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Abstract

This study shows the influence of El Niño–Southern Oscillation (ENSO) over

the seasonal and diurnal variability of the Orinoco low-level jet (OLLJ) during

the December–January–February (DJF) season. Results show changes in the

occurrence and intensity of the OLLJ winds during the phases of ENSO

(El Niño and La Niña) in relation to Neutral conditions. During El Niño

(La Niña), the OLLJ days decrease (increase) over the mid and exit of the OLLJ

corridor. Furthermore, the mean wind vertical profiles (and the intensity of

the diurnal cycle) decrease (increase) with values ranging from 5 to 9 m�s−1.
We highlight that the OLLJ days decrease (increase) in January (February)

during El Niño (La Niña) up to 24% (15%). These changes are modulated by

the pressure gradient between the Atlantic subtropical high and the near-

equatorial trough regions that decreases (increases) during El Niño (La Niña)

and thus induces a decrease (increase) of the OLLJ winds. Moreover, the water

vapour flux and precipitation reduce during both phases of ENSO along the

OLLJ corridor. This work shows new insights on the OLLJ features during

ENSO, which contributes to improving our understanding of the processes that

influence the hydro-climatology of northern South America.
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1 | INTRODUCTION

The Orinoco low-level jet (OLLJ) is a climatic feature that is
located over the shared plains of Colombia and Venezuela
in northern South America. Despite its importance in the
hydroclimate of the northeastern South America (Labar
et al., 2005), it has been understudied or defined as the
northern branch of the South American low-level jet
(Jones, 2019). At seasonal scales, Montoya et al. (2001) and
Rueda (2014) have shown that the jet is a predominant
boreal winter feature with a core between 1,000 and
850 hPa and mean wind speed around 6–8 m�s−1. Recently,
Builes-Jaramillo et al. (2022) and Algarra et al. (2019)

showed that the OLLJ is one of the mechanisms involved
in the moisture transport from the tropical North Atlantic
(TNA) towards the Amazon River basin and southern
South America during December–February (DJF). In con-
trast, during July–August (JJA) coinciding with the weakest
winds along the OLLJ corridor, the cross-equatorial flow
(CEF) transports moisture from the Amazon to northern
South America (Wang and Fu, 2007). The moisture flux
through the jet corridor is associated with the annual cycle
of the OLLJ and also with the annual cycle of precipitation
over the Orinoco region: strong OLLJ winds coincide with
the dry season (DJF) whereas weak jet winds occur during
the wet season (JJA) (Builes-Jaramillo et al., 2022).

Received: 22 November 2021 Revised: 15 April 2022 Accepted: 26 April 2022

DOI: 10.1002/joc.7681

Int J Climatol. 2022;1–15. wileyonlinelibrary.com/journal/joc © 2022 Royal Meteorological Society 1

https://orcid.org/0000-0002-3474-6922
mailto:luis.builes@colmayor.edu.co
http://wileyonlinelibrary.com/journal/joc


At the regional scale, the origin of the OLLJ has been
explained by the pressure gradient between the North
Atlantic subtropical high (NASH) and the near-equatorial
trough (NET), resulting in the strengthening of the north-
easterlies while it is forced by the Coastal Cordillera
(northern Venezuela) and the Guianese Shield (Vernekar
et al., 2003; Labar et al., 2005; Rueda, 2014). Further
south, the OLLJ plays a key role in the transport of pol-
lutants during DJF along the corridor towards Ecuador,
increasing the particulate concentrations in northern
South America (Rodríguez-G�omez et al., 2021).

At the local scale, Jiménez-S�anchez et al. (2020) states
that the characteristics of the OLLJ can be explained by
four physical mechanisms: a sea breeze penetration, kata-
batic flow, three expansion fans, and diurnal variation of
turbulent diffusivity. These processes act together during
the night and maintain the acceleration of the winds in the
OLLJ's corridor. The OLLJ, along with the Caribbean LLJ
(CLLJ), the Choco LLJ (ChocoJet), the Panam�a gap flow,
the Guianas LLJ, and the South American LLJ (SALLJ) are
part of the seasonal climate features that configures north-
ern south America hydroclimate (Amador, 2008; Gimeno
et al., 2016; Espinoza et al., 2020).

