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Introduction

The hydrological cycle has experienced variations worldwide associated with global
climate change that have induced significant variability in the Earth system com-
ponents. Atmospheric, oceanic and terrestrial processes, alongside processes of other
spheres, are interconnected among them, giving a high complexity to the global and
regional hydrological cycle and its understanding under different conditions (Douville
et al., 2021; Yang et al., 2021). Regarding the atmospheric variability and processes,
a significant change is the rise in the tropospheric air temperatures (Al-Ghussain,
2019; Gulev et al., 2021), which has induced noticeable fluctuations in weather and
climatological phenomena, and in turn, has led to the intensification of the water

cycle (Barichivich et al., 2018; Allan et al., 2020; Douville et al., 2021).

Focusing on South America, climate features exhibit great contrasts across the con-
tinent, with regions with high accumulated precipitation throughout the year like in
western Colombia. On the other hand, other areas exhibit arid conditions as north-
eastern Brazil or key regions in Chile (Satyamurty et al., 1998; Anjos et al., 2021).
Similar to the effects worldwide, climate change and anthropic activities have altered
the observed characteristics of the climate dynamic processes in South America, par-
ticularly its hydrological cycle. They have induced changes towards wetter or drier
regimes, rising temperature over land, shifts in vegetation and biome distribution,
reduction in the Paramo area and snow cover, among other changes (Beck et al.,
2018; Almazroui et al., 2021; Fox-Kemper et al., 2021). These changes entail high
impacts on South America’s social and natural systems, increasing the region’s vul-
nerability to the effects of climate change (Magrin et al., 2014; Anjos and Toledo,
2018; Nagy et al., 2019; Castellanos et al., 2022).

Regarding water vapor and its transport through the atmosphere in South America,



a primordial element of the regional and global hydrological cycle, different studies
assess the main features surrounding moisture flux in the region and its observed
and projected changes. Particularly associated with rises in temperature over land or
changes in the land properties, some near-surface wind circulations have experienced,
and are expected to continue experimenting, strengthening in some key regions in
the continent, while others may be exhibiting a weakening during the observational
and projected periods (e.g., Jones, 2019; Sierra et al., 2021; Thaler et al., 2021).
Either way would influence the atmospheric moisture transport in South America,
with increased moisture convergence in some regions and decrease in others (e.g.,
Soares and Marengo, 2009; Algarra et al., 2019; Yang and Dominguez, 2019; Ceréon
et al., 2021).

The above indicates that the assessment of the observed features and possible future
variations of the processes that influence the atmospheric moisture patterns represent
a relevant research field to understand the regional processes that modulate water
resources availability in South America and its projected changes. Therefore, this
study focuses on a low-level jet that develops in the Orinoco basin and plays a
relevant role in atmospheric moisture transport to northern South America and the

Amazon: the Orinoco low-level jet (OLLJ).

We use information from the historical period in order to characterize the main
features of the OLLJ and its links to regional patterns of atmospheric moisture and
near-surface variables, and data from General Circulation Models (GCMs) for both
the historical and projected periods, in order to assess its changes under the influence
of natural and human-induced effects. Thus, the main goal of the present study is
to provide a general view of the main features of the OLLJ and the simulation of
its main features by GCMs in the historical and projected periods, seeking to relate
the activity of the jet with specific regional hydroclimatological processes, and the
impacts that changes of the OLLJ could induce in the climate patterns over northern

South America.

Understanding the OLLJ can enhance the existing knowledge around the mechanisms

that modulate moisture transport in the atmosphere, therefore, regional patterns of
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precipitation and humidity in northern South America. The above acquires import-
ance when considering the observed and projected changes in the Earth system and

the high vulnerability of the natural and social systems in the region.

This work is developed as follows. Chapter 1 discusses the climatological features of
the OLLJ according to multiple datasets. Chapter 2 evaluates the ability of differ-
ent GCMs to simulate the main features of the OLLJ during the historical period.
Chapter 3 analyzes the projections of the OLLJ and the regional circulation by the
GCMs under different greenhouse gas (GHG) emission scenarios throughout the 21st
century. Finally, Chapter 4 discusses the main findings from this work. Chapters 1
to 3 are structured as individual papers therefore the theoretical framework as well

as the data and methodology considered are presented within each chapter.
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Chapter 1

Climatology of the Orinoco low-level

jet

1.1 Introduction

The hydrological cycle is modulated by multiple factors that define the variability
of precipitation pattern over a particular region. With a relevant percentage of
the country’s economic activities based on agriculture and more than 60% of the
energy production obtained from hydropower (Churio-Silvera et al., 2018; Carvajal-
Romo et al., 2019; Correa, 2019), Colombia exhibits significant dependency on water
resources. Therefore, Colombia is vulnerable to events of low water availability, as
it has previously occurred during particular events of the warm phase of the El
Nino-Southern Oscillation (ENSO; e.g., Poveda, 2004; Navarro-Monterroza et al.,
2019; Ramirez-Tovar et al., 2021). The complexity of the study of the changes in
the hydrological cycle under the context of climate change lies in the number of
processes that contribute to its terrestrial and atmospheric components, for which
it is necessary to analyze the characteristics of these elements and their feedback on

the climate system (Allan et al., 2020; Arias et al. 2021b).

In particular, water vapor transport through the atmosphere plays a relevant role
in the hydrological cycle. It allows the exchange of water vapor between sources
and sinks, enhancing precipitation formation and the maintenance of ecosystems.
For instance, water vapor from the oceans and terrestrial sources plays an essen-

tial 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 fluctu-
ations in moisture sources and their transport mechanisms, where the particularities
of those changes depend on the region, the season and the features that modulate
the moisture related processes (Gimeno et al., 2012; Liu et al., 2020). Atmospheric
rivers and low-level jets (LLJs) are known as two effective mechanisms of moisture
transport whose role in the formation of extreme events has been analyzed in pre-
vious studies (e.g. Gimeno et al., 2016; Ramos et al., 2016, 2019). In particular,
increases in atmospheric moisture transport during the last decades, associated with
the atmospheric circulation, have produced more extreme weather events, either in
terms of intense precipitation or droughts (Bonner, 1968; Stensrud, 1996; Poveda et

al., 2014; Gimeno et al., 2016; Douville et al., 2021).

LLJs are generally defined as maximum wind velocities in the first kilometers of the
troposphere, and their identification around the globe can be reached by different
methods (Stensrud, 1996). A common approach is based on the wind maxima in the
vertical and the differences in wind speed at lower and upper levels, aiming to identify
the characteristic vertical wind profile associated with a LLJ (Bonner, 1968; Ranjha
et al., 2013; Jiménez-Sanchez et al., 2019; Builes-Jaramillo et al., 2022a). On the
other hand, as LLJs develop in the lower troposphere, which is strongly influenced
by the Planetary Boundary Layer (PBL), other approaches tend to consider both
the variation of wind speed in different altitudes and the variation of wind velocities
through the day ( Rife et al., 2010; Algarra et al., 2019). This methodology is used
to assess LLJs with a marked diurnal cycle. These LLJs experience a strengthening
during nighttime and a weakening in the daytime, corresponding to the periods of

stabilization and mixture of the PBL. Therefore, they are also called nocturnal LLJs.

