving the representation of land-
atmosphere interactions and localized convection (Prein et al., 2013; Posada-Maŕın et al.,
2019; Gutowski et al., 2020). These models have been used, for instance, to: understand
physical processes that trigger deep convection in different regions (Mohan et al., 2018; Karki
et al., 2018; Flores Rojas et al., 2019); forecast the occurrence of convective events (Rogelis
and Werner, 2018; Hoyos et al., 2019); and project long-term changes in the frequency and
intensity of MCSs (Prein et al., 2017a; Klein et al., 2021; Arias et al., 2021). Thus, regional
modeling is essential for risk management and mitigation-adaptation strategies.

Regional convection-permitting (CP) simulations have acquired great relevance for the study
of MCSs (Prein et al., 2013; Feng et al., 2018; Rasmussen et al., 2020; Prein et al., 2020;
Gutowski et al., 2020). In CP simulations, convection is explicitly solved by the model,
providing an opportunity to understand the physical mechanisms related to the occurrence
and development of deep convection. Previous studies have evaluated the ability of CP
simulations to represent deep convection. Yang et al. (2017) studied the environments of
long-lived MCSs over great plains using the WRF model. In general, the model captured
the main features of MCSs, including lifetime and the associated precipitation. Likewise,
Feng et al. (2018) showed good performance when simulating the characteristics of MCSs
in the United States. In West Africa, Crook et al. (2019) assessed the representation of
convective systems using simulations with and without permitted convection and found that
CP simulations showed a better representation of diurnal cycles and lifetimes of convective
events. Furthermore, Prein et al. (2020) carried out a simulation of 13 years in North Amer-
ica using the WRF model at CP scale and the results showed that the model represented the
main characteristics of the MCSs, including size, precipitation, speed of propagation, and
lifetime. Recently, Feng et al. (2023) performed CP global simulations, highlighting that
despite models overestimated convective rainfall, these captured fundamental characteristics
of deep convection such as the diurnal cycle, the area, and the speed of movement. These
studies point to the need to advance in the evaluation and understanding of CP models.

There is a lack of investigations using convection-permitting simulations to assess and study
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deep convection in tropical regions. Particularly, in northwestern South America (NWSA)
where deep convective events are frequent (Zuluaga and Houze, 2015; Jaramillo et al., 2017),
a few case studies have been carried out on specific regions. In the central Andes of Peru,
Mart́ınez-Castro et al. (2019) evaluated different microphysical schemes of the WRF model
for the forecast of two convective precipitation events. Yepes et al. (2020), studied mecha-
nisms behind the diurnal cycle of precipitation in the Colombian Pacific during November
2016. Gomez-Rios et al. (2023) used two-week simulations to study the mechanisms as-
sociated with the formation of convective events in the inter-Andean Magdalena Valley.
Nonetheless, these studies have focused on specific regions, used short simulation periods,
and did not employ an object-based analysis. No previous studies evaluating the perfor-
mance of CP model simulations to represent MCSs in NWSA at subcontinental scales and
for different seasons were found in an extensive literature review. Advances in evaluating
this type of model would be helpful to study processes triggering convection in this region.

In this chapter, the spatio-temporal representation of Mesoscale Convective Systems in
NWSA is assessed. Four convection-permitting simulations are performed to represent dis-
tinct hydroclimatological conditions in the region. A tracking algorithm and satellite data
are used to evaluate model results, and different characteristics of the MCSs, such as the
area, intensity, and direction of propagation, are assessed. The remainder of the chapter is
organized as follows: Section 3.2 provides context about convection and precipitation in the
study area, gives some details of the simulation and study periods, and offers an explanation
of the algorithm; Section 3.3 presents the spatio-temporal assessment of the simulations and
discusses with previous observational and modeling studies in the region; Section 3.4 presents
the main findings of this chapter.
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3.2 Data and methods

3.2.1 Context

The region of interest is northwestern South America (NWSA). As described in Chapter 2,
NWSA has multiple zones prone to deep convective events and extreme rainfall occurrence.
The interannual variability of precipitation in the region is modulated by the latitudinal
movement of the intertropical convergence zone (ITCZ), and the activity of low-level jets
and their interactions with the Andes mountain range (Poveda et al., 2006, 2014; Urrea et al.,
2019). Deep convection in NWSA is characterized by a high occurrence from December to
February in the Colombian Amazon flatlands and from June to August in the Colombian
Pacific and Caribbean regions (Hernandez-Deckers, 2022). Concerning the diurnal cycle,
deep convection (and precipitation) in NWSA is maximum in the afternoon over land, but
nocturnal rainfall predominates in particular regions, such as Lake Maracaibo and some
inter-Andean valleys (Mapes et al., 2003; Poveda et al., 2005; Hernandez-Deckers, 2022).
Further, a marked nocturnal-early morning maximum has been described offshore of the
Colombian Pacific coast (Mapes et al., 2003; Zuluaga and Houze, 2015; Jaramillo et al.,
2017), considered one of the rainiest places on Earth and a Mesoscale Convective System
hotspot (Mej́ıa et al., 2021). Despite the necessity to further understand deep convection
in the NWSA, previous studies have mainly concentrated on observational approaches. The
implementation and evaluation of numerical models to study convection in NWSA still need
to be improved. Any study aiming to close the gap between observational and model-based
studies could provide valuable information to inform decision-making.

3.2.2 Experiments

As in the previous chapter, the Weather Research and Forecasting (WRF; Skamarock et al.,
2019) model version 4.2 was used to simulate MCSs in NWSA. The WRF model is widely
used for research and operational forecast, with satisfactory results for simulating MCSs
(e.g., Feng et al., 2018; Prein et al., 2020). The setup of the model is based on the results
obtained in Chapter 2, where three microphysics (WSM6, Thompson, and Morrison) and
two boundary layer (YSU and MYNN) schemes were tested. Simulations were carried out
with the WSM6 and YSU parameterizations, which showed the best performance in Chapter
2 and keep a moderate computational cost. Similarly to the previous chapter, two one-way
nested domains were configured (see Figure 3.1), with the first domain (D1) covering the
north of South America at a resolution of 12 km and the inner domain (D2) covering north-
western South America at 4 km (convection-permitting resolution). The ERA5 reanalysis
data were used as boundary and initial conditions, including weak spectral nudging above
the planetary boundary layer to preserve the synoptic-scale variability while allowing the
model to simulate low-level processes. The entire model configuration is detailed in Chapter
2.

Four simulations were performed in different months of 2019, each for one month. Table
3.1 details the model integration periods of each simulation as well as how we will refer to
each simulation (acronym) henceforth. The selected periods aim to represent distinct hydro-
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climatological conditions in NWSA, and considered periods with high convective activity,
as well as differences in the spatial occurrence of convection, according to previous studies
(e.g., Hernandez-Deckers, 2022). The number of convective events observed during the study
period is plotted in Figure 3.1. Further details of the detection of events are described in
the next Section.

3.2.3 Object-based evaluation

3.2.3.1 Observations

Model evaluation is focused on spatio-temporal convective features and rainfall patterns.
Particularly, an object-based approach is proposed to assess the model performance. These
approaches have gained great relevance as they permit the evaluation of features of deep
convective events such as area, intensity, shape, and trajectory (Davis et al., 2009; Prein
et al., 2020). In this study, the Algorithm for TRACKing Convective Systems (ATRACKCS;
Ramı́rez-Cardona et al., 2022) was used to track deep convective clouds using Brightness
Temperature (BT) and precipitation data from satellite images. For BT, the used data is a
merge of infrared data from geostationary satellites (MERGIR; Janowiak et al., 2017), with a
spatial resolution of 4 km. For precipitation, the used data is the final precipitation product
(level 3) of the integrated multi-satellite retrievals for the global precipitation measurement
(GPM) mission (IMERG; Huffman et al., 2020) with a spatial resolution of 0.1°. Both data
sources have a 30-minute temporal resolution but were resampled to 1 hour to reduce the
computational demand while keeping the ability to track the convective features. Several
studies have also used 1-hour temporal resolution using the same data (Feng et al., 2018;
Prein et al., 2020).

ATRACKCS detects cold cloud tops following similar criteria from previous studies (Nesbitt
et al., 2000; Vizy and Cook, 2018; Li et al., 2021; Feng et al., 2021) in terms of BT threshold,
area, intensity, and duration. First, ATRACKCS identifies contiguous regions of ≤ 225K
BT in a satellite image (time i) and defines an object through the convex hull. Objects
with an area > 2000 km2 and at least 5 pixels with precipitation greater than 2mmh−1

are kept in the analysis, while objects that do not meet these criteria are discarded. The
same procedure is applied to the next image (time i+1). Then, identified objects in time
i are matched with the ones identified in time i+1 based on maximum overlapping criteria
(objects with a higher overlap fraction are matched), establishing a track. The track ends
if the last identified object does not overlap any other object. ATRACKCS computes and

Table 3.1: Periods selected for the four one-month WRF simulations.

