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ABSTRACT

Convection-permitting modeling allows us to understand mechanisms that influence rainfall in specific regions.
However, microphysics parameterization (MP) and planetary boundary layer (PBL) schemes remain an important
source of uncertainty, affecting rainfall intensity, occurrence, duration, and propagation. Here, we study the sensitiv-
ity of rainfall to three MP [Weather Research and Forecasting (WRF) Single-Moment 6-class (WSM6), Thompson,
and Morrison] and two PBL [the Yonsei University (YSU) and Mellor—Yamada Nakanishi Niino (MYNN)] schemes
with a convection-permitting resolution (4 km) over northwestern South America (NWSA). Simulations were per-
formed by using the WRF model and the results were evaluated against soundings, rain gauges, and satellite data,
considering the spatio-temporal variability of rainfall over diverse regions prone to deep convection in NWSA. MP
and PBL schemes largely influenced simulated rainfall, with better results for the less computationally expensive
WSM6 MP and YSU PBL schemes. Regarding rain gauges and satellite estimates, simulations with Morrison MP
overestimated rainfall, especially westward of the Andes, whereas the MYNN PBL underestimated precipitation in
the Amazon—Savannas flatlands. We found that the uncertainty in the rainfall representation is highly dependent on
the region, with a higher influence of MP in the Colombian Pacific and PBL in the Amazon—Savannas flatlands.
When analyzing rainfall-related processes, the selection of both MP and PBL parameterizations exerted a large influ-
ence on the simulated lower tropospheric moisture flux and moisture convergence. PBL schemes significantly influ-
enced the downward shortwave radiation, with MYNN simulating a greater amount of low clouds, which decreased
the radiation income. Furthermore, latent heat fluxes were greater for YSU, favoring moist convection and rainfall.
MP schemes had a marked impact on vertical velocity. Specifically, Morrison MP showed stronger convection and
higher precipitation rates, which is associated with a greater latent heat release due to solid-phase hydrometeor form-
ation. This study provides insights into assessing physical parameterizations in numerical models and suggests key
processes for rainfall representation in NWSA.
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1. Introduction mechanisms, and environments associated with rainfall
occurrence at various scales. However, some processes

Precipitation is essential for water security and risk that occur at a sub-grid scale (higher resolutions than
management. Numerical models are helpful tools for un- those of models), such as microphysics, boundary layer
derstanding non-linear and highly complex processes, fluxes, and cumulus formation, need to be parameterized,
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which add uncertainty to model results (Stensrud, 2007).
Specifically for precipitation, simulations with cumulus
parameterizations turned off (convection-permitting sim-
ulations) usually give better results than simulations us-
ing convection parameterizations (Woodhams et al., 2018;
Gutowski et al., 2020). In addition to cumulus convec-
tion schemes, the impact of microphysics and boundary
layer processes has also been highlighted in rainfall rep-
resentation (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, which govern the cloud
particle populations and are highly relevant for precipita-
tion development (Morrison et al., 2020). Furthermore,
the phase changes of water vapor, also represented by
MP schemes, affect the latent and sensible heat fluxes
(Morrison et al., 2020), influence the atmospheric dy-
namics (Efstathiou et al., 2013), and induce convective
patterns. There are different approaches to parameterize
cloud microphysics, including “bulk” schemes that simu-
late the mixing ratio (single moment) or both the mixing
ratio and number concentration (double moment) for dif-
ferent hydrometeor species, and “spectral” (or bin)
schemes that represent the hydrometeor population in-
cluding the particle size distribution (Khain et al., 2015;
Morrison et al., 2020). As bin schemes have a more de-
tailed representation of microphysical processes, they are
computationally more expensive, making them less vi-
able for operational tasks and even research.

Several studies have shown high sensitivity of rainfall
representation to MP schemes (Feng et al., 2018;
Martinez-Castro et al., 2019; Das et al., 2021). In fact,
MP are crucial to adequately forecast the characteristics
of severe storms (Gorja et al., 2023; Shu et al., 2023) and
tropical cyclones (Mohan et al., 2019; Zhao et al., 2020).
Simulating an extreme rainfall event on the Korean Pen-
insula with four MP schemes, Jo et al. (2023) found large
differences in accumulated rainfall and the time and loca-
tion of maximum rainfall. Similarly, Liu et al. (2018)
found that MP modifies rainfall amounts, stratiform rain-
fall production, and cloud properties. For a severe rain-
fall event in India, Thomas et al. (2021) exhibited high
sensitivity to MP schemes, impacting thermodynamic
profiles and convection. Feng et al. (2018) studied rep-
resentation of mesoscale convective systems (MCSs) by
different MP schemes, demonstrating the role of diabatic
heating in enhancing mid-level convergence that contrib-
utes to form more long-lived MCSs. Furthermore, Huang
et al. (2020) studied how different bulk MP schemes im-
pact the simulation of an extreme rainfall event in China.
Sensitivities were also associated with differences in the
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latent heat released and the evaporative cooling.

On the other hand, planetary boundary layer (PBL)
processes determine the exchange of momentum, energy,
and moisture between the earth’s surface and the free at-
mosphere, which plays a crucial role in rainfall develop-
ment. PBL processes are turbulent and highly non-linear
owing to the heterogeneity of the terrain and the surface
differential heating (Lehner and Rotach, 2018). There are
two main approaches to parameterize turbulent fluxes in
the boundary layer, namely local and non-local closure
schemes (Cohen et al., 2015). Local PBL schemes use
conditions and gradients in each vertical layer to estim-
ate fluxes (Nakanishi and Niino, 2006), assuming that
turbulence is analogous to molecular diffusion, while
non-local schemes consider conditions throughout the
boundary layer (Hong et al., 2006b), acknowledging that
turbulence is a superposition of eddies of different scales,
such that larger eddies can transport fluid across a finite
distance before smaller eddies can cause mixing (Stull,
1988). Previous studies have assessed the impact of PBL
schemes using these two approaches (Que et al., 2016;
Comin et al., 2021; Zhu et al., 2022), with non-local
schemes producing larger vertical mixing and rainfall.