Worldwide, different LLJs are related to regional climate patterns such as the Great
Plains LLJ in North America (e.g. Weaver and Nigam, 2008; Tang et al., 2017,
Ferguson, 2022), the Turkana LLJ in Africa (e.g. Munday et al., 2020; Oscar et
al., 2022), or the South American LLJ (e.g. Vera et al., 2006; Jones, 2019). In
northern South America, some LLJs that converge over the region are important
features of the regional climate: the Caribbean LLJ over the Caribbean sea (Amador,

1998, 2008), the Choco LLJ over the eastern tropical Pacific Ocean entering to the
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Colombian landmass (e.g. Poveda and Mesa, 1999; Sierra et al. 2018, 2021; Yepes
et al. 2019), and the Los Llanos or the Orinoco LLJ (OLLJ) that connects northern
South America with the tropical North Atlantic ocean ( Torrealba and Amador, 2010;
Jiménez-Sanchez et al., 2019, 2020; Builes-Jaramillo et al., 2022a, 2022b; Martinez
et al., 2022).

Over northern South America, the Caribbean and Choco LLJs have received im-
portant attention (e.g., Poveda and Mesa, 1999; Wang, 2007; Whyte et al., 2007;
Amador et al. 2008; Munoz et al., 2008; Cook and Vizy, 2010; Sierra et al., 2018,
2021; Yepes et al., 2019; Loaiza Cerén 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 the region. Poveda and Mesa (1999) identi-
fied 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 Amer-
ica. 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, 2015), which corresponds to the dry season in the Orinoco basin
(e.g., Arias et al., 2020). Different ranges of pressure levels have been associated
with the seasonal activation of the jet; however, this jet is always confined between
the 1000 and 800 hPa, consistently with a LLJ. Builes-Jaramillo et al. (2022b) ana-
lyzed the interannual variability of the OLLJ associated with ENSO. Particularly,
they identify that the OLLJ winds decrease (increase) over the mid and exit of the
OLLJ corridor during the occurrence of El Nifio (La Nina) events. These changes are
modulated by decreases (increases) of the pressure gradient between the North At-
lantic Subtropical High (NASH) and the near-equatorial low-pressure regions during
El Nifio (La Nina), inducing a decrease (increase) of the OLLJ intensity.

On the diurnal scale, the OLLJ reaches its maximum wind velocities at nighttime and
early morning, according to in situ pilot balloons and radiosonde data, modeling ex-
periments, and reanalyses. Specifically from modeling experiments, Jiménez-Sanchez
et al. (2019) identified four cores of high wind magnitude along with the jet spatial

extension, where the wind maximum is reached at different times of the day due
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to the acceleration of the flow in association with four main processes: (i) the sea
breeze incursion from the Atlantic ocean, (ii) the katabatic flow over the Andes, (iii)
the expansion fans generated along the jet corridor due to the topography, and (iv)

the diurnal variation of the turbulent diffusivity (Jiménez-Sénchez et al., 2020).

Some studies link the OLLJ with regional phenomena, such as the transport of pollut-
ants from the Atlantic ocean and the Orinoco basin to central Colombia and Ecuador
during February-March-April (Rodriguez-Gomez et al., 2022). On the other hand,
in terms of the link between the OLLJ and precipitation and atmospheric moisture
transport patterns in northern South America, Labar et al. (2005) found that dur-
ing the dry season 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 observed over the Orinoco basin
derives from advective fluxes into the area, while the recycling of moisture is negli-
gible. Moreover, Algarra et al. (2019) used a regional model to track the atmospheric
moisture sources and sinks of different nocturnal LLJs, suggesting that the OLLJ
plays a relevant role in water vapor transport from the tropical north Atlantic Ocean
to the northwestern Amazon. Recently, Builes-Jaramillo et al. (2022a) linked the
OLLJ with moisture flux and precipitation in northern South America from com-
posite 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, precip-
itation increases south of the exit region of the jet while the moisture flux on the
Orinoco 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. Besides, Martinez et al. (2022) found that
higher 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 to 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.

Most of the state-of-the-art literature about the OLLJ focuses on its spatial and

temporal characteristics and its relationship with climate patterns in northern South
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America. This chapter aims to extend the analysis of the observed characteristics
of the OLLJ at monthly and hourly time scales while including the processes that
allow its seasonal activation and its linkage to the atmospheric moisture flux and

precipitation regimes in the region.

1.2 Data and methodology

This study uses the ERA5 reanalysis (Hersbach et al., 2020) to describe the main
characteristics of the OLLJ during the period 1979-2019. To evaluate the main fea-
tures of this LLJ at annual and daily scales, we use zonal and meridional wind data at
hourly and monthly frequencies. Initially, we compared the vertical structure of the
OLLJ estimated from ERADH to radiosonde data from one station in the Colombian
Llanos to validate the reanalysis data and its capacity to capture the strengthening
of the wind field in the region during DJF at different times of the day, as de-
scribed in previous studies (Torrealba and Amador, 2010; Jiménez-Sénchez et al.,
2019; Martinez et al., 2022). The data from the Las Gaviotas station was obtained
from the Integrated Global Radiosonde Archive (IGRA) (available at https://www.
ncei.noaa.gov/products/weather-balloon/integrated-global-radiosonde-archive).
The ERAS5 vertical profile was considered in the coordinates corresponding to the
location of the station, however as ERAS information is available since 1979 and the
radiosonde record has large amounts of missing data, we considered the whole record
period of the station (1973-2003; see Table 1.1), while the ERA5 vertical profiles were
calculated for the period 1979-2003.

Table 1.1: Description of Las Gaviotas radiosonde station used in this study for
comparison with ERA5 data. The station’s ID refers to the station’s identification code

in IGRA.
Station 1D Latitude Longitude Record Period
Las Gaviotas COMO00080241 4.5°N 70.9°W 1973-2003

This study considers the domain 20°N-10°S and 85°W-50°W, which encompasses
northern South America (Figure 1.1), to assess the annual cycle of the OLLJ. To
analyze the wind field associated with the jet, we use the information of zonal and

meridional wind at different pressure levels. In addition to the seasonal wind fields,
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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. The wind component to
be averaged (zonal wind, meridional wind, or wind magnitude) depends on the region
where the index is being calculated, as the jet experiences a curvature throughout its
movement from the Tropical Atlantic toward equatorial and northern South America.
This approach allows the identification of the periods of strengthening and weakening
of the jet and the mean wind values that the jet reaches during its activation periods.
However, as this method focuses on a spatial average, it does not represent other
characteristics of the jet, such as its vertical structure, the wind shear features, or

the frequency of occurrence of a LLJ event.

Following the methodology used by Jiménez-Sénchez et al. (2019), we consider four
regions distributed along the jet corridor to describe the characteristics of the OLLJ
at monthly and hourly time scales. The four regions are C1 9.5°N-64.2°W, C2 7.5°N-
67°W, C3 5°N-72°W and C4 2°N-73.5°W (Figure 1.1). The estimate of the jet index
in different regions allows a comparison of the jet main features within its spatial

domain.

On the other hand, Rodriguez-Gomez et al. (2022) use the region 75°W-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 field over a spatial domain, a region
including a wide range of longitudinal bands that do not correspond to the main
developing domain of the jet may bias the index estimate. Thus, we restricted the
domain to 3°N-5°N, 73°W-67°W (black square in Figure 1.1). Since this proposed
region is located between the C3 and C4 regions, we labeled it C3.4. This region is
also considered in our study to evaluate the climatological main features of the jet
associated with its diurnal cycle, similar to the C1, C2, C3, and C4 regions described

above.

