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ABSTRACT: We investigated the relationship between the frequency of occurrence of the Orinoco low-level jet (OLLJ)
and hydroclimatic variables over northern South America. We use data from the ERAS atmospheric reanalysis to charac-
terize the spatial and temporal variability of the OLLYJ in light of the low-level jet (LLJ) classification criteria available in
the literature. An index for the frequency of occurrence of an LLJ was used, based on the hourly maxima of wind speed.
The linkages among the OLLJ, water vapor flux, and precipitation were analyzed using a composite analysis. Our results
show that during December—February (DJF), the OLLJ exhibits its maximum wind speed, with values around 8-10 m s~ .
During DJF, the analysis shows how the OLLJ transports atmospheric moisture from the tropical North Atlantic Ocean.
During this season, the predominant pathway of the OLLJ is associated with an area of moisture flux divergence located
over northeastern South America. During June-August (JJA), an area of moisture flux convergence associated with the
northernmost location of the ITCZ inhibits the entrance of moisture from northerlies. We also show that the occurrence of
the OLLJ is associated with the so-called cross-equatorial flow. During DJF, the period of strongest activity of the OLLJ is
associated with the northerly cross-equatorial flow and dry season, whereas during JJA the southerly cross-equatorial flow

from the Amazon River basin predominates and contributes to the rainy season over the Orinoco region.
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1. Introduction

Low-level jets (LLJs) are important mechanisms for trans-
porting atmospheric moisture. They modulate both the
weather and the climate (Bonner 1968; Stensrud 1996, Wal-
ters et al. 2014; Gimeno et al. 2016). Some LLIJs have great cli-
matic importance, such as the Great Plains low-level jet
(GPLLJ), Gulf of California low-level jet (GCLLJ), Carib-
bean low-level jet (CLLJ), Choco low-level jet (ChocoJet),
South American low-level jet (SALLJ), Turkana low-level jet
(Turkana LLJ), Somali low-level jet (Somali LLJ), Koorin
low-level jet, and southerly buster (Bonner 1968; Findlater
1969; Kinuthia and Asnani 1982; Brook 1985; Douglas 1995;
Amador 1999; Poveda and Mesa 2000; Vera et al. 2006; Wang
2007, Gimeno et al. 2016). Over northern South America, the
CLLJ, the ChocolJet, the SALLJ, and the Orinoco LLJ are
prominent features that modulate the climate of the region
(Wang 2007; Munoz et al. 2008; Whyte et al. 2008; Martin and
Schumacher 2011; Poveda and Mesa 2000; Yepes et al. 2019;
Vera et al. 2006; Montini et al. 2019; Gimeno et al. 2016; Mon-
toya et al. 2001).

Low-level jets are traditionally defined based on the relative
maximum in the vertical profile of the horizontal wind speed.
Bonner (1968) proposed a hierarchy of criteria based on wind
speed for the classification of the GPLLJ. These criteria evaluate
the gradient between the maximum wind speed at the LLJ core
and the wind speed at the upper and lower levels of that wind
maximum. There is extensive use of these criteria for other jets
in the world, although they are limited by the wind speed thresh-
olds, which avoid identitying other LLJ with lower wind speeds.
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Hence, some works have developed other criteria to evaluate
LLJ activity (Whiteman et al. 1997; Rife et al. 2010; Ranjha et al.
2013). In particular, Ranjha et al. (2013) focus on coastal LLJs
and include temperature and wind speed variations in the crite-
ria, developing a frequency indicator of occurrence. These modi-
fications include a set of criteria that can be used systematically
to scan global datasets for identifying the locations and occur-
rences based on the vertical profiles of the wind speed and tem-
perature at coastal areas.

The northernmost continental territory of Colombia is
affected by winds of the CLLJ, whereas its western Pacific
coast, in the far-eastern tropical Pacific Ocean, is affected by
the ChocoJet (Poveda and Mesa 2000; Morales et al. 2017;
Arias et al. 2015; Yepes et al. 2019). Additionally, there is evi-
dence of a low-level jet located at the east of the Andean ter-
ritory of Colombia and Venezuela, known by several names:
the Eastern Andean LLJ or Corriente de Los Andes Orien-
tales (CAO, in Spanish) (Montoya et al. 2001; Torrealba and
Amador 2010), Llanos LLJ (LaBar et al. 2005; Rueda 2014),
and Orinoco LLJ (OLLJ; Jiménez-Sanchez et al. 2019).