Start time End time Acronym
January 1, 2019 - 00 UTC February 2, 2019 - 00 UTC JF
March 22, 2019 - 00 UTC April 22, 2019 - 00 UTC MA
July 12, 2019 - 00 UTC August 12, 2019 - 00 UTC JA

September 18, 2019 - 00 UTC October 18, 2019 - 00 UTC SO
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retrieves different features of the identified objects such as the centroid, area, mean BT,
mean and maximum precipitation, total distance traveled, total duration, and propagation
direction and velocity. Mean and maximum rainfall is computed among the pixels with >
2mmh−1 rain rates. The algorithm was run for each one-month period and the results are
considered as the reference for the model assessment.

In this study, tracks with more than six objects (i.e., lasting 6 hours or more) are referred
to as Mesoscale Convective Systems (MCSs) and are considered for the evaluation of the
model. Due to their duration, these events are considered organized storms. Other studies
have used more restrictive thresholds in order to study robust MCSs. However, since the
study period is relatively short (a few months), more restrictive criteria result in a sharp
decrease in the population of events, compromising the robustness of the analyses. It is
highlighted that the selected events are highly relevant for many sectors such as aviation
and agriculture. Moreover, this approach allows the comparison and discussion with other
studies that have detailed general characteristics of organized deep convection in the region.

3.2.3.2 Simulations

In order to ensure consistency in the comparison, ATRACKCS was also implemented using
WRF fields. For this purpose, WRF outputs in the innermost domain were adapted to sat-
isfy the ATRACKCS requirements. BT and precipitation fields were retrieved at every hour
and formatted in the netCDF format required by the algorithm. A 3 x 3 kernel (12 km)
was used to smooth modeled BT fields, which is a common procedure in tracking studies
based on model simulations due to their noisy fields (Feng et al., 2018; Prein et al., 2020).
A preliminary sensitivity test showed that larger window sizes cause the overlap of objects
that do not belong to the same MCS, resulting in a reduction in the number of systems and
altering features such as areas and lifetimes (not shown).
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Figure 3.1: Study area. Colored contours show the occurrence of MCSs, and black and white
contours depict the height of the terrain. The spatial coverage of domain 2 is delimited by the
discontinuous square.
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3.3 Results and discussion

The number of MCSs, the objects identified, and the differences for the four periods are shown
in Table 3.2. Overall, 748 MCSs were observed while the model simulated 624 storms. The
underestimation in the amount of MCSs persisted in all simulations, with differences ranging
from 10 to 20 %. The model agrees with the observed interannual variability, resulting in the
highest (lowest) occurrence of MCSs in SO (JF), and a similar amount during MA and JA.
The temporal evolution of daily rainfall and MCSs during the four simulated periods is pre-
sented in Figure 3.2. Simulations reproduced the temporal variations of convective activity
during the four periods. Specifically in JF, JA, and SO, the model adequately represented
the day-to-day rainfall variability. However, a lower performance was observed during MA,
especially at the end of the period. WRF captured the synoptic behavior, as well as the
seasonality of rainfall and MCSs. This is of great importance as this study seeks to analyze
a representative population of MCSs at different times of the year.

In order to evaluate the performance of the model to represent the seasonality of MCSs,
Figure 3.3 shows the spatial distribution of the relative frequency of MCSs for the analyzed
periods. The model represented the spatial distribution of the systems throughout the year.
During JF, WRF adequately showed a higher frequency of MCSs in the south of the do-
main (in the northwest of the Amazon basin), and a lower activity in the Pacific. In MA
convection propagates toward the north and extends over most of the domain, with a rela-
tively higher occurrence in northwestern Colombia. The model represented this northward
displacement of convection relative to JF, but overestimated the frequency of systems in
the Colombian Amazon and underestimated the frequency in the north of the region. In
JA, deep convection predominates towards the northwest of the domain, with maxima on
the Colombian Pacific and Caribbean coasts, a minor hotspot near the Colombia-Venezuela
border, and a lower occurrence in the south of the domain. For this period, WRF exhibited
a higher (lower) occurrence of MCSs in the Colombian Pacific (Caribbean) regions. Finally,
showing good agreement with observations, the spatial frequency of the systems in SO was
spread over the whole domain, similar to MA, but with higher frequencies of MCSs in the
north of Colombia and in the Pacific. These results indicate that the model can capture the
main patterns of convection in NWSA, adequately representing the areas of maximum MCS
frequency and their interannual variability. Also, Figure S.6 shows that the variability of
rainfall in the different periods is also well represented by the model.

The described interannual variability of convection is consistent with the latitudinal mi-

Table 3.2: Total observed and simulated MCSs and ≤225K objects in Domain 2. Absolute and
percentage differences for MCSs estimates are also included.

Experiment JF MA JA SO
Observed MCSs (objects) 129 (1018) 198 (1542) 167 (1326) 254 (1979)
Simulated MCSs (objects) 109 (835) 158 (1185) 136 (1081) 221 (1665)
Differences (percentage) -20 (15.5%) -40 (-20.2%) -31 (-18.6%) -33 (-13.0%)
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Figure 3.2: Temporal variability of observed (black lines) and simulated (red lines) domain-
averaged daily precipitation for the four simulations (panels). Bars represent observed (gray) and
simulated (red) 3-day active MCSs in the whole model domain. Annotations in each panel show
error metrics for the active MCSs.

gration of the ITCZ, as also suggested in previous studies (see e.g., Jaramillo et al., 2017;
Hernandez-Deckers, 2022), reaching its southernmost (northernmost) location during the
austral -DJF- (boreal -JJA-) summer (Poveda et al., 2006; Urrea et al., 2019).
MCSs and precipitation are strongly modulated by the diurnal variability of different atmo-
spheric mechanisms. Due to the importance of diurnal variations, we analyzed the ability
of the WRF model to reproduce the occurrence of MCSs throughout the day. Figure 3.4
shows the frequency of observed and modeled MCSs in Colombia during different hours of
the day. According to satellite information (upper panels), during the afternoon and early
night (15 to 21 LT) MCSs occur mainly along the flatlands of the Orinoco and Amazon re-
gions, and in northwestern Colombia. Around midnight, the frequency of MCSs increases in
NWSA, especially in northwestern Colombia and the Colombian Amazon, where MCSs have
also occurred earlier. A marked hotspot is observed along the Pacific during the morning
hours (03-09 LT), where MCSs occur in the ocean. The Colombian Caribbean region and
the border with Venezuela are also relevant locations for convection, with a relatively high
frequency of MCSs. Of note is that during the late morning and early afternoon, MCSs are
scarce in continental areas, but show a high occurrence in the Pacific Ocean, probably in
their dissipation stage.

The simulated occurrence of MCSs throughout the day is depicted in the middle panels of
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Figure 3.3: Relative frequency of occurrence of observed (upper panels) and simulated (mid
panels) MCSs identified by the tracking algorithm in the different seasons. Lower panels show
differences (WRF minus observations). A MCS occurs in a certain pixel if the ≤225K area in any
object of the MCS intersects that pixel. The frequency was calculated against the total observed
and simulated MCSs in each case. Topography is depicted as gray contours.

Figure 3.4. In general, the model had a good ability to represent the time and location of the
systems, with some differences regarding satellite-derived results. First, WRF overestimated
the frequency of MCSs in the flatlands, especially during the early morning and noon. Also,
between 03 and 09 LT, the model underestimated the frequency of systems along the Pacific
coast and overestimated convection in the north of Colombia. At last, around noon (09-15
LT) MCSs occurring in the southwest had a spatial bias towards Colombia. Despite these
differences, the model has a remarkable performance, capturing the preference zones and
hours of MCSs occurrence. Furthermore, of special interest is the model’s ability to prop-
agate systems off the shoreline in the Pacific, which is a feature assessed previously (Yepes
et al., 2020).

The diurnal variation of precipitation and MCSs in different regions of NWSA is depicted in
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Figure 3.4: Relative frequency of occurrence of observed (upper panels) and simulated (mid pan-
els) MCSs identified by the tracking algorithm throughout the day. Lower panels show differences
(WRF minus observations). Values were aggregated for the four simulations. Topography is de-
picted as gray contours.

Figure 3.5. Consistent with previous results, the model adequately represented the amplitude
and diurnal cycle of precipitation and MCSs over the regions of interest. In the Colombian
Pacific, the model captured the maximum rainfall around 06-07 LT, which coincides with
greater convective activity during the morning hours. Similarly, WRF captured the diurnal
cycle of rainfall and convective activity in the inter-Andean valley of the Magdalena River,
with a marked peak around midnight. In the Colombian Caribbean, the model simulated
the after-midnight maximum rainfall, even though nocturnal convection was underestimated
(18-23 LT). In Lake Maracaibo, simulated precipitation peaked 3 hours earlier (at about
4:00 p.m.), although the model maintained rainfall until the early morning, as shown by ob-
servations. In the Amazon, simulated rainfall increased in the afternoon, in agreement with
observations, but rainfall intensity and the amount of MCSs were overestimated. Further,
the model underestimated rainfall and convective activity between 18:00 and 23:00, which
remain high in the observations. Finally, in the Savannas, the model adequately captured
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Figure 3.5: Diurnal cycle of 3-hour MCSs objects (bars) and mean rainfall (lines) for the six
regions of Chapter 2 (see Figure 2.1). Results for the model are depicted in red, while observations
are represented by gray and black colors. Note differences in scale.

the diurnal variability of rainfall and MCSs, with a one-hour lag relative to observations.
Overall, the model performs well in representing the diurnal cycle of rainfall and convection
in different regions of NWSA, which is also illustrated in Figure S.7.