We use the different regions defined above to compute the OLLJ index. Since this
jet is mainly zonal at its entrance region (Figure 1.1), the OLLJ index at C1 and C2

regions was calculated as the domain-average zonal wind component. For the other
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Figure 1.1: The spatial domain considered in this study. The regions C1 (red), C2
(yellow), C3 (blue) and C4 (green) are based on Jiménez-Sanchez et al. (2019). The
black rectangle corresponds to the region used by Rodriguez-Gomez et al. (2022) (C3.4).
The black asterisk corresponds to the location of the Las Gaviotas radiosonde station
(see Table 1.1). The dark red squares represent the Orinoco (dashed) and Andes-Amazon
transition (dotted) regions used by Martinez et al. (2022). Vectors represent the 850 hPa
wind circulation during DJF.

regions, the index was computed as the average wind speed considering both zonal

and meridional components, as the jet develops a meridional component (Figure 1.1).

The diurnal cycle of the OLLJ was evaluated from different variables that allow the
analysis of the PBL variations throughout the day. This is based on the fact that
the diurnal cycle of the OLLJ is influenced by the dynamics of the PBL, similarly to
nocturnal LLJ in other regions. Hence, we use data from the ERAS reanalysis for the
mean boundary layer dissipation, the mean northward and eastward turbulent stress,

and the mean sensible and latent heat fluxes at hourly frequency during the 1979-
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2019 period in the regions along the wind corridor to assess their diurnal changes

and their relationship with the wind field.

On the other hand, 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 monthly frequency. For this purpose, we estimate the vertically integrated
moisture flux (VIMF) using equation 1.1. The relationship between VIMF and the
jet activity is identified through a simple linear regression between the monthly
anomalies of the OLLJ index in all the regions and the anomalies of the VIMF at

each grid cell of the spatial domain.

1 U
VIMF = f/p Vdp (1.1)
g

pl

where V represents the wind vector in m/s, q is the specific humidity in kg/kg, and

pu and pl are the upper and lower pressure levels in Pa.

Additionally, data of precipitation and vertically integrated moisture divergence
(VIMD) from ERA5 at monthly frequency is used to evaluate the influence of the
OLLJ in precipitation and atmospheric moisture divergence in northern South Amer-
ica. We performed a lagged correlation between the anomalies of the long-term series
of the OLLJ index estimated for the different regions (Figure 1.1) and the anomalies
of precipitation and VIMD at each grid cell to identify the regions of larger correla-
tion, as well as the lag between an OLLJ strengthening/weakening and a change in

the pattern of precipitation and moisture divergence.

Finally, following Martinez et al. (2022), we perform an analysis of the horizontal
gradients of mean sea level pressure (MSLP) and surface sensible heat flux (SSHF)
since these variables likely influence the strengthening of the OLLJ in DJF on a
local scale. The two regions considered for this analysis are based on Martinez et
al. (2022), defined as the Orinoco region (64°W-70°W, 7°N-10°N) and the Andes-
Amazon transition region (72°W-77°W, 4°S-1°N) (Figure 1.1). In order to evaluate
the role of the MSLP and the SSHF gradients between the Orinoco and the transition

Climatology of the Orinoco low-level jet 11



region in the strengthening of the OLLJ, we consider the strongest and weakest
events from the OLLJ index long-term series in the C4 region (green square in
Figure 1.1). We consider this region as it is located at the jet exit, which can allow
the identification of periods of higher or lower wind magnitudes associated with the
jet activity. We focus on the period DJF. After obtaining the anomalies of the index
time series, we define the occurrence of a stronger jet event when the anomaly is
above one standard deviation of the long-term series. On the contrary, a weaker jet
event is defined from the anomalies that are below one standard deviation. Finally,
to assess the influence of these differences on the OLLJ dynamics, we evaluate the
patterns of MSLP and SSHF gradients, estimated as the difference between the
variable in the Orinoco region minus the variable in the Andes-Amazon transition

region for those specific events.

1.3 Results

1.3.1 ERAS5 validation

In order to identify the main features of the OLLJ using the ERA5 dataset, it is
important to perform an initial validation of this reanalysis with respect to obser-
vations. Previous studies provide a first description of this LLJ using radiosonde
data from multiple stations, which show the existence of a nocturnal LLJ over the
Orinoco region, with a particular change in the vertical structure of the wind field
during the nighttime in the period DJF (Torrealba and Amador, 2010). Follow-
ing this approach, we use the observational record of wind speed provided by Las
Gaviotas station, located in the Colombian Llanos. Figure 1.2 shows the vertical
profile of wind speed for DJF from this radiosonde data and compares it with the
estimates from ERA5. In all cases, we calculate the ERAS profile for a set of grids
that correspond to the coordinates of Las Gaviotas station (between 3.5°N-5.5°N
and 69.9°W-71.9°W). On the other hand, we fill the missing records from the Las
Gaviotas station by a simple linear regression to predict the missing values from the

existing values. Finally, as the resultant vertical profile exhibited much noise from
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one level to another, we smoothed the curve with a moving average of 5 vertical

levels in the 00:00 UTC profiles and 15 levels in the 12:00:00 UTC profiles.

At a monthly scale, both the reanalysis and the radiosonde data suggest lower wind
velocities during February compared to December and January, which is consistent
with the periods of full development and weakening of the jet. ERAb can represent
the strengthening of the wind circulation in the nighttime and its weakening in the
daytime, which has been documented as one of the main characteristics of the OLLJ
during its activation period (Torrealba and Amador, 2010; Jiménez-Sanchez et al.,
2019; Martinez et al., 2022). In December and January, the reanalysis tends to over-
estimate the wind magnitude during daytime and nighttime; however, it captures the
differences in wind magnitude throughout the day: at 12:00 UTC (07:00 local time),
when the boundary layer is stratified, the wind speed reaches 12 m/s; in contrast,
at 00:00 UTC (19:00 local time), when the boundary layer is more mixed due to the
influence of incoming solar radiation, the wind speed decreases to approximately 9
m/s. In particular, at 00:00 UTC, when we expect lower wind speeds at the surface
levels, the radiosonde profile exhibits higher wind velocities at upper levels, about
600 hPa. Although the reanalysis tends to maintain the structure of maximum val-
ues at lower pressure levels, the wind speed at this time is lower than in the early

morning, as observed in Figure 1.2.

The comparison of the climatological wind profile in the location of Las Gaviotas
station generally agrees with the radiosonde data. It is expected to find some dif-
ferences between ERAb and the radiosonde data, mainly due to the nature of both
databases: while the radiosonde records consist of in situ raw data, the ERAb estim-
ates consider data preprocessing as it is a product that combines different types of
databases. On the other hand, the spatial average of a set of grids of the reanalysis
can also add to the differences between the results from ERA5 and the radiosonde
data. However, this reanalysis is helpful to evaluate the temporal and spatial char-
acteristics of the OLLJ since it represents the enhancement of the wind field in the
Colombian Llanos at nighttime during DJF and its variations throughout the day,
as also indicated by radiosonde data analyzed here and in previous works (Torrealba

and Amador, 2010).
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Figure 1.2: Vertical structure of the wind field from radiosonde data in Las Gaviotas

station (purple line) and ERA5 data (black line). The thin violet line represents the

vertical profile of the radiosonde station after predicting its missing values with linear

regression. The thick violet line corresponds to the smoothed curve. a) December at

00:00 UTC, b) December at 12:00 UTC, ¢) January at 00:00 UTC, d) January at 12:00
UTC, e) February at 00:00 UTC, and f) February at 12:00 UTC.
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1.3.2 Annual cycle of the Orinoco low-level jet

From the vertical profiles of the wind magnitude of ERA5 shown in Figure 1.2, it
can be noticed that the maxima wind magnitudes are set between 825 and 950 hPa,
mainly during the month of full enhancement of the OLLJ (January). Thus, we
used these two pressure levels as the range to evaluate the climatology of this LLJ.
During DJF, the wind field experiences a strengthening through the Orinoco basin,
reaching the Colombian Amazon (Figure 1.3). In March-April-May (MAM), the
wind field reduces its magnitude and spatial coverage to reach its minimum during
JJA. Hence, ERA5 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 1.3 shows the seasonal variation of the horizontal wind field associated with
the OLLJ and its vertical structure at the jet exit (75°W-61°W, 3°N-5°N). The figure
highlights the difference in the vertical structure of the OLLJ during the enhancement
and weakening phases of this circulation. Among the regions located at the OLLJ
exit (C3, C3.4, and C4; see Figure 1.1), we selected one containing region C3.4
since it encompasses more longitudinal bands and allows better identification of the
LLJ variations throughout its vertical cross-section. Figure 1.3 shows that the wind
field in the Colombian Llanos experiences a strengthening during DFJ, exhibiting a
development of the vertical structure of the jet with its core below 800 hPa. The
jet centered at 4°N seems to develop between 73°W 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, the wind field decreases its magnitude to values lower than 1 m/s below 800
hPa, indicating the period of less activity of the OLLJ. Finally, in SON, the wind

magnitudes approximately at 900 hPa increase, marking the activation of the OLLJ.