The OLLJ has been studied at different time scales. Season-
ally, Montoya et al. (2001) reported the low-level winds over
eastern Colombia and found, using NCEP-NCAR reanalysis,
that the OLLJ was predominantly a December-February (DJF)
atmospheric feature. They proposed that the OLLJ may origi-
nate from the flow generated by the interaction between the
westernmost extension of the North Atlantic Subtropical High
(NASH) and an anomalous low pressure over South America
during DJF. Furthermore, Rueda (2014) characterized the
OLLJ using the ERA-Interim reanalysis and confirmed that the
jet is stronger during the dry season in the eastern Colombian
region (DJF), with a core between 1000 and 850 hPa and mean
wind speed around 6-8 m s™*. Also, the OLLJ is a mechanism
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for transporting pollutants across the Orinoco basin toward
Ecuador during the fire season in northern South America
(February—April) (Rodriguez-Gémez et al. 2022).

At diurnal scales, Torrealba and Amador (2010) characterized
the OLLJ using pilot balloons and radiosondes. They found the
highest wind speeds at 1200 UTC (0700 LST) with values around
14 m s~ ! during January—February in the period 2001-07 over
the center of the Venezuelan plains. Recently, Jiménez-Sanchez
et al. (2020) modeled the characteristics and evolution of the
OLLJ using dynamical downscaling performed in a 5-month-
long simulation from November 2013 to March 2014. Following
the methods established by Bonner (1968) and Ranjha et al.
(2013), they identified an 89% frequency of occurrence of the
OLLJ during the period of analysis. They also distinguished four
main cores along the OLLJ pathway, each constrained by topo-
graphic effects. Their numerical simulation experiment revealed
that the maximum diurnal mean wind speeds (13-17 m s~ ')
occur at each core location, at a different time during the night
and early morning (03001400 UTC). According to Jiménez-
Séanchez et al. (2020), the OLLYJ is the result of four dynamical
processes: a sea breeze penetration, katabatic flow, three expan-
sion fans, and diurnal variation of turbulent diffusivity. These
processes act together to maintain the acceleration of the winds
in the LLJ corridor.

Over the Orinoco plains shared by Colombia and Venezuela,
precipitation exhibits a unimodal annual cycle with a dry season
during DJF and a wet season during June-August (JJA) (Urrea
et al. 2019). In terms of the effects of the OLLJ on the precipita-
tion over the region, LaBar et al. (2005) studied the influence of
the OLLJ on convective precipitation over the Venezuelan plains
and found that the OLLJ winds are the strongest in the dry sea-
son (DJF) at 925 hPa and the weakest in the wet season (JJA).
Moreover, LaBar et al. (2005) showed that during the dry season,
deep convection is practically nonexistent across the midcorridor
of the jet (Venezuela) but indeed occurs to the south, around the
exit region of the OLLJ (southern Colombia). Nevertheless, the
relationship between the moisture pathways through LLJs
(Algarra et al. 2019) and precipitation in the region needs further
analysis.

The present study aims to investigate the seasonal variabil-
ity of the OLLJ and its relation to hydroclimatic variables in
the region using the ERAS reanalysis (Hersbach et al. 2019)
and Climate Hazards Group Infrared Precipitation with Sta-
tion data (CHIRPS) database (Funk et al. 2015). Our interest
focuses on the seasons of extreme activity of the OLLJ and
their influence over the dry (wet) seasons in northern South
America. Bearing in mind that Jiménez-Sanchez et al. (2019)
and Jiménez-Sénchez et al. (2020) analyzed a 5-month simula-
tion, and that there are few works that have studied the OLLJ
in association with precipitation, we address the following
questions:

1) What is the annual cycle of the OLLJ according to
ERAS5?

2) How is the OLLJ related to moisture transport during
the wet season?

3) How is OLLJ activity related to precipitation variability
on day-to-day and seasonal time scales?
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This paper is organized as follows. Section 2 describes the
regions of study and general information about the datasets
used. Section 3 gives a brief description of the frequency of
occurrence of LLJs, as well as the procedure to quantify the
associations between precipitation and the OLLJ. The results
and a discussion are presented in section 4, and conclusions
are drawn in section 5.