Notable sensitivities among PBL schemes in determin-
ing the rainfall’s timing, intensity, and spatial distribu-
tion have been previously reported (Klein et al., 2015;
Qian et al., 2016; Chawla et al., 2018; Srinivas et al.,
2018). Taraphdar and Pauluis (2021) even found a higher
sensitivity to PBL than to MP schemes in the rainfall
simulation, with differences of up to 40% in total rainfall
when using different PBL schemes. In tropical regions,
the selection of PBL schemes significantly impacts simu-
lated moisture fluxes, convective initiation, and precipita-
tion (Qian et al., 2016). Also, simulating an extreme rain-
fall event in India, Srinivas et al. (2018) showed that the
PBL schemes changed the upper atmosphere circulation,
energy transport, moisture convergence, and convection
intensity. Recently, Hu et al. (2023) studied the relation-
ship between vertical mixing clouds and precipitation in
the Amazon basin, finding that PBL schemes impact day-
time cloud dissipation, influencing downward radiation,
convective available potential energy (CAPE), and rain-
fall. Evaluating the representation of MCSs, Prein et al.
(2022) reported a high dependence on MP in the Great
Plains, but more sensitivity to PBL in the Amazon basin,
which reflects the importance of evaluating the perform-
ance of distinct groups of schemes in different regions.

In northwestern South America (NWSA), a region of
intense convection and high rainfall occurrence (Jara-
millo et al., 2017; Hernandez-Deckers, 2022), previous
studies have shown the impacts of MP and PBL paramet-
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erization schemes on rainfall representation. Moya-
Alvarez et al. (2020) studied the influence of PBL
schemes on rainfall forecasting in the central Andes of
Pert and found significant differences in convection
between schemes, conditioning rainfall amounts. In the
Ecuadorian Andes, Junquas et al. (2022) highlighted a
marked influence on the diurnal behavior of rain of dif-
ferent MPs. In Colombia, it has been reported that the se-
lection of MP schemes affected rainfall propagation off-
shore of the Colombian Pacific coast (Yepes et al.,
2020). Also, while studying the moisture transport by the
Orinoco low-level jet (LLJ), Martinez et al. (2022) found
that the selection of PBL parameterization induced dif-
ferences not only in horizontal moisture flux but also in
downwind precipitation. In the same way, for a sensitiv-
ity analysis between three MP schemes, Gomez-Rios et
al. (2023) showed spatiotemporal differences in rainfall
patterns in the inter-Andean Magdalena valley.

More specifically, some extreme precipitation events
related to strong convection have been reported in
Colombia with important implications on infrastructure
and human lives loss, such as those in Salgar in 2015
(Hoyos et al., 2019) and Mocoa in 2017 (Martinez et al.,
2021). Moreover, although previous sensitivity studies
exist for the region, they do not analyze the processes be-
hind the representation of precipitation, are developed for
specific regions, or do not perform convection-permit-
ting simulations, which show the need to strengthen the
modeling experiments for understanding physics con-
trolling rainfall in Colombia and NWSA.

In this work, we study the sensitivity of rainfall to MP
and PBL schemes in NWSA at convection-permitting
resolution (4 km), involving an analysis of key processes
behind rainfall, such as cloud cover fraction and vertical
distribution, moisture transport, and latent heat release.
Simulations are performed with the Weather Research
and Forecasting (WRF) model and evaluated against
satellite data, which are helpful both for model evalu-
ation and elucidating regions with higher sensitivity. The
remainder of the document is structured as follows. Sec-
tion 2 presents the description of the study area and the
modeling experiment. Section 3 contains the evaluation
of the model parameterizations, the analysis of processes
that control the sensitivity, and discusses the main res-
ults in the light of previous studies. Finally, Section 4 is
the conclusions of this study.

2. Data and methods

2.1 Study area and period

NWSA is a tropical region in the northernmost part of
South America (Fig. 1) with a hydroclimatology driven
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mainly by the meridional shift of the Intertropical Con-
vergence Zone (ITCZ) and by the seasonal variations of
three LLJs known as the Caribbean, Orinoco, and Choco
jets (Poveda et al., 2006; Torrealba Rincon and Amador
Astaa, 2010; Poveda et al., 2014; Builes-Jaramillo et al.,
2022). The Andes mountain range crosses the region in-
to three branches, forming environments that favor con-
vection and rainfall (Rydbeck et al., 2017; Gomez-Rios
et al.,, 2023). The combination of these factors causes
high spatiotemporal variability of convection and precip-
itation in NWSA.

According to previous studies, some regions in NWSA
are prone to deep convection and rainfall occurrence
(Jaramillo et al., 2017; Urrea et al., 2019; Hernandez-
Deckers, 2022): (1) the Colombian Pacific coast (Yepes
et al., 2019; Mejia et al., 2021), which is known as one of
the rainiest places on earth and where the Choco LLJ
takes place; (2) the Magdalena valley (Hernandez-Deck-
ers, 2022; Gomez-Rios et al., 2023), with strong local-
ized convection due to intra-valley processes; (3) the
Colombian Caribbean coast (Albrecht et al., 2016;
Martinez et al., 2021), a lightning hotspot where sea—land
breezes interact with topography causing moist convec-
tion; (4) the gulf of Maracaibo in Venezuela (Albrecht et
al., 2016; Hernandez-Deckers, 2022), another well-
known lightning hotspot; and (5) the Amazon-Orinoco
basins (Builes-Jaramillo et al., 2022; Martinez et al.,
2022), two vast and relatively flat regions with LLJ influ-
ence and high precipitation rates. Figure 1 shows these
six regions in which we focused our assessment.