The spatial distribution of the wind circulation associated with the OLLJ is char-
acterized by the change in the wind direction when crossing the South American
landmass, mainly driven by the region’s topography. At its entrance, the jet has a

strong zonal direction, while at its exit, the low-level circulation has substantial con-
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tributions from both components of the horizontal wind field. Therefore, we estimate
the OLLJ index for different regions (see Figure 1.1) using different components of
the horizontal wind (Figure 1.4). At the jet entrance (C1 and C2), the meridional
wind component (line with x) exhibits the lowest values and relatively minor changes
throughout the year, suggesting that the horizontal wind magnitude in these regions
is strongly related to the zonal component while the meridional component does not
have such a significant contribution. On the other hand, at the jet exit (regions C3,
C3.4, and C4), both zonal and meridional wind components exhibit larger values in
DJF and lower in JJA, similar to the behavior of the OLLJ. Therefore, both wind
components have relevant contributions to the resultant wind magnitude. Consider-
ing the features of the horizontal wind at lower levels, we define the OLLJ index in
regions C1 and C2 as the spatial average of the zonal wind while in the remaining
regions (C3, C3.4, and C4), the OLLJ index is estimated using the horizontal wind
magnitude using the zonal and meridional components. It is relevant to mention
that the OLLJ index uses the spatial average of the horizontal wind speed in a range
of pressure levels as a proxy of the jet activity (between 825 and 950 hPa), 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.

1.3.3 Diurnal cycle of the Orinoco low-level jet

Figure 1.5 presents the OLLJ index at hourly time scale. The diurnal cycle of the
OLLJ is characterized by higher wind speeds in the early morning, when the heating
associated with the incoming solar radiation is still weak. Later in the afternoon,
the wind speed reaches its minima values along the jet corridor. These variations
in wind speed throughout the day indicate that the OLLJ can be classified as a
nocturnal LLJ that experiences its strengthening through nighttime and until the
early morning. The markers (x) in Figure 1.5 correspond to the maximum values of
the OLLJ index during its diurnal cycle for each of the five regions considered (Figure
1.1), indicating that the major intensity of the OLLJ through the day does not occur

at the same time along the jet corridor but takes place in the early morning: in C1
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Figure 1.3: (Left) Climatology of the mean horizontal wind between 825 and 950 hPa in
northern South America estimated from ERA5 data during 1979-2019. (Right) Vertical
structure of the wind field at the exit of the jet (75°W-61°W, 3°N-5°N).
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occurs at 04:00 LT, in C2 at 07:00 LT, and in regions C3, C3.4 and C4 at 08:00 LT.
This has been assessed in previous studies suggesting that at daily scale, the wind
speed is not uniform in the Orinoco basin; on the contrary, it has an acceleration

component that causes the difference in peak time in each region (Jiménez-Sanchez

et al., 2019, 2020).

Even though we do not focus on the processes that may cause the acceleration of
the low-level flow in the region (see Jiménez-Sanchez et al., 2020 for a discussion on
this regard), we focus on the changes of the wind field throughout the day, which
can be related to the influence of the PBL dynamics. Particularly, the PBL varies
from a mixed layer in the daytime to a decoupled layer at nighttime due to its
interaction with the land surface. Therefore, the conditions of the PBL modulate

the strengthening and weakening of the OLLJ during the day (Martinez et al., 2022).

We evaluate the diurnal cycle of the sensible and latent heat fluxes, the zonal and
meridional components of the surface turbulent stress, and the PBL dissipation.
Sensible heat and latent heat refer to the energy required to increase temperature
and induce a phase change, respectively. Surface turbulent stress refers to the stress
at the surface given by its contact with the surrounding atmosphere. On the other
hand, the PBL dissipation alludes to the kinetic energy that is being transformed
into heat and thus can be used as a proxy of air movement and turbulence. All these
quantities exhibit the variation of the PBL dynamics during the daytime, and they
may contribute to its changes as they either enhance the temperature increase that
allows the mixture of the air layer or cause movement of air masses that destabilize

the PBL (e.g., Molod et al., 2019; Wang et al., 2021).

Figure 1.6 shows the diurnal cycle of these variables along the OLLJ corridor, showing
marked changes throughout the day. A common characteristic is that the variables
show minima values at nighttime while the opposite occurs during daytime when
all variables tend to activate and reach their maximum, approximately at midday.
The strengthening periods coincide with the diurnal variation of the solar radiation,
so these quantities are influenced by the solar energy and contribute to a mixed

PBL in which the wind field weakens. After sunset, as air temperature decreases,
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the surface fluxes and the surface stress opposing the wind circulation also decrease,
reducing mixing and turbulence, and allowing the PBL stratification. This leads to
the strengthening of the LLJ during the night and early morning, and therefore the

maximum wind speeds through the day are found at this time of the day.

In terms of the variations among the regions along the jet corridor, the main differ-
ences can be found between the entrance and exit regions (C1 and C4, respectively),
given the contrasts between these regions. The OLLJ entrance is drier than the
exit region, as the first one is located in the Orinoco basin and the latter is in the
Andes-Amazon transition region. Therefore, precipitation, soil moisture patterns,
and vegetation vary along the OLLJ corridor, resulting in differences in the surface
fluxes and the dissipation of the PBL. Specifically, regions C1 and C2, which are loc-
ated at the jet entrance, tend to reach higher values of sensible heat flux than latent
heat flux due to the savanna land cover of the Orinoco basin (e.g., Martinez et al.,
2022). In contrast, the exit region exhibits more humid conditions that enhance the
latent heat flux from the surface. On the other hand, the PBL dissipation also ex-
periences its peak approximately at midday; however in C1 and C2, at the entrance
of the jet, the PBL dissipation exhibits higher values during nighttime, suggesting
that the dissipation in the PBL can be enhanced by solar radiation, however it is
also related to wind circulation as, in these regions, the eastward turbulent stress at
nighttime still induces opposite drag to the wind field that may cause the turbulence

associated to the PBL dissipation.

The turbulent surface stress differs from place to place mainly due to the prevailing
direction of the flow along the wind corridor. In the entrance region, the jet is
zonally oriented, thus the turbulent surface stress in the C1 and C2 regions are
mainly opposed to the westward direction. In contrast, in the OLLJ exit, where the
wind direction has relevant contributions from both components, the drag opposite

to the flow develops in both directions, towards the east and the north.
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1.3.4 The Orinoco low-level jet, atmospheric moisture trans-
port and precipitation patterns in northern South Amer-
ica

As a LLJ relate to atmospheric moisture transport and precipitation patterns in its

developing regions, we perform an analysis based on the monthly series of the OLLJ

index, as well as VIMF, precipitation, and VIMD at each grid point in northern South

America, to assess the spatial patterns of these variables and their relationship with

the OLLJ.

