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Abstract

This study focuses on the analysis of the simulation of the main climatological features of the Orinoco low-level jet (OLLJ)
by a set of models included in the Sixth Phase of the Coupled Model Intercomparison Project (CMIP6) and their projected
changes under three Shared Socioeconomic Pathways (SSPs): SSP2-4.5, SSP3-7.0, and SSP5-8.5. We consider the 1979-2014
period to evaluate the historical simulations using the ERAS reanalysis as the reference dataset. In general, CMIP6 models
are able to capture the activation of the OLLJ during December-January—February (DJF) in the Orinoco basin, as well as
the main links between this circulation and low-level moisture transport patterns in northern South America. Regarding the
analysis of projections, CMIP6 models suggest a weakening and shrinking of the OLLIJ, especially in its exit region, by the
end of the twenty-first century, which in turn induces changes in atmospheric moisture transport patterns in the region during
DIJF. The projected changes of the OLLJ are associated with variations in the regional gradients of mean sea level pressure,
near-surface air temperature, and surface sensible heat flux in association with drier conditions in the Orinoco basin. These
projections are consistent with previous studies suggesting a drier Orinoco river basin throughout the twenty-first century.
Assessing the projected changes of this low-level jet in northern South America improves our understanding of the differ-
ent phenomena that modulate atmospheric moisture transport in the region, which is particularly important given its high
vulnerability to climate change.
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1 Introduction phenomena, and in turn, leading to the intensification of
the water cycle (Barichivich et al. 2018; Allan et al. 2020;

The water cycle has experienced variations worldwide  Douville et al. 2021). This means that weather and climate

associated with global climate change, inducing significant
variability in the Earth system components. Atmospheric,
oceanic, and terrestrial processes are interconnected, giving
a high complexity to the global and regional hydrological
cycle and its understanding under different conditions (Dou-
ville et al. 2021; Yang et al. 2021). One of the main drivers
of changes in the water cycle is the rise in the tropospheric
air temperatures (e.g. Al-Ghussain 2019; Gulev et al. 2021),
causing noticeable changes in weather and climatological
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extremes are becoming more frequent and intense and that
the seasonality of the water cycle is increasing (Douville
et al. 2021; Seneviratne et al. 2021).

Water vapor transport through the atmosphere plays a rel-
evant role in the hydrological cycle. It allows the exchange of
water vapor between sources and sinks, enhancing precipita-
tion formation and the maintenance of ecosystems (Gimeno
et al. 2012, 2020; Herrera-Estrada et al. 2019). For instance,
water vapor from the oceans and terrestrial sources plays an
essential role in the generation of precipitation events around
the world and is expected to strongly influence the changes
in precipitation extremes as a response to fluctuations in
moisture sources and their transport mechanisms (Liu et al.
2020). However, the particularities of those changes depend
on the region, the season, and the features that modulate
the moisture-related processes (e.g. Gimeno et al. 2012; Liu
et al. 2020). Atmospheric rivers and low-level jets (LLIJs) are

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-023-07028-7&domain=pdf
http://orcid.org/0009-0006-5542-2253

2370

I.C. Correa et al.

known as two effective mechanisms of moisture transport
(e.g. Poveda et al. 2014; Arias et al. 2015; Gimeno et al.
2016; Acosta and Huber 2017; Gallego et al. 2019; Morales
et al. 2021; Munday et al. 2021; Makinde et al. 2022; Oscar
et al. 2022) whose role in the formation of extreme weather
events have been analyzed in previous studies (e.g. Gimeno
et al. 2016; Ramos et al. 2016, 2019; Gimeno-Sotelo et al.
2022; Gimeno-Sotelo and Gimeno 2023). In particular,
increases in atmospheric moisture transport during the last
decades have triggered more extreme weather events, either
in terms of intense precipitation or droughts (Bonner 1968;
Stensrud 1996; Poveda et al. 2014; Gimeno et al. 2016; Dou-
ville et al. 2021).

The influence of LLIJs on the regional water cycle over
northern South America has been previously addressed,
particularly the Choco LLJ (Poveda and Mesa 1999), the
Caribbean LLJ (Amador 1998, 2008), and the Orinoco LLJ
(OLLIJ; Torrealba and Amador 2010). The Caribbean and
Choco LLJs have received important attention regarding
their main features and variability (e.g., Poveda and Mesa
1999; Wang 2007; Whyte et al. 2007; Amador 2008; Mufioz
et al. 2008; Cook and Vizy 2010; Sierra et al. 2018, 2021b;
Yepes et al. 2019; Loaiza-Cer6n et al. 2020; Morales et al.
2021; Valencia and Mejia 2022) while the OLLJ has been
less studied.

The different studies assessing the OLLJ highlight the
relevance of this LLJ on atmospheric moisture transport and,
therefore, the hydrological cycle in northern South America.
Poveda and Mesa (1999) identified this jet from an earlier
generation of reanalyses, finding a strengthening of the low-
level wind field in the eastern Andes Mountain range of
northern South America. Later studies evaluate the seasonal
characteristics of the OLLJ, suggesting a stronger jet during
December—January—February (DJF; Montoya et al. 2001;
LaBar et al. 2005; Rueda 2014), which corresponds to the
dry season in the Orinoco basin (e.g., Arias et al. 2020). Dif-
ferent ranges of pressure levels have been associated with the
seasonal activation of the jet; however, this jet is always con-
fined between 1000 and 800 hPa, consistent with the behav-
ior of a LLJ. Builes-Jaramillo et al. (2022b) analyzed the
interannual variability of the OLLJ associated with the El
Nifio-Southern Oscillation (ENSO). Particularly, they identi-
fied that the OLLJ winds decrease (increase) over the mid
and exit regions of the OLLJ corridor during the occurrence
of El Nifio (La Nifia) events. These changes are modulated
by decreases (increases) in the surface pressure gradient
between the North Atlantic Subtropical High (NASH) and
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the near-equatorial low-pressure regions during El Nifio (La
Nifia), inducing a decrease (increase) of the OLLJ intensity.

Some studies link the OLLJ with regional phenomena,
such as the transport of pollutants from the Atlantic Ocean
and the Orinoco basin to central Colombia and Ecuador dur-
ing February—March-April (Rodriguez-Gémez et al. 2022).
In terms of the link between the OLLJ, precipitation, and
atmospheric moisture transport patterns in northern South
America, Labar et al. (2005) found that during the dry sea-
son in the Orinoco basin (DJF), deep convection occurs in
southern Colombia but does not occur in the jet corridor
through the Venezuelan Llanos.

Nieto et al. (2008) suggest that most of the water over
the Orinoco basin derives from advective fluxes into the
area while the recycling of moisture is negligible. Moreo-
ver, Algarra et al. (2019) used a regional model to track the
atmospheric moisture sources and sinks of different noc-
turnal LLJs, suggesting that the OLLJ plays a relevant role
in water vapor transport from the tropical north Atlantic
Ocean to the northwestern Amazon. Builes-Jaramillo et al.
(2022a) linked the OLLJ with moisture flux and precipita-
tion in northern South America from composite analysis
during the period of activation (DJF) and the period of non-
activity of the jet (June—July—August; JJA). Their results
indicate that during DJF, precipitation increases south of
the exit region of the jet while the moisture flux on the Ori-
noco basin is enhanced. On the contrary, in JJA, when the
jet activity decreases, the main low-level circulation in the
region is associated with the southerly cross-equatorial flow
from the Amazon basin. Martinez et al. (2022) found that
higher surface sensible heat flux and lower evaporation in
the entrance of the jet can lead to the weakening of the wind
flow and decreases in the cross-equatorial moisture transport
into the Amazon linked to the OLLJ activity. The above
suggests the role of the OLLJ on atmospheric moisture flux
from the tropical north Atlantic Ocean to the Amazon basin
in DJF and its interactions with the regional circulation.

Like other regions worldwide, South America, specifi-
cally northern South America, has experienced relevant
changes in its climatological characteristics that lead to
variations in the structure of regional ecosystems and
human systems over the region (Castellanos et al. 2022).
For instance, Chai et al. (2021) identify drier conditions in
central South America after analyzing aridity trends during
1965-2014, while Mesa et al. (2021) show an intensification
of the hydrological cycle in Colombia (northwestern South
America), with drier conditions over the Orinoco. The most
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recent assessment report of the Intergovernmental Panel
on Climate Change (IPCC) shows that heavy precipitation
events have increased in frequency and intensity over south-
eastern South America while agricultural and ecological
droughts have become more frequent in northeastern South
America (Arias et al. 2021a; IPCC 2021; Seneviratne et al.
2021). These conditions may become more severe under
future climate change induced by increasing greenhouse gas
(GHG) concentrations (IPCC 2021).