The diurnal cycles in these regions are consistent with previous research in NWSA. In the
Pacific, MCSs are widely known to develop during the early morning and morning hours
(Mapes et al., 2003; Jaramillo et al., 2017; Mej́ıa et al., 2021). In the inter-Andean Mag-
dalena Valley, intense moist convection arises around midnight (Hernandez-Deckers, 2022;
Gomez-Rios et al., 2023). In the Caribbean and Lake Maracaibo, two hotspots of light-
ning activity worldwide (Holle and Murphy, 2017; Liu et al., 2020a), nocturnal convective
activity has been highlighted (Mapes et al., 2003; Holle and Murphy, 2017). Finally, in
the Amazon and the Savannas, where further research about deep convection is needed,
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Hernandez-Deckers (2022) highlighted a greater number of convective events in the after-
noon.

In comparison to traditional approaches, object-based evaluations allow the assessment of
different MCS features such as size, lifetime, shape, and velocity, among others (Davis et al.,
2009; Prein et al., 2020). Figure 3.6 shows the distribution of different MCS features derived
from satellite observations and simulated by the model. WRF produced smaller systems
relative to observations, with a mean underestimation of about 5000 km2. Additionally, the
model significantly overestimated the mean MCS-associated rainfall, producing about twice
the observed values. On the other hand, MCSs had shorter lifetimes in the model than in
observations, although the traveled distances were generally similar. WRF also adequately
reproduced the zonal and meridional displacement of the systems. This underestimation
of the MCSs’ areas occurs mainly in northwestern Colombia S.8, where observed MCS are
largest, while the model showed similar areas in the remainder of the domain. Despite bi-
ases in MCSs duration and rainfall, the model correctly represented higher precipitation and
longer duration in the Pacific, as seen in the mid and right panels of Figure S.8. Hernandez-
Deckers (2022) also found more prolonged convective events in the Pacific.

In order to assess the spatial structure of rainfall, Figure 3.7 presents rainfall composites
around observed and simulated MCSs. Consistent with the results of Figure 3.6, the model
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Figure 3.6: Distribution of observed (gray) and simulated (orange) MCS features identified by the
algorithm. Distributions were constructed taking the four WRF simulations. The area represents
the region of BT ≤225K. The mean rainfall represents the average of the >2 mm−1 pixels. Lifetime
and distance are retrieved for each MCS. Zonal and meridional movement are retrieved for each
step of the MCSs.
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Figure 3.7: Composites of mean precipitation relative to the centroids of each MCS object. Values
were averaged over all the observed (left) and simulated (right) MCSs.

overestimated the precipitation associated with MCSs, especially in the system’s core, with
values exceeding 5 mmh−1 over a considerable area. These results agree with Feng et al.
(2023), which also evidenced an overestimation in the intensity of precipitation associated
with tropical MCSs using global convection-permitting simulations. Despite the overesti-
mation, the magnitude of the rain outside the core is similar, and the model was able to
simulate the size and shape of the convective rainfall. Remarkably, the observed precipita-
tion core is aligned in the center of the composite, whereas a slight southeasterly bias was
evidenced in the model. This difference can be associated with the fact that IMERG uses
GOES brightness temperature data to estimate precipitation fields (Huffman et al., 2020),
causing a high relationship between the location of the cold cloud top and generated rainfall,
whereas as a physically-based model, WRF’s convective core could continue moving while
the rainfall is deposited on the surface.

Figure 3.8 shows the evolution (initiation to dissipation) of the MCS area and maximum
rainfall. Rainfall is standardized for better comparability (due to the significant bias) and
to focus on temporal variability. The model reproduced the initiation, development, and
dissipation of MCSs, with increases in the area up to 60-70% of the event duration when
MCSs start decreasing in size until the end of the track. In addition, WRF represented the
evolution of MCSs’ maximum rainfall, with lower values during the beginning and end of the
track, and maximum values around 40-50% of the system’s duration. Previous studies in the
great plains of the United States have also shown that the model captures the evolution of
MCSs (Feng et al., 2018; Prein et al., 2020). This analysis not only highlights the capacity of
the model to represent the evolution of MCSs but also shows that ATRACKCS adequately
identifies and tracks observed and simulated MCSs, capturing their initiation and dissipation.

Figure 3.9 shows the main times of initiation of short- and long-lived MCSs. MCSs with a
duration of fewer than 10 hours (here referred to as short-lived) generally initiate during the
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Figure 3.8: Evolution of observed (black) and simulated (red) MCS area and standardized rainfall.
The lifetime of the MCSs was normalized from 0 (initiation) to 1 (dissipation) trying to capture the
evolution of systems with different duration and following Feng et al. (2018). The shaded region
represents the interquartile range.

afternoon and evening (12 to 23 LT) in NWSA. In contrast, more than 60% of MCSs with
longer duration (more than 10 hours) initiate mainly during the evening and night (18 to
02). WRF adequately represented the diurnal cycle of the initiation of MCSs, especially the
short-lived ones, while some discrepancies occur for long-lived systems, which is probably
related to an insufficient number of samples.

The averaged propagation and speed of MCSs in NWSA is depicted in Figure 3.10. Here,
propagation refers to the displacement between the first and last MCS’s objects, while veloc-
ity refers to the displacement between each consecutive object of the track. The propagation
of the systems in the domain exhibited a marked westward direction. Northward of 2°N, ob-
served MCSs propagate mainly to the northwest, while southwest propagation occurs in the
south of the domain. The highest speeds of the MCSs are found to the east of the Andes, in
the Amazon-Savannas flatlands, where the effect of the topography is less. Likewise, objects
also reach relatively high speeds in the northwest of Colombia, while speed propagation in
the Andes is considerably reduced. In the Pacific, where MCSs were most frequent, MCSs
also move northwestward with slower velocities than in northwestern Colombia and the flat-
lands. In general, the model was able to represent the mean propagation and the velocity
of MCSs in the domain, with higher speeds in the flatlands and minor speeds crossing the
Andes and toward the west. The largest differences in propagation were observed to the
northwest of Brazil, with a more pronounced southern propagation and an overestimation of
the speed. Regarding other studies, the reported propagation speed (Feng et al., 2018) and
velocity of the objects (Prein et al., 2020) are comparable.

Altogether, the results of this chapter show that the model can represent the main features
of MCSs in NWSA, which provides confidence to analyze the physical processes that explain
the simulated convection patterns. For example, as shown in Figures 3.11 and 3.12, the four
performed simulations exhibit significant differences in the flow and moisture fields:

53



CHAPTER 3 3.3. RESULTS AND DISCUSSION

0

3

6

9

12

15

18

Fr
eq

ue
nc

y 
of

 in
iti

at
io

n 
[%

]

Short lived MCSs

OBS
WRF

01:00
04:00

07:00
10:00

13:00
16:00

19:00
22:00

MCS initiation hour [LT]

0

5

10

15

20

25

Fr
eq

ue
nc

y 
of

 in
iti

at
io

n 
[%

]

Long lived MCSs

Figure 3.9: Diurnal cycle of initiation of short-lived (lifetime less than or equal to 10 hours,
upper panel) and long-lived (lifetime of more than 10 hours, lower panel) MCSs. Simulations
(observations) are plotted in red (black) lines.

• In JF, when MCSs are more frequent in the south, specific humidity is higher, and the
sea level pressure of around 1011 hPa is lower compared to the higher pressure of 1015
hPa to the northeast of the domain (Figure 3.11). Pressure patterns seem to be in
agreement with the direction of the flow, with winds blowing through the Venezuelan
and Colombian plains, where the Orinoco low-level jet takes place (Jiménez-Sánchez
et al., 2019; Builes-Jaramillo et al., 2022). At 500 hPa (Figure 3.12) humidity is higher
to the south consistent with the distribution of deep convection in JF.

• In MA, when the convective activity is spread throughout the domain, more uniform
pressure patterns are observed (Figure 3.11) with higher moisture over Colombia as
compared to JF, and weaker mid-level winds. Furthermore, there is a reduction in the
intensity of the northeasterly flow across the plains, which is consistent with a weaker
Orinoco low-level jet (Jiménez-Sánchez et al., 2019).

• In JA, moist convection occurs mainly in the northwest of Colombia and over Venezuela’s
savannas, and patterns exhibit important differences. Contrarily to JF and MA, winds
flow mainly from the Amazon rainforest towards the northwest. Builes-Jaramillo et al.
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Figure 3.10: Observed (left) and simulated (right) mean MCSs’ propagation (arrows) and mean
velocity of MCSs (colored contours). Propagation refers to the displacement between the first
and last MCS’s objects, while colored contours refer to the displacement between each consecutive
object of the track.

(2022) described the importance of this southern cross-equatorial flow for the rainfall
in the Orinoco basin. Furthermore, lower pressure values and higher moisture are
positioned in the Colombian Pacific and the Caribbean. Also, easterlies are stronger
than in the other simulations, with a low in the middle of Colombia (around 4°N) and
higher humidity levels between 0°N and 8°N.