We estimate the VIMF between 1000 hPa and 800 hPa over northern South America
using equation 1.1 and its seasonal spatial distribution is presented in Figure 1.7.
During DJF, which corresponds to the activation period of the OLLJ, the atmo-
spheric moisture flux through the Orinoco basin surpasses 180 kg/ms. In contrast,
during the other seasons, the flux weakens, suggesting the influence of the OLLJ on
the moisture flux into the basin. It can be observed that over the Venezuelan Llanos,
near the coastal line, the VIMF exhibits values over 140 kg/ms in all seasons, indic-
ating that the wind circulation in the Caribbean Sea and Tropical North Atlantic
influence the atmospheric moisture patterns in the Venezuelan Llanos throughout
the year. However, as this flux extends towards the south only in DJF, the activ-
ation of the OLLJ may modulate the atmospheric moisture flux to the Colombian
Llanos and northern Amazon. Therefore, the OLLJ can be identified as a relevant
moisture flux mechanism in northern South America, as stated in previous studies

(Builes-Jaramillo et al. 2022a; Martinez et al. 2022).

To confirm the above, we perform a simple linear regression between the OLLJ index
along the jet corridor and the series of VIMF at each grid cell in northern South
America. Figure 1.8 shows the spatial distribution of the location where the OLLJ
affects the 950-825 hPa VIMF (where the linear regression is statistically significant
with an alpha of 0.05). We estimate a simple linear regression with the OLLJ index in

the five different regions along the jet corridor (Figure 1.1) to assess the existence of

Climatology of the Orinoco low-level jet — 22



possible differences in the effects of the OLLJ over the spatial patterns of atmospheric

moisture flux in northern South America.

At first, the spatial effects of the OLLJ on VIMF over northern South America
varies according to the region in which the OLLJ index is estimated. The OLLJ
in region C1 has a more significant effect on the VIMF in the Venezuelan Llanos,
northern Colombia, and some regions in the Los Andes mountain range. As the
jet reaches a southernmost location, its influence in the atmospheric moisture flux
extends over the Orinoco basin and northern Amazon. In C2, the region where VIMF
can be influenced by the OLLJ extends to some parts of the Colombian Llanos and
northern Peru, while regions C3, C3.4, and C4 exhibit similar effects as the OLLJ
index computed over these regions influences the VIMF through the jet corridor and

the northern Amazon.

According to the linear regression analysis, the role of the OLLJ in the VIMF over
northern South America is more significant at its exit region, as the VIMF in northern
Amazon, Los Llanos, and some areas in the Magdalena-Cauca basin in Colombia
can be influenced by the fluctuations of the OLLJ activity. This pattern is similar
when considering the VIMF at lower levels (between 1000 and 925 hPa, Figure
S1.1), reaffirming that the effect of the OLLJ on the atmospheric moisture patterns
in northern South America is not spatially uniform. On the contrary, it depends
on the location considered along the jet corridor. The sign of the slope of the
linear regression indicates that higher values of the OLLJ index potentiate the VIMF
through Los Llanos and northern Amazon (red shading), while, depending on the
region in the jet corridor, higher values of the index produce lower VIMF (blue
shading) in western Colombia (C1 and C2, Figure 1.8a, b), and the Andes mountain
range and northern Brazil (C3, C3.4, and C4, 1.8c, d, e).

When evaluating the lagged correlations between the anomalies of the OLLJ index
for each region and the VIMD anomalies for each grid point, similar differences
are observed (Figure 1.9). In Figure 1.9, the dots represent the lag of the highest
correlations. Thus, thicker dots suggest a lag of up to six months between the jet

activity and VIMD, while no dots in the grid cell suggests a simultaneous relationship
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(lag zero). At the entrance of the jet, in regions C1 and C2 (Figure 1.9a, b), a
strengthening in the OLLJ is accompanied by atmospheric moisture divergence in the
Venezuelan Llanos and atmospheric moisture convergence in the Colombian Llanos
and northern Amazon. As there are no dots in much of the region, it suggests
that a change in the jet activity is associated with a simultaneous change in the
divergence and convergence patterns. These results are consistent with previous
studies evaluating the spatial patterns of atmospheric moisture divergence through a
composite analysis on specific days of the occurrence of the OLLJ (Builes-Jaramillo et
al. 2022a). On the other hand, the exit regions (C3, C3.4, and C4, Figure 1.9¢, d, e)
exhibit a contrasting pattern, with a positive correlation along the Colombian Llanos
and northwestern Amazon. The above indicates that the strengthening of the OLLJ
in these locations is accompanied by the occurrence of simultaneous atmospheric
moisture divergence. These patterns exhibit statistically significant relationships
across most of the spatial domain, regardless of the region where the OLLJ index
was computed (Figure S1.2). However, the lagged correlations reduce their statistical
significance in central and western Colombia when considering the index in the exit
regions (C3, C3.4 and C.4), which suggests that the effect of the OLLJ on the VIMD

patterns is particularly robust along the OLLJ corridor and northern Amazon.

Regarding the relationship between the OLLJ and precipitation in northern South
America, Figure 1.10 shows the lagged correlations between the anomalies of the
OLLJ index in each region and the anomalies of precipitation at each grid cell. Pos-
itive correlations indicate that a stronger jet is associated with higher precipitation,
while negative correlations represent an inverse relationship. The highest correla-
tions are obtained with the C1 and C2 indices, suggesting that a stronger OLLJ in
the entrance regions favors precipitation in the Colombian Llanos and the Amazon
region. On the contrary, the OLLJ in the C3, C3.4, and C4 (exit) regions is more
related to less precipitation in the Colombian Llanos and northwestern Amazon,

although it seems to be accompanied by increases in precipitation over Los Andes.

The lags in the correlation between the OLLJ index and precipitation reaffirm dif-
ferences in the effect of the jet on regional precipitation patterns. At the entrance

region (Figure 1.10a, b), the OLLJ has positive simultaneous correlations in the

Climatology of the Orinoco low-level jet 25



Amazon region, suggesting a more direct relationship between the strengthening of
the surface flow and increases in precipitation. At the jet exit (Figure 1.10c, d,
e), its strengthening is accompanied by simultaneously reduced precipitation in the
Colombian Llanos and the northwestern Amazon. On the other hand, lags up to
six months can be found in the relation between the two quantities over some re-
gions. For instance, a more intense jet in regions C3, C3.4, and C4 may be related to
higher precipitation in the Colombian Andes and northern Brazil, with a lag between
two and three months. Regarding the significance of the lagged correlations (Figure
S1.3), the pattern is similar to that obtained for the VIMD since, at the exit re-
gion, the correlation between the OLLJ and precipitation anomalies are statistically
significant throughout the Orinoco basin, northern Amazon and western Colombia.
However, in the jet exit region, significance is found in the jet corridor and northern
Amazon, but is not widely distributed west of the Andes Mountain range, which
supports that the OLLJ can modulate regional characteristics of precipitation and

humidity divergence, but its effect changes according to a specific region of the jet.