The changes in atmospheric moisture transport toward
and within northern South America are particularly relevant
to understand the projected changes in the regional hydro-
logical cycle, due to the complexity of the transport patterns
of atmospheric moisture (e.g. Poveda et al. 2014; Arias et al.
2015, 2023; Hoyos et al. 2018; Agudelo et al. 2019) and the
interhemispheric exchange that occurs in the region (e.g.
Martinez et al. 2022). Specifically, the analysis of climate
projections from General Circulation Models (GCMs) for
northern South America suggests shifts in the location and
strengthening of the Choco LLJ during September—Octo-
ber-November, as a result of changes in the temperature
and pressure gradients between the eastern tropical Pacific
Ocean and the Colombian landmass (Sierra et al. 2021a),
which can also influence regional precipitation (Valencia
and Mejia 2022). Other projections suggest a westward
expansion of the Caribbean LLJ, partially explained by the
dynamics of the NASH (Torres-Alavez et al. 2021). By con-
trast, the possible changes of the OLLJ under climate change
scenarios have not been addressed in the literature.

Therefore, this study focuses on the evaluation of GCMs
simulating the main features of the OLLJ and their projected
changes by the end of the twenty-first century. The above
acquires relevance due to the role of the OLLJ in the atmos-
pheric circulation in northern South America. This paper is
structured as follows: Sect. 2 describes the data and meth-
odology used, Sect. 3 discusses the main results, and finally,
Sect. 4 presents a summary and discussion from this work.

2 Data and methodology
2.1 Climatological features of the OLLJ

This study uses the European Centre for Medium-Range
Weather Forecasts reanalysis ERAS (Hersbach et al. 2020)
to describe the main characteristics of the OLLJ during
1979-2014, which is the common period with the GCMs
used (see Sect. 2.2). ERAS corresponds to a state-of-the-art
reanalysis and has a horizontal resolution of 0.25°x0.25°.
Previous studies have used this reanalysis as a reference to
evaluate GCMs simulations in South America (e.g. Arias
et al. 2021c; Ortega et al. 2021; Olmo et al. 2022). Other

studies have highlighted the improvements of ERAS over
another reanalysis in the representation of hydrological and
atmospheric variables although maintaining some biases,
such as the overestimation of the temperature in southern
South America (Albergel et al. 2018; Tarek et al. 2020; Bal-
macedaHuarte et al. 2021).

To analyze the main seasonal features of this LLJ, we use
monthly zonal and meridional winds at different pressure
levels over northern South America (20° N-10° S, 85-50°
W). In particular, we analyze the seasonal vertical structure
of the wind field, and the seasonal spatial distribution of the
horizontal wind.

In addition to the seasonal wind fields, we propose an
index to assess the wind variability in the Orinoco basin
associated with the activation of the OLLJ. We define the
OLLJ index as the spatial average of the horizontal wind
between the levels of 825 and 950 hPa over the region 3°-5°
N, 73°-67° W (region C3.4; solid black rectangle in Fig. 1).
This domain is chosen given that previous studies estimate
indices over much smaller regions that may not be appropri-
ate when considering GCMs (e.g. Jiménez-Sanchez et al.
2019, 2020; Martinez et al. 2022). Particularly, Rodriguez-
GoOmez et al. (2022) use the region 75°-61° W, 4° N to
analyze the vertical structure of the OLLJ. However, as the
OLLJ index used in this study considers the average wind

80°W 75°W 70°W 65°W 60°W 55°W

Fig. 1 Regions considered to evaluate the simulation of the main
OLLYJ characteristics by the General Circulation Models used: region
C3.4 (black), Tropical North Atlantic (orange), Orinoco (red), and
Andes-Amazon transition (blue). The dashed black rectangle corre-
sponds to the region considered to estimate vertical cross-sections,
and black contours represent the topography in meters
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field over a spatial domain, a region including a wide range
of longitudinal bands that do not correspond to the main
developing domain of this jet may bias the index estimate.
Therefore we restricted the index domain to the region C3.4
shown in the solid rectangle of Fig. 1.

2.2 MSLP and NSAT gradients between the ocean
and the landmass

We evaluate the monthly variation of the gradients of mean
sea level pressure (MSLP) and near-surface air tempera-
ture (NSAT) between the Tropical North Atlantic and the
Amazon, since the contrast in pressure and heating between
these regions is related to the activation of the OLLJ (Builes-
Jaramillo et al. 2022b; Martinez et al. 2022). These gradients
are calculated as the difference between the spatial average
of the MSLP and NSAT in the Tropical North Atlantic (70°
W-55°W, 15° N-25° N; orange rectangle in Fig. 1) and the
Andes-Amazon transition (72° W-77° W, 4° S-—1° N; blue
rectangle in Fig. 1; Martinez et al. 2022). As for the case of
the wind fields, we consider ERAS as the reference dataset
for these estimates.

2.3 Regional gradients of MSLP, NSAT and SSHF
over the continent

On the other hand, this study analyzes the representation of
the MSLP, Surface Sensible Heat Flux (SSHF), and NSAT
gradients between the Orinoco (64°-70° W, 7°-10° N;
red rectangle in Fig. 1) and the Andes-Amazon transition
regions (blue rectangle in Fig. 1; Martinez et al. 2022). This
is relevant because the regional gradients between the jet
entrance and exit regions are important for interannual vari-
ations of the OLLJ intensity. We use ERAS as the reference
dataset for these estimates.

We consider the time series of the long-term anomaly of
the OLLJ index during DJF to identify the years of strong
and weak jet periods. We define the occurrence of a strong
jet event when the anomaly is above one standard deviation
of the long-term series. On the contrary, a weak jet event
is defined from the anomalies that are below one standard
deviation. Finally, to assess the main changes during strong
and weak events, we evaluate the patterns of MSLP, NSAT
and SSHF gradients, estimated as the difference between the
Orinoco region and the Andes-Amazon transition region for
those specific events.

@ Springer

2.4 Links between the OLLJ and atmospheric
moisture patterns in northern South America

Finally, we propose an initial approach to understand the role
of the OLLJ in the seasonal atmospheric moisture transport
in northern South America using zonal and meridional wind
data and specific humidity in different pressure levels at a
monthly time scale. For this purpose, we estimate the verti-
cally integrated moisture flux (VIMF) using Eq. 1:

1 pu
VIMF = - / Vqdp (1)
8

pl

where V represents the wind vector in m/s, g is the specific
humidity in kg/kg, and pu and pl are the upper and lower
pressure levels in Pa, and g is the acceleration due to gravity.

The relationship between VIMF and the jet activity is
identified through a simple linear regression between the
monthly anomalies of the OLLJ index and the anomalies of
the VIMF at each grid cell of the spatial domain.

2.5 Model evaluation

We analyze the annual cycle of the OLLJ using the histori-
cal simulations of 34 GCMs included in the sixth phase
of the Coupled Model Intercomparison Project (CMIP6;
Eyring et al. 2016). We only consider the first model ini-
tialization for these simulations (rlilp1f1l). CMIP6 models
are evaluated using the ERAS reanalysis, which is available
for the period 1940-present. However, the period of analy-
sis of the historical experiment in this study corresponds
to 1979-2014. Table S1 presents the models used in this
analysis, their spatial resolution, and available experiments.

The simulation of the main features of the OLLIJ by the
considered CMIP6 models is evaluated using the monthly
OLLJ index (see Sect. 2.1), the seasonal vertical structure
of the wind field, and the seasonal spatial distribution of the
horizontal wind. We also evaluate how the CMIP6 models
simulate the regional patterns of MSLP, NSAT, SSHF, and
VIMEF. Therefore the variables used from the GCMs are
zonal and meridional wind components, specific humidity,
sea-level pressure, NSAT, and SSHF.

Following the methodology proposed by Sierra et al.
(2018), we use the Root Mean Square Error (RMSE) and
the pattern correlation coefficient (PCC) as the evaluation
metrics of the performance of each model in the simulation
of the observed seasonal characteristics of the OLLJ (Taylor
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2001). For calculating the evaluation metrics, ERAS5 data is
interpolated to each model grid size (Table S1) by bilinear
interpolation. Then, to classify the set of CMIP6 models
according to their ability to simulate seasonal variations of
the wind field in northern South America, we perform a fac-
tor analysis using RMSE and PCC. From this methodology,
it is possible to obtain a small number of factors that explain
most of the original variance and allows the reduction of the
number of variables to classify the models (Rencher 2003;
Sierra et al. 2018). Finally, we use cluster analysis to obtain
a grouping of the CMIP6 models from the factors selected
by the factor analysis. In this sense, cluster analysis is a
statistical technique that allows defining groups of a set of
individuals, thus the individuals within a cluster are similar
while they tend to differ from those classified in other groups
(Wilks 2006). After obtaining the groups, we focus on how
each cluster represents the main characteristics of the OLLIJ.
The models within each cluster are gridded to a common
grid size of 2° X 2° by bilinear interpolation to obtain the
multimodel mean of the horizontal wind patterns, the verti-
cal structure of the jet, and the OLLJ index for each cluster
of GCMs.