The model simulations were performed during a 7-day
period (18-25 September 2019). The simulation period
was relatively short due to the computational burden of
convection-permitting simulations; however, this period
was carefully selected to perform the sensitivity analysis
for two main reasons: i) the relatively short but informa-
tion intensive OTREC (Organization of Tropical East Pa-
cific Convection) field campaign (Fuchs-Stone et al.,
2020) included this period, with available data from
soundings at two regions with high convective activity,
but scarce observations, which are Nuqui in the Pacific
coast and Puerto Triunfo in the Magdalena valley (Fig.
1); and ii) the high and widespread convective activity in
September for NWSA (Hernandez-Deckers, 2022), espe-
cially during the study period, which exhibited signific-
ant convective events across the regions (Supplementary
in Fig. S1).

2.2 Modeling experiment

The WRF model v4.2 (Skamarock et al., 2019) was
used in this study, following a two-domain (one-way nes-
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soundings launched during the study period.

ted) strategy with a resolution of 12 km in the external
domain (parameterized convection) and 4 km in the in-
ner domain (convection-permitting), where all the ana-
lyses were focused. Simulations were initialized with the
fifth-generation ECMWF Reanalysis (ERAS) with a spa-
tial resolution of 0.25°, and with boundary conditions up-
dated every 3 hours. Sixty-five vertical levels were con-
sidered, and the time step was set to 48 s in the external
domain. Additional details of the model configuration are
found in Table 1.

Figure 1 shows the spatial extent of the domains. The
outer domain covers northern South America, attempt-
ing to capture large-scale winds at low and medium
levels, humidity fluxes from the Atlantic, and moisture
from terrestrial evapotranspiration, identified as import-
ant moisture sources in the region (Sakamoto et al., 2011;
Hoyos et al., 2018; Ruiz-Vasquez et al., 2020; Escobar et
al., 2022). This domain also contains the regions where
the three previously mentioned LLJs occur. The inner do-
main covers Colombia, Ecuador, and most of Panama
and Venezuela, as well as northern Peru, the upper part
of the Brazilian Amazon basin, and the six regions de-
scribed in Section 2.1.
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Table 1. Summary of the WRF configuration for the performed simu-
lations

Model parameter Domain 1 Domain 2
Domain size 292 x 275 511 x 622
Grid size 12 km 4 km
Vertical level 65 65
Initial condition ERAS ERAS
Boundary condition ERAS Domain 1
Physical parameterization
WSM6 WSM6

Microphysics Thompson Thompson

Morrison Morrison
Planetary boundary layer Ysu Ysu

MYNN level 2.5  MYNN level 2.5

Cumulus New Tiedtke Off
Surface layer Noah-MP Noah-MP
Shortwave radiation Dudhia Dudhia
Longwave radiation RRTM RRTM

Three MP and two PBL parameterization schemes
were used to analyze the rainfall sensitivity, representing
a total of six WRF simulations. For MP, the implemen-
ted schemes were the WRF Single-Moment 6-class
scheme (WSM6; Hong et al., 2006a), which considers six
different types of hydrometeors and simulates the mix-
ing ratio of these species (single-moment); the Thompson
scheme (THOM; Thompson et al., 2008) that predicts the
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mixing ratio for 6-class hydrometeors and number con-
centrations (double-moment) for ice and rain; and the
Morrison double-moment scheme (MORR; Morrison et
al., 2009), which predicts the mixing ratio of 6-class hy-
drometeors, and number concentrations for ice, snow,
rain, and graupel. For PBL, the two schemes implemen-
ted were the Yonsei University (YSU; Hong et al,
2006b) and the Mellor—Yamada Nakanishi Niino level
2.5 (MYNN; Nakanishi and Niino, 2006; Olson et al.,
2019). YSU is a non-local first-order closure PBL
scheme that includes an explicit treatment of entrain-
ment in the PBL top. Non-local mixing in this scheme is
represented using a counter-gradient term in the diffu-
sion equation. On the other hand, MYNN is a 1.5-order
TKE-based closure scheme with closure constants based
on results of Large Eddy Simulations (LES). MYNN also
includes a partial condensation approach to account for
the effects of subgrid-scale clouds on the turbulent
fluxes. In recent WRF versions, an eddy-diffusivity
mass-flux approach is also used to account for non-local
mixing in the PBL (Olson et al., 2019). Despite having
differences in the level of complexity, these schemes are
well known for providing good results in other regions
(Tian et al., 2017; Reshmi Mohan et al., 2018; Yafez-
Morroni et al., 2018; Gbode et al., 2019; Martinez-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 MMS5 (fifth-generation meso-
scale model) surface layer scheme (Jiménez et al., 2012),
the Noah-MP land-surface model (Niu et al., 2011), the
Dudhia (Dudhia, 1989) shortwave radiation scheme, and
the Rapid Radiative Transfer Model (RRTM; Mlawer et
al., 1997) for longwave radiation.

2.3 Model evaluation

Model evaluation was based on satellite information,
covering the whole region at high temporal resolution.
The IMERG (integrated multi-satellite retrievals for
GPM) Final Run product from the Global Precipitation
Measurement (GPM) satellite network was used to evalu-
ate the simulated rainfall due to its high spatial (0.1°) and
temporal (30 min) resolutions (NASA, 2019). Also, for
completeness, we included precipitation measurements
from the Institute of Hydrology, Meteorology and Envir-
onmental Studies (IDEAM) and Corantioquia (Piragua
network) rain gauges. However, the evaluation was not
focused on this information due to its limited spatial cov-
erage (the network is focused on populated areas), and
the type of evaluation metrics implemented (described
below). Additionally, given the relationship between ver-
tical cloud development and low brightness temperature
(BT) values, we assessed the model’s ability to simulate
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deep convective clouds using the BT information from
MERGIR (NASA, 2017), which merges data from geo-
stationary satellites worldwide at spatial and temporal
resolutions of 4 km and 30 min, respectively.