1.3.5 Regional gradients of mean sea level pressure, near-

surface air temperature and surface sensible heat flux

Martinez et al. (2022) suggest that surface fluxes influence the pressure gradients
between the northern Orinoco and the Andes-Amazon transition. Hence, we eval-
uated the influence of these regional gradients in the strengthening and weakening
of the flow associated with the OLLJ. Figure 1.11 presents the climatological fields
of the SSHF and MSLP for DJF, which shows that the Venezuelan Llanos exhibits
higher values of MSLP during this season. On the contrary, the transition region,
located at the jet exit, exhibits lower pressure values on the surface during DJF. On
the other hand, the SSHF over the Orinoco region is higher than over the 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
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Figure 1.10: As in Figure 1.9 but for precipitation anomalies.

Climatology of the Orinoco low-level jet 29



(e.g., San José et al., 1998; Arias et al., 2020; Espinoza et al., 2020; Martinez et al.,
2022).

The spatial pattern of MSLP is consistent with the activation of the OLLJ during
DJF, since the wind flows from higher to lower pressures. However, an enhanced
pressure gradient occurs when the northern region, associated with higher surface
pressure, exhibits higher values of SSHF. To assess this relationship, Figure 1.11
also presents the monthly variation of the MSLP and SSHF gradients, calculated
as the difference between the spatial average of the variables in the Orinoco region
and the Andes-Amazon transition region (red and blue rectangles in Figure 1.11,
respectively). Our findings suggest that the Orinoco region exhibits higher SSHF
values throughout the year than those in the Andes-Amazon transition region, and
the MSLP gradient shows marked variations during the year. Specifically, the gradi-
ents strengthen in DJF, and the activation of the OLLJ is accompanied by higher
contrasts of MSLP and SSHF between the northern zone of the jet corridor and its
southernmost region. As assessed in previous works, the MSLP gradients between
the NASH and the lower surface pressures associated with the southernmost location
of the Intertropical Convergence Zone (ITCZ) allow the strengthening of the north-
casterly trade winds and, therefore the activation of the OLLJ (Jiménez-Sanchez
et al., 2019; Jones, 2019; Builes-Jaramillo et al., 2022b). On the other hand, the
influence of the regional SSHF gradient was previously suggested by Martinez et
al. (2022), as they found that the simulation of lower (higher) SSHF values in the
Orinoco, which lead to the decrease (increase) in the near-surface air temperature
in the region, could increase (decrease) the MSLP gradient between the Orinoco
and the Andes-Amazon transition region and therefore modulate the strengthening

(weakening) of the OLLJ.

Based on these findings, we evaluate the regional patterns of the MSLP and SSHF
gradients during strong and weak OLLJ events. We focus on the period DJF. Also,
from the anomalies of the monthly long-term series of the OLLJ index at region
C4, we selected the years of strong and weak OLLJ as those when the wind mag-
nitude in DJF is above or below one standard deviation, respectively. We consider

the OLLJ index at region C4 because this region corresponds to the southernmost
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Figure 1.11: Climatology of the a) mean sea level pressure (MSLP), b) surface sensible
heat flux (SSHF) and c) near-surface air temperature for DJF estimated from ERA5 data
during 1979-2019. d) Annual cycle of the gradients of MSLP (purple line), SSHF (blue
line) and air temperature (green line) between the Orinoco (red rectangle in a)) and the
Andes-Amazon transition (blue rectangle in a)) regions.
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extension of the jet (jet exit), so higher and lower wind magnitudes during DJF can
be directly related to changes in the OLLJ intensity. Table 1.2 shows the years with
the occurrence of strong and weak OLLJ events. In general, strong (weak) OLLJ
events occurred during La Nina (El Nino) (years highlighted in colored bold), as also
suggested by Builes-Jaramillo et al. (2022b). On the other hand, after analyzing
the probability density function (PDF) of the wind speed during the occurrence of
strong, weak and normal OLLJ events, the results suggest marked changes in the
PDFs: during strong events the wind speeds tend to exhibit higher values, and during
weak events, the PDF shifts to the left and encompasses lower wind speeds (Figure
S1.4). Furthermore, the Kolmogorov-Smirnov test suggests a statistical difference of

the wind speeds that occur during strong, weak, and normal OLLJ events.

Table 1.2: Years of occurrence of strong and weak OLLJ events during DJF according to
ERAS5 data during 1979-2019. Bold red years represent OLLJ events under El Nifio
conditions while bold blue years represent OLLJ events under La Nina conditions.

Strong OLLJ events Weak OLLJ events

1984 1982
1988 1986
1989 1997
1999 2002
2007 2009
2008 2015
2011

The above suggests that the interannual strengthening of the OLLJ is strongly in-
fluenced by the warm and cold phases of ENSO. Regarding the SSTs patterns in
the periods of different intensities of the OLLJ, Figure 1.12 presents the composites
of SST anomalies during strong (Figure 1.12a) and weak (Figure 1.12b) jet events
during DJF. The results suggest that during strong OLLJ events, negative SST an-
omalies occur in the tropical Pacific and Atlantic oceans, even though the anomalies
in the Pacific Ocean are stronger. On the other hand, an opposite pattern is found
during weak OLLJ years, with high positive SST anomalies in eastern and central
tropical Pacific, and with lower positive anomalies through the Caribbean Sea and
the tropical north Atlantic. These spatial patterns of SST reinforce the link between
the occurrence of El Nifio and La Nifia conditions and variations on the strength

of the OLJJ. The patterns in the Atlantic Ocean suggest lower anomaly values but
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similar to the patterns in the Pacific Ocean. Strong (weak) OLLJ events are ac-
companied by negative (positive) SST anomalies in the tropical Atlantic and the
Caribbean Sea, which may influence the regional gradients of sea level pressure and

therefore the intensity of the jet.

a. Strong OLLJ b. Weak OLLJ
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Figure 1.12: Composites of the anomalies of SSTs during a) strong and b) weak OLLJ
events using ERA5 data during 1979-2019. The strong and weak OLLJ events used are
shown in Table 1.2.

Figure 1.13 shows the series of anomalies of the OLLJ index for DJF and the gradi-
ents of MSLP and SSHF between the Orinoco (red rectangle in Figure 1.11) and
the Andes-Amazon transition (blue rectangle in Figure 1.11) regions during 1979-
2019. Additionally, the bottom panel shows the near-surface temperature gradients
in order to relate changes of the SSHF and MSLP gradients to changes in surface air
temperature. The red (blue) lines correspond to the events of strong (weak) OLLJ
events in DJF, as indicated in Table 1.2. 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 higher SSHF in the Orinoco region is related to an increase
in near-surface air temperature that decreases the MSLP in the region. This leads
to the decrease in MSLP differences 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 air temperature in the region, increasing the MSLP locally and strength-
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ening the MSLP gradient between the Orinoco and the Andes-Amazon transition
region, therefore, allowing the intensification of the OLLJ. Computing the OLLJ
index for region C3.4 leads to similar patterns of MSLP, SSFH and near-surface air

temperature during strong or weak OLLJ events (Figure S1.5).

These results are consistent with Martinez et al. (2022) and confirm that although
the meridional pressure gradients between the Tropical North Atlantic and the
Andes-Amazon transition are relevant to the development of the OLLJ, other re-
gional 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 relevant to notice that although the pat-
terns of the gradients of MSLP, SSHF and air temperature tend to be distinctive
depending on the intensity of the OLLJ, they are not always similar in all the se-
lected events. Omne example is 1982, when a strong El Nino ocurred and a weak
OLLJ event is identified, but the patterns 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 influence
the strengthening of the surface wind field but may not be the only elements to
consider in order to evaluate a change in the intensity of the OLLJ, for which further

studies are needed.