At the interannual time scales, anomalous sea-surface
temperatures (SSTs) in the tropical Pacific and in the TNA
during El Niño–Southern Oscillation (ENSO) are consid-
ered the main climatic drivers of the northern South
America hydroclimate (Enfield and Mayer, 1997; Enfield
et al., 1999; Poveda et al., 2011; Viegas et al., 2019; Dur�an-
Quesada et al., 2020). Previous studies suggest that ENSO
modulates CLLJ and ChocoJet in different ways. For
instance, Amador et al. (2016) states the CLLJ is strong
(weak) during El Niño (La Niña) in the boreal summer,
whereas it is weak (strong) during El Niño (La Niña) in
the boreal winter. In contrast, the ChocoJet winds are
stronger during La Niña and weaker during El Niño
phases in the boreal Autumn (Poveda and Mesa, 2000;
Yepes et al., 2019). According to Serna et al. (2018), both
El Niño canonical and El Niño Modoki diminish the
wind speeds of the CLLJ and Chocojet during the first
trimester; however, during the last two trimesters of the
year CLLJ winds are stronger and Chocojet winds are
weaker with respect to Neutral conditions for both El
Niño phases. At submonthly timescales, García-Martínez
and Bollasina (2020) suggest that ENSO and MJO modu-
late the intensification and prolong the CLLJ life cycle.
Whereas SALLJ is stronger and more frequent during El
Niño events over the central Andes of Bolivia and
Paraguay (Montini et al., 2019), the northern branch of the
SALLJ (Montoya et al., 2001; Labar et al., 2005; Torrealba
and Amador, 2010; Rueda, 2014; Jiménez-S�anchez
et al., 2019; Jiménez-S�anchez et al., 2020) does not exhibit
phasing with ENSO episodes according to Jones (2019).

The characteristics of the OLLJ at the interannual and
other long-term timescales are of utmost importance. For
instance, OLLJ might play a significant role in the long dry
seasons over the Amazon, via the reduced moisture trans-
port from oceanic sources to the Caribbean and the north-
ern South America (Agudelo et al., 2019). Also, it would
change as the cross-equatorial flow strengthens (weakens)
during boreal winter (summer) under deforestation scenar-
ios in the Amazon basin (Ruiz-V�asquez et al., 2020). Fur-
thermore, Salas et al. (2020) studied nonlinear relationships
between the OLLJ and precipitation interannual anomalies
during ENSO, suggesting an important link between the
OLLJ moisture transport and precipitation anomalies over
the northernmost part of the Amazon river basin (southern
Colombia). Hence, understanding the mechanisms that
modulate the OLLJ is important to advance in the diagnosis
and modelling of the regional climate and the climatic
future scenarios over northern South America.

In this work, we analyse the characteristics of the
OLLJ at its active season (DJF) during warm (cold)
phases of ENSO addressing the next questions: (a) Does
ENSO modulate the frequency of occurrence of the
OLLJ?; (b) How do wind speeds of the OLLJ change dur-
ing ENSO?; (c) Does ENSO modulate moisture transport
and precipitation along the OLLJ corridor? This work is
organized as follows. Section 2 describes the datasets
used. Section 3 describes the procedure to investigate the
OLLJ in terms of the changes during the phases of ENSO
of the NASH-NET gradient pressure, its frequency of
occurrence, moisture transport by the OLLJ, and its verti-
cal structure. The results and discussions are presented in
section 4, and conclusions are drawn in section 5.

2 | DATA

• Oceanic Niño index (ONI): We use the ONI index,
which is based on variations in 3-month running means
of SSTs in a central Pacific region defined as Niño3.4
(NOAA, 2019a; NOAA, 2019b) above the +0.5�C (below
−0.5�C) threshold to identify the El Niño (La Niña)
events. The ONI index is available on the web page:
https://origin.cpc.ncep.noaa.gov/products/analysis
\_monitoring/ensostuff/ONI\_v5.php.

• ERA5 atmospheric reanalysis: We use data from the
ERA5 atmospheric reanalysis (Hersbach et al., 2019),
which provides estimates of atmospheric, land, oceanic
and climatic variables. The ERA5 data covers the Earth
on a 30 km grid and it resolves the atmosphere using
137 levels, from the surface up to a height of 80 km.
Here, we use the following variables: daily and hourly
wind speed at pressure levels from 1,000 to 500 hPa, spe-
cific humidity, sea level pressure (SLP), and geopotential
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height at 925 and 200 hPa. Furthermore, we calculate
the water vapour flux (WVF) as the product between
total wind speed and the specific humidity (Peixoto and
Oort, 1993) WV F = qV (V =

ffiffiffiffiffiffiffiffiffiffiffiffiffi

u2+v2
p

, where u and v are
the zonal and meridional wind speeds).