Furthermore, soundings from the OTREC project were
also included in the evaluation of vertical profiles from
0000 UTC 19 to 0000 UTC 24 September. These sound-
ings contain valuable information about atmospheric dy-
namics and thermodynamics, useful to evaluate the simu-
lations. Specifically, profiles of zonal and meridional
winds, relative humidity, and equivalent potential tem-
perature were used for the comparison with the simula-
tions. Information from soundings is available twice a
day (0000 and 1200 UTC) from two locations: Nuqui on
the Colombian Pacific coast (5.71°N, 77.27°W) and Pu-
erto Triunfo in the Magdalena valley (5.9°N, 74.72°W).
Additional soundings were launched at 0600 and 1800
UTC during days of intense operation periods. Fuchs-
Stone et al. (2020) and Mejia and Poveda (2020) de-
scribed the OTREC field campaign in more detail.

We used different metrics to evaluate the performance
of the simulations. We linearly interpolated WRF and
satellite fields to a common grid with a 12-km x 12-km
spatial resolution. First, we applied traditional verifica-
tion metrics based on 2 X 2 contingency tables to the pre-
cipitation fields (Wilks, 2011). In these methods, a table
is created using the number of times the model captures
whether or not rainfall will overcome a certain percentile
(an event). Several skill metrics can be computed by us-
ing this strategy, including the probability of detection
(POD), false alarm ratio (FAR), and critical success in-
dex (CSI). Particularly, the CSI (also known as Threat
Score) accounts for the model’s ability to represent ob-
served events relative to the times that the event was both
simulated and observed. It accounts not only for the
number of successes but also those relative to the errors.
The CSI method for a given pixel and the whole study
period was calculated in Eq. (1), where hits (Hi) are ob-
served events simulated by the model, false alarms (Fa)
are simulated but not observed events, and misses (Mi)
are observed events that were not simulated.
3 Hi
" Hi-Fa-Mi’

Traditional evaluation metrics use a pixel-to-pixel
strategy, which penalizes small spatial biases in the model.
Metrics such as the Fractions Skill Score (FSS; Roberts
and Lean, 2008) were developed to overcome this issue.
The FSS compares the ratio of pixels that exceed a
threshold in the model and observations in a spatial
rolling window for a given time step, avoiding double
penalties. A variation of the original skill metric called

CSI (1)
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Localized FSS (LFSS; Woodhams et al., 2018) was used
here, which is similar to the original but allows repres-
enting the spatial performance of the model, helping to
describe differences by region. Equation (2) details the
procedure to calculate the LFSS. The metric was com-
puted for a neighborhood centered in the pixel 7, j and av-
eraged over k£ time steps. The numerator on the right-
hand of Eq. (2) is the mean squared error (MSE) of the
number of pixels exceeding the threshold in observation
F,;; and simulations F;;, while the denominator rep-
resents a low-skill MSE, which is used as a reference.

n 2
Sy (Foijk = Foijk)

k=1\Fo,ijk T Vs jik

()

3. Results

The results section is divided into two parts. First, we
present the evaluation of the different MP and PBL simu-
lations, describing the main differences among the
schemes. Subsequently, we analyze processes that can
explain the sensitivity to MP and PBL parameterizations

in specific regions.
3.1 Model evaluation

Figure 2 shows the mean spatial distribution of rain-
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fall during the study period for both observations and
simulations. GPM-derived rainfall (upper left panel) in-
dicates higher precipitation rates to the west of Colom-
bia (Pacific region) and to the north of the domain (Lake
Maracaibo and Magdalena valley), with less and more
scattered rain over other regions. Similarly, rain gauges
(lower left panel) exhibit more rainfall in the northwest
and less over the Andes Mountain range, with some dif-
ferences regarding satellite data. These differences occur
as the rain gauge network is more dense in the Andean
zone and also constrained to continental areas, which
does not allow capturing the main rainfall hotspots evid-
enced in the Colombian Pacific and the Maracaibo Lake.
Nevertheless, it is noteworthy that satellite information is
useful for capturing the spatiotemporal variability of
rainfall and evaluating the performance of the simula-
tions. In general, the simulations represented the main
features of the spatial distribution of rainfall in the differ-
ent regions. However, compared to observations, the
model overestimated the precipitation magnitude, espe-
cially towards the north and west of the country.

MP and PBL parameterization schemes exhibited not-
able differences in the simulated rainfall fields. In rela-
tion to PBL, the simulations performed with YSU resul-
ted in more precipitation, notably in the Savannas and
Amazon regions, as well as in northern Pert. In relation
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Fig. 2. Spatial distributions of mean precipitation during the study period for the whole region. Satellite information (GPM) and rain gauges
(IDEAM and Piragua) are depicted on the left panels of the figure, followed by the results of the WRF simulations. Parameterization schemes

were plotted as a function of their complexity.
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to MP, MORR shows more rainfall in general, but there
is an especially large overestimation in the Pacific re-
gion, while WSM6 and THOM are closer to observa-
tions and correctly allocated the maximum to the south of
the Colombian Pacific coast. Particularly, WSM6 pro-
duces a rain patch further from the coastline than THOM
and MORR, indicative of the offshore propagation of
convective systems in the region (Mejia et al., 2021).

Time series of cumulative rainfall are presented in
Fig. 3 for the six regions. Satellite precipitation showed a
similar variability to that from rain gauges, with some
differences in magnitude in certain regions. Of note is
that the number of stations and the area coverage of rain
gauges are limited, and thus time series derived from
gauges are not directly comparable to model or satellite-
derived data (Urrea et al., 2019; Vallejo-Bernal et al.,
2021; Valencia et al., 2023). Simulations captured the oc-
currence of most rainfall events during the study period,
with differences in intensity. In particular, the model
overestimated precipitation in regions influenced by
mountains, such as Maracaibo, Magdalena valley, Carib-
bean, and Pacific. At the same time, cumulative rainfall
was underestimated in regions where orography is relat-
ively flat, such as Savannas—Amazon. In NWSA, the
overestimation of precipitation in convection-permitting
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simulations was previously reported in topographically-
influenced regions such as the Magdalena valley
(Gomez-Rios et al., 2023). However, the underestima-
tion in mostly flat regions such as the Amazon—Savan-
nas had yet to be reported previously, as these regions
have been less studied.