1.4 Conclusions

The OLLJ is an important feature of the climate in northern South America as it
modulates atmospheric moisture flux along the Orinoco basin towards the Andes-
Amazon transition region and the Amazon. The results of this chapter are consistent
with previous studies focused on the analysis of the main spatial and temporal fea-
tures of the OLLJ, as well as its connection with other regional processes. For the
first diagnostics of the mean annual and diurnal behavior of the OLLJ, we used
the ERAb reanalysis and compared it with in situ radiosonde data. The reanalysis

ERA5 exhibits some differences compared to the observations of the vertical wind
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Figure 1.13: a) Anomalies of the OLLJ index at region C4 for DJF using ERA5 data
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structure in Los Llanos, as it exhibits an overestimation of the wind magnitude at
lower levels during daytime and nighttime (Figure 1.2). However, these differences
are expected given the characteristics of each database. Despite those differences, it
is worth noting that ERADB represents the strengthening of the wind field during DJF
and the contrast in the vertical wind structure in daytime and nighttime. Therefore,

this reanalysis captures the main features of the OLLJ.

The OLLJ develops below 800 hPa over the Orinoco basin, in northern South Amer-
ica, during DJF, and reaches its minimum intensity during JJA (Figure 1.3). The
seasonal activation of the jet occurs as a result of the pressure gradients between the
NASH and the low surface pressures of the ITCZ, indicating that a stronger MSLP
gradient between the NASH and the Orinoco is associated with a stronger OLLJ,
as also identified by other studies (Builes-Jaramillo et al., 2022b; Martinez et al.,
2022). However, some regional processes can have a relevant effect on the interan-
nual intensity of the jet. Specifically, the differences in MSLP and SSHF between the
northern and the southern regions of the jet corridor showed a link with the occur-
rence of strong and weak OLLJ events, as variations in these gradients influence the
wind flow associated with the jet. As indicated in previous studies (Martinez et al.,
2022), a stronger OLLJ tends to be accompanied by decreasing SSHF in the Orinoco
region which allows higher MSLP over this region, enhancing the regional pressure

gradients (Figure 1.13). An opposite relationship occurs when the jet is weaker.

Generally, the core of the OLLJ can be found between 825 and 950 hPa. However,
this can vary throughout the year because of the friction effect of the land surface
over the low-level wind field. Related to its diurnal variation, the jet reaches its
maximum strengthening in the early morning, from 04:00 LT, near the coastal line
in Venezuela, until 08:00 local time at its exit region (see Figure 1.5). These contrasts
in the wind speed during daytime and nighttime are likely to occur because of the
diurnal dynamics of the PBL. A mixed layer weakens the surface wind field during the
day while a stratified layer enhances the low-level wind circulation during the night
in the region. The variations in the PBL occur because of its interaction with the

land surface, in which heat fluxes from the surface are enhanced by solar radiation,
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and the stresses and air movements induced by the surface roughness influence the

state of this layer, therefore, the intensity of the jet through the day.

Finally, regarding the relationship of the OLLJ with atmospheric moisture flux and
precipitation in northern South America, our results suggest that the OLLJ has a
relevant role in the moisture flux along the Orinoco basin; however, its effects differ
when considering the jet intensity at its entrance or exit regions (section 1.3.4). At
its entrance, the OLLJ favors atmospheric moisture flux in the Venezuelan Llanos
and positively correlates with moisture convergence and increases in precipitation
in the Colombian Llanos and northern Amazon during DJF. On the other hand,
the OLLJ enhances the moisture flux along the Orinoco basin at its exit region and
therefore it is positively related to moisture divergence and decreases in precipitation
in the Colombian Llanos and northwestern Amazon during DJF. In addition, as
seen in Figures 1.9 and 1.10, the strengthening of the OLLJ may be accompanied
by atmospheric moisture convergence and increasing precipitation in the Colombian
Andes and northern Brazil. However, this relationship can exhibit a lagged response
between changes in the OLLJ strength and changes in atmospheric moisture and

precipitation patterns.
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Figure S1.1: Linear regression between the 1000-925 hPa VIMF series at each grid and
the OLLJ index using ERA5 data during 1979-2019. Shading indicates the grid cells in
which the simple linear regression was statistically significant (p-value < 0.05). Black
rectangles represent the region of calculation of the OLLJ index: a) C1, b) C2, ¢) C3, d)
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Chapter 2

The Orinoco low-level jet in the his-
torical experiment of CMIP5/CMIP6

models

2.1 Introduction

Higher concentrations of GHGs in the atmosphere and their associated effect on
the Earth’s energy balance are recognized as the causes of the global warming ob-
served since the industrial revolution (Gulev et al., 2021; IPCC, 2021). The observed
increases in well-mixed GHG concentrations since around 1750 are unequivocally
caused by human activities (IPCC, 2021). Also, it is unequivocal that human in-
fluence has warmed the atmosphere, ocean, and land; consequently, widespread and
rapid changes in the atmosphere, ocean, cryosphere, and biosphere have occurred
(IPCC, 2021). In this sense, one of the main effects of climate change is the rise in
global mean temperature, which affects the structure and characteristics of the Earth
system components at different temporal and spatial scales (Chen et al., 2021). In
addition, the intensification of the hydrological cycle, with the occurrence of more
frequent and severe droughts and heavy precipitation events, is another feature of
climate change (Allan et al., 2020; Douville et al., 2021; IPCC, 2021; Seneviratne
et al., 2021). The knowledge about the specific variations in the Earth system com-
ponents in the context of climate change is crucial to assess their associated impacts

on the ecosystems and human activities.

43



Monitoring the meteorological conditions worldwide during extended periods allows
the identification of shifts in the Earth’s system components. Another approach
widely used to evaluate changes in the climate system at different scales is using
General Circulation Models (GCMs), which enable the evaluation of present char-
acteristics of the climate system and suggest possible future changes in these fea-
tures (CCSP, 2008). Specifically, those models included in the Coupled Model In-
tercomparison Project (CMIP) are used by the Intergovernmental Panel on Climate
Change (IPCC) to assess the scientific evidence of human-induced climate change
in the Earth system because of the uniformity of their experiments, such as the
initial conditions and parametrizations. Since the first unified experiments were per-
formed using GCMs, CMIP has applied changes in the activities, experiments, and
guidelines to compare the model’s estimates, resulting in different CMIP phases.
CMIP5 (Taylor et al., 2012) and CMIP6 (Eyring et al., 2016) are the most recent
phases of the project that encompass the response of a high number of GCMs from

different institutes worldwide under different forcing.

In Chapter 1, we analyzed the main features of the Orinoco low-level jet (OLLJ)
and its role in atmospheric moisture transport from the Atlantic Ocean and the
Orinoco basin to the Amazon. Our results, in agreement with other studies, confirm
the importance of the OLLJ in the hydroclimate of northern South America (e.g.,
Jiménez-Sanchez et al., 2019, 2020; Builes-Jaramillo et al., 2022a, 2022b; Martinez
et al., 2022). The above suggests the relevance of analyzing how GCMs represent
the OLLJ during the recent past to assess changes in this low-level jet (LLJ) in the

context of climate change.

Previous studies analyze how GCMs simulate the structure of different LLJs world-
wide under historical forcing (e.g historical conditions of solar variability, volcanic
activity, GHG concentrations, among others), based on their annual cycle, vertical
structure, and horizontal distribution, among other characteristics (e.g., Martin and
Schumacher, 2011; Sheffield et al., 2013; Danco and Martin, 2018; Sierra et al., 2018,
2021; Oscar et al., 2022). On the other hand, other studies evaluate the connections
between the intensification of LLJs, atmospheric moisture fluxes, and precipitation

in the regions of influence, as LLJs play a relevant role in atmospheric moisture
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transport (e.g., Stensrud et al., 1996; Martin and Schumacher, 2011; Acosta and
Huber, 2017; Algarra et al., 2019; Braz et al., 2021; Munday et al., 2021; Makinde
et al., 2022).