• CHIRPS: We use data from Climate Hazards Group Infra-
Red Precipitation with Station data (CHIRPS), which is a
high-resolution dataset (0.25�), at daily and monthly time
scales in the quasi-global rainfall dataset (Funk
et al., 2015). CHIRPS data spans 50�S–50�N (and all longi-
tudes) and ranges from 1981 to near-present. In this work,
we use 0.25� spatial resolution and a daily time resolution
from January 1, 1981 to December 31, 2020 over Northern
South America (10�S–20�N and 85�–50�W).

3 | METHODS

3.1 | The NASH-NET pressure gradient
associated with the OLLJ

We evaluated the pressure conditions during each ENSO
phase by computing SLP anomaly fields as the difference
between El Niño (La Niña) and neutral conditions in a
region between 60�N–20�S and 120�W–10�E. Next, we
quantified the SLP gradient between the NASH and NET
regions to further study its relation with the OLLJ
according to Vernekar et al. (2003). To that end, we identi-
fied the centre of the NASH as the region with the higher
geopotential height at 850 hPa with a climatological mean
area (20�–40�N, 80�–10�W) as proposed by Davis
et al. (1997) and then we averaged the monthly SLP over
that region. After that, we computed the SLP monthly
mean in the NET region, which exhibits the lowest mean
SLP over the northern Amazon (2�–3�S, 69�–70�W).

Furthermore, we calculate the NASH-NET gradient
using the SLP standardized anomalies, which consist of
subtracting to each month its corresponding long-term
monthly mean and dividing it by its monthly standard devi-
ation. Moreover, we calculated standardized anomalies of
zonal wind speed at 925 hPa averaged over the OLLJ index
area (6�–8�N and 67�–69�W), which was selected according
to the recent work by Builes-Jaramillo et al. (2022). Finally,
we calculated Pearson correlations between the centre of
the NASH minus NET SLP gradient anomaly and the OLLJ
wind speeds anomalies for each of the DJF months.

3.2 | The frequency of occurrence of
the OLLJ

We use the criteria proposed by Jiménez-S�anchez
et al. (2019) to identify the OLLJ frequency of occurrence,

which are based on both Bonner (1968) and Ranjha
et al. (2013). By these means we test that (a) maximum
wind is within the lowest 2 km above ground level;
(b) maximum wind speed is at least 40% higher than the
one at the surface (1,000 hPa); and (c) the wind speed
above the level of maximum wind decreases by at least
20% within 3 km (�700 hPa) of the surface.

We computed the wind speed for the study region
(10�S–20�N and 85�–50�W) and tested these three condi-
tions: grid cells that match the three conditions were
flagged as 1, otherwise were flagged as 0. This calculation
was done for hourly wind fields from 1979 to 2020 of
December, January, and February at 1200 UTC
(0700 LST), which is the hour with the higher frequency
of occurrence of the OLLJ according to Jiménez-S�anchez
et al. (2019) and Builes-Jaramillo et al. (2022). Hence,
when 1 day at 1200 UTC is flagged as one is considered an
OLLJ active day. Each month was previously classified
according to the neutral conditions (that have been used
as the reference) and the ENSO phases (El Niño or La
Niña). Therefore, for each ENSO episode, the frequency of
occurrence of the OLLJ was computed in each grid cell,
the total OLLJ days were divided by the total number of

FIGURE 1 Study region with the location of the northern

South America and tropical North Atlantic regions. (purple box)

Center of the NASH and (yellow) NET regions. OLLJ corridor:

Entrance (green), Mid (red), and Exit (blue) regions. The empty

boxes indicate the regions where the probability density functions

for the maximum wind speed are computed (WS-PDF) and OLLJ

index area [Colour figure can be viewed at wileyonlinelibrary.com]
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days in the month. This calculation produces the fre-
quency of occurrence that ranges from 0 to 100%.

3.3 | Diurnal variability during ENSO

We estimated the diurnal variability of wind speed during
DJF. Three specific locations in the jet corridor were
selected: entrance (7.5�N, 64.5�W), mid-region (5�N,
72�W), and exit (2�N, 73.5�W). For each location, we clas-
sified the months associated with Neutral conditions as
well as for La Niña and El Niño phases. Then, we aver-
aged all data at each hour of every day during the 1979–
2020 period. Then, results for each location and ENSO
phase were plotted in a pressure–time diagram.

On the other hand, we computed the Probability Den-
sity Functions (PDF) for the maximum wind speed dur-
ing the OLLJ days at two regions: (a) the OLLJ index
area (6�–8�N, 67�–69�W) and (b) an area near the exit
location WS-PDF (2�S–3�N, 72�–73�W) (Figure 1). To
evaluate the differences between PDFs we used the
Kolmogorov–Smirnov test.

