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The spatiotemporal variability of precipitation in regions of complex mountainous terrains
constitutes one of the most challenging research topics of geosciences. This paper
explores hourly precipitation data from a set of 25 stationsspanning the period 1998 to
2005 within northwestern Colombia, in the Aburrá Valley andthe neighboring San Nicolás
plateau (75.16� W� 6� N and 75.66� W� 6.6� N) which accounts for a land area of� 4,000
km2. Our aim is to identify the main features of the diurnal cycleof precipitation over this
complex terrain. We found that the average diurnal cycle of rainfall in the study region
is bimodal at regional scale although it results from the superposition of two unimodal
diurnal cycles shifting its phase throughout the seasons ofthe year. From October to April,
average diurnal rainfall peaks in the afternoon hours (13:00–16:00 LST) but from May to
September, the phase of the diurnal cycle changes to midnight hours (22:00–02:00 LST).
Three low-level jets (LLJs), namely Caribbean, CHOCO, and the so-called Corriente de
los Andes Orientales (CAO), are relevant to explain the seasonal shift of the diurnal cycle
given their modulation of the seasonal variation of moisture sources and transport over
this region. During June-July-August, moisture from afternoon evaporation processes
at the bottom of the inter-Andean Magdalena Valley, locatedat the east of the study
region, is transported by anabatic and easterly trade windsand contribute to explain the
midnight and early morning peak. The life cycle of convective processes in�uences the
orographic nature of rainfall distribution and timing in the region since deep convective
cores are related with the afternoon peak, whereas wide convective cores with the early
morning peak.

Keywords: tropical andes, mountain rainfall, annual cycle, d iurnal cycle, Colombia

INTRODUCTION

Colombia is located in the northwestern corner of Tropical South America and presents some
particular geomorphologic and hydro-climate features including: (i) steep slopes across the three
Cordilleras (ranges) of the Andes crossing from southwest to northeast, (ii) seasonal activity of
three atmospheric low-level jets, (iii) hydro-climate systems of the Amazon and Orinoco River
basins, (iv) synoptic-scale atmospheric patterns associatedwith the tropical Paci�c and Atlantic
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Oceans and the Caribbean Sea, and (v) land-atmosphere feedback
processes. Regarding the spatial pattern of long-term mean
precipitation, Snow (1976)refers to the Colombian Andes as
“a dry island in a sea of rain.” Diverse studies have tackled
the spatio-temporal variability of rainfall over the Colombian
Andes (Schmidt, 1952; Trojer, 1959; López and Howell, 1967;
Snow, 1976; Oster, 1979; Martínez, 1993; Poveda and Mesa,
1997; Mejía et al., 1999; León and Narávez, 2001; Poveda et al.,
2001, 2005, 2007, 2011; Mapes et al., 2003a; Poveda, 2004, 2011;
Zuluaga and Poveda, 2004; Pabón and Dorado, 2008; Hurtado
and Poveda, 2009; Alvarez-Villa et al., 2011; Hurtado-Montoya
and Mesa-Sánchez, 2014; Poveda and Salas, 2015; Salas and
Poveda, 2015; Jaramillo et al., 2017; Bedoya-Soto et al., 2018).
In spite of such large body of literature, the dynamical and
thermodynamical processes associated with rainfall over the
Andes of Colombia are largely unknown, more so at high spatial
and temporal resolutions.

The scienti�c literature regarding the diurnal cycle of rainfall
in the Andes of Colombia is limited to small data sets (Trojer,
1958; Pita Suárez-Cobián., 1959; Snow, 1976; Trewartha, 1981;
Mapes et al., 2003a; Warner et al., 2003). Trojer (1959)describes
the e�ect of the altitude on the diurnal cycle of precipitation
maxima over the inter-Andean Cauca River valley, with a mid-
night (afternoon) peak for the lowest (higher) elevations of
the valley. The study ofPoveda et al. (2005)regarding the
diurnal cycle of rainfall over the Andes of Colombia found:
(i) seasonal variations of the diurnal (24 h) and semi-diurnal
(12 h) cycles, with highly variable phase and amplitude even at
nearby raingauges; (ii) driest hours of the diurnal cycle during
the late-morning (09:00–11:00 LST) throughout the year; (iii) a
general afternoon peak over northeastern and western regions of
Colombia; (iv) a bimodal diurnal cycle over the western sideslope
of the Central Cordillera with midnight and afternoon hours
peaks; and (v) a midnight peak over the eastern side slope of
the Central Cordillera. The mentioned study did not �nd a clear-
cut relation between extremes of the diurnal cycle with elevation,
branch, and aspect on the Andes, except for some small regions
within the intra-Andean valleys.