2. Data
a. Reanalysis

We use data from the ERAS atmospheric reanalysis
(Hersbach et al. 2019), which provide estimates of atmo-
spheric, land, oceanic, and climatic variables. The ERAS
data cover Earth with a 30 km grid having 137 levels, from
the surface up to a height of 80 km. Here, we use the follow-
ing variables: daily and hourly zonal and meridional wind
speeds at pressure levels from 1000 to 500 hPa, vertically
integrated moisture divergence flux, specific humidity,
omega at 500 hPa, and the zonal and meridional and verti-
cally integrated water vapor fluxes (northward/eastward).
We also estimated the total precipitable water (TPW) from
ERAS data using

TPW = L rmp d
a(p)dp
), 1P

Pup

where p represents the density of water, g is the acceleration due
to gravity, and q is the specific humidity integrated from the sur-
face to the top of the atmosphere. The region of interest is
10°S-20°N and 85°-50°W, and the period of study is 1981-2019.

b. Precipitation

We use data from CHIRPS, which is a high-resolution data-
set (0.25°), at daily and monthly time scales in the quasi-global
rainfall dataset from 1981 to near-present (Funk et al. 2015).
In this work, we use a spatial resolution of 0.25° and a daily
time resolution from 1 January 1981 to 31 December 2019
over northern South America (10°S-20°N and 85°-50°W). We
also used data from the Global Precipitation Climatology
Centre (GPCC) Full Data Reanalysis version 7 gridded at a
resolution of 0.5° X 0.5° (Schneider et al. 2014).

Six rain gauge stations were used to compute an ensemble
of the annual cycle of precipitation over the Orinoco region in
Colombia (Table 1 and Fig. 1). All of these stations have con-
tinuous records of more than 20 years and with no more than
5% missing data. The rain gauge data can be obtained directly
from the Colombian Institute for Environmental Studies
(IDEAM) at the Hydrological and Meteorological data man-
agement website (http://dhime.ideam.gov.co).

3. Methods
a. Estimation of the frequency of occurrence of an LLJ

We use the criteria proposed by Jiménez-Sanchez et al.
(2019) to identify the frequency of occurrence of the OLLJ.
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TABLE 1. Precipitation measuring stations and datasets in the
Orinoco region.

BUILES-JARAMILLO ET AL.

Station/dataset Location Period
Chaparrera 5.49°N, 72.22°W 1995-2020
Huerta 4.65°N, 72.91°W 1995-2020
Macucuana 4.90°N, 71.53°W 1983-2019
Matezamuro 6.97°N, 70.85°W 1983-2019
Molinos 5.41°N, 72.29°W 1995-2019
Palenque 5.42°N, 71.72°W 1974-2019
CHIRPS 2°N, 74°W; 7°N, 68°W 1981-2019
GPCC 2°N, 74°W; 7T°N, 68°W 1982-2016

These criteria are based on both Bonner (1968) and Ranjha
et al. (2013), as follows:

e The level of maximum wind is within the lowest 2 km
above ground level.

e The wind speed at the level of maximum wind is at least
40% higher than the wind speed at the surface (i.e., the
lowest model level, 1000 hPa).

e The wind speed above the level of maximum wind
decreases by at least 20% within 3 km of the surface.

We computed the wind speed for the study region, and we
tested these three conditions: grid cells that match the three
conditions were flagged as 1, otherwise were flagged as 0. This
calculation was done for hourly instantaneous wind fields
from 1981 to 2019 for the months under study at 6-h time
intervals according to synoptic times 0000 UTC (1900 LST),
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0600 UTC (0100 LST), 1200 UTC (0700 LST), and 1800 UTC
(1300 LST). There are two time zones in the region, UTC — 4
and UTC — 5; we selected UTC — 5 as the reference time
zone for our study. Once the frequency of the OLLJ was com-
puted in each grid cell, the total days of occurrence was
divided by the total number of days. This calculation produces
an indicator of the frequency of occurrence of an LLJ that
ranges from 0% to 100%.

b. Composite analysis

Composite analysis is a well-known method to study the
relationships between different climate phenomena (Ter-
ray et al. 2003; Boschat et al. 2016; Xie et al. 2017). In gen-
eral, according to Xie et al. (2017), a composite analysis to
infer the association between an index / and a field variable
F can be summarized as follows: 1) we define some events
or data points using criteria based on the index I; 2) the
timings of these events or data points constitute the key
times; 3) we isolate the signal in the variable F correspond-
ing to / by calculating the average of F over all key times;
and finally, 4) we use statistical tests to verify whether
there is a significant difference between the average of F
over all key times and the overall average of F (Terray et al.
2003; Boschat et al. 2016).