3.4 | Composite analysis

We use the composite analysis method to study the rela-
tionships between the activity of the jet during the ENSO
phases and different climatic phenomena in the region of
the OLLJ corridor (Terray et al., 2003; Boschat
et al., 2016; Xie et al., 2017). The general procedure sum-
marizes as (a) we define the Neutral, the La Niña, and
the El Niño dates using the ONI index; (b) we isolate the
OLLJ days in the area of higher frequency of occurrence
6�S–8�N and 67�–69�W, these events constitute the key
times; (c) we isolate variables (e.g., occurrences of OLLJ,
the OLLJ wind speeds, WVF, precipitation, among
others) corresponding to the OLLJ days during ENSO by
calculating the average for all key times; and finally,
(d) we use the test proposed by Terray et al. (2003) to ver-
ify whether there is a significant difference between the
average for the phases of ENSO and the Neutral ones.

4 | RESULTS

4.1 | The NASH-NET pressure gradient
associated with the OLLJ

Figure 2 shows the SLP anomaly fields for El Niño minus
Neutral conditions (La Niña minus Neutral conditions)
during the December, January and February. During El
Niño (La Niña), the NASH region (20�–40�N, 80�–10�W)

experiences a gradual reduction (increase) of the SLP
anomalies up to 4.0 hPa (2.5 hPa) from December to
February. Note that the higher differences occur during
February in both ENSO phases. Furthermore, during El
Niño (La Niña), the NET region exhibits a change of SLP
over the northwestern Amazon region ranging between
1.0 and 0.0 hPa (0.0 and 1.0 hPa). In this sense, the SLP
anomalies over the NASH region are higher than the SLP
anomalies over the NET region, thus driving the SLP gra-
dient over the region. Here, we hypothesize that such
NASH-NET gradient could be related to the OLLJ wind
speed.

Hence, in order to associate those processes, we quan-
tify the Pearson correlation between the standardized
NASH-NET SLP gradient and the OLLJ represented by
the standardized mean wind speed over the OLLJ index
area. Our results show a significant negative correlation
(r = −0.53, p-value < 0.05) indicating that negative
anomalies of wind speed (higher easterly wind speed) are
associated with positive anomalies of SLP gradients
(higher SLP gradients) (Figure 3). Thus, the previous
result indicates that during La Niña (El Niño) is expected
to find higher (lower) wind speeds in the OLLJ corridor
during the DJF months.

4.2 | Vertical profiles of seasonal wind
speed

Figure 4 shows the mean vertical profiles during the
ENSO phases for each month of OLLJ activity, along with
the three locations of the jet pathway (entrance, mid, and
exit). The highest wind speeds were found in the
entrance region at 900 hPa with values near 9 m�s−1 for
January and February during both ENSO phases.

At the entrance region, the wind speed has similar
magnitudes among the ENSO phases, while for mid and
exit, the wind speed differences with the Neutral condi-
tions are up to 2 m�s−1. Mid and exit regions exhibit simi-
lar profiles during the 3 months; however, marked
differences are observed among the ENSO phases during
February (8 m�s−1 during La Niña and 5 m�s−1 during El
Niño). In general, meridional wind speed decrease
(increase) in mid and exit regions during El Niño
(La Niña). These wind speed variations from the Neutral
conditions are observed during December, January and
February and persist in March (see Figure S1, Supporting
Information). Interestingly, the peak winds are located at
900 hPa in the entrance and mid-region, while in the exit
region, the peak winds lift to 850 hPa. These changes in
the level of maximum wind speed obey topographic con-
ditions: the OLLJ enters as zonal wind over the
Venezuela plains, once it reaches the Andes mountain
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range shifts southward where the flow deepens (between
the 900–800 hPa) due to a Venturi effect (Jiménez-
S�anchez et al., 2020). Similarly, Jones (2019) also indi-
cates the height of the northern branch of SALLJ around
850 hPa over locations near the entrance and exit
regions.

4.3 | Frequency of occurrence of the
OLLJ during ENSO

Figure 5 (upper row) shows the frequency of occurrence
of the OLLJ at 1200 UTC (0700 LST) for the Neutral

conditions during December, January, and February. It
also shows the differences between El Niño (La Niña)
and Neutral conditions during the 1979–2020 period (mid
and bottom rows). One remarkable feature of the OLLJ
during the Neutral conditions is that the region of the
higher frequency of occurrence (>80%) remains located
in the entrance region of the jet over central Venezuela
(around 8�N and 67�W). Furthermore, there is a contra-
sting pattern of frequency of occurrence of the OLLJ dur-
ing the ENSO phases between the entrance and mid-exit
regions for December and January. In that sense, we
found that the frequency of occurrence of the OLLJ in
the mid and exit regions decreases during the El Niño