The strong spatiotemporal variability of the diurnal cycle of
rainfall along the Andes of Colombia results from dynamical
combinations of local and synoptic patterns and thermodynamic
features. The complex topography is essential to determine the
observed diurnal cycles but is not the single factor to explain
the seasonal variations of the diurnal rainfall peaks. The seasonal
variations could be explained by the latitudinal migration of
the Intertropical Convergence Zone (ITCZ), and also by the
connection of the ITCZ and the dynamics of three Low-Level
Jets in the region namely CHOCO, Caribbean, and Corriente
de los Llanos Orientales (CAO) (Torrealba and Amador, 2010).
Particularly, the ITCZ is the most important control of the annual
cycle of Colombia's hydro-climatology (Trojer, 1959; Eslava,
1994; Mejía et al., 1999; León and Narávez, 2001; Hastenrath,
2002; Poveda et al., 2006; Killeen et al., 2007; Espinoza-Villar
et al., 2009; Alvarez-Villa et al., 2011; Sierra et al., 2015). A
bimodal annual cycle of rainfall is mostly con�ned to the Andean
region (Poveda et al., 2005) with two distinct wet seasons (March
to May, M-A-M, and September to November, S-O-N), and two

drier (less rainy) seasons (December to February, D-J-F, andJune
to August, J-J-A). Furthermore, the activity of the CHOCO low-
level jet explains the world-record breaking precipitation area
over the western Paci�c coast of Colombia (Poveda and Mesa,
2000; Mapes et al., 2003a; Warner et al., 2003; Rueda and Poveda,
2006; Sakamoto et al., 2011; Poveda et al., 2014; Sierra et al.,
2015; Hoyos et al., 2017; Yepes et al., 2019). The CHOCO jet
originates and develops over the far eastern Paci�c, and it can
be traced back as 30� S, o� the Chilean coast (Sakamoto et al.,
2011). Upon entering the continent, the CHOCO jet is lifted
by the orography of the Western Cordillera of the Colombian
Andes, and interacts with the easterly trade winds to focus and
enhance deep convection (López and Howell, 1967; Poveda and
Mesa, 2000; Mapes et al., 2003a; Warner et al., 2003; Poveda
et al., 2006; Jaramillo et al., 2017). The easterly Caribbean low-
level jet (CLLJ), independently identi�ed by two Latin American
groups (Amador and Magaña, 1999; Poveda and Mesa, 1999),
is active in a region covering from northern South America to
the Greater Antilles, mostly on the Intra-Americas Sea (IAS)
and the Western Hemisphere Warm Pool (WHWP) (Wang and
En�eld, 2001, 2003; Wang et al., 2006; Wang, 2007). Spatially,
the CLLJ is strong over Colombia's Caribbean Sea (70–80� W
and 12–15� N). The annual cycle of the CLLJ is bimodal showing
maximum (minimum) velocities during June-July and December
to January (October-November and April-May). The highest
(lowest) velocities of the CLLJ along the year reach values of
11–13 ms� 1 (5–6 ms� 1) (Poveda et al., 2014).

The work byPoveda et al. (2005)evidenced that the diurnal
cycle of rainfall in the Colombian Andes may exhibit sharp
di�erences even among nearby raingauges. They found that both
the phase and amplitude of the diurnal cycle of rainfall over this
region exhibit an extraordinary spatially (incoherent) behavior,
even for rain gauges separated 5 km away from each other, albeit
located over the same slope and altitude over the valley �oor.
The main objective of this study is to study whether such strong
spatial variability in the phase and amplitude in the diurnal
cycle of rainfall keeps showing up in other unexplored regions
of the Colombian Andes. We study the linkages between the
diurnal cycles of rainfall along a longitudinal transect covering
two neighboring regions located on the Central range of the
Colombian Andes: the San Nicolás Plateau (elevation between
2,220 and 2,600 m) and the Aburrá Valley, containing the city
of Medellín (elevation 1,500 m). The study ofBedoya-Soto and
Poveda (2008)found a spatiallycoherentbehavior in some
features of the seasonal march of the diurnal cycle over both
regions, and highly signi�cant lagged correlation betweenhourly
rainfall in the San Nicolás Plateau and that over the Aburrá
Valley. We are interested in studying those diurnal cycle changes
throughout the year (with the phase of the annual cycle) and
the spatial coherence of such variability among the studied
raingauges. Basically, we use the term “coherence” to describe
a common spatial behavior of rainfall intensities at di�erent
time scales for the set of studied rain gauges located over
the complex terrain of the Colombian Andes. De�ning such
coherence will contribute to advance our understanding of the
spatiotemporal dynamics of rainfall over the Andes of Colombia
and its predictability. This is particularly important and relevant
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in a region where the TRMM satellite rainfall does a very poor
job in capturing in-situ measurements (Bedoya-Soto et al., in
preparation; Vallejo-Bernal et al., submitted).

Toward those aims, the study is organized as follows. Section
2 describes the data sets and methods. Section 3 contains the
results, and the conclusions are drawn in the �nal section.