To analyze the twenty-first century projections of the
main features of the OLLJ, the models used are defined by
the availability of the variables for the different Shared Soci-
oeconomic Pathways (SSPs; Riahi et al. 2017) considered.
To assess the projected changes of the OLLJ, this study uses
the SSP2-4.5, SSP3-7.0, and SSP5-8.5, which correspond
to low, intermediate, and high GHG emission scenarios,
respectively (Riahi et al. 2017; Meinshausen et al. 2020).
The projected changes of the horizontal wind field are evalu-
ated using the differences between the multimodel mean for
projections during 2081-2100 (late twenty-first century) and
the historical simulations during 1979-2014.

In addition, we analyze the projected changes in the jet
intensity using the OLLJ index, aiming to identify possible
changes in the jet strength during its activation period (DJF)
throughout the twenty-first century. The projected changes
of the OLLJ index are calculated from the DJF historical cli-
matology. We also perform a trend analysis of the long-term
series using the Mann—Kendall test (Mann 1945; Kendall
1948), which is a non-parametric test widely used in the
detection of trends of atmospheric variables.

3 Results
3.1 Climatological features of the OLLJ from ERA5

Figure 2 shows the seasonal patterns of horizontal winds
between 925 and 850 hPa over northern South America.
During DJF, the wind field experiences a strengthening
through the Orinoco basin, reaching the Colombian Ama-
zon (Fig. 2a). In March—April-May (MAM), the wind field
reduces its magnitude and the region with strong winds
shrinks (Fig. 2c) until it reaches its minimum during JJA
(Fig. 2e). The precipitation regime in the Orinoco basin con-
sists of an unimodal regime, with its dry season in DJF and a
wet season in JJA (e.g., Urrea et al. 2019; Arias et al. 2020;
Builes-Jaramillo et al. 2022a). Accordingly, ERAS shows
a marked annual cycle of the OLLJ with full development
and maximum spatial extension during the dry season of the
Orinoco basin (DJF) and with its weakest period during the
wet season in the basin (JJA).

Figure 2 also shows the seasonal variation of the horizon-
tal wind field associated with the OLLJ and its vertical struc-
ture at the jet exit (75-61° W, 3°-5° N; see Fig. 1), high-
lighting the difference in the vertical structure of the OLLJ
during the activation (DJF) and weakening (JJA) phases of
this low-level circulation. Figure 2b indicates that the wind
field in the Colombian Llanos experiences a strengthening
during DJF, exhibiting a development of the vertical struc-
ture of the jet with its core below 800 hPa. The jet centered
at 4°N seems to develop between 73 and 67° W and this
location is strongly influenced by the regional topography,
allowing the strengthening of the wind field between the Los
Andes mountain range and the Guinea highlands.

In JJA (Fig. 2f), the wind field decreases its magnitude
to values lower than 1 m/s below 800 hPa, indicating the
period of weakest activity of the OLLJ. Finally, in Septem-
ber—October-November (SON; Fig. 2h), the wind magni-
tudes approximately at 900 hPa increase, marking the activa-
tion of the OLLJ. The spatial distribution of the wind field
associated with the OLLJ is characterized by the change
in the wind direction when crossing the South American
landmass, mainly driven by the regional topography (see
Fig. 1). At its entrance, the jet has a strong zonal direction,
while at its exit, the low-level wind speed has substantial
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Fig.2 a, c, e, g Climatological
mean horizontal wind between
825 and 950 hPa in northern
South America estimated from
ERAS data during 1979-2019.
b, d, f, h Vertical structure of
the wind field at the exit of the
Orinoco low-level jet (OLLJ),
estimated over the dashed-line
region shown in Fig. 1. (i)
Annual cycle of the OLLJ index
estimated in the region C3.4
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contributions from both components of the horizontal wind
vector field. The OLLJ index estimated in region C3.4
(Fig. 2i) shows that both the zonal and meridional wind
components exhibit larger values in DJF and smaller values
in JJA, similar to the behavior of the OLLJ. Therefore, both
wind components contribute to the resultant wind magni-
tude. It is relevant to mention that the OLLJ index uses the
spatial average of the horizontal wind speed in a range of
pressure levels (between 825 and 950 hPa) as a proxy of
the jet activity, which is helpful to evaluate climatological
features of the jet; however, this approach does not measure
other characteristics as the occurrence of specific jet events
or its vertical structure.

Martinez et al. (2022) suggest that surface fluxes influ-
ence the pressure gradients between the northern Orinoco
and the Andes-Amazon transition region. Hence, we evalu-
ate the influence of these regional gradients in the strength-
ening and weakening of the flow associated with the OLLJ.
Figure 3a, b present the climatological fields of the MSLP
and SSHF for DJF, showing that the Venezuelan Llanos
exhibit higher values of MSLP during this season in com-
parison to the southernmost region of the OLLJ corridor.
On the contrary, the Andes-Amazon transition region (blue
rectangle), located at the jet exit, exhibits lower pressure
values on the surface during DJF. On the other hand, the
SSHF over the Orinoco region (red rectangle) is higher than
over the Andes-Amazon transition zone, which is strongly
influenced by the hydroclimatological characteristics of each
area: the Llanos are characterized by drier conditions where
the typical vegetation is grassland, while on the contrary, the
Andes-Amazon transition zone has a more humid regime
characterized by higher amounts of precipitation and soil
moisture (e.g., San José et al. 1998; Arias et al. 2020; Espi-
noza et al. 2020; Martinez et al. 2022).

In addition, we evaluate the regional patterns of the
MSLP and SSHF gradients during strong and weak OLLJ
events (see Sect. 2.3). We focus on the period DJF because
it corresponds to the strongest jet activity. Figure 3d—f show
the time series of anomalies of the OLLJ index for DJF and
the gradients of MSLP and SSHF between the Orinoco (red
rectangle in Fig. 1) and the Andes-Amazon transition (blue
rectangle in Fig. 1) regions during 1979-2019. Addition-
ally, the bottom panel (Fig. 3g) shows the NSAT gradients
in order to relate changes in SSHF and MSLP gradients to
changes in NSAT. The red (blue) lines correspond to strong
(weak) OLLIJ events in DJF, and the dashed red (blue) lines
indicate La Nifia (El Nifio) conditions during that year. A
stronger OLLJ tends to be accompanied by stronger MSLP
and weaker SSHF gradients between the Orinoco and the

Andes-Amazon transition region. On the contrary, a weaker
OLLJ is accompanied by a weaker MSLP and a stronger
SSHF gradient between these two regions. This can be
explained since a greater SSHF in the Orinoco region is
related to an increase in NSAT that decreases the MSLP
in the region. This leads to a decrease in the MSLP con-
trast between the Orinoco and the Andes-Amazon transition
region, and finally, a weakening of the flow associated with
the OLLJ. The contrary occurs during strong OLLJ events:
lower SSHF over the Orinoco relates to decreased NSAT in
the region, increasing the MSLP locally and strengthening
the MSLP gradient between the Orinoco and the Andes-
Amazon transition region, therefore allowing the intensifi-
cation of the OLLIJ. In general, strong (weak) OLLJ events
occurred during La Nifia (El Nifio), as also discussed by
Builes-Jaramillo et al. (2022b), suggesting that the warm
and cold phases of ENSO strongly influence the interannual
strengthening of the OLLJ.

These results are consistent with Martinez et al. (2022)
and confirm that although the meridional MSLP gradients
between the Tropical North Atlantic and the Andes-Ama-
zon transition are relevant for the development of the OLLJ,
other regional aspects like the surface fluxes between the
northern and southern zones of the OLLJ corridor affect the
MSLP conditions in those regions, influencing the OLLJ
strength during its activation period. It is important to notice
that although the patterns of the gradients of MSLP, SSHF,
and NSAT tend to be distinctive depending on the inten-
sity of the OLLJ, they are not always similar during all the
selected events. One example is 1982, when a strong El Nifio
occurred and a weak OLLJ event was identified but the pat-
terns of decreasing MSLP and increasing air temperature
and SSHF gradients are not very clear. Similarly, not all
the changes in these gradients are related to a change in the
OLLJ intensity. This suggests that gradients between the
northern and southern regions of the OLLJ corridor influ-
ence the strengthening of the surface wind field but may not
be the only elements to consider to evaluate a change in the
intensity of the OLLJ, for which further studies are needed.