FIGURE 2 SLP anomaly fields (hPa) at El Niño/La Niña phases with respect to Neutral conditions during December, January and

February [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Standardized anomalies of u in 6�–8�N and 67�–69�W at 925 hPa and the NASH-NET SLP gradient during DJF. Pearson

correlation coefficient r = −0.53. Blue shadow represents La Niña events and red shadow represent El Niño events [Colour figure can be

viewed at wileyonlinelibrary.com]
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phase (Figure 5, middle row) between 5–24%, with the
higher reduction in January over the Colombian east
plains. Moreover, during this phase of ENSO, the fre-
quency of occurrence increases between 5 and 10% at
the entrance region of the jet (northwestern Venezuela),
with statistically significant values during December
and February. During La Niña (Figure 5, bottom row),
the frequency of occurrence increases up 4–11% in the
mid and exit regions during December and February, at
the east Colombian plains and the borders between
Colombia, Ecuador, and Peru, while at the entrance
region of the OLLJ exhibits a decrease in the frequency
of occurrence near to 10% in December and less than 4%
in February. There are fewer observed changes in the
frequency of occurrence and significance during La
Niña. The influence of El Niño (La Niña) over the fre-
quency of occurrence of the OLLJ spans even further
the DJF months of the jet it extends until March as a
generalized reduction (increase) in the jet corridor (see
Figure S2).

Figure 6 shows the diurnal cycle of the wind speed
cross-sections for El Niño and La Niña phases at the
entrance, mid, and exit regions of the OLLJ corridor in
February (December and January show similar features
in Figures S3 and S4). In general, at the entrance region,
the OLLJ showed the highest wind speeds (around
11 m�s−1) from 2200 to 0700 LST at the pressure levels
between 950–900 hPa during both ENSO phases. In the
mid-region, the highest wind speeds (11 m�s−1) occur
between 0700 and 1000 LST around the pressure levels
925–850 hPa, while in the exit region, this feature is
observed between 0800 and 1200 LST around the 850 hPa
pressure level. In addition, a second night-time maxi-
mum (2200 LST) with values around 9 m�s−1 is observed
during El Niño at the mid-region.

The OLLJ cross-sections show different features
related to the ENSO phases along its pathway. At the
entrance, differences are unclear between both phases of
ENSO, except for a mid-troposphere extended core of
maximum velocity (11 m�s−1) that appears during El

FIGURE 4 Mean vertical profiles of wind speed (m�s−1) for the Neutral conditions and the phases of ENSO (El Niño and La Niña)

during December, January, and February for the 1979–2020 period. The profiles are estimated in the following points along the pathway of

the OLLJ: Entrance (7.5�N, 64.5�W) for the u component of wind, mid (5�N, 72�W) and exit (2�N, 73.5�W) for the v component of wind

[Colour figure can be viewed at wileyonlinelibrary.com]
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Niño beyond 1000 LST. However, the cross-sections of
the differences from the Neutral conditions (not shown)
suggest an increase of wind speed during El Niño and a
decrease during La Niña around 950 hPa, especially dur-
ing December and January. In contrast, during La Niña
(El Niño), wind speed increases (decreases) in agreement
with the vertical profiles (Figure 4) and the frequency of
occurrence over the mid and exit regions (Figure 5).
Changes at these regions are at the pressure level of
850 hPa, which coincides with the South America low-

level jet (SALLJ). These contrasting relationships along
the OLLJ corridor suggest different mechanisms driving
the wind speed of the OLLJ during both ENSO phases.
Our results agree with those described by Jiménez-
S�anchez et al. (2020) which evidenced the hours of maxi-
mum wind speed of the OLLJ between 0400 and
0900 LST depending upon the region. The wind speed
patterns previously described for both ENSO phases are
observed during December and January along the OLLJ
corridor (see Figures S3 and S4).

FIGURE 5 (top row) Frequency of occurrence (%) of the OLLJ using daily wind speed at 1200 UTC from 1979 to 2020. (middle row)

Difference between El Niño and Neutral months frequency of simultaneous occurrence for the three criteria of OLLJ for wind speed at