• Similarly to MA, MCSs in SO occur over the whole domain but especially in the Pacific
and northern Colombia. At 850 hPa, moisture is distributed along the domain and,
in contrast with JF and JA, marked pressure gradients are not observed. Mid-level
winds in SO have a marked eastward component, with a lower magnitude than in JA
and high humidity values in the domain. Moreover, greater activity of the Choco-jet is
seen in Figure 3.11 during SO, which enhances the deep convection in the Colombian
Pacific (Yepes et al., 2019; Mej́ıa et al., 2021).

Although this is an analysis of average patterns in the whole domain, this description is
useful to highlight the coherence between the simulated convective patterns and the large-
scale environment that may favor the occurrence of MCSs in different months and zones of
NWSA. Besides, despite the fact that some of these patterns have been previously described,
further efforts are required to connect large-scale environments with the occurrence of deep
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convective events. An analysis of the physical mechanisms related to the diurnal occurrence
of MCSs in particular regions is developed in the following chapter.

Figure 3.11: Average winds at 850 hPa (arrows), specific humidity at 850 hPa (colored contours),
and sea level pressure (green contours) for the four performed simulations through the year (from
left to right). Topography is represented by black-and-white contours.
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Figure 3.12: Similar to Figure 3.11 but for 500 hPa and for geopotential height instead of sea
level pressure.
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3.4 Conclusions

In this chapter, the spatio-temporal representation of MCSs in NWSA was assessed at
convection-permitting resolution. Four simulations with the WRF model were performed
in order to represent the seasonality of MCSs. An algorithm to identify and track MCSs was
used to evaluate the ability of the model to reproduce the frequency, size, intensity, lifetime,
and propagation of MCSs.

In general, the model underestimated the occurrence of MCSs during the four study periods.
However, it could simulate differentiated periods with more and less convective activity in
agreement with observations. Results showed that the model captured the seasonality of
MCSs, with frequent systems in the south in JF and a pronounced occurrence in the north-
west during JA, while in MA and SO, convective events occurred over the whole domain. In
agreement with earlier research, modeled convective patterns throughout the year were con-
sistent with the latitudinal migration of the ITCZ. This not only shows that deep convection
in the NWSA is consistent with known seasonal variations but that convection-permitting
WRF simulations are capable of simulating the mechanisms that trigger organized convec-
tion in NWSA under different large-scale conditions.

Diurnal patterns of convection were adequately simulated, with a marked nighttime occur-
rence in northwestern Colombia. Consistent with observations and previous studies, the
model produced an offshore development of MCSs on the Pacific coast during the morning.
Furthermore, WRF reproduced the diurnal cycle of precipitation and MCSs in different re-
gions of interest, including the midnight convective activity in the Magdalena Valley and the
early-morning rainfall peak in the Caribbean. Also, the diurnal occurrence of MCSs and the
morning rainfall peak (06-07 LT) were correctly simulated in the Pacific region. However, in
the Colombian Amazon, simulations exhibited a sharper afternoon peak, while in Maracaibo
and Colombian Savannas, the amplitude and variation were well captured, but the mod-
eled peaks occurred earlier. The successful reproduction of the diurnal cycle in the regions
of interest motivates the development of investigations to comprehend local processes that
trigger deep convection in NWSA.

Regarding the main features of the MCSs, WRF showed systems with smaller areas and
higher intensity than the satellite observations. Despite the overestimation of precipita-
tion, the spatial structure of rainfall in MCSs coincided with the satellite estimates. Also,
the evolution of the MCSs was adequately captured by the model, with systems reaching
a greater extent and intensity at about half of the lifetime and then beginning to decay.
On the other hand, simulated MCSs had shorter lifetimes than those observed. Preferred
initiation hours of short-lived MCSs were correctly simulated, while the model exhibited less
agreement regarding initiation times of longer-lived systems. Finally, the model represented
the general eastward propagation of MCSs in the region, with faster systems in the flatlands
and a reduction in the velocity over and westward of the Andes.

The simulated MCSs during the different periods are related to seasonal changes in the cir-
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culation fields and low-level humidity. In turn, the convective patterns in the NWSA are
consistent with variations in the activity of the Choco and Orinoco low-level jets. Mid-
level dynamics also change considerably throughout the year, which likely play a role in the
organization of the storms, for example, via a more or less sheared environment. The imple-
mentation of convection-permitting simulations and the analysis performed to study MCSs
are scarce in NWSA and need to be improved and deepened. These results motivate the
use of convection-permitting models to study the environments and formation mechanisms
of MCSs in NWSA.
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Chapter 4. Mechanisms behind
convective rainfall in northwestern

South America

Abstract

A convection-permitting simulation is used to identify mechanisms behind the diurnal cycle
of rainfall and convection organization in different regions of Northwestern South America
(NWSA). Wet and dry days were separated to study the diurnal cycle of rainfall in the
Pacific, the Magdalena Valley, and the Colombian Amazon, as well as the organization of
convection in the Colombian Pacific. The results showed an increase in low-level moisture
fluxes on days with a marked diurnal rainfall cycle (wet days) in the three regions of interest.
Particularly, in the Pacific region, greater activity of the Choco low-level jet was evidenced
along with a more unstable and sheared environment during humid days. In the Magdalena
Valley, an intensification of down-valley and up-valley fluxes was observed during wet days,
as well as weaker easterlies than during dry days. More marked wind shear and enhanced
moisture transport from the Amazon rainforest and Venezuelan plains were present during
wet days in the Colombian Amazon. While studying convection organization in the Pacific,
anomalies in moisture fluxes toward the continent and equivalent potential temperature were
present before the initiation of the events. Mesoscale Convective Systems (MCSs) during the
mature stage exhibited a mid-level vortex apparently caused by latent heat released during
ice-phase hydrometeor formation. As a crucial mechanism, the vortex enhanced mid-level
convergence producing a top-heavy mass flux profile. Furthermore, the development of the
storms seems to be favored under a weak mid-level shear in the rear, with cold pools in the
convective-stratiform transition region. In the front of the MCSs, a low-level current and
downdrafts within the cloud promote the development of convective cells, contributing to
the organization of convection in the Pacific. This chapter demonstrates the potential of
convection-permitting simulations to study mechanisms behind convection in NWSA.

Keywords: Mechanisms, Mesoscale convective systems, Rainfall diurnal cycle, North-
western South America, WRF, Object-based analysis.
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4.1 Introduction

Deep convection in the atmosphere is favored by the confluence of certain ingredients, includ-
ing a temperature profile suitable for rising air masses (instability), high amounts of water
vapor in the atmosphere, convergence at low levels, and orographic barriers causing lifting
(Lohmann et al., 2016; Schumacher and Rasmussen, 2020). Understanding atmospheric pro-
cesses that influence the occurrence of precipitation is useful for improving the predictability
of rainfall events and projecting future changes in water availability.

The confluence of mechanisms that trigger convection depends on multiple factors, including
the study region, season, and hour of the day, causing spatio-temporal complexity of convec-
tive patterns. From a global point of view, the high availability of energy and moisture in the
tropics favors the development of deep convection, rising strong thunderstorms that produce
large amounts of rain (Zuluaga and Houze, 2015; Lohmann et al., 2016). Land-atmosphere
interactions modify energy, momentum, and moisture fluxes through the atmosphere, influ-
encing the formation of convective precipitation events in specific regions (Santanello Jr et al.,
2018; Karki et al., 2018; Gentine et al., 2019). Diurnally, solar radiation activates heat fluxes
from the surface, controlling convection development and rainfall occurrence (Poveda et al.,
2005; Schumacher and Rasmussen, 2020), whereas, the passage of synoptic-scale phenomena
such as the Madden-Julian oscillation and easterly waves cause intra-seasonal variability of
convection and rainfall (Grimm, 2019; Giraldo-Cardenas et al., 2022).

Deep convection can give rise to the formation of organized storm systems. These systems
(here referred to as Mesoscale Convective Systems -MCSs-) groups on a scale larger than in-
dividual storms, have great vertical development and cause extreme weather events (Houze,
2004, 2018; Schumacher and Rasmussen, 2020). MCSs are more frequent in tropical regions
(Houze et al., 2015; Zuluaga and Houze, 2015; Feng et al., 2021), where they affect verti-
cal profiles of energy and humidity, and influence large-scale circulation (Moncrieff, 2010;
Holloway et al., 2017; Houze, 2018). Organized convection poses a characteristic lifecycle
(Houze, 2018; Feng et al., 2021). During the genesis (or initial) stage convective cells of deep
convection are observed. In their mature stage, MCSs grow and develop a stratiform rainfall
region along with new convective cells. Afterward, both convective and stratiform regions
decline in the decaying stage.

Different mechanisms influence the development and organization of MCSs. As MCSs de-
velop, a top-heavy heating profile forms, which is characteristic of stratiform regions (Houze,
2018). This mid to upper-level heating can influence circulation fields and cause the forma-
tion of a mesoscale vortex, contributing to the development of longer-lived MCSs (Yang et al.,
2017; Feng et al., 2018). Downdrafts caused by the evaporation of rainwater (evaporative
cooling) are essential for the development of new convective cells and the movement of MCSs
(Houze, 2004; Schumacher and Rasmussen, 2020). Upon reaching the surface, these cold air
masses spread horizontally, causing the rise of more humid and warmer air. Vertical wind
shear has also been reported to be relevant for convection organization, although the role is
much more complex. A more sheared environment can tilt the convective tower separating
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zones of updrafts and downdrafts, which contribute to a longer duration of convection (Chen
et al., 2015; Schumacher and Rasmussen, 2020). However, the formation of the mesoscale
vortex has been reported to be more favored in low-sheared conditions (see Houze, 2004, and
cited).