For the composite analysis, we estimated the extreme
events of daily zonal wind speed at 925 hPa. To this end,
we selected the time series of this variable over the LLJ
index area (6°-8°N and 67°-69°W) (see Fig. 1). Then, these
time series were averaged over that area, resulting in a
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FIG. 1. Region of study and particular areas used to compute annual cycles and indexes, including the Colombian
Orinoco, rain gauge stations, and the LLJ index area in the left panel. The dotted lines depict the entrance (En.), mid

(M), and exit (Ex.) regions of the OLLJ corridor.
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FIG. 2. Monthly percentage of days during the month when the three OLLJ criteria are satisfied during the 1981-2019 period at synoptical
hours [0000 UTC (1900 LST), 0600 UTC (0100 LST), 1200 UTC (0700 LST), and 1800 UTC (1300 LST)].

single time series. Subsequently, we used one standard
deviation below (above) the mean wind speed to identify
strong (weak) events of frequency of the OLLJ during DJF
(JJA). Therefore, days with zonal wind speeds below
(above) one standard deviation were included in the com-
posite analysis. During these extreme event days, we

compute the average daily values for hydroclimatic varia-
bles, such as precipitation, zonal and meridional winds, as
well as zonal and meridional water vapor flux (Peixoto and
Oort 1993). Finally, we verify the statistical significance of
the composite fields in relation to the climatology using the
statistical test proposed by Terray et al. (2003), which is a
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FIG. 3. Annual cycles of (a) wind speeds and (b) precipitation for different datasets. Both annual cycles were estimated
over the Colombian Orinoco region indicated in Fig. 1. The gray area in (b) depicts the variance of the stations used to

compute the ensemble.

nonparametric procedure to test the hypothesis of equal
population means, based on two random samples without
prior assumptions such as that the samples belong to nor-
mal populations with a common variance but possibly dif-
ferent means. This test can be carried out using simulation,
bootstrapping techniques, or randomization tests. In this
work, we use bootstrapping to apply Terray et al.’s test.
Hereafter, we show the average wind vectors over the sta-
tistically significant regions in the composite maps.

The LLJ index area exhibits a mean zonal wind speed of
—37m s ', as well as a standard deviation of 3.5 m s~ '. Then,
during DJF (JJA), which are the seasons of strong (weak) OLLJ
activity (see section 4), we consider the events below (above)
one standard deviation from the mean wind speed: zonal wind
speeds greater than —7.2 m s ! are considered as the strongest
activity events during DJF; daily westerly wind speeds higher
than —0.2 m s~ ! are considered as the weakest activity events
during JJA. Dates for these events constitute the key times for
the composite analysis, which will be described next.

4. Results
a. Frequency of occurrence of the OLLJ

Figure 2 presents the long-term relative frequency of occur-
rence of the OLLJ during DJF by month and as a function of
the time of day. During DJF, our results show the highest
OLLJ frequencies occur at 0600 and 1200 UTC (0100 and
0700 LST) and the lowest at 1800 and 0000 UTC (1300 and

1900 LST). This result agrees with previous studies that have
classified the OLLJ as a nocturnal jet (Gimeno et al. 2016;
Ranjha et al. 2013; Jiménez-Sanchez et al. 2019; Algarra et al.
2019). At 0000 UTC (Fig. 2, top), frequencies of occurrence
above 70% are located over the Venezuela and Guianas
coast, the OLLJ midcorridor, and the Panama gap flow. At
1800 UTC (Fig. 2, bottom), values between 40% and 60% are
located over the mid and exit regions of the OLLJ and the
Panama gap flow. At 0600 and 1200 UTC, the frequency of
occurrence of the OLLJ reaches values up to 90% in central
Venezuela and eastern Colombia. This region coincides with
the maximal wind speeds in Fig. 4. However, another region
of high frequency of occurrence, up to 80% (deserving further
research), is located between Guiana and Brazil. This region
is associated with the Guianas LLJ (Gimeno et al. 2016;
Algarra et al. 2019) and could be related to a nighttime accel-
eration due to a decoupling of the boundary layer as
described for the OLLJ by Jiménez-Sanchez et al. (2020) and
by the orographic effect by the Guianas shield as shown in
Fig. 2.