1200 UTC from 1979 to 2020 for December, January, and February (left to right). (bottom row) As the previous one for La Niña. Contour

lines are plotted for frequencies between 50 and 100%. White pixels depict grid points with no statistical significance according to the Terray

test. White box (6�S–8�N and 67�–69�W) and red box (2�S–3�N and 72�–73�W) in the upper left panel depict the areas to compute the

distribution of maximum wind speed [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 7 shows the probability density functions
(PDFs) of the maximum wind speed during the Neutral
conditions as well as for El Niño and La Niña in the
OLLJ days, for two areas: (a) the OLLJ index area
(Figure 7a–c) defined at coordinates: 6�S–8�N, 67�–
69�W and (b) the exit region (Figures 1 and 7d–f WS-
PDF exit) at 2�S–3�N, 72�–73�W. In general, PDFs show
maximum wind speeds around 10–15 m�s−1. During El
Niño, the PDF shifts to the left side, which is more evi-
dent across the advance of the season. This result evi-
dence lower (higher) wind speed during El Niño
(La Niña). In particular, the wind speed exhibits its
highest differences in February. Our results show that
maximum wind speeds during the occurrence of the
OLLJ exceed 10 m�s−1, in agreement with those results
found by Jones (2019) for the northern South America
branch of the SALLJ. Notwithstanding, we found a sta-
tistically significant difference according to the
Kolmogorov–Smirnov test among the wind speeds dur-
ing the phases of ENSO.

Figure 8 shows the composites of geopotential height
anomalies and wind speed fields at 925 hPa during the
OLLJ active days for both ENSO phases. In general, com-
posites do not exhibit significant changes from Figure 2
and evidence contrasting changes in the meridional pat-
terns between the NASH and NET regions. During El
Niño, NASH experiences changes in geopotential height
because negative geopotential height anomalies (around
15 m) move from the North Atlantic Ocean (December)
towards North America (February). During La Niña,
NASH exhibits geopotential height anomalies that start
with a dipole in December, and then it shifts to positive
anomalies for January and February. Note that the
highest positive anomalies occur during February with
values up to 30 m (above Neutral conditions). Mean-
while, northern South America (including NET) shows
negligible geopotential height anomalies predominate
during all months. In general, during El Niño (La Niña),
NASH experiences negative (positive) pressure anomalies
while NET experiences positive (negative) ones. Then,

FIGURE 6 Diurnal cycle of the February wind speed (m�s−1) cross-sections during El Niño (La Niña) phases (filled contours) and

Neutral conditions (black contours). Climatology between 1979 and 2020. Profiles are defined for the entrance (7.5�N, 64.5�W), mid (5�N,
72�N), and exit regions (2�N, 73.5�W) [Colour figure can be viewed at wileyonlinelibrary.com]
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although there are no significant changes over NET, the
pressure gradient between NASH and NET tends to
decrease (increase) during El Niño (La Niña). Hence, this
gradient might induce lower (higher) winds during El
Niño (La Niña) as the ones evidenced in Figure 8, top
row (Figure 8, bottom row). Those results are consistent
with those shown in the vertical profiles (Figure 4) and
the frequency of occurrence of the OLLJ (Figure 5).
Moreover, Figure 8 shows no-significant areas in the mid
and exit regions of the OLLJ during El Niño (La Niña) in
February (December).

4.4 | The OLLJ and its relationship with
moisture transport and precipitation in the
region

We analysed the moisture transport and precipitation
during the phases of ENSO. During OLLJ days in the
Neutral conditions are found the highest values of water
vapour flux (WVF) (Figure 9, top row) are found over the
Caribbean Sea (up to 180 g�m−1�kg�s−1), the Panama gap
flow, the Guyanas LLJ, and the OLLJ corridor (the last
three places exhibiting values of WVF up to

FIGURE 7 Probability density functions of the maximum wind speed during the OLLJ days in the DJF months over the OLLJ index

area at 6�S–8�N and 67�–69�W (upper row) and over the WS-PDF exit area 2�S–3�N and 72�–73�W (bottom row). All distributions are

statistically different according to the Kolmogorov–Smirnov test of equal distributions [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Geopotential height (m) and wind vector anomalies composites for active OLLJ days during December, January, and

February for El Niño (La Niña) minus Neutral conditions at 925 hPa. White pixels depict grid points with no statistical significance

according to the test developed by Terray et al. (2003) [Colour figure can be viewed at wileyonlinelibrary.com]
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140 g�m−1�kg�s−1). We also computed the WVF difference
between OLLJ days during the El Niño and Neutral con-
ditions (Figure 9, middle row), which shows a reduction
from December to February in a range from 10 to
18 g�m−1�kg�s−1. The WVF reduction along the OLLJ
pathway is higher in February, reaching beyond the exit
region of the jet down to Peru. In contrast, the Panama
gap flow and the Guyana LLJ areas exhibit an increased
WVF of 18 and 6 g�m−1�kg�s−1, respectively. During the
OLLJ days in the La Niña phase, the WVF also decreases
during December–January (6–12 g�m−1�kg�s−1), whereas
during February increases over the jet corridor (up to
10 g�m−1�kg�s−1). In contrast, the integrated vapour trans-
port (IVT) composites provided by Montini et al. (2019)

suggest that this variable does not change during El Niño
and La Niña over the OLLJ corridor. However, Montini
et al. (2019) highlighted an increase of IVT over northern
Brazil during that phase of ENSO, a feature also found in
our WVF composites (Figure 9, middle row). Our results
emphasize February as the month with a consolidated
change in WVF along the OLLJ corridor, indicating the
enhanced activity of ENSO in the January–March period,
also observed in the frequency of occurrence of the OLLJ
(see Figure S2).