3.2 The OLLJ in CMIP6 models
3.2.1 Classification of the CMIP6 models

Initially, to identify if the main biases in the representation
of the OLLJ arise from difficulties in the representation of a
particular wind component, we compare how CMIP6 models
represent the OLLJ index in the region C3.4 using the zonal
and meridional wind components individually as well as the
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«Fig. 3 Climatological a mean sea level pressure (MSLP), b surface
sensible heat flux (SSHF), and ¢ near-surface air temperature (NSAT)
for December-January—February (DJF) estimated from ERAS5 data
during 1979-2019. d Anomalies of the OLLJ index at the region
C3.4 for DJF using ERAS data during 1979-2019. Gradients of e
MSLP, f SSHF, and g NSAT between the Orinoco and the Andes-
Amazon transition region. Red vertical lines indicate years with the
occurrence of a strong OLLJ in DJF. Blue lines represent the years of
occurrence of a weak OLLJ. Dashed lines indicate the occurrence of
El Nifio (blue) and La Nifia (red) events

total wind magnitude. Figure 4 shows the multimodel mean
of the annual cycle of the OLLJ index at the region C3.4 for
the CMIP6 models during the historical period (1979-2014).
The OLLJ index estimated using the zonal wind (orange
line) exhibits smaller variations throughout the year, with lit-
tle changes in the wind speed in DJF, which corresponds to
the activation period of the jet, and JJA, which corresponds
to its weakening period. In contrast, the OLLJ index from
the meridional wind (blue line) displays marked changes
during the year, allowing better identification of the strength-
ening and weakening periods of the jet. Moreover, the total
wind magnitude (green line) loses some variability as the
contrast between DJF and JJA decreases due to the pattern of
both zonal and meridional wind components. Results from
the standard error of the mean (SEM) between the OLLJ
indices computed from ERAS5 and the multimodal mean of
CMIP6 models (error bars in Fig. 4) indicate that the esti-
mations from zonal and wind magnitude exhibit significant
differences from May to September, with values over 1 m/s,
while these differences are smaller during the rest of the
year. This is also observed for CMI5 models (Fig. S3). These
variations are not obtained for the meridional wind, confirm-
ing the above-mentioned contrasts between ERAS and the
estimates from CMIP6 models when considering the zonal
and wind magnitude for estimating the OLLJ index.

The estimates from CMIP6 models using the meridional
wind show greater agreement with that obtained from ERAS
(black line), as both models and ERAS5 exhibit contrasts of
up to 7 m/s between DJF and JJA. On the contrary, the esti-
mates of the models from zonal wind exhibit large differ-
ences with ERAS since the models do not simulate marked
variations of the index during the year. The above suggests
that the considered GCMs tend to have difficulties simulat-
ing zonal wind in the region, and therefore the OLLJ index
at the region C3.4 estimated from the wind magnitude may
not show the best variation of the wind field at the jet exit.
Hence, we estimate the OLLJ index from the spatial average

of the meridional wind component between 825 and 950 hPa
in the region C3.4 for ERAS and the CMIP6 models.

We classify the CMIP6 models in terms of their represen-
tation of the seasonal OLLJ characteristics, focusing on the
RMSE and PCC estimates of the horizontal wind, vertical
structure, and monthly OLLJ index. Based on these metrics,
we perform a factor analysis to reduce the multicollinearity
between these estimates and the number of observed varia-
bles to be considered in the cluster analysis. Figure 5a shows
the scree plot of the factor analysis for the CMIP6 models.
The scree plot indicates the number of factors to keep the
largest amount of information of the original variables with
the minimum number of factors. According to Fig. Sa, the
number of factors to be retained from the CMIP6 estimates
is three, retaining 91% of the original variance. The fac-
tors are the inputs for the cluster analysis based on Ward’s
minimum variance method (Ward 1963). At this point, to
select the optimal number of clusters to be retained, we use
the elbow method and the silhouette analysis (Rousseeuw
1987; Kodinariya and Makwana 2013; Figure S1), where the
inflection point in the curve of the elbow plot can be related
to an optimal number of clusters (Figure Sla). By contrast,
the silhouette analysis considers that a set of k clusters in
which not all clusters’ silhouette coefficients are greater than
the average (red line in Fig. S1) is not an adequate selection.
At the same time, thicker silhouette plots may suggest the
merge of different clusters into one, influencing the differ-
entiation of specific clusters (Fig. S1b—g). Based on these
criteria, we use k=4 clusters or groups.

Figure 5b shows the grouping of the CMIP6 models after
performing the cluster analysis with the Ward’s distance
method shown in Fig. S1. Additionally, Fig. 5c shows the
scatter plots of the three factors that represent 91% of the
original variance. Table 1 shows the CMIP6 models included
in each group. Following this classification, we evaluate how
these GCMs represent the main characteristics of the OLLJ
and its projected changes.

As previously discussed, the classification of the avail-
able CMIP6 models is based on two performance metrics
(RMSE and PCC) for each season of the year; however, we
focus on the DJF season as it corresponds to the activation
period of the OLLJ.

The performance metrics of the CMIP6 clusters for the
main characteristics of the OLLJ suggest that Groups 2 and 3
are the best among all clusters since they exhibit higher PCC
and lower RMSE for all the characteristics analyzed here
(Table 2). Note that clusters may have a high performance
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Fig.4 Multimodel mean of

CMIP6 simulations of the OLLJ 10
index in the region C3.4 during

the historical period (1979—

2014), as a function of zonal 3
(orange line) and meridional

(blue line) wind components,

and the total wind magnitude

(green line). The black line 6
represents the OLLJ index

using the ERAS wind magni-
tude, while the green shading
corresponds to the envelope

of the model estimates of the
OLLYJ index using the total wind
magnitude. The black lines with
dots and crosses represent the
OLLJ index estimated using
zonal and meridional wind com- 0
ponents from ERAS, respec-

tively. Error bars correspond to

the standard error of the mean —2
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CMIP6 simulations
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either in the spatial pattern or the error of the estimates of a
particular characteristic but can have an inaccurate simula-
tion of other OLLJ features. For instance, Groups 1 and 4
misrepresent the vertical structure of the jet (PCC of 0.52
and 0.56, respectively, and RMSE of 2.03 for both groups)
but are more accurate in the simulation of the annual varia-
tion of the wind field at the jet exit region (PCC of 0.96 and
0.89, and RMSE of 0.66 and 0.99, respectively), supporting
the importance of the analysis of different characteristics of
this LLJ when analyzing GCMs. Most of the CMIP6 models
considered in this work are able to simulate the temporal and
spatial features of the OLLJ (Figure S2) and thus there is not
much contrast among the performance of the four clusters
obtained. However, according to the results of Table 2, we
consider cluster 2 as the best group, while cluster 4 is taken
as the worst group, with 6 and 8 models within each group,
respectively.

The OLLIJ climatological features simulated by GCMs
were also evaluated with a set of 37 models included in the
previous CMIP phase (CMIP5; Figure S3). We found that
some CMIP5 models represent the temporal and spatial
features of the low-level jet while others exhibit a poor per-
formance. The above suggests an improvement in CMIP6
compared to CMIP5. CMIP6 models do not show significant
contrasts among GCMs, as is the case of CMIP5 models,
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with most of the models being able to simulate a low-level
circulation over the Orinoco.

3.2.2 Simulation of the regional gradients of MSLP, NSAT
and SSHF by the CMIP6 models

Previous studies state that the meridional pressure gradients
between the NASH and the Intertropical Convergence Zone
(ITCZ) modulate the strengthening of the northeastern trade
winds and their southward shift, which in turn, enables the
activation of the OLLJ (Builes-Jaramillo et al. 2022b; Mar-
tinez et al. 2022). Due to the role of these gradients in the jet
activation, we assess their simulation by GCMs, as it allows
us to relate variations in the representation of these patterns
to the simulation of the OLLJ.

The climatology of MSLP and NSAT during DJF simu-
lated by clusters (Fig. 6a, b, e, and f) show that the CMIP6
models capture the gradients of MSLP and NSAT between
the tropical North Atlantic (orange rectangle) and the Andes-
Amazon transition region (blue rectangle), with higher
(lower) MSLP and lower (higher) NSAT over the tropical
North Atlantic (Andes-Amazon transition region). These
patterns are consistent with the strengthening of the wind
field and its consequent direction into the continent. How-
ever, CMIP6 models, regardless of their simulation of the
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Fig.5 a Scree plot of the factor analysis for the different metrics of the OLLJ main features from the CMIP6 models, b dendrogram of the clus-

ter analysis, and ¢ the scatter plot of the three factors considered

main OLLJ features, simulate a higher MSLP (lower NSAT)
in the Atlantic than ERAS, while an opposite bias is obtained
for the land mass (lower MSLP and higher NSAT; Fig. 6c, d,
g, and h). These biases could produce an underestimation of
the wind magnitude associated to the activation of the OLLJ
by both groups of CMIP6 models (Figure S4). This suggests
that in addition to these biases, which are shared among the
clusters, other elements may modulate the differences in the
performance of the models in their simulation of the wind
field in northern South America.