Under this framework, the main objective of this chapter is to identify mechanisms behind the
diurnal cycle of rainfall and the organization of convection in distinct regions of the NWSA.
Differences between dry and wet days are compared, and a one-month WRF simulation at CP
resolution is used to take advantage of the physical consistency of the model. The remainder
of the chapter is divided as follows: Section 4.2 presents the methodology for separating
dry and wet days, and for computing composites of different fields; Section 4.3 shows the
mechanisms evidenced and compares findings with other studies; Section 4.4 concludes.
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4.2 Methods

4.2.1 Behind the diurnal cycle of rainfall

Three regions of interest studied in previous chapters were chosen to study the mechanisms
behind the diurnal cycle of rainfall in the NWSA: the Colombian Pacific, the Inter-Andean
Magdalena Valley, and the Colombian Amazon (See Figure 2.1). These regions have dif-
ferences in spatial extension and topographic features, allowing the study of convection
mechanisms in regions with distinct characteristics. To study the diurnal cycle of rainfall,
a simulation with the WRF model between September 18th and October 18th, 2019, was
selected for the analysis (see Chapter 3). The selection of a single simulation obeys the need
to avoid seasonal variations among the patterns that influence convection, which, as shown
in the previous chapter, is significant. In addition, in September-October convection is active
over most of NWSA, causing precipitation in these three regions.

As previously reported, the selected regions have very marked diurnal cycles of rainfall, with
a maximum in the morning (07 LT) in the Pacific, a peak around midnight in the Magdalena
Valley (00 LT), and a maximum during the afternoon (14 LT) in the Amazon. The upper
panels in Figure 4.1 show that diurnal cycles for September-October are consistent with
rainfall diurnal cycles throughout the year and with satellite observations. In this sense, the
one-month simulation between September-October can be used to understand the rainfall
diurnal cycle in these regions.
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Figure 4.1: Upper panels: Diurnal cycle rainfall (lines) and 3-hour MCSs objects (bars) during
the period of the September-October simulation and for the three regions of interest. Results for
the model are depicted in blue, while observations are represented by gray and black colors. Lower
panels: Diurnal cycle rainfall (lines) and 3-hour MCSs objects (bars) for defined dry (blue) and
wet (brown) days.
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Dry and wet days were selected for each region based on simulated rainfall. First, we averaged
precipitation around the hours of maximum amplitude of the diurnal cycle (here referred to
as the maximum rainfall or rainfall peak) in each region. The 20th and 80th percentiles were
used to separate values where averaged rainfall around the rainfall peak is lower and higher,
respectively. This separation resulted in five weak and five strong rainfall peaks in each case.
Then, dry days were defined as 18 hours before and 6 hours after (24 hours in total) rainfall
peaks below the 20th percentile, and wet days are similarly defined around the maximum
rainfall values above the 80th percentile. The selection of the days was done as a function of
the rainfall peak in order to capture the atmospheric environment before, during, and after
the occurrence of diurnal precipitation.

The lower panels in Figure 4.1 display the diurnal cycle of rainfall for wet (blue) and dry
(brown) days. During dry days some rainfall was produced because the simulation period was
very active in terms of convection and rainfall (as shown in the previous chapter). However,
contrarily to dry days, wet days explain the amplitude of the diurnal cycle of rainfall and have
a higher occurrence of convective systems in the regions of interest. As the use of percentiles
is appropriate for comparability, composites of dynamic and thermodynamic variables for
wet and dry days were constructed in each region of interest.

4.2.2 Mechanisms behind organized convection in the Pacific

As a region of great scientific relevance, the Colombian Pacific was selected to analyze mech-
anisms related to the organization of convection. The Colombian Pacific coast is widely
known as a zone of cyclogenesis and high convective activity. Also, it is known as one of
the rainiest regions on Earth. However, most advances in the study of convection over the
Pacific have relied on observational approaches. As the model performed well in representing
convective features in the Pacific (see Chapter 3), a unique opportunity is given to elucidate
mechanisms behind Mesoscale Convective Systems in this region.

In accordance with the methodology used for the diurnal cycle, MCSs that occurred during
wet days (see above for details) were selected for the analysis. As seen in Figure 4.1 MCSs
during wet days are highly related to the rainfall peak and occur mainly during the early
morning and morning hours. A preliminary analysis showed that some simulated MCSs
initiate in the ocean during the afternoon. In order to ensure consistency, only systems that
initiate near the continent were considered for the analysis. This allows capturing typical
MCSs in the region, which form near the coast and propagate toward the ocean. After this,
a total of seven MCSs were selected for the analysis.

Composites of different variables were computed before, during, and after the initiation of
the MCSs, in order to analyze the environments of formation and evolution of MCSs in the
region. Composites were obtained for both mean fields and anomalies. In order to remove
diurnal and seasonal influence, anomalies were computed with respect to the average diurnal
cycle of the September-October period at each pixel and vertical level. Additionally, com-
posites of mean fields and anomalies were calculated in a 1° x 1° region centered on the MCS
geometric centroid.
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On the other hand, composites for the initiation and mature MCS stages were computed.
Here, initiation refers to the first moment when a MCS object is identified, according to
the identification and tracking algorithm ATRACKCS described in Chapter 3. The mature
stage of MCS is simply taken as the moment when it reaches its maximum area during
the entire track. For these two stages, differences in the dynamic and thermodynamic fields
were described to infer possible mechanisms behind the evolution and growth of the systems.
Furthermore, cross-section composites were computed following the movement of the MCS
objects among the initiation and the mature stages to explore mechanisms associated with
the movement and the growth of the systems.
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4.3 Results and discussion

The results of this chapter are presented in two parts. First, the model is used to unveil
physical processes under the diurnal rainfall cycle in three NWSA regions. Second, potential
mechanisms associated with convection organization in the Pacific region are explored.

4.3.1 Diurnal cycle of rainfall

Figure 4.2 shows the distance (longitude) vs time (daytime) composites of lower tropospheric
and upward moisture flux in the Pacific region for the wet and dry days. Notable differences
can be observed between wet and dry days. Wet days showed a stronger moisture flux
towards the Andes mountains, especially during the late afternoon and early evening, trig-
gering moist convection on the western flank of the western Andes mountains. During the
early morning, strong convection developed over the coastline, west of the Baudó mountain
range (topographic bulge located between 77.5°W and 77°W), with a clear propagation pat-
tern towards the ocean during the morning, when maximum rainfall occurs in this region
(around 07 LT).

Previous studies have also reported a moisture flux increase toward the continent during
wet days in the Pacific (Mej́ıa et al., 2021; Riley Dellaripa et al., 2023), especially during
the late night and early morning (Riley Dellaripa et al., 2023). This higher moisture flux is
related to a stronger activity of the Choco low-level jet (Yepes et al., 2019). Furthermore, the
early-morning propagation of convection into the ocean is widely recognized in the Pacific,
especially in observational studies (Jaramillo et al., 2017; Yepes et al., 2020; Mej́ıa et al.,
2021). This ability to represent the westward propagation of moist convection encourages
the development of modeling-based investigations to advance the understanding of convec-
tion in the region, in specific using convection-permitting simulations.

Figure 4.3 shows composites of dynamic and thermodynamic variables relative to the max-
imum rainfall in the Pacific. Wet days were characterized by stronger updrafts than dry
days, even before midnight (more than 8 hours before 07 LT, when the maximum rain takes
place). The environment preceding the rain maximum (up to 12 hours before) has a higher
equivalent potential temperature during wet days, with average differences of 2K, followed
by a temperature drop related to a more stable environment characteristic after strong con-
vective events likely caused by cold pools. Zonal wind shear was also more pronounced
during wet days, with noticeable differences more than 12 hours before the rainfall maxi-
mum. Regarding diabatic heating, more marked heating in mid-to-high levels was observed
with maximum values around the maximum rainfall. To a lesser extent, more marked neg-
ative values were observed during wet days compared to dry days, which can be associated
with stronger evaporative cooling.

The described mechanisms are in agreement with previous studies. Mej́ıa et al. (2021) showed
that wet days in the Pacific are related to enhanced moist static energy at 19LT, which agrees
with the results for equivalent potential temperature. Also, a more sheared environment was
found during precipitation days (Yepes et al., 2019; Mej́ıa et al., 2021). Diabatic heating

66



CHAPTER 4 4.3. RESULTS AND DISCUSSION

Figure 4.2: Mean distance (longitude) and time (diurnal cycle) plot of lower tropospheric (1000-
800 hPa) horizontal moisture flux (left panels) and vertical moisture flux at 700 hPa (right panels)
for wet (upper panels) and dry (lower panels) days in the Colombian Pacific. The convergence
of lower tropospheric moisture flux is represented as purple contours in the right-side panels and
arrows in the left-side panels show 925 hPa horizontal winds. Mean topography is indicated at the
top of the figure. Values were averaged meridionally between 4°N and 6.7°N in the region shown in
S.9.

could be related to the release of latent heat by condensation or the formation of solid-phase
hydrometeors (e.g., see Chapter 2), which could induce feedback with the environment and
enhance convection (Yang et al., 2017; Feng et al., 2018), whereas negative values could
be related to evaporative cooling, inducing stronger downdrafts. However, further research
is needed to understand the role of heat sources and sinks in developing and maintaining
convection in the Pacific. Some insights about this role are reported in the next section.