Figure 10 precipitation over the continent during
active days of the OLLJ for the Neutral conditions (upper
row) and precipitation anomalies during each phase of
ENSO (middle and bottom rows). The location of the

FIGURE 9 (top row) Composite of water vapour flux (WVF; g�m−1�kg�s−1) and wind speed vectors at 925 hPa during active OLLJ days

in the Neutral conditions. (mid row) Difference between water vapour flux (WVF) during active OLLJ days in the El Niño and Neutral

conditions. (vectors) Composites of wind speed during active OLLJ days at 925 hPa in El Niño. (bottom row) WVF during the active OLLJ

days in La Niña subtracting the WVF during the Neutral conditions. (vectors) Composites of wind speed at 925 hPa during the OLLJ active

days in La Niña subtracting the WVF in the Neutral conditions. Winds at the 925 hPa pressure level are plotted where the WVF differences

are statistically significant according to the test developed by Terray et al. (2003) [Colour figure can be viewed at wileyonlinelibrary.com]
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higher values of precipitation is further south, owing to
the seasonal migration of the ZCIT (Berry and
Reeder, 2014). This figure highlights the lower values of
precipitation along the OLLJ corridor during DJF as
reported previously (Labar et al., 2005; Builes-Jaramillo
et al., 2022). Figure 10 (middle and bottom rows) also
shows the differences from Neutral conditions between
precipitation for each month in the active OLLJ season
during El Niño and La Niña with respect to the Neutral
conditions, respectively. Meanwhile, notable changes
occur further south, precipitation exhibits the lowest
values in the OLLJ corridor (around 2 mm�day−1) during
the months of the higher frequency of occurrence of the
OLLJ (Figure 10, upper row). Therefore, the El Niño −
Neutral differences fields (Figure 10, middle row) exhibits
a reduction up to 2.0 mm�day−1 for December and

February, whereas the La Niña − Neutral difference
shows no reduction during December and January, and a
reduction with values lower than 2 mm�day−1 along the
OLLJ pathway in February. Hence there is a mild reduc-
tion in precipitation during both ENSO phases. Accumu-
lated precipitation during the DJF months exhibits
reduction for both ENSO phases reaching values up to
6 mm�day−1 during El Niño and 2 mm�day−1 during La
Niña (see Figure S5).

5 | CONCLUSIONS AND
FUTURE WORK

We studied the Orinoco low-level jet (OLLJ) during its
most active season (December–January–February) and

FIGURE 10 (upper row) Precipitation (mm�day−1) during the active days of OLLJ in the Neutral conditions for the months December,

January, and February. Precipitation anomalies (mm/day) between El Niño (La Niña) and Neutral conditions (mid and bottom row).

(vectors) Composite of wind speeds at 925 hPa during Neutral, El Niño, and La Niña, respectively. White pixels depict grid points with no

statistical significance according to the test developed by Terray et al. (2003) [Colour figure can be viewed at wileyonlinelibrary.com]
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the canonical phases of ENSO (El Niño and La Niña).
Our results suggest that ENSO phases modulate the OLLJ
with significant changes between the entrance, the mid,
and exit regions along the jet pathway.

Regionally, during El Niño (La Niña), negative (posi-
tive) anomalies over the NASH region might induce
lower (higher) surface pressure gradient between the
North Atlantic subtropical high and the near-equatorial
trough (NASH-NET SLP gradient). Associated with this,
the wind maxima decrease (increase) up to −2 m�s−1
(up to 1 m�s−1) during El Niño (La Niña) over the mid
and exit regions. In addition, the height of the maximum
wind speed varies along the OLLJ pathway: at the
entrance, zonal winds are located around 900 hPa, and
downstream, meridional winds deepen reaching up
850 hPa. This shift in the OLLJ height has been explained
by a Venturi effect of the Andes mountain range that
changes the zonal winds into meridional ones (Jiménez-
S�anchez et al., 2020).