DATA AND METHODOLOGY

Data
Our dataset consists of hourly precipitation records covering
the period from 1998 to 2005 at 25 raingauges, 18 (7) of which
are located along the Aburrá Valley (San Nicolás Plateau). The
data set was provided by Empresas Públicas de Medellín (EPM).
The Aburrá Valley is located among the inter-Andean valleys
of the Cauca and Magdalena Rivers, in the northern Central
range of the Andes of Colombia between 75.66� W� 6.6� N
and 75.16� W� 6� N and houses the city of Medellín and its
metropolitan area. The San Nicolas Plateau is located just to
the east of the Aburrá Valley.Figure 1 shows the study region
and the location of the set of raingauges. Terrain elevations
range from 1,500 to 1,700 m a.s.l (2,300 to 2,500 m a.s.l.) in the
Aburrá Valley (San Nicolás Plateau). Both regions are separated
by an orographic barrier reaching 2,600 m.Figure 1 shows
that Vasconia is the highest raingauge (2,510 m) in the San
Nicolas Plateau, whereas the lowest raingauge is Miguel Aguinaga
(1,549 m) in the Aburrá Valley. The separation between these two
stations is around 20 km, which denotes the strong altitudinal
gradients of the study region.

With the purpose of investigating the driving mechanisms
explaining the features of the diurnal cycle through the
annual cycle, we also use precipitation products from TRMM
3B42/3B43, and climatic data (zonal winds, precipitable water,
and speci�c humidity at several pressure levels) from the
ERA-Interim, NCEP-NCAR, and MERRA-2 reanalyses. Satellite
imagery from GOES (http://rammb-slider.cira.colostate.edu) is
also evaluated to understand the local sources of evaporation
in�uencing rainfall in the study region (Schmit et al., 2017). We
speci�cally used the “cirrus” near-infrared band at 1.37mm with
a nominal sub satellite pixel spacing of 2 km which identify thin
cirrus clouds. We also use re�ectivity data from a meteorological
radar located over the region and operated by Sistema de Alerta
Temprana de Medellín y el Valle de Aburrá (SIATA, https://siata.
gov.co/). The data set from this radar consists of three storm
events developed during August, October and November of 2018.

Methods
From the existing data sets, hourly and monthly rainfall averages
were estimated considering both the presence and absence of
zeroes in hourly rainfall. Hourly resolution rainfall is a very rare
event. Up to the ninety percentiles, hourly records are in the
0–0.5 mm/hour intensity range. Estimating the di�erent cycles
excluding zeros is meaningful insofar captures the dynamics
whenever actually rain does occur. On the other hand, estimating
the average diurnal cycles including zeros aims at capturingthe
importance of dry hours in the estimations. Obviously, estimates
including zeros are smoother and slighter less in magnitudewith
respect to estimates excluding zeros.

As we already mentioned, the diurnal cycle was estimated
for the 24 h period starting and ending at 07:00 LST (Poveda
et al., 2005). Values of hourly rainfall were estimated as a percent
of total daily rainfall, but also in terms of average intensity, as
explained next.

LetPh,m,y be the precipitation rate (mm h� 1) for the hourh of
the day (h D 1, ..., 24) from a certain monthm (m D 1, ..., 12),
and a certain yeary (y D 1, ...,ny). The mean diurnal cycle of
rainfall is estimated as the long-term average intensity for each
hour (Dh), as follows:

Dh D
nyX

yD1

12X

mD1

Ph,m,y

nh,m,y
(1)

wherenh,m,y is the total number of data for a speci�c hour, taking
into account all the months and years of the entire sample.

The annual average of hourly percent rainfallDPh(%)
indicates the relative amount of rainfall concentrated at each
hour as a percent of accumulated daily values, estimated as:

DPh(%) D
Dh

24P

hD1
Dh

x100 (2)

We also estimate the monthly variation of the diurnal cycle of
rainfall. The long-term average rainfall intensity for each hour,
h D 1, ..., 24, at monthm (m D 1, ..., 12), is estimated as:

Dh,m D
nyX

yD1

Ph,m,y

nh,m,y
(3)

Likewise, we estimate the percent diurnal cycle of rainfall
distributed through the annual cycle. The percentage of rainfall
for each hour at each month is estimated using (Equation 3),
scaled by the accumulated daily rainfall for each month, as:

DPh,m(%) D
Dh,m

24P

iD1
Di,m

(4)

We usei to denote that the denominator in Equation (4) is the
daily rainfall accumulated at each monthm.