Figure 4.4 shows meridional humidity fluxes along the inter-Andean Magdalena Valley for
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Figure 4.3: Relative to the diurnal rainfall peak composites for vertically-averaged updrafts (upper
left panel), equivalent potential temperature (upper right panel), 925hPa-700hPa zonal wind shear
(lower left panel), and 500 to 300 hPa diabatic heating (lower right panel) in the Pacific region.
Composites were computed for both dry (gray) and wet (blue) conditions. Shaded areas represent
spatial one standard deviation uncertainties.

wet and dry days. In contrast to dry days, wet days presented an intensified along-valley
flow, with a strong down-valley moisture flux during the afternoon that extends throughout
the valley. Later around 19 LT, the along-valley flow reversed to northerly up-valley winds,
associated with an entrance of humidity from the northwest. Up-valley fluxes, which were
also stronger for wet rather than for dry days, contributed to the transport of moisture to-
wards the middle Magdalena Valley. The evening shift in the along-valley winds produces
a strong low-level convergence in the middle Magdalena (between 6°N and 6.5°N), where
moist convection begins at 20 LT. Subsequently, generated convection propagates to the
north, toward the low part of the valley, where convection is strongest around midnight, and
the highest precipitation rates occur.

Composites relative to the rainfall peak are presented in Figure 4.5 for the Magdalena Val-
ley. As evidenced in the Pacific, updrafts were more notable during wet days and around
the peak of the rainfall. However, the difference between dry and wet days only begins to
be evident about 3 hours before the maximum rainfall, in contrast to the Pacific, where
differences were evident more than 8 hours before the maximum rainfall. Furthermore, in
the Magdalena Valley, the equivalent potential temperature was similar between dry and wet
days before the rain peak, which could indicate that rather than buoyancy-driven convection,
the convergence of winds at low levels triggers moist convection in this region. On wet days
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Figure 4.4: Mean latitudinal and diurnal behavior of 850 hPa humidity flux (contours) and winds
(arrows) for wet (left panel) and dry (right panel) days in the Magdalena valley. Purple contours
depict 0.5 g∗kg−1∗m∗s−1 vertical humidity flux at 500 hPa. Values were zonally averaged between
74°W and 75.2°W in the region shown in S.9.

a decrease in the intensity of the mid-level easterly winds was observed. As in the Pacific,
the diabatic heating behavior follows a similar behavior to the updrafts.

Consistent with findings of Gomez-Rios et al. (2023), winds along the valley determine low-
level convergence and trigger convection in the Magdalena Valley at night. Days with rainfall
occurrence also exhibited a reduction in mid-level winds, suggesting that synoptic-scale vari-
ations can impact convection in the region, nonetheless, more research is needed on the
possible mechanism that explains this relationship.

Figure 4.6 shows the spatial distribution of moisture fluxes, low-level winds, and moist con-
vection, for wet and dry days in the Colombian Amazon. An enhanced low-level moisture
flux was observed during wet days. Low-level fluxes arrive mainly from the Amazon rain-
forest (from the southeast) and the Orinoco River basin (from the northeast), with fluxes
more than twice as large as for dry days. A flow reduction occurred in the vicinity of the
region of interest, resulting in a greater moisture flux convergence and more pronounced
moist convection over the region of interest.

As well as for the Pacific and Magdalena Valley regions, the behavior of different variables
before the rainfall peak in Amazon is illustrated in Figure 4.7. In agreement with previous
regions, wet days in Amazon showed more pronounced updrafts, up to 5 hours before the
maximum precipitation. Similarly to the Magdalena Valley, significant equivalent potential
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Figure 4.5: Relative to the diurnal rainfall peak composites for vertically-averaged updrafts
(upper left panel), equivalent potential temperature (upper right panel), 500hPa zonal winds (lower
left panel), and 500 to 300 hPa diabatic heating (lower right panel) in the Magdalena region.
Composites were computed for both dry (gray) and wet (blue) conditions. Shaded areas represent
spatial one standard deviation uncertainties.

temperature differences were not observed before the maximum rainfall between wet and dry
days. However, the rainfall diurnal cycle in the Amazon seems to be favored by a sheared
environment, with relatively high differences even 12 hours before the rainfall peak. Besides,
diabatic heating in mid-to-high levels exhibited higher positive and negative values. As pre-
viously discussed, this could be associated with both latent heat release by condensation and
evaporative cooling.

Convection and precipitation in the Colombian Amazon have been less studied than in
other regions of NWSA. The Orinoco low-level jet, which is active from November to March
(Jiménez-Sánchez et al., 2019), has been shown to be an important source of moisture for
the NWSA. Particularly, Martinez et al. (2022) and Builes-Jaramillo et al. (2022) highlight
the role of the jet to transport moisture toward the south and produce downwind rainfall. In
addition, moisture transported from the southeast (from the Amazon rainforest) is crucial
to determine convection in the Colombian flatlands (Builes-Jaramillo et al., 2022), which
agrees with the results during wet days. However, the role of other mechanisms such as
wind shear remains less explored. Convection-permitting simulations can serve as a tool to
provide answers about convection and precipitation in the Colombian Amazon.

As a whole, the results of this section show that the model is consistent with previous studies
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Figure 4.6: Magnitude of mean lower tropospheric (1000 to 800 hPa) moisture flux (colored
contours) and horizontal winds at 850 hPa (arrows) in the Amazon. Values were averaged between
02 and 12 LT (12 to 2 hours prior to rainfall maxima). Composites for wet (dry) days are shown in
the left (right) panel. Gray contours represent 0.3 g ∗ kg−1 ∗m ∗ s−1 vertical moisture flux at 500
hPa during the hour of maximum rainfall. The enclosed region shows the location of the Colombian
Amazon.

in different regions of the country, which provides confidence in using the model results to
elucidate potential mechanisms triggering convection in the NWSA.

4.3.2 Mechanisms behind organized convection

Convection in the Colombian Pacific is of great scientific interest due to both the large pre-
cipitation rates in the region and the potential for cyclogenesis. In this section, we study the
formation environments and mechanisms related to convection organization in the Pacific
for the study period.

Figure 4.8 shows the environments prior to the initiation of MCSs during wet days in the
Pacific. Between 12 and 08 hours before MCS initiation, moisture arrived from the south-
west, and as the initiation approached, moisture fluxes shifted westward. It is noteworthy
the marked zonal gradient in the equivalent potential temperature, with higher values in the
continental zone in contrast to oceanic regions (especially between 12 and 04 hours before
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Figure 4.7: Relative to the diurnal rainfall peak composites for vertically-averaged updrafts (upper
left panel), equivalent potential temperature (upper right panel), 925hPa-700hPa zonal wind shear
(lower left panel), and 500 to 300 hPa diabatic heating (lower right panel) in the Amazon region.
Composites were computed for both dry (gray) and wet (blue) conditions. Shaded areas represent
spatial one standard deviation uncertainties.

initiation). This gradient is probably caused by diurnal heating, inducing a sea-land breeze
and favoring the westward moisture flux. Anomalies presented in lower panels of Figure
4.8 revealed a greater flux across the Pacific before thunderstorm formation. Southwesterly
moisture fluxes slightly recurved toward the Andes Mountains (to the west) prior to the initi-
ation of convection. The interaction with the Andean mountains provokes orographic lifting
and initiates convection. Additionally, positive equivalent potential temperature anomalies
were observed prior to the MCS initiation, which is characteristic of a more unstable envi-
ronment and more prone to deep convection. Also, this is consistent with results shown in
Figure 4.3.

Figure 4.9 depicts the MCS-centered composites of winds and equivalent potential temper-
ature anomalies for the initiation and mature stages. Strong convergence was observed at
low levels (850 hPa) during MCS initiation, with a highly unstable environment (positive
equivalent potential temperature anomalies), especially near the center of the system. In
contrast, the mature stage was characterized by a relatively more stable environment at 850
hPa and a less marked low-level convergence. As discussed below, the relatively more stable
signal is apparently caused by cold pools, which favor the development of new convective
cells and support the system. At high levels (200 hPa) clear divergence patterns were ob-
served at both stages indicating deep convection. For initiation, the divergence patterns
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Figure 4.8: Atmospheric environment before the initiation of MCSs in wet days for the Pacific.
Upper panels: composites of lower tropospheric integrated moisture flux (arrows) and equivalent
potential temperature (colored contours) for different hours before the initiation of MCSs. Lower
panels: similar to upper panels but for anomalies. Orange markers in each panel show the location
of the initiation of the MCSs. Units for the reference arrows are 10−5g ∗m−1 ∗ s−1.

were more localized, while in the mature stage, the divergent flow was observed over a larger
extent, which may be associated with a larger system size. On the other hand, mid-level
(450 hPa) fields exhibited notable differences between the initiation and the mature stages.
Specifically, a strong wind convergence was evidenced at mid-levels during the mature stage
(orange square), which is consistent with a cyclonic circulation of around 40 km wide (see
Figure S.10).