Cumulative rainfall was largely affected by the MP
and PBL schemes in the six regions (Fig. 3). First, simu-
lations using the MYNN local PBL scheme (dashed
lines) produced less rain in the six regions, with the
largest difference in the Amazon—Savannas regions
(around 25 mm). As a result, simulations with MYNN
underestimate rainfall in the Amazon—Savannas flat-
lands, while YSU better agreed with observations. Simil-
arly, MP schemes remarkably influenced the amount of
rainfall, with MORR producing more rainfall in the six
regions. Particularly, MORR had a larger overestimation
in regions westward of the Andes such as the Caribbean
(differences up to 40 mm) and Pacific (differences up to
90 mm).

Figure 4 shows the CSI for the performed simulations
and computed for different thresholds (percentiles).
There is no generalized behavior in the performance of
the simulations, as some schemes demonstrated better
performance in some regions while other schemes per-
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Fig. 3.

Cumulative rainfall during the study period averaged for each of the six different regions. Black lines show satellite-based rainfall

(GPM), dashed black lines represent gauge-based rainfall, and colored lines are the simulated rainfall using different schemes. Only one rain
gauge was available in the Amazon region, so it was not included. LT: local time.
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Fig. 4. Critical success index (CSI), also called threat score, computed as a function of a rainfall percentile. Values were calculated for each of
the six regions (panels) and parameterization schemes (colored lines). Higher values indicate better performance.

formed better in others. However, the simulations per-
formed with WSM6 and YSU showed good perform-
ance in the regions, being superior or similar to other
schemes, except for the Caribbean, where THOM-YSU
had the highest CSI.

Assessing the representation of deep convection is rel-
evant due to its relationship with extreme rainfall events.
Figure 5 presents the LFSS for BT in the study area.
Simulations with MORR had issues reproducing the spa-
tial distribution of BT, showing low LFSS for most of the
model domain. WSM6 and THOM performed similarly
with better results in Maracaibo, the Pacific, and the
Caribbean, and poorer results in the Savannas and
Amazon. THOM outperformed WSM6 in the Caribbean,
while WSM6 performed better in the inter-Andean Mag-
dalena wvalley. Consistent with precipitation results,
MYNN simulations performed worse than YSU for BT
in the Amazon and Savannas regions.

In order to check the model’s capacity to represent the
vertical behavior of dynamic and thermodynamic vari-
ables, an analysis with the OTREC soundings was per-
formed. Figure 6 displays the average zonal and meridi-
onal wind profiles, relative humidity, and equivalent po-
tential temperature for the two OTREC sounding sites (see
Fig. 1). Additional assessment of the vertical and temporal
variations of soundings can be found in Taylor diagrams
of Supplementary Fig. S2. In general, the simulations
captured the vertical variations of the variables, even
though some differences between schemes were ob-

served. In the Nuqui soundings (upper panels), winds be-
low 900 hPa were mainly overestimated by the simula-
tions for the zonal component, while simulations under-
estimated the meridional component, which means that
the modeled winds are mostly westerly while observa-
tions also have a southerly component (southwesterly
wind). MORR showed the best performance at low levels
but had westerly winds at medium levels instead of east-
erlies and underestimated the easterly winds at high
levels. The model adequately represented the high relat-
ive humidity from the surface to 400 hPa (> 80%) and
the sharp decrease at high levels. However, simulations
with WSM6 and THOM—-MYNN underestimated humid-
ity at higher levels, while MORR overestimated at medium
levels. Additionally, the equivalent potential temperature
in Nuqui showed lower values at low levels, while a
higher temperature was observed for MORR at high
levels, which may be related to deeper convection and
consequently greater latent heat release at high levels for
this scheme.

All the simulations in Puerto Triunfo overestimated
low-level winds, especially for the up-valley component.
THOM-YSU exhibited the closest similarity with obser-
vations. A low sensitivity between parameterizations was
observed at medium levels, while WSM6 had a better
performance at high levels. In addition, the relative hu-
midity and the equivalent potential temperature presen-
ted a similar behavior to that described in Nuqui. Overes-
timations observed in the zonal winds (Nuqui soundings)
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meterization schemes. Metrics are calculated by using a 40-pixels window and the 10th percentile is used as a threshold.

and up-valley winds (Puerto Triunfo soundings) are
likely related to the rainfall overestimation in the Pacific
and the Magdalena valley, respectively. This is due to the
fact that zonal winds (related to the Choco LLJ) are es-
sential to generate moist convection in the Pacific (Mejia
et al., 2021; Riley Dellaripa et al., 2023), while up-val-
ley winds transport moisture for convection in the Mag-
dalena (Gomez-Rios et al., 2023).