On the other hand, Fig. 7a, b show the annual cycle
of the historical simulation of the horizontal gradients of
MSLP and NSAT between the Tropical North Atlantic and
the Andes-Amazon transition region (orange and blue rec-
tangles in Fig. 1, respectively). As discussed in Sect. 3.2.1,
the CMIP6 clusters do not show marked differences in
their performance in the simulation of the OLLJ. Simi-
larly, the differences among clusters in the representation
of the MSLP and NSAT gradients are not clear. Group
2 (best) has the highest correlation with ERAS for both
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Table 1 Classification of the

Group 1 Group 2 Group 3 Group 4

CMIP6 models after the factor

analysis and the cluster analysis ~ ACCESS-ESM1-5 ACCESS-CM2 MPI_ESM1_2_HR BCC-CSM2-MR
BCC-ESM1 GFDL-ESM4 CMCC-CM2-HR4
CAMS-CSM1-0 ITM-ESM CMCC-CM2-SR5
CanESMS5 KACE-1-0-G CMCC-ESM2
CESM2-FV2 MRI-ESM2-0 FIO-ESM-2-0
E3SM-1-0 NorESM2-MM KIOST-ESM
E3SM-1-1-ECA MCM-UA-1-0
GISS-E2-1-G NorCPM1
GISS-E2-1-H
GISS-E2-2-H
INM-CM5-0

IPSL-CM5A2-INCA
IPSL-CM6A-LR
IPSL-CM6A-LR-INCA
MIROC6
MPI-ESM-1-2-HAM
MPI-ESM1-2-LR
NorESM2-LM
SAMO-UNICON

gradients but it does not exhibit the lowest RMSE in all
cases. On the other hand, Group 4 (worst) has the most
prominent differences with ERAS for the MSLP gradient
(correlation of 0.88 and RMSE of 3.62) but improves its
performance when simulating the NSAT gradient (correla-
tion of 0.94 and RMSE of 0.96).

The multimodel mean and bias of the SSHF climatol-
ogy (Fig. 6i-1) indicate that CMIP6 models simulate higher
SSHF over northeastern South America and lower values of
SSHF over the Andes-Amazon transition region. However,
the CMIP6 models overestimate SSHF over the Orinoco.

Table 2 Performance metrics of the multimodel mean of the four
clusters of the CMIP6 models considered, in terms of their simulation
of the main characteristics of the Orinoco low-level jet

Group 1 Group 2 Group 3 Group 4

Horizontal Wind 0.88 0.92 0.91 0.88
PCC

Horizontal Wind 1.54 1.25 1.28 1.94
RMSE

Vertical structure 0.52 0.64 0.85 0.56
PCC

Vertical structure 2.03 1.77 1.13 2.03
RMSE

OLLJ index 0.96 0.98 0.97 0.89
PCC

OLLJ index 0.66 0.92 1.13 0.99
RMSE

Metrics in bold correspond to the best value of the metric: higher
PCC and lower RMSE
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The biases of NSAT and SSHF do not show consistency
in the Orinoco region, suggesting that NSAT biases can be
more related to variations in MSLP or can be influenced
by the ocean-landmass contrast. In turn, biases of SSHF
can respond to other land-surface processes. As previously
stated, the identified differences between the Orinoco and
the Andes-Amazon transition region are strongly influenced
by the climatological features of these regions: the Orinoco
exhibits a drier climate that modulates a more arid regime
over the region in comparison to the Andes-Amazon transi-
tion, which depicts a shift into a more humid regime.

We further analyze the simulation of the regional gra-
dients of MSLP, NSAT, and SSHF between the entrance
and exit regions of the OLLJ, and their links with the jet
intensity. Figure 8 shows the composites of the anomalies
of MSLP (panels a, b, g, and h), NSAT (panels c, d, i, and
1), and SSHF (panels e, f, k, and 1) during strong and weak
OLLJ events for the best and worst groups of CMIP6 models
(see Sect. 2.3). The composites are calculated considering
the strong and weak OLLIJ events during the DJF season,
selected for each model from its long-term monthly anoma-
lies of the OLLJ index. The results suggest that strong jet
events (Fig. 8a, b, c, d, e, and f) are associated with higher
MSLP and lower SSHF and NSAT over the Orinoco (larger
regional gradients), while the opposite occurs during weak
jet events (Fig. 8g, h, 8i, j, k, and 1), for which the Ori-
noco region exhibits negative MSLP anomalies and positive
NSAT and SSHF anomalies.

During strong OLLJ events, the anomalies of SSHF over
the Andes-Amazon transition region (blue rectangle in
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surface air temperature (NSAT, and i, j surface sensible heat flux
(SSHF) for December—January—February (DJF) from the CMIP6
models during 1979-2014. Mean bias of ¢, d MSLP, g, h NSAT, and

Fig. 8) are positive, suggesting that CMIP6 models simulate
increases in the SSHF over the Andes-Amazon transition
region alongside decreases over the Orinoco.

As identified in Fig. 8, interannual variations of the clima-
tological conditions over the Orinoco region strongly influ-
ence the main features of the LLJ, as those variations modu-
late changes in the regional gradients between the northern
and southern parts of the jet corridor. More generally, high
SSHF over the Orinoco region increases NSAT, which in
turn locally decreases the MSLP, weakening the regional
MSLP gradient through the Orinoco basin and reducing the
intensity of the OLLJ. On the contrary, decreasing SSHF in
the Orinoco reduces NSAT while MSLP increases, strength-
ening the regional gradient, and therefore the low-level wind
flow related to the OLLJ.

The estimates of the gradients of MSLP, NSAT and
SSHF, defined as the difference between the mean values of
the variable in the Orinoco minus the Andes-Amazon transi-
tion region during strong and weak OLLJ events, suggest the
strengthening (weakening) of the gradient associated with
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the occurrence of strong (weak) OLLJ events. During strong
OLLJ events, the mean gradient of MSLP is 3.6 hPa, the
gradient of NSAT is 0.88 °C, and the gradient of SSHF is
42.5 W/m2. On the other hand, during weak OLLJ, the mean
gradient of MSLP is 2.7 hPa, the gradient of NSAT is 1.7 °C,
and the gradient of SSHF is 59.1 W/m2. These estimates of
the regional gradients are consistent with the patterns pre-
sented in Fig. 8: during strong events of the jet, the MSLP
gradient is higher; in contrast, NSAT and SSHF gradients are
lower (increased MSLP and decreased NSAT and SSHF over
the Orinoco), while the opposite patterns occur during weak
OLLJ events. It is relevant to clarify that during DJF, MSLP,
NSAT, and SSHF values are higher over the Orinoco region
(Fig. 6), and therefore gradients exhibit positive values but
can vary depending on the contrasts between these regions.

The relationship between the OLLJ intensity and the fluc-
tuations in the regional gradients is observed for all clus-
ters of CMIP6 models, independently of their performance
simulating the OLLJ main features. The above suggests the
robustness of the relationship between the jet strengthening
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«Fig.7 Annual cycle of the gradients of mean sea level pressure
(MSLP) and near-surface air temperature (NSAT) for a, b the his-
torical experiment, and the projected changes for 2081-2100 (solid
lines) under different scenarios: ¢, d SSP2-4.5, e, f SSP3-7.0, and g, h
SSP5-8.5 for the best (blue line) and worst (red line) CMIP6 models,
as well as ERAS (black line). Dashed lines in (c¢), d-h represent the
mean annual cycle of the historical simulation (1979-2014) of each
model cluster for comparative purposes

and the gradients of MSLP, SSHF, and NSAT between the
Orinoco and the Andes-Amazon transition regions, which
are strongly influenced by fluxes from the land surface, as
proposed by Martinez et al. (2022).

Finally, to assess if the atmospheric circulation at mid lev-
els of the troposphere is connected to the regional patterns
at the surface and lower levels, Fig. 9a, b, e, and f present
the multimodel mean fields of wind and specific humidity
at 500 hPa during DJF for the best and worst CMIP6 clus-
ters. During DJF, the wind field at 500 hPa is characterized
by a strong easterly flow over northern Colombia, which is
associated with the NASH, characterized by an anticyclonic
pattern over the Caribbean Sea. The CMIP6 groups repro-
duce the anticyclone over the Caribbean Sea, although the
strengthening of the wind pattern varies between groups.

Regarding the specific humidity at 500 hPa, models sim-
ulate greater values over the Amazon and smaller values
over the Tropical North Atlantic Ocean, Caribbean Sea, and
northern South America. These patterns are consistent with
the southward location of the ITCZ and the occurrence of
the South American Monsoon System (SAMS) during DJF
when the higher values of specific humidity are expected to
occur in the Amazon. On the other hand, models simulate
drier conditions (reduced specific humidity) over northern
South America and the tropical Atlantic, consistent with an
anticyclonic circulation at the mid-troposphere. Even though
the CMIP6 models capture the spatial patterns of specific
humidity at mid-levels of the troposphere, the average bias
of each cluster shows that models tend to underestimate the
mid-tropospheric humidity in the tropical North Atlantic and
northern South America (Fig. 9g, h), with the best group
exhibiting the largest underestimation.