RESULTS

Annual Cycle
The mean annual cycle of precipitation over the study region
is shown inFigure 2. Consistently with previous research, all
raingauges exhibit the bimodal character of precipitation inthe
Andean mountains of Colombia (Mejía et al., 1999; Poveda, 2004;
Poveda et al., 2005). Two periods of higher rainfall are seen
during April and May (A-M) and from September to October
(S-O), and two periods of lower rainfall during D-J-F and J-
J-A, owing to the meridional displacement of the ITCZ and
other physical mechanisms. Speci�cally, the S-O rainy season
coincides with the coupling of the ITCZ with the dynamics of
the CHOCO Jet, which exhibits maximum winds and moisture
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FIGURE 1 | Location of the region and rain gauges included in the study.The middle inset depicts the location of the Magdalena-Cauca River basin.

advection during S-O-N (Poveda and Mesa, 2000; Poveda et al.,
2006, 2014; Yepes et al., 2019), and with the passage of tropical
easterly waves over the region (Poveda, 2004). Also, minimum
values appear during D-J-F and July-August, with similar values
over both regions, on the order of 80 mm per month. It is shown
that the intensity is higher in the northernmost raingauge station
(Gabino) of the Aburrá Valley. However, we cannot generalize
this behavior because of the lack of rainfall stations in this area.

Diurnal Cycle
The mean diurnal cycle of rainfall (excluding zeroes from
calculations) is shown inFigure 3. Values are given as percent
(provided it rains) of the total daily rainfall. At �rst glance, a
bimodal diurnal cycle is observed, with two precipitation maxima
during the afternoon (15:00–17:00 LST), and a second peak
around midnight (23:00–02:00 LST).

Regarding the identi�ed two maxima,Houze (2012)argues
that convective life cycle in�uences diurnal variability;as small
(afternoon peak) and large (early-morning peak) convective
systems contribute to local precipitation, this fact may explain the
bimodality of the average diurnal cycle. Higher hourly average

intensities are observed in the Gabino station located at the
northernmost part of the region. However, we cannot generalize
this result since this is the only station in this tip of the Aburrá
Valley. Rainfall minima occur between 07:00 and 11:00 LST, with
lowest values from 08:00 to 10:00 LST. The afternoon peak is
mainly explained by the e�ect of direct solar insolation that
triggers convective cells during the day on high terrain at lower
latitudes (Houze, 2012).

Figure 4 shows the diurnal cycle of average rainfall intensity
(zeroes excluded). Most stations witness average intensityvalues
ranging from 0.3 to 2 mm h� 1. The latter limit is only exceeded
at Gabino, the northernmost raingauge. There is a predominant
bimodality (afternoon-midnight) excepting the northernmost
and the easternmost raingauges (Rionegro). Some features of
the mean diurnal cycle are determined by the mountains aspect
and slope. Along the Aburrá Valley eastern slope, the afternoon
peak predominates over the early-morning peak (e.g., Ayurá and
Palmas) while on the western slope both peaks are better balanced
(e.g., San Antonio de Prado and San Cristobal). A spatial pattern
of maximum intensities is also observed in association with
the afternoon mode over the southern region (i.e., Caldas and
El Retiro stations), while the maximum is associated with the
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FIGURE 2 | Long-term mean annual cycle of rainfall at rain-gauges included in the study. Error bars on all panels represent the standard error of the mean. Blue (red)
points in the map represent the raingauges located on the Aburrá Valley (San Nicolás Plateau).

midnight and early morning peak in the northern raingauges
(i.e., San Andrés and Gabino Stations).

The highest diurnal intensity of rainfall occurs pole-ward
in the Aburrá Valley. Caldas (southernmost) shows the highest
afternoon peak, and Gabino (northernmost) the highest night
peak. Interestingly, both poles show di�erent climatic and
physical conditions, since Caldas is characterized by higher
terrain elevations and steeper slopes, and Gabino is in the �attest
and lowest terrain of the study area.

Variability of the Diurnal Cycle Through the
Annual Cycle
As we mentioned earlier, the study ofPoveda et al. (2005)
provided evidence that the phase and amplitude of the diurnal
cycle of Andean rainfall exhibit strong variability through the
annual cycle even for the nearest neighbor rain gauges (see their
Figure 2). We aim to investigate whether this is also the case
for the present study region.Figure 5 shows the march of the

diurnal cycle of hourly rainfall throughout the annual cycleas
a percent of total daily rainfall. A remarkably coherent pattern
can be seen for the whole set of raingauges: the diurnal cycle
is predominantly uni-modal throughout the year, but the phase
does shift with the phase of the annual cycle (season). That iswhy
the apparent bimodality of the diurnal cycle shown inFigure 4
arises from the superposition of two di�erent uni-modal peaks
occurring at di�erent epochs of the year. As a matter of fact,
all raingauges exhibit maximum rainfall around 22:00–02:00 LST
from May to September, and 13:00–16:00 LST from October to
April. During some short transition periods, a slightly bimodal
diurnal cycle shows up particularly during May and September.
From these results we conclude two important facts: (i) there
is clear-cut coherent behavior of rainfall at diurnal and annual
cycles, and (ii) unlike other regions located on the Andes of
Colombia (Poveda et al., 2005), the neighboring regions studied
in the present work exhibit a coherent behavior in the diurnal
cycle of rainfall (percent and intensity) throughout the annual
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FIGURE 3 | Long-term mean (1998–2005) diurnal cycle of percent rainfall (with respect to daily total) of raingauges in the study region (Equation 2). Error bars on all
panels represent the standard error of the mean. Computations based on hourly series excluding zeros. Blue (red) pointsin the map represent the raingauges located
on the Aburrá Valley (San Nicolás Plateau).

cycle. This observation suggests that similar physical mechanisms
are at play to control the spatial dynamics of rainfall in the region
at the timescales studied.