A mid-level vortex generates convergence and favors convection aloft (Houze, 2004). Dur-
ing the OTREC field campaign, Mej́ıa et al. (2021) reported a Mesoscale Convective Vortex
(MCV) during the occurrence of a thunderstorm in the Pacific, suggesting that these vortices
play a role in convection organization in the region. WRF simulations at CP resolution have
shown the capacity to represent MCVs (Yang et al., 2017; Feng et al., 2018), especially for
long-lived MCSs. The scale of the simulated vortex is not enough to be considered strictly
as a MCV (diameter less than 50 km). However, the simulated mid-level cyclonic circulation
highlights the capacity of the model to represent these structures, which are essential for
the organization of convection. Besides, these structures are usually weaker in the tropics
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Figure 4.9: MCS-centered composites of anomalies for winds and equivalent potential temperature
at 200 hPa (upper panels), 450 hPa (mid panels), and 850 hPa (lower panels) for the initiation (left-
hand panels) and mature (right-hand panels) MCS stages during wet days. Values were centered
using the geometric centroid of the MCS objects. Orange square in the mature stage shows the
location of strong convergence and cyclonic circulation.

74



CHAPTER 4 4.3. RESULTS AND DISCUSSION

than in mid-latitudes (Houze, 2004) due to the weaker effect of Coriolis force, so they reach
smaller dimensions.

Vertical profiles presented in Figure 4.10 permit to elucidate possible processes behind ob-
served patterns in different levels and stages of the systems. Initiation and mature stages
exhibited considerable differences in heating and mass flux, especially at mid and high lev-
els. In comparison to the initiation, a top-heavier heating profile was evidenced during the
mature stage with mean differences of around 1.5 Kh−1 in mid-levels (500 to 350 hPa).
Increased heating during the mature phase could generate a stronger mid-level convergence
and activate the previously highlighted cyclonic circulation. Mass flux profiles exhibited a
top-heavy behavior for the mature stage of the MCSs, which is characteristic of a system
with a developed stratiform region. This stronger mid- to upper-level convection for the
mature stage could be explained by the enhanced mid-level convergence, generating deep
convection. Similar to these results, Yang et al. (2017) and Feng et al. (2018) highlighted
the role of diabatic heating to enhance mid-level cyclonic circulation contributing to form-
ing longer-lived MCSs. These findings highlight the leading role of diabatic heating in the
development of organized thunderstorms in the Pacific.

In order to understand the described differences in diabatic heating profiles, Figure 4.11
shows the profiles of hydrometeor species during MCSs initiation and mature stages. Consis-
tent with the life cycle of MCSs, the mixing ratio for rain was higher during the mature stage.
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Figure 4.10: Vertical profiles of diabatic heating, mass flux, equivalent potential temperature,
updrafts, and downdrafts for the initiation and mature stage of MCSs identified during wet days in
the Pacific. Profiles were averaged over the region covering Figure 4.9. Shading represents spatial
standard deviation.
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Figure 4.11: Vertical profiles of hydrometeor species for the initiation and mature stage of MCSs
identified during wet days in the Pacific. Profiles were averaged over the region covering Figure
4.9. Shading represents spatial standard deviation.

Compared to the initiation of MCSs, profiles for the mature stage showed a higher amount of
solid-phase hydrometeors (ice, graupel, snow). Ice developed preferentially above 300 hPa,
where homogeneous nucleation can occur (temperatures below -38°C). Snow hydrometeors
formed mainly between 300 and 400 hPa, probably favored by water vapor deposition on
ice crystals. Additionally, between 600 and 500 hPa the largest amounts of graupel were
observed during the mature phase. Graupel production at mid-levels may be associated
with riming, which may be favored by the presence of supercooled water droplets in the
mixed phase region (the freezing point is around 600 hPa). These processes of solid-phase
hydrometeor formation release large amounts of latent heat into the atmosphere, which helps
to explain the differences between the mature phase and the initiation of the systems. These
results are in agreement with the results presented in Chapter 2, where it was shown that
high sensitivities between the microphysics schemes were related to higher latent heat re-
lease caused by the generation of solid-phase hydrometeors. In agreement with Yang et al.
(2017) and Feng et al. (2018), the results of this chapter and those of Chapter 2 suggest
that feedbacks between the system and the large-scale environment may be essential for the
organization of convection in the Pacific, favoring the growth and enhancing the duration of
the systems.

For the purpose of identifying mechanisms related to the evolution of the MCSs, Figure 4.12
shows cross-section composites of winds, mass flux, and rainfall following the movement of
MCSs in the Pacific (to the left in the Figure). MCSs exhibit important features of orga-
nized thunderstorms, in agreement with earlier described mechanisms. In consistency with
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Figure 4.12: Cross section of winds, mass flux, and rain mixing ratio composites in the movement
direction of MCSs objects (towards the left). Horizontal winds were projected to the movement
plane and vertical winds were scaled using a factor of 5. Red contours mean a higher rain mixing
ratio, while blue discontinuous contours represent 0.35 kg∗m−2∗s−1 downdrafts. Only MCS objects
among the initiation and the mature stages were considered for the composites. The upper panel
shows the averaged density potential temperature at the first model level, which was computed
following Drager and van den Heever (2017).

Figures 4.9 and 4.10, divergence in high-levels is observed, as well as top-heavy mass fluxes,
especially in the convective rain region (between 0 and 40 km relative to the centroid). Be-
sides, in the rear (right side of the figure), low and mid-level winds are consistent with the
direction of movement of the system. It is noteworthy that a weak-sheared environment is
observed in mid-levels at the rear of the system, which could favor the development of the
previously described vortex (Houze, 2004).

In the convective-stratiform transition zone (located between 40 and 60 km relative to the
centroid) a region of lower potential density temperature is identified. Density potential tem-
perature is used for the identification of cold pools at the surface (see Drager and van den
Heever (2017) for more information). These cold pools are caused by the evaporative cooling
produced by the evaporation of raindrops when falling. Cold pools in the rear expand hori-
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zontally once reach the surface (Houze, 2004; Schumacher and Rasmussen, 2020), promoting
the continued development of the main convective tower. The convective tower at the rear
(located about 40 km from the centroid) is visibly tilted, consistently with observed shear at
low levels in the convective-stratiform precipitation. Tilting allows the convective tower to
continue to develop as downdrafts fall from the cloud (Schumacher and Rasmussen, 2020).
Further research is required on the role of wind shear in the organization of convection in
the Colombian Pacific.

Between low and mid-levels (between 800 and 600 hPa), strong downdrafts within the cloud
are observed with a magnitude of 0.35 kg ∗m−2 ∗ s−1, which is comparable to the convective
mass flux at mid-levels. These downdrafts occur just in the rear of the convective towers
located around -30 and 10 km, where they could enhance the ascent of air in the convective
towers at low to medium levels. The vertical profile of the downdrafts depicted in Figure
4.10 also highlights that in the mature stage, downdrafts are more marked than during
the initiation, especially between low to mid-levels, indicating that downdrafts are relevant
mechanisms for the development of the MCSs. As the system evolves, these downdrafts en-
hance the ascent of new convective cells contributing to the storm’s development. Last but
not least, in the front of the systems a low-level current extending up to 800 hPa moves in
the direction of the MCS. The presence of this low-level current is characteristic of externally
driven MCSs (Schumacher and Rasmussen, 2020), favoring conditions for convergence in the
front of the system and enhancing the convective cell near -30 km in relation to the storm
centroid. The interaction between this low-level flow and the downdrafts could cause the
genesis of new convective cells in the front of the system, promoting its propagation and
organization.
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4.4 Conclusions

In this chapter, the main mechanisms behind the diurnal cycle of rainfall in different regions
of the NWSA and the organization of convection in the Colombian Pacific were identified.
For this purpose, a one-month WRF convection-permitting simulation was used, covering a
period between September and October 2019. Results from previous chapters showed that
the implemented configuration of the WRF model has a good capacity to capture the diurnal
cycle of precipitation and the main features of MCSs. For each region, dry and wet days
were defined using the 20th and 80th percentiles of the average rainfall around the maximum
rainfall peak.

The results showed that low-level moisture fluxes contributed to explaining the diurnal rain-
fall cycle in the regions of interest. The well-known Choco low-level jet exhibited greater
activity for the studied period in the Pacific. The associated low-level moisture flux favors
convection once it interacts with the Andes mountain range. Wet days in the Magdalena
Valley were characterized by an intensification of down-valley moisture flux during the af-
ternoon and up-valley during the night, strengthening low-level convergence and enhancing
nocturnal convection. In addition, for the Colombian Amazon, low-level moisture trans-
ported from the Amazon rainforest and the Venezuelan plains was notably greater during
wet days.

In general, relative to the rainfall peak analysis showed higher convection on wet days and
especially around the rainfall maximum. In the Pacific, the equivalent potential temperature
and zonal wind shear displayed higher values on wet days, especially before the hour of max-
imum rainfall intensity. After the diurnal rainfall peak, the equivalent potential temperature
decreased and a less sheared environment was observed. In the inter-Andean Magdalena Val-
ley, the equivalent potential temperature before peak rainfall was relatively similar between
dry and wet days. However, the zonal wind at mid-levels exhibited a significant reduction in
intensity, with notable differences before and after the maximum rainfall, which suggests a
synoptic influence on convection over the region. Finally, in the Amazon region, the equiva-
lent potential temperature also showed no significant differences between wet and dry days,
while a more sheared environment was identified on wet days. These results highlight some
variables that could be useful for the predictability of rainfall in the different regions.