The frequency of occurrence of the OLLJ was exam-
ined during the phases of ENSO, exhibiting significant
changes during El Niño, especially over the Colombian
east plains. One notable feature is that the frequency of
occurrence changes during El Niño (La Niña) along the
OLLJ pathway with an increase (reduction) of the OLLJ
days over the entrance (mid-to-exit) region. In particular,
during El Niño in January, the OLLJ exhibits its highest
reduction in the frequency of occurrence, with changes
up to 24% in the eastern Colombian plains. During La
Niña, there is a significant increase in the frequency of
occurrence around 6–16% in the eastern Colombian
plains and the border with Ecuador and Peru. These
results are supported by the PDFs of the maximum wind
speed during OLLJ days, which show statistical differ-
ence in the distributions for each ENSO phase. In this
sense, Jones (2019) did not find significant changes in the
winds of the northern branch of the SALLJ (which
includes the OLLJ corridor) during ENSO. We argue that
the absence of a clear difference during the ENSO phases
obeys different approaches between the mentioned work
by Jones (2019) and our study. First, instead of using the
criteria proposed by Montini et al. (2019) for identifying
the jet occurrences, we used the criteria proposed by
Jiménez-S�anchez et al. (2019). Second, the hour of evalu-
ation of the events by Jones (2019) was the mean between
0000 UTC and 0600 UTC while ours was 1200 UTC
according to previous studies.

The diurnal cycle of the OLLJ winds remains consis-
tent with previous work. In agreement with Jiménez-
S�anchez et al. (2020), it shows a wind maximum near
midnight (local hour) at the entrance and the advance of
this maximum around 0800–1000 LST over the mid and
exit regions. The previous result is valid for both phases

of ENSO, without changes in the timing of the diurnal
cycle that can be associated with ENSO. However, the
intensity of the jet winds increases (decreases) with La
Niña (El Niño) in accordance with the vertical profiles.

Results show consistent atmospheric pressure pat-
terns that change with the phase of ENSO during the
OLLJ days. In general, there are opposite pressure anom-
alies between NASH and NET regions. During El Niño
(La Niña), lower (higher) pressure over NASH and higher
(lower) pressure over NET induce a decrease (increase)
in the pressure gradient in both regions, which in turn,
would be related to lower (higher) wind speed anomalies
over the OLLJ region. Moreover, for both phases of
ENSO, we found that the wind speed and SPL patterns
are consistent with those observed during the OLLJ days.

Our results evidence that the OLLJ general
features of moisture transport remain consistent with
the previous literature (Bovolo et al., 2018; Algarra
et al., 2019; Jones, 2019; Montini et al., 2019; Builes-
Jaramillo et al., 2022). Algarra et al. (2019) and Builes-
Jaramillo et al. (2022) showed that the active period of
the OLLJ (DJF) coincides with the dry season over the
Orinoco region and the OLLJ transports moisture along
the OLLJ corridor that sinks further south. Here, we
extended the analysis under the different phases of
ENSO. In particular, the water vapour flux (WVF) gradu-
ally decreases through the season, exhibiting the same
pattern for both ENSO phases. Furthermore, we point
out that during La Niña, February shows an interesting
increase in the frequency of occurrence of OLLJ, higher
wind speed, and an increase of the moisture transport,
especially further south (Figure 9), which coincides with
the reduction of precipitation in the OLLJ corridor
(Figure 10). This result shows new insights regarding the
moisture transport changes through the OLLJ corridor
over Amazonia and northern Brazil, which reduces dur-
ing both phases of ENSO, being higher during El Niño
up 18 g�m−1�kg�s−1. Notwithstanding, precipitation shows
a reduction in the OLLJ corridor with values around ±2–
5 mm�day−1 during both phases of ENSO. Although there
is no clear pattern of precipitation during ENSO over the
study region, Jones (2019) states that the active northern
branch of the SALLJ contributes to increasing precipita-
tion in Bolivia. Hence, the modulation of precipitation
due to OLLJ in zones further south of the region of study
during ENSO deserves further research.

Further questions about the OLLJ and its regional
and local characteristics during ENSO deserves future
work: How is the influence of the Central or Eastern
Pacific ENSO (Ashok et al., 2007; Timmermann
et al., 2018) on the jet?; How is the jet modulated by the
Atlantic El Niño events (Martín-Rey et al., 2014; Jia
et al., 2019)?; Do CMIP climate models properly represent
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the OLLJ features?; Is the OLLJ, the northern branch of
the SALLJ or is it an independent climatic feature?; How
the water vapour flux transported by the OLLJ could be
modulated by changes in the corridor land use? Tackling
these questions would contribute for a better understand-
ing of this Northern South America climate feature and
in turn contribute to reducing uncertainties in global cli-
mate modelling.
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