To explain the seasonal march of the diurnal cycle, we
�rst analyzed the seasonal source moistures over the study
region.Figure 6shows seasonal air parcel backward trajectories
ending at the Aburrá Valley, extracted every 15 days based
on the TRAJ3D Model (https://www.esrl.noaa.gov/psd/cgi-bin/
data/trajtool/traj.pl) based on a Lagrangian approach. The
analysis included several pressure levels during a representative
Neutral (2013), El Niño (1997–1998) and La Niña (1998–1999)
years. These results con�rm that during a Neutral year (Non-
ENSO), the humidity sources vary seasonally in the Aburrá Valley
mainly between the Caribbean and Paci�c Oceans. Moreover,
the trajectories plotted at 925 and 850 hPa are representativeof
the dynamics of the LLJs acting in the region (CHOCO, Caribe
and CAO). During J-J-A and S-O-N, air parcels predominantly

travel from the eastern Paci�c Ocean as for D-J-F and M-A-M the
main source is the Caribbean Sea.Durán-Quesada et al. (2012)
describe the same seasonal variability of moisture sourcesover
northwestern Colombia and Central America (see theirFigure 3)
for the neutral conditions of ENSO. Those authors also remark
the importance of local conditions to control the transport
of moisture entering into these regions; and, in the case of
northwestern Colombia, they con�rmed that local evaporationis
an important source of humidity at seasonal scales. In summary,
the variability of the humidity sources through the year in the
Aburrá Valley is the main driver of the phase change of the
diurnal cycle along the year.

Moreover, the timing of daily maximum convection in
tropical South America responds to location and highly localized
orographic e�ects (Mapes et al., 2003b; Zuluaga and Poveda,
2004; Vera et al., 2006b). Previous studies evidence a general late
afternoon peak in the diurnal cycle of convective rainfall over the
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FIGURE 4 | Long-term mean (1998–2005) diurnal cycle of rainfall intensity at rain gauges over the study region (Equation 1). Errorbars represent the standard error of
the mean. Computations based on hourly series excluding zeros. Blue (Red) points in the map represent the raingauges located on the Aburrá Valley (San
Nicolás Plateau).

continent (Taylor et al., 2012; Folkins et al., 2014). Speci�cally,
the afternoon rainfall maximum in the Aburrá Valley during
October-April (Figure 5) is related to convective dynamics
over the Andean slopes (Houze, 2012). Moisture and heat
availability during the morning and noon hours favor buoyancy,
atmospheric instability, and convective processes during the
afternoon. In this regard,Zuluaga and Houze (2015)evidence
that the occurrence of Deep Convective Cores (DCC) are
related to topographic features over the mountain ranges of the
northern Andes and that DCCs are produced by strong updrafts
maximized by diurnal daytime heating at local spatial scales.

Otherwise, the midnight and early-morning peak of rainfall
during J-J-A in the Aburrá Valley (one of the two drier seasons)
coincides with a cluster of Mesoscale Convective Systems (MCS)
developed over the Gulf of Panamá, Colombia's Paci�c Coast and
the western slope of the Colombian Andes (Zuluaga and Houze,
2015; Jaramillo et al., 2017). Those MCSs are developed during

the evening and reaching maximum sizes during the midnight
and early-morning hours (Mapes et al., 2003a; Mejia and Poveda,
2005;Vera et al., 2006a;Zuluaga and Houze, 2015; Jaramillo et al.,
2017). Storms of this type are contained in Wide Convective
Cores (WCC) (Houze, 2012; Zuluaga and Houze, 2015) covering
regional precipitation areas wider than those comprised by DCC.
This fact contributes to explain the frequency of convective
clouds during the J-J-A season in the study area.