When studying the organization of storms in the Colombian Pacific, a higher activity of
the Chocó jet and positive anomalies of the equivalent potential temperature were evident,
showing this is a favorable environment for the initiation of MCSs. Once developed, MCSs
exhibited important differences between the initiation and the mature stages, revealing pos-
sible mechanisms associated with the evolution of the systems. Specifically, the mature stage
showed stronger divergence at high levels and convergence at mid-levels related to a mid-
level vortex at 450hPa, which enhances mid to high-level convection. In agreement with
previous studies, diabatic heating generated by water phase changes can influence mid-level
circulation fields and enhance convergence into the system. The formation of solid-phase
hydrometeors above 600 hPa during the mature stage is consistent with mid- to upper-level
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heating patterns. These results along with the high sensitivities to the microphysics schemes
reported in Chapter 2 suggest that feedbacks between the MCSs and the surroundings may
contribute to the development and organization of convection in the region.

A cross-section analysis following the direction of displacement of MCSs provided insights
into the mechanisms related to the motion and organization of the convection. At the rear
of the event, winds showed relatively even patterns at different levels with a direction con-
sistent with the displacement of the systems. Furthermore, the wind shear was weak, which
could support a coherent structure of the convective towers. On the other hand, the influ-
ence of cold pools at the transition between the convective and stratiform rain regions can
favor the continued development of the main convective tower. Similarly, strong downdrafts
within the cloud appear to contribute to the development of convective cells, while in the
front of the MCSs, a coherent towards-the-system flow at low levels was evidenced, favoring
convergence at the front of the system and permitting the development of new convective
cells. This ability of convection-permitting simulations to reproduce mechanisms related to
organized MCSs in the Pacific has not been previously reported in other studies.

In general, the results presented in this chapter highlight the utility of convection-permitting
simulations to elucidate possible mechanisms behind the occurrence of precipitation and or-
ganized convection in different regions. Future analyses could consider the study of convec-
tion and precipitation during this and other seasons. Besides, further research is required to
study convection in different regions. The implementation of convection-permitting simula-
tions can provide answers about mechanisms triggering convection in NWSA.

80
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future research

This research analyzed the representation of Convective Systems (CSs) and precipitation
in northwestern South America (NWSA) using convection-permitting simulations. WRF
simulations were performed at 4 km resolution covering the continental NWSA. A set of ex-
periments were carried out with three Microphysics (MP) and two Planetary Boundary Layer
(PBL) parameterization schemes to study the processes causing high sensitivity to the selec-
tion of parameterizations. Subsequently, four one-month-length simulations under different
hydro-climatological conditions were developed to assess the spatio-temporal representation
of CSs in the NWSA and to identify mechanisms behind the organization of convection
and precipitation occurrence. Model evaluation was based on satellite-measured brightness
temperature and precipitation. An object-based evaluation was also performed using a CSs
identification and tracking algorithm. The main findings of this research are presented below.

Simulations with different parameterization schemes were able to represent the spatio-temporal
behavior of precipitation, with better results for the less computationally expensive WSM6
(MP) and YSU (PBL) parameterization schemes. MP and PBL schemes exerted a high
sensitivity to simulated rainfall, with large differences in the Colombian Amazon and Pacific
regions. A more detailed study of sensitivity simulations revealed key processes behind the
representation of precipitation in these regions. We observed that PBL schemes not only
influenced low-level dynamics and turbulent fluxes but also vertical cloud distribution in
the Amazon. On the other hand, in the Pacific region MP schemes influenced cloud de-
velopment through latent heat release caused by solid-phase hydrometeor formation. These
results suggest that modeling studies should carefully consider both the selection of MP and
PBL schemes due to their sensitivity to represent rainfall in NWSA.

While assessing the spatio-temporal representation of Convective Systems, the model ad-
equately represented the seasonal variations in the occurrence of CSs in NWSA, which is
consistent with the latitudinal migration of the ITCZ. WRF also captured the diurnal cycle
of CSs and precipitation in different regions of the country, with nocturnal convection in
northwestern Colombia, a notable oceanic hotspot during the morning in the Colombian Pa-
cific, and a diurnal maximum in the Savannas-Amazon flatlands. Regarding the features of
the CSs, WRF underestimated the area and overestimated the intensity, although it captured
the evolution of CSs from the initiation to the dissipation stages. Also, the model correctly
captured the initiation hour, especially for systems lasting less than 10 hours. Consistent
with observations, simulated CSs propagated westward and presented higher speeds on the
Amazon-Savannas flatlands, whereas lower velocities were observed over and to the west of
the Andes. In general, convective patterns are associated with the seasonality of low-level
winds and moisture, which are highly modulated by the Choco and Orinoco low-level jets.
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A more detailed study of a one-month simulation permitted the identification of mechanisms
related to the diurnal cycle of precipitation in the Pacific, the Magdalena Valley, and the
Colombian Amazon, as well as the mechanisms behind the organization of convection in the
Pacific. The main findings of these results showed an increase in low-level moisture fluxes on
days with a marked diurnal rainfall cycle (wet days) in the three regions of interest. Partic-
ularly, in the Pacific region, greater activity of the Choco low-level jet was evidenced along
with a more unstable and sheared environment during wet days. In the Magdalena Valley,
an intensification of down-valley and up-valley fluxes was observed during wet days, as well
as weaker easterlies than during dry days. More marked wind shear and enhanced mois-
ture transport from the Amazon rainforest and Venezuelan plains were present during wet
days in the Colombian Amazon. Regarding convection organization in the Pacific, anoma-
lies in moisture fluxes toward the continent and a more unstable atmosphere characterized
the environment before the initiation of the events. CSs during the mature stage exhibited
a mid-level vortex apparently caused by latent heat released during ice-phase hydrometeor
formation. As a crucial mechanism, the vortex enhanced mid-level convergence producing a
top-heavy mass flux profile. Furthermore, the development of the storms seems to be favored
under a less-sheared environment in the rear, with cold pools in the convective-stratiform
transition region. In the front of the CSs, a low-level current and downdrafts within the cloud
promoted the development of convective cells, contributing to the organization of convection
in the Pacific.

According to a literature review, this is the first effort to assess the representation of CSs
in the region using subcontinental convection-permitting simulations, providing insights into
the strengths and weaknesses in the simulation of CSs in NWSA. The main results demon-
strate the usefulness of convection-permitting simulations to study mechanisms behind con-
vection and encourage the development of future modeling studies in NWSA. Due to the
importance of parameterization schemes, further research is required to study the sensitiv-
ity for convection representation in NWSA, including longer periods and sensitivity to more
schemes. A detailed object-based evaluation, involving the segregation of convective features
into isolated deep convection and organized MCSs, can improve the understanding of the
model’s capacity to represent convection in the region. Finally, more investigations into the
understanding of the wide spatio-temporal variability of convection in NWSA are required,
especially using convection-permitting simulations.
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Jiménez, P. A., Dudhia, J., González-Rouco, J. F., Navarro, J., Montávez, J. P., and Garćıa-
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Supplementary material

Figure S.1: Convective events that occurred in different regions of the country during the study
period.
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Figure S.2: Differences between satellite-derived (GPM) precipitation and model-derived precip-
itation (WRF) using the different parameterization schemes. WRF data were linearly interpolated
to the GPM grid in order to do the subtraction.
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Figure S.3: Taylor diagrams for different dynamic and thermodynamic variables measured by the
OTREC soundings. Error metrics were calculated for the vertical and temporal behavior of the
variables.
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Figure S.4: Mean rainfall simulated by YSU (left) and MYNN (mid), and differences (right).
Simulations of each PBL scheme are an average computed with the three PBL schemes. The
Amazon region is delimited by black discontinuous lines.
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Figure S.5: Mean rainfall simulated by WSM6 (upper left), THOM (upper center), and MORR
(upper right) MP parameterization schemes. The lower panels show differences between schemes:
WSM6-THOM (lower left), THOM-WSM6 (lower center), and MORR-WSM6 (lower right). Simu-
lations of each MP scheme are an average computed with the two PBL schemes. The Pacific region
is delimited by black discontinuous lines.
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Figure S.6: Mean observed (upper panels) and simulated (lower panels) hourly precipitation for
the different study periods.
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Figure S.7: Observed (left panel) and simulated (right panel) hours of maximum precipitation in
NWSA for the whole study period. Red colors represent maximum rainfall during the afternoon
and night, while blues indicate an early morning and morning maximum.
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Figure S.8: Spatial distribution of observed (upper panels) and simulated (bottom panels) mean
area, standardized rainfall, and duration of CSs.
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Figure S.9: Regions for zonal and meridional composites in the Pacific (left rectangle) and Mag-
dalena Valley (right rectangle).
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Figure S.10: Composites of anomalies for winds and relative vorticity at 450 hPa during the
mature stages. Composites were performed for the region delimited by the orange square of Figure
4.9.
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