3.2 Analysis of atmospheric processes

Identifying the processes that have greater sensitivity
to the selection of MP and PBL schemes helps to elucid-
ate the atmospheric mechanisms playing a fundamental
role in the occurrence, magnitude, and intensity of rain-
fall in a particular region, which is crucial for develop-
ing and improving parameterizations in atmospheric
models. This section analyzes processes impacting the
precipitation sensitivity to MP and PBL parameteriza-
tions, emphasizing the regions with the most significant
sensitivity. The Amazon region was selected to analyze
processes that could be influencing sensitivity among

PBL schemes and the Pacific for MP processes since
there are more remarkable differences between PBL
schemes in the Amazon-Orinoco flatlands (Supplement-
ary Fig. S3) and between MP schemes on the Pacific
coast (Supplementary Fig. S4), with average differences
up to 1 mm h™'. The simulations were averaged over MP
schemes to isolate the sensitivity associated with PBL
schemes. Similarly, the average over PBL schemes was
carried out to study the sensitivity to MP schemes.
3.2.1 Sensitivity to PBL

Rainfall representation in the Colombian flatlands ex-
hibited a larger sensitivity to the PBL schemes. As the
Colombian Amazon is a region of high climatological,
ecological, and hydrological importance, processes caus-
ing sensitivity between PBL schemes are studied in de-
tail. Low-level processes have been previously identified
as drivers of convection and precipitation in the Amazon-
Orinoco flatlands (Martinez et al., 2022). Figure 7 shows
the mean lower tropospheric integrated moisture flux, its
convergence, and mean 700-hPa vertical moisture flux
for the two PBL schemes. Simulations with YSU, which
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previously showed higher rain rates, exhibited enhanced
moisture flux from the southeast (left-hand panels),
which flows from the Amazon rainforest into the Colom-
bian Amazon. Besides, a notable decrease in low-level
moisture flux for YSU (orange to red colors) coincides
with greater moisture convergence (colored contours in
the right figures) over the Colombian Amazon. Moisture
convergence patterns resulted in stronger wet convection
for YSU than for MYNN (gray contours in right panels)
over the entire region of interest, favoring deep cloud
formation and precipitation occurrence.

Energy and moisture fluxes from the earth’s surface,
which are critical factors in determining wet convection
and rainfall occurrence, are widely influenced by PBL
schemes. Figure 8 shows the mean daytime simulated
sensible and latent heat fluxes and the incoming short-
wave radiation at the surface. Compared to MYNN,
greater sensible and latent heat fluxes were obtained in
the simulations with YSU, with differences of 30% for
sensible heat and 20% for latent heat in the Colombian
Amazon region (delimited by the rectangle in Fig. 8).

1.

The incident shortwave radiation was also higher in YSU
with differences over 100 W m™2. An initial assessment
showed that downward longwave radiation is similar
between both PBL schemes (figure omitted). These res-
ults suggest that differences in heat fluxes are mainly as-
sociated with the differential entrance of solar radiation
at the surface between the two PBL schemes rather than
direct differences in the simulated fluxes. As a result of
the increased heat fluxes, the YSU-simulated atmo-
sphere has more energy and moisture to enhance hori-
zontal and vertical humidity transport (Fig. 7), and thus
trigger deep convection. Notably, although YSU showed
higher precipitation, it did not result in a reduction of the
incident radiation, suggesting that the vertical distribu-
tion of clouds plays an important role in the differences
between the schemes.

To explain the observed differences in incident short-
wave radiation and the sensible and latent heat fluxes,
Fig. 9 shows the diurnal variability of cloud fraction at
different levels. MYNN produced a higher cloud frac-
tion at low levels (between 1000 and 4000 m asl) than
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YSU, especially during hours with high solar activity
(between 0900 and 1500 LT). Low-level clouds (espe-
cially stratus and stratocumulus) are known to have high
optical depths and a high albedo, producing a net surface
cooling effect (Oreopoulos et al., 2017; L’Ecuyer et al.,
2019). In this sense, higher amounts of low-level clouds
in MYNN could decrease sensible and latent heat fluxes.
Furthermore, a possible positive feedback can be in-
ferred in MYNN, where the presence of low-level clouds
decreases the incident shortwave radiation and turbulent
heat fluxes, causing shallower convection than YSU, and
producing more lower clouds, which in turn reduces heat
fluxes. On the other hand, YSU exhibited a higher frac-
tion of mid-level clouds, which can be associated with
deeper convection and precipitation. At high levels, no
marked differences were identified between the PBL

schemes, which coincides with similar results for down-
ward longwave radiation between YSU and MYNN (fig-
ure omitted).

Furthermore, an additional simulation was performed
to explore the causes of the differences in the simulated
low-level cloud fraction and its interaction with radi-
ation (see Supplementary Fig. S1 and Table S1). The
MYNN scheme includes a representation of sub-grid
scale (SGS) clouds in the boundary layer that are also
coupled to the longwave and shortwave radiation
schemes (Olson et al., 2019). Hence, the rationale be-
hind the new simulation is to test the sensitivity of the
SGS clouds by turning off their representation in MYNN
(icloud bl = 0). The new simulation exhibited a signific-
ant reduction in the low-level cloud fraction and an in-
crease in incident shortwave radiation and surface turbu-
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lent fluxes (Supplementary Table S1), suggesting that
this parameter is determinant for the adequate simulation
of clouds and radiation, and helps to explain the differ-
ences between PBL schemes.
3.2.2  Sensitivity to microphysics

As previously described, rainfall sensitivity to MP
schemes is larger in western Colombia, along and off-
shore the Pacific coast (also shown in Supplementary
Fig. S4). Here, an analysis of processes causing this sens-
itivity is carried out. Figure 10 presents the evolution of
lower tropospheric integrated moisture flux and the ver-
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tical moisture flux along the day, averaged over latitudes
across the Pacific region defined in Fig. 1. Surprisingly,
remarkable differences in moisture transport are ob-
served among MP schemes. First, WSM6 and THOM
showed similar low-level moisture flux patterns (left pan-
els) with enhanced transport toward the continent bet-
ween 1400 and 2000 LT, producing 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 exten-
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Fig. 10. Mean diurnal and longitudinal moisture flux integrated from 1000 to 800 hPa (left panels) and vertical moisture flux at 700 hPa (right
panels). The convergence of lower tropospheric moisture flux is represented as purple contours in the right-side panels and arrows in the left pan-
els show 850-hPa horizontal winds. Mean topography is indicated at the top of the figure. Values were averaged latitudinally for the Pacific re-

gion delimited in Fig. 1.
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ded low-level moisture flux throughout the day. Con-
sequently, convection in MORR was more intense and
long-lasting than in WSM6 and THOM. These results
show that selecting MP schemes in the Pacific impacts
low-level and vertical moisture fluxes, which are relev-
ant factors for rainfall development and moist convec-
tion in the region (Mejia et al., 2021; Riley Dellaripa et
al., 2023).