Another causal factor to the midnight-early morning peak
during the J-J-A season is the transport of moisture from the
Magdalena River Valley, located to the east of the study region.
Evaporation from the bottom of the valley (300 m a.s.l.) during
the afternoon hours, along with anabatic circulation from the
bottom of the valley to the top of the Central Cordillera, and
the generalized transport of moisture by the easterly trade winds
over the western slope of the Magdalena River Valley which,
upon ascent, contribute to condensation and rainfall duringthe
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FIGURE 5 | Average diurnal cycle of hourly rainfall through the annualcycle, as a percent of total daily rainfall (Equation 4). Computations based on hourly series
including zeros. Blue (Red) points in the map represent the raingauges located on the Aburrá Valley (San Nicolás Plateau).

midnight hours over the study region. Using a regional model
to represent the local atmospheric circulation patterns in the
intra Andean topography of Colombia, the study ofPosada-
Marín et al. (2018)provides evidence about the existence of such
anabatic circulation from the bottom to the top of the Magdalena
Valley that contributes with the formation of mid-night storms in
the San Nicolás Plateau and the Aburrá Valley.

We also aim to provide further evidence regarding the
in�uence of afternoon processes taking place on the Magdalena
River valley on nightly rainfall events over the study regions.
Figure 7 shows a set of nine variables presented as averaged
Hovmöller diagrams over 5� N to 6� N at 3-hourly timesteps
highlighting the location of the Magdalena Valley (around 74� W
to 75� W), the San Nicolás Plateau and the Aburrá Valley (around
75.5� W) for speci�c events during 15–21 July of 1998. First,
the diurnal cycle of surface skin temperature shows maximum

values at afternoon hours and this also delineates the latitudinal
extension of the Magdalena Valley (74 to 75� W) which shows the
highest temperatures in its bottom (Figure 7A). Intense heating
at afternoon hours is connected with the highest evaporative
rates in the region; notice the strong diurnal cycle of ET,
particularly over the Magdalena Valley. Soil moisture content
is lower at afternoon hours due to surface evaporation over
Magdalena Valleys and is higher at early-morning hours over
the Aburrá Valley (Figures 7B–C). Also, soil moisture availability
spatially increases from eastern to western in the selected
domain. Interestingly, the surface eastward wind shows two
spatial modes along the diurnal cycle over the Magdalena Valley,
during the night and early-morning these winds are strong
over the western slope of the Magdalena Valley and during
the afternoon over the eastern slope (Figure 7D). Indeed, the
surface speci�c humidity shows a strong connection between
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FIGURE 6 | Seasonal air parcel trajectories ending at 76W, 6N (Aburrá Valley) for a Neutral year (2013), La Niña (1998–1999) and El Niño (1997–1998) along 1,000,
925, 850, 800, 700 and 600 hPa. Data source: https://www.esrl.noaa.gov/psd/cgi-bin/data/trajtool/traj.pl.

both valleys (Magdalena and Aburrá) between 0z (18:00 LST)
and 6z (0:00 LST) as shown inFigure 7E. Transport of moisture
is comparatively stronger along the lower atmospheric pressure
levels (700 hPa) than over surface revealing the action of the
easterly trade winds in the high atmosphere allowing the uphill
humidity movement along the slopes of the Magdalena Valley
(Figure 7F). The transport of moisture between both valleys is
particularly strong from the afternoon up to midnight. This
also coincides with the backward trajectories at 800, 700, and
600 hPa ending in the Aburrá Valley for J-J-A (Figure 6) which
are predominantly forced by the easterly trade winds allowing
the moisture-wave connection between the two valleys. Total
precipitable water vapor and total water vapor instantaneous
show the high availability of moisture over the Magdalena
Valley and its important role as a source of humidity in the

region (Figures 7G–H). These variables show the highest values
at midnight and early-morning hours. Finally, the Hovmöller
diagram for hourly precipitation from TRMM-3B42 illustrates
the connected storms coming from the Magdalena Valley to
the Aburrá Valley in the nights and early-morning of every day
between 16 and 20 July 1998 (Figure 7I).

Hovmöller diagrams corresponding to other speci�c events
are presented in theSupplementary Material No. 4for the same
variables and the complete June-July-August season of 1998.
Those results reinforce the evidence that evaporation from the
bottom of the Magdalena River valley during the afternoon
provides the moisture and the easterly anabatic circulation
transport it to the San Nicolás Plateau and the Aburrá Valley
during the night hours to produce midnight and early morning
(mostly cirrus type and shallow convective) storms.
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FIGURE 7 | Hovmöller time-latitude diagrams averaged over 5N to 6N forthe 6-day period spanning between 15 and 21 July of 1998 with 3-h timesteps (A) Surface
Skin temperature,(B) Top soil layer moisture,(C) Surface Evaporation,(D) Surface eastward wind,(E) Surface Speci�c Humidity, (F) Relative humidity at 700 hPa after
moist (MERRA 2),(G) Total precipitable water,(H) Total water vapor, and(I) Precipitation (TRMM 3B42 v.7). These diagrams were produced with the Giovanni online
data system, developed and maintained by the NASA GES DISC (Acker and Leptoukh, 2007). The Magdalena Valley (Aburrá Valley) location is enclosed in red (black)
lines.