For December, at 1200 UTC (the hour with the highest
frequencies of occurrence), the core of high frequency
(80%-90%) of the OLLJ is located in a region that spans a
large area from central Venezuela to central Colombia. For
January, the core of high frequencies becomes smaller, and
the highest frequencies (90%) are mostly located in Vene-
zuela. In February, this region of higher OLLJ activity
retreats further over central Venezuela, decreasing its
extent over Colombia. In contrast, frequencies of occur-
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retrieved from CHIRPS (mm day ') and ERAS reanalysis (m s~ 1) for the period 1981-2019, respectively.

rence tend to increase from December to February for the

Guianas LLJ.

The activity criteria show the evolution of the frequency of
occurrence of the OLLJ and other low-level flows over the

region (contours above 50%) during DJF. The frequency of

occurrence also allowed us to pinpoint the Panama gap flow (Xie

et al. 2005), which extends to the offshore Colombian Pacific and
a high-frequency region over portions of the Guianas and a small
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Authenticated cgarrison@ametsoc.org | Downloaded 02/08/22 09:01 PM UTC



FEBRUARY 2022 BUILES-JARAMILLO ET AL. 215

et

-70
LON

FIG. 6. Long-term mean of total precipitable water (mm) during (top) DJF and (bottom) JJA during the period 1981-2019.

portion over northern Colombia, which is persistent during DJF.
Note that implemented criteria can capture nocturnal inland
LLJs, such as the OLLJ and the Guiana LLJ (Gimeno et al.
2016). Meanwhile, during JJA, the frequency of occurrence of
the OLLJ at 1200 UTC (0700 LST), the hour with the most
intense activity, reaches values up to 35% along the OLLJ corri-
dor (Fig. Al in the appendix).
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b. The climatology of precipitation and the OLLJ

Figure 3b shows the annual cycle of precipitation estimated
for the Colombian Orinoco region using the precipitation sta-
tions and gridded datasets. We only considered precipitation
stations in Colombia, although the Orinoco region represents
the hydro-ecological basins shared between the Colombian
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FIG. 7. Long-term mean of vertical integral of water vapor flux (kg m ™' s~ 1) from ERAS5 and streamlines for (top) DJF and (bottom) JJA.

Authenticated cgarrison@ametsoc.org | Downloaded 02/08/22 09:01 PM UTC



216 JOURNAL OF HYDROMETEOROLOGY VOLUME 23
Pajs
02
5 i “ -UI1
_ R : = =
i r i — ¥ j 3 10
“ I ol ) A -0.1
! f* : ; il - .02
10 N "a’.\s,«. = i J .-
-80 -70 -60 -50 :
JUN
20 -
15F 02
10 i 0.1
[ [ =
5
3 3 < 0
0 01
-5 0.2
-10 03

LON

FIG. 8. Long-term mean of omega at 500 hPa (Pa s~ !) from ERA5 during DEF and JJA for the period 1981-2019.

eastern Andes and Venezuela. The highest values of precipi-
tation over the region are observed during May-July in all
datasets, including those estimated as an ensemble from all
stations (gray area in Fig. 3b). In contrast, all datasets show
that the dry season occurs during DJF. Gridded datasets (e.g.,

CHIRPS and GPCC) adequately represent the pattern of the
annual cycle shown by the rain gauge stations, with higher
differences during the wet season than the dry season.
Our results are consistent with LaBar et al. (2005) and Urrea
et al. (2019), who show that the lowest daily precipitation
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occurs during DJF over the plains of eastern Colombia and
Venezuelan western.

Figure 4 shows the fields of long-term monthly precipitation
in northern South America during the months of extreme activ-
ity for the OLLJ. During DJF, a band of precipitation around
10 mm day ™' is located below the equator (5°S) in the Amazon
region. This band is related to the meridional migration of the
ITCZ (Berry and Reeder 2014) and the onset of the South
American monsoon system (Liebmann and Mechoso 2011). In
contrast, during June-August (JJA), the precipitation band is
located around 5°N over the Colombia—Venezuela plains (up to
15 mm day ') and Colombian Pacific (around 20 mm day ).

Figure 4 also shows the mean fields of wind speed at 925
hPa for DJF and JJA. For DJF, winds are predominantly
northeasterlies at the easternmost part of Venezuela related
to the OLLJ (Jiménez-Sanchez et al. 2020; Rueda 2014; Tor-
realba and Amador 2010). The wind speed in the OLLJ corri-
dor exhibits values around 8-10 m s™', reaching the eastern
Colombian Andes and then shifting southward around 70°W,
forced by the topographic barrier of the Andes. In contrast,
during JJA, the LLJ retreats and decreases in intensity (wind
speeds below 5 m s~ !; Fig. 3a), and the maximal precipitation
rates occur over central Venezuela and eastern Colombia
(Fig. 4, bottom).