These results suggest that high values of SSHF and
NSAT, which tend to be located over the Orinoco region (red
rectangle in Fig. 6), are accompanied by a northeasterly flow
and reduced specific humidity at mid levels, inducing drier
conditions in the region. A different pattern occurs over the
Andes-Amazon transition region (blue rectangle in Fig. 6),
where wind circulation at 500 hPa is characterized by the
convergence of northeasterly and easterly flows while the
specific humidity increases, which can be related to more

humid conditions at the exit of the jet, as obtained by Segura
et al. (2020) when analyzing rainfall in the Amazon. There
does not seem to be a marked relationship between fluctua-
tions in the simulated mid-level wind circulation and spe-
cific humidity and surface/low-level patterns, particularly for
SSHF and NSAT (Fig. 6e, f, i, and j). This is based on the
fact that the CMIP6 clusters tend to exhibit similar biases
in the simulation of these features at 500 hPa while they do
not show a clear signal on the surface and low-level patterns.

The VIMF between 800 and 1000 hPa simulated by the
CMIP6 clusters for DJF (Fig. 9i and j) indicates smaller
VIMF in western Colombia, Ecuador, and Peru, while the
greatest values are located in the Caribbean Sea and northern
Brazil. Some CMIP6 clusters properly simulate the VIMF
in the Orinoco basin, with values of about 120 kg/ms. How-
ever, although a better simulation of the low-level VIMF can
be related to a better simulation of the OLLJ, some biases
may be added due to the misrepresentation of the specific
humidity at lower pressure levels. The mean biases (Fig. 9k
and 1) suggest that models tend to underestimate the VIMF
along the OLLJ corridor, and most of the CMIP6 clusters
overestimate the low-level moisture flux in the western slope
of the Los Andes mountain range and the northern Amazon.

3.2.3 Projected changes of the OLLJ

Figure 10 shows the projected changes of the wind field
between 825 and 950 hPa during DJF from the groups with
the best and worst simulation of the OLLJ main features for
the long term (2081-2100) under different climate change
scenarios. The groups exhibit negative projected changes,
suggesting a weakening of the wind magnitude of the OLLJ
by the end of the twenty-first century. In both groups, there is
an agreement by most of the models in this projected weak-
ening during DJF by the end of the twenty-first century, par-
ticularly at the exit of the OLLJ.

The slope of the projected changes of the OLLJ index dur-
ing the twenty-first century is shown in Table 3. The trend
analysis considers only the DJF season as it corresponds to
the activation period of the OLLJ. Results indicate marked
decreasing trends under all the considered SSPs and for all
the groups of CMIP6 models with agreement among the
model clusters, pointing to a weakening of this low-level cir-
culation during the twenty-first century. This is consistently
observed for all the scenarios, which suggests the robustness
of the projections of the main characteristics of the OLLJ
under different possible emission trajectories. Most of the
CMIP6 clusters project a weakening of the OLLJ with a sta-
tistically significant trend, with a range of projected changes
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Fig.8 Composites of the
anomalies of a, b, g, h mean sea
level pressure (MSLP), ¢, d, i,

j near-surface air temperature
(NSAT), and e, f, k, 1 surface
sensible heat flux (SSHG) in
December—January—February
(DJF) for the CMIP6 clusters
during strong and weak Orinoco
low-level jet events. Red and
blue rectangles represent the
Orinoco and the Andes-Amazon
transition regions, respectively
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Fig.9 Climatological a, b horizontal wind, e, f specific humidity,
and i, j vertically integrated moisture flux (VIMF) between 800 and
1000 hPa for December—January—February (DJF) from CMIP6 mod-
els during 1979-2014. Mean bias of ¢, d horizontal wind, g, h spe-

in meridional wind velocity of about 0.05 m/s per decade
(from a reference meridional wind velocity of 4.6 m/s for
DJF. according to the CMIP6 multi-model mean in the his-
torical experiment).

Regarding the projections of the gradients of MSLP and
NSAT between the ocean and the South American landmass,
results suggest that there are no marked projected changes in
the gradients of MSLP in CMIP6 during DJF by the end of
the twenty-first century (Fig. 7c, e, and g), but the projected
changes in the gradients of MSLP tend to be enhanced under
climate scenarios with a higher radiative forcing (Fig. 7g). In
addition, there is no agreement between the best and worst
clusters, independently of the scenario considered, in terms
of the projected variations of the MSLP gradients between
the ocean and the northern South American landmass during
DIJF. This pattern is not shared for JJA, as results from the
MSLP gradients exhibit high variations between the groups
during those months. However, when considering the NSAT
gradients (Fig. 7d, f, h), the projected changes of the tem-
perature contrasts suggest marked variations with respect
to the historical simulations during DJF. This is based on
the fact that the CMIP6 clusters tend to exhibit lower NSAT
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blue rectangles represent the Orinoco and the Andes-Amazon transi-
tion regions, respectively

gradients during 2081-2100 (solid lines) with respect to the
historical simulations (dashed lines), indicating greater con-
trasts between the ocean and the northern South American
landmass. This is consistent with previous studies suggest-
ing that increasing temperatures over land in northern South
America are one of the most prominent projected changes
in the region according to CMIP6 models (e.g. Reyer et al.
2017; Almazroui et al. 2021; Arias et al. 2021a, b).

The increasing contrasts of NSAT between the Tropical
North Atlantic and the Andes-Amazon transition region
could strengthen the wind circulation into the continent,
which is not consistent with the projected weakening and
shrinking of the OLLJ suggested by Fig. 10 and Table 3.
This suggests that other processes aside from the thermal
contrast between the ocean and the northern South American
landmass may influence the projected changes of the OLLJ.

To assess this in more detail, the projected changes of
MSLP, NSAT, and SSHF in northern South America, which
are relevant to assess changes in the contrasts between the
northern and southern regions in the OLLJ corridor, are
shown in Fig. 11. The projected changes for both clusters
in CMIP6 indicate decreasing MSLP through the OLLJ
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Fig. 10 Projected changes of the
DIJF wind field between 825 and
950 hPa for the best and worst
CMIP6 clusters, for the long
term (2081-2100) under differ-
ent scenarios: a, b SSP2-4.5, ¢,
d SSP3-7.0, and e, f SSP5-8.5.
Dots represent the grid cells
with agreement in the sign of
change of at least 80% of the
models within each cluster

Table 3 Slope of the projected
changes of the OLLJ index for
DJF in m/s per decade
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corridor (Fig. 11a—f) while increasing NSAT and SSHF
(Fig. 11g-1, and m-r, respectively) are projected mainly over
the Orinoco region (red rectangle). The pattern of increasing
SSHF and NSAT over the Orinoco region tends to exhibit
higher agreement among most of the models of the clusters
(represented by dots in Fig. 11), which in turn may be related
to the regional gradients that modulate the intensity of the
OLLJ.

Projected changes of MSLP are not particularly confined
to the Orinoco region in all CMIP6 clusters and scenarios.
By contrast, projections of NSAT and SSHF show greater
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positive changes over the Orinoco region (red rectangle
in Fig. 11) in contrast to the Andes-Amazon region (blue
rectangle in Fig. 11). The above suggests that the MSLP
changes simulated by the CMIP6 models by the end of the
twenty-first century mainly respond to variations in the pro-
jected warming across South America (e.g., Reboita et al.
2014; Llopart et al. 2020) although these models do not tend
to adequately capture the signal of the regional gradients.

The variations in SSHF, especially over the Orinoco
region, may explain the projected weakening of the OLLJ
as increasing SSHF in the northern part of the jet corridor
enhances the NSAT increase over that region and, conse-
quently, the changes in the gradients between the northern
and southern OLLJ corridor. It is relevant to highlight that
the Andes-Amazon transition region is also expected to
experience increases in NSAT and SSHF. Following Mar-
tinez et al. (2022), variations at the entrance of the jet can
be more influential on the dynamics of the OLLJ; therefore,
the increase in SSHF in the Orinoco region could modulate
the projected weakening of the OLLJ. When comparing the
projected changes under different scenarios, it is observed
that higher radiative forcing induces greater changes in the
regional patterns of MSLP, NSAT, and SSHF, the latter par-
ticularly over the Orinoco region. It is relevant to highlight
that the contrasts between the Orinoco and the Andes-Ama-
zonas region are more marked for SSHF, while the MSLP
and NSAT patterns tend to be distributed in northern South
America in response to the projected increase in continental
temperatures. This may induce small contrasts between the
northern and southern parts of the OLLJ corridor for MSLP
and NSAT (Figure S5), reinforcing the relevance of changes
in SSHF to OLLJ variations.