Figure 11 shows the longitude—height section of ver-
tical and zonal winds and the diabatic heating for the Pa-
cific region to elucidate how MP schemes modify vertical

—_— WSM6
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fluxes. MP parameterizations had a marked impact on
convection in the Pacific, with large differences among
schemes. As in the previous figure, WSM6 and THOM
showed similar patterns, with convection near the
shoreline from 900 to 600 hPa and a broader convective
region aloft. However, the convective structure in WSM6
was more intense and further offshore, consistent with
the rainfall patterns (Fig. 2). Contrarily, MORR exposed
a broader convective region with stronger convection and
a greater amount of rain generated near the shoreline
(77.5°=78.5°W). This result indicates that the MP para-

Fig. 11.
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meterization schemes notably affect the intensity and loc-
ation of convection in the Pacific region, which can in-
fluence low-level humidity fluxes and convergence by
mass continuity. Moreover, sources and sinks of heat are
represented by diabatic heating in Fig. 11. MORR re-
leased large amounts of heat at medium-high levels
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(500-300 hPa), producing a more intense top-heavy dia-
batic heating profile compared to WSM6 and THOM.
Water phase changes act as sources and sinks of heat
to the atmosphere. In order to compare the latent heat re-
lease by the MP schemes, Fig. 12 shows the mixing ratio
for different hydrometeor species. Notable differences
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limited in Fig. 1.
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were observed in the solid phase hydrometeors. WSM6
featured graupel around 500 hPa and ice aloft, with both
extending and reaching a maximum in the oceanic re-
gion. In contrast, THOM produced a large amount of
snow between 500 and 300 hPa, which extends into the
ocean, although not as far as WSM6. Conversely, MORR
showed the presence of the three solid-phase hydromet-
eors (ice, graupel, and snow), with graupel and snow
much closer to the shoreline than WSM6 and THOM,
while the ice was produced above 300 hPa with a much
higher mixing ratio than WSM6 and more extended into
the oceanic region as well. In the MORR simulations, ice
nucleation could be favored by water below the freezing
point (supercooled liquid water) above 600 hPa. Further-
more, graupel production by riming could be favored in
the mixed-phase region allocated between 600 and
400 hPa. These processes imply phase changes from li-
quid 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.

4. Conclusions and discussion

This work studied the sensitivity of precipitation to the
selection of PBL and MP schemes in northwestern South
America, including an analysis of processes behind rain-
fall representation. Simulations were performed with the
WRF model using three MP schemes (WSM6, THOM,
and MORR) and two PBL schemes (YSU and MYNN),
and the model evaluation was based on satellite informa-
tion and soundings.

We found that the model overestimated rainfall in re-
gions with influence of topographic features, such as
Maracaibo, Magdalena valley, the Caribbean, and the Pa-
cific, while underestimated over the Savannas—Amazon
where orography is relatively flat. In general, simula-
tions captured the spatiotemporal rainfall characteristics
during the study period, as well as the vertical profiles of
dynamic and thermodynamic variables. Although the
performance was highly dependent on the study region,
the less computationally expensive WSM6 and THOM
provided the best results among the MP schemes, while
the YSU PBL scheme performed better than MYNN.
Other studies have evidenced better results for less com-
putationally expensive MP and PBL parameterization
schemes, which are essential for forecasting tasks. For
example, despite a single-moment MP scheme, WSM6
has shown good results in simulating rainfall events
(Tian et al., 2017; Yafiez-Morroni et al., 2018; Huang et
al., 2020; Liu et al., 2020). Likewise, THOM has shown

JOURNAL OF METEOROLOGICAL RESEARCH

VOLUME 38

better results than more complex schemes such as
MORR (Karki et al., 2018; Reshmi Mohan et al., 2018).
For PBL, the non-local scheme YSU has shown better
results than local schemes like MYNN (Efstathiou et al.,
2013; Tian et al., 2017; Comin et al., 2021; Prein et al.,
2022; Zhu et al., 2022), which is computationally more
expensive.

Nevertheless, it is important to highlight that distinct
tunable parameters that were not adjusted during the
study can generate large uncertainties in the parameteriz-
ation schemes (Yang et al., 2019), impacting the per-
formance of the schemes. Recent studies have performed
modified experiments to improve the performance of
PBL (Yang et al., 2019; Hu et al., 2023) and MP (Halder
et al., 2015) schemes. More field campaigns would be
beneficial to adequately adjust these parameters and im-
prove simulations in poorly monitored regions such as
the NWSA.

Simulations using the YSU PBL scheme produced
higher rainfall rates, especially in the Amazon—Orinoco
flatlands, whereas MYNN underestimated rainfall. Previ-
ous sensitivity analyses in different regions have high-
lighted that non-local PBL schemes generate greater mix-
ing and precipitation than local schemes (Efstathiou et
al., 2013; Que et al., 2016; Comin et al., 2021; Zhu et al.,
2022). For instance, Efstathiou et al. (2013) showed that
the vertical mixing produced by the local MYNN scheme
was lower, diminishing the water vapor transport to higher
levels, and thus causing lower precipitation rates than
YSU. Also, Zhu et al. (2022) showed that MYNN pro-
duced less precipitation compared to YSU related to
heavy rainfall generated by the passage of a tropical cyc-
lone due to less vertical mixing for MYNN compared to
YSU. In agreement with our work, different sensitivity
analyses to PBL schemes in tropical South America have
shown that simulations with YSU result in greater pre-
cipitation (Comin et al., 2021; Martinez et al., 2022;
Prein et al., 2022; Hu et al., 2023). Although most of
these studies showed better representation by YSU in the
Amazon, Hu et al. (2023) reported a strong overestima-
tion using this scheme, which differs from our findings.
In this sense, our study provides additional elements for
the discussion about which PBL schemes work best in
South America.