A complete sequence of 3-hourly TRMM 3B42 precipitation
over Colombia during July 1998 also supports the hypothesis of
the described phenomena connecting both valleys is shown in
the animation included inFigure S1, evidencing the alternation
of these events with the incoming convective precipitation from
the Magdalena River Valley and the eastern Paci�c into the
Aburrá Valley.

Similarly, satellite imagery from GOES-R shows the in�uence
of local evaporative sources coming from the bottom of the
Magdalena Valley in the midnight and early-morning rainfall
over to the Aburrá Valley during the J-J-A season. We present
this evidence inFigure S2in form of animations of the band
4 (1.37mm) for the hourly time spanning the period 24-27 of
August 2017. We clearly identify the formation of clouds over
the lowlands of the Magdalena Valley, which move later on to the
San Nicolás Plateau and the Aburrá Valley in the early-morning
peak of the 24, 26 and 27 of August. InFigures S3A–C, we
also include three animations of the radar re�ectivity operated

by SIATA (https://siata.gov.co) of three storms corresponding to
August 4/2018 (Figure S3A), October 3/2018 (Figure S3B), and
November 25/2018 (Figure S3C). The August's storm over the
Aburrá Valley occurred in the early morning and the humidity
source located in the Magdalena Valley is easily tracked. This
storm traveled from east to west forced by the trade winds,
usually stronger during this season (J-J-A). Again, this factpoints
out the connection between precipitation events occurring over
the Magdalena and Aburrá Valleys. The October storm is a
typical example of the afternoon peak of the season October-
November with the moisture mainly transported from the Paci�c
Ocean. Finally, the November storm is also representative of
the afternoon peak but the moisture source is local possibly
related to soil moisture excesses at the end of the rainy season,
associated with strong isolation at morning hours and convective
mechanisms to produce the precipitation.

All the previous evidences con�rm the important role of
diverse afternoon and evening dynamic and thermodynamic
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FIGURE 8 | Seasonal iso-correlations between wind speeds at 850 hPa (left)/ 925 hPa (right) and precipitation rates over Colombiafor the 1979-2017 period. Data
source: ERA-Interim Reanalysis, prepared using the ClimateReanalyzer (https://ClimateReanalyzer.org), Climate Change Institute, University of Maine, USA.
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processes that take place in the Magdalena River Valley on the
development of nightly storms over the San Nicolás Plateau
and the Aburrá Valley, particularly during the J-J-A season.
This conclusion also con�rms that precipitation recycling isa
very important rainfall-generating mechanism along the tropical
Andes, reaching values of 70–80% (Zemp et al., 2014).

Regarding longer time scales,Durán-Quesada et al. (2017)
emphasized the key role of the CHOCO and Caribbean
LLJs to determine the seasonal patterns of precipitation over
northwestern South America. They argued that the connection
between the ITCZ dynamics and the interaction between these
LLJs could provide a better understanding of the regional
precipitation patterns, although the importance of the dynamics
of MCSs over the region cannot be overstated. Also, we showed
that the trajectories of air parcels ending at the Aburrá Valley
over the 925 and 850 hPa are connected with the moisture
coming from the CLLJ (Caribbean Sea) and the CHOCO Jet
(Eastern Paci�c). The relation between precipitation and the
aforementioned LLJs in northwestern South America and over
the study region is also revealed through correlation analysis
between precipitation and zonal winds at 925 and 850 hPa from
ERA-Interim (Figure 8). Precipitation over the entire region
shows very high statistically signi�cant correlations between the
zonal winds around the CLLJ zone during M-A-M, J-J-A, and
S-O-N, although the e�ect over the Aburra's Valley rainfall is
stronger for J-J-A. Moreover, the connection is more evident
between the CHOCO Jet and rainfall during J-J-A and S-O-N
(Figure 8). Figure 9shows monthly lagged correlations between
the speci�c humidity at 925 hPa in the Choco Jet region with
precipitation rate over western Colombia. The simultaneous
correlation reaches a value of 0.6 (p > 0.05) and 0.4 (p > 0.05)
up to 4 months-lag. This fact con�rms the general in�uence of
the CHOCO Jet on precipitation over Colombia. Also,Poveda
et al. (2006)studied the seasonal e�ects of El Niño and La Niña
on the transport of moisture by the CHOCO Jet. They found
that La Niña (El Niño) enhances (diminishes) the advection
of moisture of the CHOCO Jet. Higher (Lower) value of the
moisture transport carrying for this LLJ is� 0.04 m/s� kg/kg (0.03
m/s� kg/kg) in October for La Niña (Niño).Durán-Quesada et al.
(2017)also highlighted the interannual modulation of ENSO on
the CHOCO Jet and the CLLJ as main sources of humidity over
Southern Central America and Northwestern Colombia.