Focusing on the projected changes of the mid-level wind
circulation under the different scenarios considered for the
long term (2081-2100; Fig. 12a—f), projections suggest great
contrasts between the CMIP6 clusters. The predominant pat-
tern in the projected changes in wind magnitude at 500 hPa
is the increase in wind speed over northeastern South Amer-
ica, northern Amazon, Ecuador, and northern Peru, and the
decrease over the Caribbean Sea, northern Colombia, and
northern Venezuela. The agreement among the models of
the different groups is limited to a small region (the Carib-
bean sea, northern Brazil and Peru, Ecuador, and southern

Colombia). The above indicates that even though the pro-
jected patterns of wind magnitude at mid-levels exhibit great
variability among models, the increase of the wind magni-
tude over northeastern South America and northern Ama-
zon and the decrease over the Caribbean Sea are among the
predominant patterns shared by most of the clusters under
all scenarios.

In terms of the specific humidity at 500 hPa (Fig. 12g-1),
the CMIP6 models agree on the increase of the mid-level
specific humidity for 2081-2100 over most of the north-
ern South American landmass, independently of the sce-
nario. The pattern of projected increases of 500 hPa spe-
cific humidity exhibits high agreement among models under
different radiative forcing conditions, indicating a common
signal. These projections agree with previous studies that
suggest the overall increase in specific humidity in the tropo-
sphere in a warming climate (e.g. Allan et al. 2020; Douville
et al. 2021; Lee et al. 2021). The projected increase in mid-
level specific humidity is stronger over the Amazon while it
exhibits smaller changes over the Caribbean Sea.

The projected changes in the wind circulation and specific
humidity at 500 hPa over northern South America, specifi-
cally the northern part of the OLLJ corridor, suggest increases
in both wind magnitude and specific humidity at this level,
although changes in the latter do not reach high values in com-
parison to the northern Amazon. Instead, although the specific
humidity presents a projected increase at the entrance of the
jet, values are close to zero. The effect of enhanced mid-level
wind speeds over the Orinoco region and northeastern South
America (red rectangle in Fig. 11) can lead to increased mois-
ture drag out of the region, which in turn can induce drier con-
ditions at the surface, as previously identified in the analysis
of precipitation projections over the region (Zaninelli et al.
2019), thus enhancing the SSHF patterns over the Orinoco
(Fig. 11m-r).

Similar to the projections of 500 hPa specific humidity, the
projected changes of the VIMF in northern South America
(Fig. 12m-r) suggest an increased 1000-800 hPa VIMF dur-
ing DJF by the end of the twenty-first century in most of the
northern South American domain. This pattern shows high
agreement between the CMIP6 models over the Caribbean
Sea and northeastern Brazil. However, one of the CMIP6 clus-
ters projects reduced VIMF at the exit of the OLLJ (Fig. 120),
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«Fig. 11 Projected changes of the a—f mean sea level pressure
(MSLP), near-surface air temperature (NSAT), and m-r surface sen-
sible heat flux (SSHF) during December—January—February (DJF) for
the long term (2081-2100) under different scenarios: a, d, g, j, m, p)
SSP2-4.5, b, e, h, k, n, ¢ SSP3-7.0, and ¢, f, i, I, 0, r SSP 5-8.5 for
the best and worst CMIP6 clusters. Dots represent grid cells where
there is an agreement of at least 80% of the models within each group
in the sign of the projected change. Red and blue rectangles represent
the Orinoco and the Andes-Amazon transition regions, respectively

which may be linked to the weakening of the low-level circula-
tion along the Orinoco basin. These patterns through the jet
corridor have a low agreement between the models of each
cluster, suggesting uncertainties in the projected changes of
low-level VIMF over the OLLJ region.

3.3 Links between the OLLJ and VIMF simulated
by the CMIP6 models

As an additional assessment necessary to understand how
CMIP6 models simulate the OLLJ and its links with atmos-
pheric moisture transport in northern South America and
their future projections, we perform a simple linear regres-
sion between the anomalies of the OLLJ index and the
anomalies of the VIMF in each grid cell (Fig. 13). For this
analysis, we focus on the VIMF between 825 and 950 hPa.
Here, we show the regression patterns of the MPI-ESM 1-
2-HR model, which has a high mean PCC and a low mean
RMSE in all the main features of the jet (i.e. it shows a bet-
ter simulation of the low-level wind field in northern South
America), and the KIOST-ESM model, which has a low
PCC and a high RMSE (i.e. it has a more biased simulation
of the low-level wind field in the region). The results from
ERAS (Fig. 13a) suggest a positive relationship between the
OLLJ intensity and the VIMF along the OLLIJ corridor, with
negative relationships in limited regions over the Andes and
Brazil. This analysis indicates that a strengthening of the
OLLJ is associated with high VIMF in the Orinoco basin
and northern Amazon (including the Andes-Amazon transi-
tion region), and low VIMF in northern Brazil (the opposite
when the OLLJ is weak).

The models with a better performance simulating the
main features of the OLLJ (Fig. 13b) capture the positive
relationship between the intensity of the OLLJ and the VIMF
in the Orinoco basin and the northern Amazon, as observed
from ERAS. Also, the MPI-ESM1-2-HR model simulates
the negative link between the OLLJ index and VIMF in
northern Brazil and the Andes, as the reference database
suggests. The model with the worst representation of the
low-level wind circulation in northern South America also

tends to misrepresent the links between the OLLJ intensity
and the atmospheric moisture flux in the region (Fig. 13c¢).
The above suggests that CMIP6 models are able to capture
the spatial linkages between the jet activity and the VIMF
in northern South America; however, their performance in
simulating this link seems to be strongly related to their abil-
ity to simulate the low-level wind circulation in the region.

Regarding the climate projections of the links between
the activity of the OLLJ and the VIMF at lower pressure
levels, we consider the projected changes under the SSP2-
4.5 and SSP5-8.5 pathways. The SSP3-7.0 scenario was not
included due to the lack of data availability for these particu-
lar models. Figure 13d—g show marked variations between
the two models in the historical experiment. In both SSP2-
4.5 and SSP5-8.5 scenarios, the OLLJ relationship between
the VIMF and the OLLJ index in northern South America
is positive over the Orinoco basin but negative in western
South America and northern Amazon. For the KIOST-ESM
model (Fig. 13e and g), the regression coefficients are not
very well marked in the SSP4.5 scenario, while the model
suggests a reduced linear relationship between the OLLJ
and the VIMF under the SSP5-8.5 scenario. By contrast,
the MPI-ESM1-2-HR model (Fig. 13d and f) does exhibit
significant coefficients, suggesting positive values limited to
northeastern South America and the Orinoco basin. How-
ever, in the long term, this pattern does not extend to Peru,
as the historical simulation suggests.

A preliminary analysis of the links between the OLLJ
activity and regional precipitation patterns, performed from
ERAS and a set of CMIP6 models with the best simula-
tion of the features of the OLLJ (Figure S6), indicates that
an enhanced OLLJ may decrease precipitation along the
Orinoco basin and the northern Amazon (Figure S6a). This
pattern is not completely simulated in the historical experi-
ment by the CMIP6 models considered, which lose statistical
significance at the exit of the jet (Figures S6b, S6d, S6f, and
S6h). On the other hand, climate projections by the end of
the twenty-first century (2081-2100; Figures Sé6c, Sé6e, S6g,
and S6i) for the SSP3-7.0 scenario do not suggest significant
changes with respect to the historical simulation, as nega-
tive regression coefficients are observed at the entrance of
the jet, while the relationship tends to decrease at the exit of
the jet and the northern Amazon. As widely known, GCMs
exhibit limitations in their simulation of precipitation over
the region, thus further analyses are needed to assess the
response of regional precipitation patterns to the projected
weakening of the OLLJ.

These results highlight the role of the OLLJ in atmos-
pheric moisture patterns in northern South America, as the
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«Fig. 12 Projected changes of the a—f 500 hPa horizontal wind, g-1
500 hPa specific humidity, and m-r 1000-800 hPa vertically inte-
grated moisture flux (VIMF) during December—January—February
(DJF) for the long term (2081-2100) under different scenarios: a, d,
g, j, m, p SSP2-45 b, e, h, k, n,  SSP3-7.0, and ¢, f, i, 1, 0, r SSP
5-8.5 for the best and worst CMIP6 clusters. Dots represent grid cells
where there is an agreement of at least 80% of the models within each
group in the sign of the projected change

projected weakening of this jet under different scenarios
induces variations in the low-level VIMF in northern South
America. Specifically, regions with high VIMF due to higher
wind speed at the exit of the jet are limited to the Orinoco
basin and northeastern South America. This relationship is
observed for the reference data (ERAS) (Fig. 13a) and the
historical simulation of the CMIP6 models (Fig. 13b and
c¢). However, projections no longer exhibit this link over the
southernmost regions (Fig. 13d—g).