The monthly mean vertical profiles of the zonal and meridi-
onal wind speeds along the OLLJ pathway during DJF are
shown in Fig. 5. Based on topographic effects, Jiménez-
Sanchez et al. (2020) proposed three regions where the jet
develops: entrance, midcorridor, and exit (Fig. 1). Due to the
predominant direction of the winds over each region, zonal or
meridional winds were selected for the vertical profiles: zonal

winds were used over the entrance region profiles, while in
midcorridor and exit regions, the profiles are estimated using
the meridional winds (Fig. 1). Over the entrance region, maxi-
mal zonal wind magnitudes predominate during DJF (around
8-9 m s~ !), whereas meridional wind speeds range between 4
and 5 m s for the midcorridor and between 6 and 7 m s~ *
for the exit region. For midcorridor and exit regions, the
weakest values occur in February. These peak values are
reached at 900 hPa for the entrance and midcorridor; whereas
meridional wind speed maxima are located at 850 hPa for the
exit region, where SALLJ predominates (Montini et al. 2019).
These maximal wind values are in agreement with the annual
cycle of wind speeds at the Colombian Orinoco region as
shown in Fig. 3a. Figure 5 (bottom) also shows the diurnal
cycle of wind speeds. Maximal wind speeds are located from
925 to 900 hPa and occur between midnight and 0400 LST at
the entrance and between 0300 and 0700 LST in the midcorri-
dor. At the exit region, the maxima move from 0800 to 1000
LST and are located at 850 hPa. These long-term results agree
with the simulations of Jiménez-Sanchez et al. (2020), except
that two peaks are found in the midcorridor: one occurring
between 0300 and 0500 LST and the other around 0700 LST.

¢. Moisture transport by the OLLJ

To establish a connection between the OLLJ and precipita-
tion, we examine the TPW, omega, atmospheric water vapor
flux, and vertically integrated moisture divergence flux
(VIMDF). Figure 6 shows the climatology of TPW during
DJF and JJA. Values of the TPW around 70 mm (the highest
in the study region) are located over the Amazon and south-
ern Colombia during DJF (exit region of the OLLJ); while in
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central and northern Venezuela and the eastern Colombian TPW (>50 mm) moves toward northwestern South America
Plains (OLLJ midcorridor), values decrease from 50 to and Central America during JJA. From June to August,
40 mm during December—February. A band of high values of the values of the TPW vary from 60 to 50 mm over the
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Colombian—Venezuelan plains, Guyana, and northwest Bra-
zil. The lowest values of TPW in the study region are located
in the OLLJ corridor during the DJF season; during JJA the
eastern Pacific and the OLLJ corridor are the regions with the
highest values.

The mean fields of monthly vertically integrated water vapor
flux (VIWVF) have a region of higher water vapor along the
OLLJ corridor for the DJF period (Fig. 7). The long-term
monthly mean of VIWVF and its streamlines overlap and
show that there are both zonal and meridional pathways of
water vapor along the OLLJ corridor during DJF and pre-
dominantly zonal moisture transport during JJA. Along the
OLLJ and the Guianas LLJ corridors, there are values of the
VIWVF from 250 to 350 kg m~! s™! (the highest in northern
South America) that are transported from the tropical Atlan-
tic Ocean to the central Venezuela and the Colombian east
plains during December and coincide with the moisture sour-
ces of those LLJs described by Algarra et al. (2019). The val-
ues of VIWVF over the OLLJ corridor decrease from 200 to
300 kg m~'s™!in January to less than 200 kg m~! s~ ! in Feb-
ruary. This reduction of the values of the VIWVF may influ-
ence the availability of water at the exit of the OLLJ or the
southern regions of the continent.

Unlike with the OLLJ, for the Guianas LLJ, the values of the
VIWVF start at 200 kg m™' s™! in December and gradually
increase to 350 kg m~! s™! in February, with a similar moisture
source and sink as the OLLJ, as also suggested by the results of
Algarra et al. (2019). One striking feature is that both the OLLJ
and the Guianas LLJ corridors are the two regions with the
highest values of VIWVF during the DJF season, becoming the
most important pathways for water vapor flux over northern
South America. This result is supported by the fact that nearly
80% of the total water vapor flux occurs at low levels (between
1000 and 800 hPa; Fig. A2, top), while 12%-14% of the water
vapor at low level is carried out along the OLLJ corridor at 925
hPa during DJF (Fig. A2, bottom).