At this point, it is also necessary to discuss the possible
role of the three low-level jets discussed in the introduction
on the seasonal variability of rainfall over the Aburrá Valley.
The annual cycle of average wind velocities of the CHOCO,
Caribbean, and CAO LLJs, and their variability through the
diurnal cycle, during the study period, are shown inFigure 10.
The three LLJs show a distinctive annual cycle, with maxima
occurring during di�erent seasons of the year: D-J-F for the
CAO, J-J-A for the Caribbean, and S-O-N for the CHOCO LLJ
(Figure 10). Wind velocities of the CHOCO and CAO LLJs are
complementary (out-of-phase) through the year. Diurnal cycles
of the LLJs show that the CAO exhibits highest wind velocities
during the early morning hours throughout the year. This
behavior agrees well with the highest activity of the Caribbean
LLJ (Figure 3). The CHOCO LLJ exhibits higher velocities in

FIGURE 9 | Monthly lagged correlations between anomalies of speci�c
humidity at 925 hPa in Choco LLJ region and precipitation rates over western
Colombia. Data source: NCEP/NCAR R1.

the afternoon and nightly hours. In this context, the midnight-
early morning peak of the diurnal cycle of rainfall during J-J-A
in the Aburrá Valley is concurrent with the highest activityof the
Caribbean LLJ (coinciding with stronger easterly trade winds);
while during those months the CHOCO LLJ is moderately strong
at nightly hours (Figure 10). The afternoon rainfall peak in the
study region during S-O-N coincides with a stronger CHOCO
Jet and a weaker Caribbean LLJ at these months and hours.
During the �rst months of the year (January to May/afternoon
peak rainfall) the zonal winds activity comes mainly from the
CAO and Caribbean LLJs (Figure 10). Thus, the activity of the
three LLJs, varying at seasonal and diurnal timescales, contribute
to the regional rainfall-generating mechanisms by transporting
moisture from neighboring (continental and oceanic) regions to
the study region.

CONCLUSIONS

We studied the coherence of rainfall intensities over 25
raingagues located along two neighboring regions of the Central
range of the Colombian Andes during the 1998–2005 period, at
diurnal, seasonal, and annual timescales. Our results indicate that
the annual cycle is bimodal at the regional scale, with higher
rainfall occurring during April-May (A-M) and September-
October (S-O), while lower rainfall occurs during D-J-F and
J-J-A. An indiscriminate analysis of the average diurnal cycle
shows a general false bimodal diurnal cycle with two precipitation
maxima occurring between 15:00–17:00 LST, and 23:00–02:00
LST, and minima during early morning hours (07:00–10:00
LST) and noon. A more careful analysis allowed us to �nd
that such apparent bimodal diurnal cycle results from the
superposition of di�erent uni-modal diurnal cycles with a
shifting phase during the seasonal march, with rainfall peaking
around 13:00–16:00 h during October-April, and around 22:00–
02:00 h during May-September.

The physical mechanisms driving this phase shift during
the annual cycle can be synthesized as follows. The life cycle
of diverse convective processes in�uences orographic rainfall
in the study zone. Small (deep) and large (wide) convective
systems approximately correspond with afternoon and early-
morning peaks. This convective life-cycle is modulated at diurnal
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FIGURE 10 | Average diurnal cycle of the zonal winds at 925 hPa through the
annual cycle for the period 1998–2005, at the core of the Caribbean (top) ,
CAO (middle) , and CHOCO(bottom) LLJs. Data source: ERA-Interim
Reanalysis. Error bars denote the standard error of the mean.

and annual timescales by regional mechanisms such as (i) the
position of the ITCZ, (ii) transport moisture by the Caribbean,
CHOCO, and CAO LLJs, (iii) a cluster of MCSs developed
over the neighboring maritime (Paci�c Coast of Colombia and
Panamá Gulf); during J-J-A, the early morning peak of rainfall
is due to highest activity of this MCSs cluster, (iv) moisture
from afternoon evaporation processes at the bottom of the inter-
Andean Magdalena Valley transported by anabatic and easterly
trade winds that speci�cally in�uences the early morning peak
over the study area, and (v) moisture and heat availability
during the morning and noon hours that trigger instabilities and
convective processes related to the afternoon peak during the
wetter months of the mean annual cycle.

We con�rm a spatial coherence among the diurnal and annual
rainfall cycles over the Aburrá Valley. Previously, this type of
coherence could not be identi�ed in the work ofPoveda et al.
(2005). Those authors found strong changes in small distances
among the rainfall cycles over large Andean regions. In the
Aburrá Valley, this coherence is consistent through the slopes
(western-eastern) and over the main south (highest terrain
elevations) to north (lowest terrain elevations) predominant
location of the Andes. The spatial coherence is stronger at the
center of the Aburrá valley with some di�erences in the north
and south extremes: at the southernmost region of the valley
the average diurnal rainfall cycle is mostly concentrated in the
afternoon peak (deep convective cores) while the northernmost
diurnal rainfall cycle is concentrated in the midnight and early
morning peak.
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