4 Summary and discussion

We analyzed the main features of the Orinoco low-level jet
(OLLYJ), the links with atmospheric moisture transport and
moisture-related processes in northern South America, and
the ability of models included in the sixth phase of the Cou-
pled Model Intercomparison Project (CMIP6) to simulate
these features in the historical experiment. Additionally,
we focused on the twenty-first century projections of these
aspects of the OLLJ under different emission scenarios.
We analyzed the information of 34 CMIP6 models and
classified the set of models in terms of their seasonal simu-
lation of the low-level wind circulation in northern South
America. To do this we considered the Pattern Correlation
Coefficient (PCC) and the Root Mean Square Error (RMSE)
of the seasonal spatial patterns. The evaluation of the model
performance was based on the horizontal wind between 825
and 950 hPa, a vertical cross-section across the jet corridor
and the vertical structure of the wind field at the exit of the
jet, and the monthly variations of the meridional wind using
the OLLJ index proposed in this study. After obtaining the
PCC and RMSE values of these estimates with respect to the
ERAS reanalysis, these metrics were used as the input for the
factor analysis, and the resulting factors were, at the same
time, the input to the cluster analysis (Fig. 5). This evalua-
tion shows that the CMIP6 models tend to adequately simu-
late the spatial and temporal features of the OLLIJ, exhibiting
a similar performance among groups. Our analysis indicates
that the performance of a set of 37 CMIP5 models tends to

exhibit higher contrasts among models (not shown), suggest-
ing an improvement of CMIP6 over CMIPS5 in simulating the
OLLJ main features.

Following Martinez et al. (2022), we assessed how
CMIP6 models link the interannual variations of the OLLJ
intensity with the regional contrasts of mean sea level pres-
sure (MSLP), near-surface air temperature (NSAT), and
surface sensible heat flux (SSHF) between the Orinoco and
the Andes-Amazon transition region (red and blue rectangle
in Fig. 1). Our results indicate that CMIP6 models capture
the regional variations associated with changes in the OLLJ
interannual strengthening independently of their simulation
of the main features of this circulation (Fig. 8). These find-
ings show that the CMIP6 models can represent the low-
level atmospheric circulation in northern South America,
as they can associate fluctuations in the gradients between
the northern and southern regions of the OLLJ corridor with
changes in the intensity of the low-level wind in the Orinoco
basin. Olmo et al. (2022) showed that some of the CMIP6
models are able to represent the low-level circulation over
tropical South America, based on a weather pattern clas-
sification approach. This highlights that, although CMIP6
models still have large biases simulating variables like pre-
cipitation in the region (Almazroui et al. 2021; Arias et al.
2021b; Ortega et al. 2021), they may have a better represen-
tation of the dynamic process associated with precipitation,
such as low-level circulations.

Finally, after analyzing the climate projections of the
main OLLJ features, the most notable change of the OLLJ
in the long term (2081-2100) is its weakening and shrink-
ing, as projected changes indicate reduced wind speed by
the end of the twenty-first century along the Orinoco basin,
specifically at the jet exit (Fig. 10 and Table 3). This pattern
is observed under all the scenarios considered. However,
the projected changes are greater for scenarios with higher
radiative forcing (SSP5-8.5).

The projected weakening of the OLLJ may be driven
by changes in the regional gradients of MSLP, NSAT, and,
mainly, SSHF between the Orinoco and the Andes-Amazon
transition region, instead of the influence of meridional gra-
dients at larger scales, between the Tropical North Atlantic
and the Amazon (Sect. 3.2.3). Projected changes in the gra-
dients between the Orinoco and the Andes-Amazon transi-
tion region are strongly modulated by increased SSHF over
the Orinoco region, which modifies the regional horizontal
gradients in the OLLJ corridor.

Additionally, a simple linear regression analysis indicates
that under the projected changes of the OLLJ (a weakening),
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«Fig. 13 Simple linear regression between the anomalies of the OLLJ
index estimated in the region C3.4 (black rectangle) and the anom-
alies of VIMF in each grid cell using a ERAS, and two selected
CMIP6 models (MPI-ESM1-2-HR and KIOST-ESM) for the b, ¢ his-
torical experiment and projections under the d, e SSP2-4.5 and f, g
SSP5-8.5 scenarios. Colored cells represent a statistically significant
relationship with an alpha of 0.05. Red (blue) colors represent a posi-
tive (negative) regression coefficient

its relationship with low-level VIMF in northern South
America is also expected to vary (Fig. 13). In the historical
period, the intensification of the low-level wind speed at
the exit of the OLLJ enhances VIMF in northeastern South
America and the Orinoco basin; however, this link is not
observed across Peru in the climate projections, which indi-
cates the shrinking of the region where the OLLJ enhances
VIMF, thus representing major variations in atmospheric
moisture patterns in the region.

These results acquire relevance in the context of the
hydrological cycle intensification associated with anthropo-
genic climate change (e.g. Allan et al. 2020; Douville et al.
2021). The projected weakening of the OLLJ is expected to
modulate variations on the hydroclimatological regimes in
northern South America, such as those related to low-level
moisture transport (Fig. 13). The variations in the moisture
transport patterns can induce variations in the precipita-
tion regimes, mainly at the exit of the jet, where the major
changes in the VIMF are observed. Our preliminary results
from precipitation do not suggest significant changes, as
models fail to represent the links between the OLLJ and pre-
cipitation in northern South America (Figure S6). However,
other studies have analyzed the changes in the precipitation
and atmospheric moisture recycling and transport patterns
over northern South America under future climate change
scenarios (Arias et al. 2023), indicating a general increase in
precipitable water while the response in precipitation is het-
erogeneous along the landmass, suggesting the importance
of land-surface processes. Moreover, land cover changes
over the Amazon, particularly the Andes-Amazon transition
region, also modify atmospheric moisture transport over the
region (e.g. Agudelo et al. 2019; Ruiz-Vasquez et al. 2020)
as well as surface fluxes that could affect the OLLJ (e.g.
Sierra et al. 2021b, 2023).

Figure 14a shows a general schematic of the main cli-
matological features of the low and mid-level circulation
in northern South America in association with the OLLJ.
The activation of the OLLJ occurs due to the meridional
gradients between the Tropical North Atlantic and the South
American landmass, with high pressure over the ocean and
low pressure over the land. These gradients enhance the

northeasterly trade winds circulation into the Orinoco basin,
which contributes to the strengthening of the OLLJ during
December-January—February (DJF) (Fig. 14a), when the jet
exhibits its peak activity. The activation of the OLLJ occurs
alongside local higher sensible heat flux from the surface
(SSHF) in the northern part of the jet corridor due to the
drier conditions over this region, where regional variations
of the SSHF spatial distribution, alongside changes in NSAT
and MSLP, modulate the interannual intensity of the OLLJ.

Regarding the projected changes of the OLLJ (Fig. 14b),
the main projected variation is the weakening of the OLLJ
during DJF, especially at its exit region, which in turn sug-
gests a shrinking of the LLJ in its spatial domain. This
change is expected to occur due to increasing SSHF over
the northern part of the jet corridor (northeastern South
America) as a consequence of stronger wind circulation at
mid-levels (500 hPa) that increases moisture transport out of
the region, enhancing drier conditions at the surface. On the
other hand, projections of the meridional gradient between
the Tropical North Atlantic and the South American land-
mass suggest its strengthening by the end of the twenty-
first century, which would initially imply a strengthening of
the OLLJ instead of a weakening. Therefore the projected
weakening of the OLLJ may be more influenced by regional
variations along the jet corridor than by ocean-landmass
contrasts.

According to our results, the linkage between mid-level
atmospheric moisture transport and near-surface conditions
can influence the enhancement of future drier conditions in
the Orinoco basin. The projected changes in wind circulation
and specific humidity at 500 hPa over the Orinoco region
during the activation period of the OLLJ (DJF) indicate that
models project enhanced mid-level wind speed and specific
humidity in northeastern South America by the end of the
twenty-first century, which means stronger wind circulation
that can drag the moisture out of the region, inducing drier
conditions (Fig. 12). These results are consistent with previ-
ous studies focusing on projected changes in precipitation
in South America, suggesting decreased precipitation in the
Orinoco basin (Almazroui et al. 2021; Ortega et al. 2021).
The projection of drier conditions over the Orinoco region
is also suggested by the most recent report of the Intergov-
ernmental Panel on Climate Change, which shows increased
consecutive dry days as well as more frequent and intense
agricultural and ecological droughts over this region (Arias
et al. 2021a; Seneviratne et al. 2021). This is particularly
important since the Orinoco and the Guiana Shield are very
important regions in terms of biodiversity in South America
(Bovolo et al. 2018; Castellanos et al. 2022). This suggests
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Fig. 14 General schematics of the a main climatological features dur-
ing the historical period and b projected changes by the end of the
twenty-first century under different emission scenarios for the low
and mid-level circulation in northern South America during DJF, in

the importance of addressing research focused on this region
given it is one of the most understudied regions in South
America.
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