Despite the reduced values of TPW during DJF (around
45 mm)-in comparison with JJA-there is a water vapor flux
of 200-300 kg m ' s™! transported from the northeasterly
flow along the OLLJ region in Venezuela and then continu-
ing southward (around 5°N-75°W) forced by topographic
effects of the eastern Andean mountain range in Colombia
(Fig. 4). However, these moisture transport conditions
occur during the dry season over the Orinoco region (and a
downward flow, as shown by Fig. 8), as is shown by the
monthly mean precipitation during DJF (Figs. 3 and 4). We
hypothesize that the strongest winds of the OLLJ favor the
transport of moisture in such amounts (Fig. 4), and it might
be related to an inhibition of convection as shown by LaBar
et al. (2005) and supported by the divergence flux, which
coincides with the strongest frequency of occurrence
(80%—-90%) of the jet over the Orinoco region (Fig. 9).

d. Analysis of extreme OLLJ activity

Figure 10 (top) shows a composite of the precipitation
over northern South America during DJF for the key times
described in section 3. The composites of precipitation
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show that during DJF, daily precipitation values are close
to 0 mm day~!; except for increased precipitation in the
border between Colombia, Ecuador, Peru, and Brazil. In
contrast, Fig. 10 (bottom) shows precipitation composites
during the period of a low frequency of occurrence of the
OLLJ (JJA; Fig. Al), which shows that precipitation
increases in the range of 5-10 mm day ' in the OLLJ corri-
dor. Moreover, rainfall composites reveal an increase of
precipitation over Venezuela, whose location coincides
with the upward flow presented in Fig. 8 and a high TPW
zone over Venezuela and the Guianas, presented in Fig. 6.
Indeed, a detailed analysis of the time series for the com-
posite indicates that the relative frequencies of daily pre-
cipitation with stronger (weaker) events of the OLLJ
during DJF (JJA) are less (more) than 20% (70%) along
the OLLJ corridor (Fig. A3). During JJA, the OLLJ corri-
dor exhibits the highest relative frequencies of daily pre-
cipitation in southeastern Venezuela (up to 70%), while
for the Colombian region it reaches the lowest values
(around 40%) (Fig. A3). These results confirm the associa-
tion that a dry (wet) season occurs during stronger
(weaker) OLLJ in DJF (JJA). It also provides useful infor-
mation for rainfall prediction and its applications.

Figure 11 shows the composite for zonal water vapor flux
(WVF) at 925 hPa over northern South America. The top
row indicates that during DJF, the strongest values of
the zonal WVF (greater than 100 kg m kg~ ' s™!) appear
over the CLLJ (tropical North Atlantic Ocean) and OLLJ
(Venezuela and Colombian plains) pathways. In contrast,
Fig. 11 (bottom) shows composites of zonal WVF during the
season of the low frequency of occurrence of the OLLJ
(JJA). During this season, the highest values of the zonal
WVF come from the tropical North Atlantic Ocean toward
the Caribbean Sea bordering the Venezuelan and Colombian
coasts.

Figure 12 shows a composite for the meridional WVF during
DIJF and JJA. During DJF (top row), the OLLJ is an important
mechanism of meridional water transport through the Orinoco
and Amazon Colombian regions. Note that in the corridor of the
OLLJ, the meridional WVF exhibits its strongest activity during
December (100 kg m kg™! s7!) and decays during subsequent
months (January and February). Moreover, Fig. 12 (top) shows
that the 925-hPa northerly cross-equatorial flow (Wang and Fu
2002) are winds that correspond to the OLLJ, which pass toward
the Amazon River basin.

Our results evidence an increase of the WVF from the
Amazon River basin toward northern South America at
925 hPa during JJA (Fig. 12, bottom) reaching values
around 50 kg m kg~! s, which are the highest values
around the year from this source. This increase in water
vapor transport during the JJA in the northward direction
is related to the intensification of the southerly cross-equa-
torial flow (Wang and Fu 2002). In this regard, Paccini et al.
(2018) state that the atmospheric circulation pattern that
develops during a JJA in the Amazon River basin relates
to the cross-equatorial flow and may induce intense precip-
itation in the Amazon-Andes transition region during a
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JJA, which can be related to the higher WVF in the border
between Peru and Colombia.