Since PBL parameterizations strongly impact precipit-
ation rates in the Amazon—Orinoco flatlands, processes
related to these differences were studied in the Colombian
Amazon. We found that the PBL schemes impact the in-
cident solar radiation through variations in the vertical
distribution of cloudiness. Specifically, MYNN pro-
duced a greater amount of low-level clouds, limiting the
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incident solar radiation. Hu et al. (2023) found similar
results when studying the sensitivity of PBL schemes in
the Amazon, where the clouds simulated with the Asym-
metric Convective Model v2 (ACM2) remained through-
out the day while those simulated by YSU dissipated.
These differences were attributed to moisture support
from the free atmosphere in ACM2. In our case, the res-
ults showed that MYNN produces more low clouds (be-
low 4000 m asl) instead of the mid-level clouds in Hu et
al. (2023). An additional experiment showed that the en-
hanced production of low-level clouds in MYNN is asso-
ciated with the representation of SGS PBL clouds and
their coupling with radiation in this scheme (see Supple-
mentary Fig. S5). In accordance with Min et al. (2022),
this parameter (icloud bl) notably affects the incoming
shortwave radiation, which in turn influences heat fluxes
and moist convection (see Supplementary Table S1).
Prein et al. (2022) also showed that PBL schemes
strongly impact cloudiness in the Amazon, with MYNN
producing more cloudiness than YSU. As seen here,
changes in incoming shortwave radiation associated with
differences in the vertical cloud profile, impacted both
sensible and latent heat fluxes, with the YSU scheme
having higher values (differences in shortwave radiation
and heat fluxes exceeding 20%). Similar to other recent
studies (Wang et al., 2021; Martinez et al., 2022), the se-
lection of the PBL had a marked influence on the low-
level circulation, where YSU resulted in stronger mois-
ture fluxes, convergence, and moist convection than
MYNN, which can be associated with higher latent and
sensible fluxes for YSU. Future studies should carefully
consider how well PBL schemes represent cloudiness in
the Amazon, given the high sensitivity it triggers in con-
vective processes in the region.

On the other hand, MP schemes had less agreement in
rainfall representation in the Pacific, with MORR produ-
cing much more rainfall than WSM6 and THOM. Spe-
cifically, MORR simulated a more marked upward mois-
ture transport, which coincides with mid- to upper-level
diabatic heating. Differences in simulated diabatic heat-
ing were mainly associated with the production of solid-
phase hydrometeors in the mixed-phase zone. Previous
studies have shown the importance of latent heat release
in developing and maintaining convection. By modify-
ing the ice-nucleation formulation in Morrison MP
scheme, Halder et al. (2015) evidenced a greater release
of latent heat in the upper atmosphere due to deposition,
causing changes in the vertical wind speed. Huang et al.
(2020) showed that MP schemes influenced convection
development and propagation through differences in con-
densation-associated heating and evaporative cooling.
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Studying MCSs in the United States, Yang et al. (2017)
and Feng et al. (2018) demonstrated the role of diabatic
heating in producing feedbacks with the environment that
influence circulation fields and the formation of a meso-
vortex, which contributes to forming more long-lived
MCSs. Altogether, the findings of these studies coincide
with the results presented here, suggesting that the re-
lease of latent heat caused by the formation of ice-phase
hydrometeors may be influencing dynamic conditions,
which are essential to determine convection and rainfall
in the Pacific (Mejia et al., 2021).

MORR produced much more rainfall than THOM and
WSMB6, especially near the coastline, where we evid-
enced a higher production of snow and graupel in the
mixed-phase cloud zone. Liu et al. (2021) showed that a
greater availability of supercooled water droplets aided
the development of snow and graupel, contributing to
stronger rainfall, which is aligned with the behavior of
MORR in the Pacific. Likewise, when studying the sens-
itivity of precipitation to MP schemes, Guo et al. (2019)
and Jo et al. (2023) highlighted the contribution of
graupel to the increase in rainfall, mainly due to melting.
Future studies should consider a detailed microphysical
budget (e.g., Shu et al., 2023) in the Colombian Pacific to
unravel the origin of differences in simulated rainfall, as
well as to elucidate possible mechanisms of convection
organization in the region. Besides, MP schemes also
modified the intensity and spatial structure of low-level
moisture fluxes. Notably, MORR showed a Choco LLJ
that extended deeper longitudinally than THOM and
WSMB6. Previous studies have also reported a significant
impact of MP schemes on low-level moisture fluxes
(Park et al., 2020; Podeti et al., 2020; Thomas et al.,
2021). Specifically, Park et al. (2020) and Thomas et al.
(2021) discuss the role of mid- to high-level latent heat
release in convection intensity, which in turn influences
low-level fluxes and convergence. Consequently, the
stronger convection in MORR could explain the en-
hanced low-level moisture fluxes due to mass continuity.
A discretized latent heat balance (Zhao et al., 2020)
could contribute to better understanding the possible role
of latent heat release in the dynamics of the Choco LLJ.

Finally, studies like this provide a framework that can
contribute to the continuous improvement of parameter-
ization schemes, which are fundamental for reducing the
uncertainty of numerical models. As a first approach, it is
important to point out that the study period is limited due
to the computation cost of convection-permitting resolu-
tions, and longer simulations could provide more robust
conclusions. However, the modeling experiment, which
sought to evaluate rainfall representation by different
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parameterizations, to improve the understanding of the
processes behind rainfall sensitivities and to be able to
evaluate the results with the available soundings,
provides valuable information for future studies. In addi-
tion, a more detailed assessment could include informa-
tion from weather radars and surface stations. Future
studies in this regard could be oriented in this direction.
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