5. Conclusions and future work

The long-term activity of the Orinoco low-level jet
(OLLYJ) was characterized by the criteria for the frequency
of occurrence of a low-level jet (LLJ) reported in the litera-
ture and the ERAS atmospheric reanalysis. Our results
evidence the spatiotemporal features of the OLLJ, which is
relatively stronger during December—February (DJF) with val-
ues around 8-10 m s, and its highest frequencies of occur-
rence are drawn over the plains of Venezuela and eastern
Colombia. These criteria for LLJ activity allowed us to verify
that the occurrence of the OLLJ exhibits daily frequencies
above 80% (below 40%) during DJF [June-August (JJA);

Fig. Al]. In this, we extend to the long-term period the
findings of Jiménez-Sanchez et al. (2020) who performed a
5-month study. In a regional context, these criteria also iden-
tify other inland and coastal wind flows, such as the Guianas
LLJ and the Panama Jet.

During DJF, a composite analysis of the extreme activity of
the OLLJ showed an increase in precipitation beyond the jet
exit region (the Amazon River basin) while there is an
enhanced moisture flux over the OLLJ corridor through the
plains of Venezuela and eastern Colombian compared to JJA.
Hence, these results indicate that OLLJ constitutes a mecha-
nism of moisture flux from the tropical North Atlantic Ocean
to the Amazon River basin. During JJA, the jet activity
decreases, and the composite analysis shows that precipitation
decreases over the Amazon. For this season (JJA), the jet
retreats and the moisture transported through the jet pathway
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to the Amazon basin diminishes. Based on a meridional wind
index, Wang and Fu (2002) related the northerly (southerly)
flow with the onset (end) of the wet season over the Amazon.
In agreement with previous work, our results showed that
during JJA, there is an increased southerly water vapor flux
(WVF) from the Amazon River basin when the OLLJ
reaches its lowest activity. In contrast, during DJF, enhanced
values of northerly WVF from the Atlantic Ocean prevail
over the corridor. Thus, OLLJ constitutes a mechanism of
moisture transport from the tropical North Atlantic Ocean to
the Amazon during DJF, whereas the southerly cross-equato-
rial flow prevails over the Venezuela and Colombia plains
during JJA.

Over the Orinoco region, the OLLJ and the precipitation
relate in the opposite way. During DJF, the OLLJ shows the
highest frequency of occurrence and the dry season predomi-
nates. During JJA, the OLLJ reduces its frequency of occur-
rence, a southerly cross-equatorial flow develops from the
Amazon basin (in the opposite direction of the OLLJ), and
the wet season over the Orinoco region occurs.

All these mechanisms are partly explained by the southern-
most location of the ITZC (Berry and Reeder 2014),
which allows the entrance of the northeasterlies over the
northeastern part of South America during DJF. This large
amount of atmospheric moisture over the pathway of the
OLLJ contributes to the rainy season over northern Peru,
Ecuador, northern Brazil, and southern Colombia (the exit
region of the OLLJ corridor). During JJA, the ITZC has
moved over the Orinoco region (Berry and Reeder 2014;
Asmerom et al. 2020; Grodsky and Carton 2003) and the low
pressure prevents the entrance of the northeasterlies, and
consequently weakens the OLLJ. These results highlight the

role of the OLLJ as a mechanism that helps to explain the
annual cycle of precipitation over both the Orinoco and Ama-
zon River basin regions.

This study used the ERAS reanalysis to characterize the diur-
nal and annual cycle of the OLLJ. Moreover, regarding the
OLLJ, there are still questions to be answered in future work,
such as

1) How does ENSO influence the dynamics of the OLLJ?

2) What is the interaction between the OLLJ and the SALLJ,
and their influence on precipitation in the region?

3) How can we use the OLLJ index to improve the predic-
tion of rainfall and streamflows in the zone of influence
of the OLLJ?

These questions draw on some of the topics for further
research associated with the OLLJ.
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APPENDIX

Climatological Features over the OLLJ Region

The appendix shows climatologies of the OLLJ frequency
of occurrence during JJA (Fig. Al), percentages of mois-
ture transport in the lower atmosphere during DJF (Fig.
A2), and the relative frequency of daily precipitation during
DIJF and JJA (Fig. A3).
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