Although GCMs have been useful in understanding the variability of the different
processes influencing the Earth system, it is essential to consider the uncertainties
associated with this dataset. The uncertainties and deviations of the model estim-
ates are associated with multiple factors such as internal climate variations and the
uncertainty of the climate response. Besides, model performance depends on limit-
ations due to the simplifications considered by these models, the parameterizations
included to simulate specific processes, and the grid size and its equivalence in the
structures that can be adequately represented (Chen et al., 2021). Also, Working
Group I in the Fifth Assessment Report of the IPCC points out that the obser-
vational information used in the model’s evaluation and the internal variability is
among the different sources of uncertainties in simulations (Flato et al., 2013; Collins
et al., 2013). Different studies analyze this last factor around several LLJs, such as
the Great Plains LLJ (Wimhurst and Greene, 2020) or the LLJs on the eastern coast
of Africa (Munday et al., 2021), suggesting a direct relationship between a finer spa-
tial resolution and a better model performance. However, other studies indicate
that an adequate representation of some LLJs, like the Choco LLJ in northwestern
South America, does not completely depend on the spatial resolution of the models

considered (Sierra et al., 2018).

Additionally, the simulation of the main characteristics of LLJs by GCMs is strongly
influenced by the model skill in the representation of the mechanisms that allow
the activation and strengthening of the jet, such as surface pressure or temperature
gradients (e.g., Bracegirdle et al., 2022; Sierra et al., 2018). The above implies that
the analysis of the LLJs, and generally of other climatological processes, depends on
the ability of GCMs to adequately represent these structures. The comparison of
GCM estimates with other available datasets, usually reanalyses, allows the evalu-
ation of the performance of the GCMs in the representation of different phenomena,
enabling the classification of these models in terms of their capacity to simulate

present climate features.
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Our literature review indicates that although previous studies have analyzed the
main features of the OLLJ, using observational and modeling approaches, none of
these studies have explored the ability of current GCMs to represent this low-level
circulation or its possible changes under different climate change scenarios. Thus,
this chapter focuses on how GCMs included in CMIP5/CMIP6 simulate the main
characteristics of the OLLJ under the historical experiment (simulations under ob-
served forcing of solar variability, volcanic activity, GHG concentrations) (Taylor et
al., 2012; Eyring et al., 2016). The above is relevant due to the role of the OLLJ in
moisture fluxes in northern South America and, therefore, its importance in the mod-
ulation of the regional climate (Jiménez-Sanchez et al., 2019, 2020; Builes-Jaramillo
et al., 2022a; Martinez et al., 2022), as analyzed in Chapter 1. Evaluating the OLLJ
from the response of GCMs to observed forcings enables a better understanding of
the regional climatic processes during the recent past in northern South America,
which in turn allows evaluating possible future changes of this LLLJ that may affect

the hydro-climatological conditions in the region.

2.2 Data and methodology

In this chapter, we analyze the annual cycle of the OLLJ using the simulations of 37
CMIP5 models and 34 CMIP6 models under the historical experiment, considering
the first model initialization (rlilpl for CMIP5 and rlilp1fl for CMIP6). We focus
on the analysis of zonal and meridional wind components at different pressure levels
at a monthly frequency to evaluate the monthly variations of the OLLJ in northern
South America. We use CMIP5/CMIP6 models as they correspond to the most re-
cent versions of GCMs included in the CMIP experiments. Also, the consideration
of two CMIP phases allows the comparison of the differences between them. In the
historical experiment, CMIP5 covers the period 1850-2005 and CMIP6 the period
1850-2014. CMIP5/CMIP6 models are evaluated using the ERA5 reanalysis (Hers-
bach et al., 2020), which is available for the period 1979-present. Thus, the period of

analysis in this chapter encompasses the period 1979-2005 for CMIP5 models, and
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1979-2014 for CMIP6 models. Table 2.1 presents the models used in this analysis,

their spatial resolution, and available experiments.

As analyzed in Chapter 1, the main features of the OLLJ can be evaluated using
the monthly OLLJ index, the seasonal vertical structure of the wind field, and the
seasonal spatial distribution of the horizontal wind, estimated from the ERAS reana-
lysis. In this chapter, we compare the simulations from the GCMs presented in Table
2.1 with that from ERA5. For calculating the OLLJ index, we use the C3.4 region
(black rectangle in Figure 2.1) since it encompasses a larger spatial domain than
the four regions suggested by Jiménez-Sanchez et al. (2019) (regions C1 to C4 in
Figure 1.1). This method could allow better identification of the OLLJ in GCMs,
which tend to have coarse spatial resolutions; therefore, they may misrepresent this
low-level circulation in a small domain. Similarly, the cross-section used to evaluate
the vertical structure of the OLLJ is centered on the region C3.4 but includes a
wider range of longitudinal bands (3°N-5°N and 75°W-61°W) to identify the core of
the OLLJ, as suggested by Rodriguez-Gémez et al. (2022)(black dashed rectangle
in Figure 2.1). On the other hand, following the findings discussed in Chapter 1,
we focus on the pressure levels between 825 and 950 hPa to estimate the OLLJ in-
dex and the seasonal variation of the horizontal wind in northern South America.
Figure 2.1 shows the regions described above and considered in our analysis of the

CMIP5/CMIP6 simulations of the OLLJ.

Following the methodology proposed by Sierra (2017) and 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, 2001). For calculating
the evaluation metrics, ERA5 data is interpolated to each model grid size (Table
2.1) by bilinear interpolation, which considers a linear interpolation in two differ-
ent directions and is widely used in managing two-dimensional matrices. Then, to
classify the set of CMIP5/CMIP6 models according to their ability to simulate sea-
sonal variations of the wind field in northern South America, we perform a factor
analysis using the metrics described above. From this methodology, it is possible

to obtain a small number of factors that explain most of the original variance and
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Table 2.1: CMIP5 and CMIP6 models used in this study for the historical experiment.

Model

CMIP
phase

Institution

Resolution
(lat x lon)

Reference

ACCESS1-0

ACCESS1-3

CanCM4

CanESM?2

CMCC-CESM

CMCC-CM

CMCC-CMS

CNRM-CM5

CNRM-CM5-2

CSIRO-Mk3-
6-0

GFDL-CM2.1

GFDL-CM3

GFDL-ESM2G

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

CMIP5

Commonwealth Scientific
and Industrial
Research Organisation,
Australia, Bureau of
Meteorology, Australia
Commonwealth Scientific
and Industrial
Research Organisation,
Australia, Bureau of
Meteorology, Australia
Canadian Centre
for Climate
Modelling and
Analysis
Canadian Centre
for Climate Modelling
and Analysis
Centro Euro-
Mediterraneo
per I Cambiamenti
Climatici
Centro Euro-
Mediterraneo
per I Cambiamenti
Climatici
Centro Euro-
Mediterraneo
per I Cambiamenti
Climatici
Centre National
de Recherches
Meteorologiques
/ Centre Europeen de
Recherche et Formation

Avancees en Calcul Scientifique

Centre National
de Recherches
Meteorologiques / Centre
Europeen de Recherche et
Formation Avancees en
Calcul Scientifique

Commonwealth Scientific and
Industrial Research Organisation

in collaboration
with the Queensland
Climate Change Centre of
Excellence
Geophysical Fluid
Dynamics Laboratory
Geophysical Fluid
Dynamics Laboratory
Geophysical Fluid
Dynamics Laboratory

1.2°x 1.8°

1.2°x 1.8°

2.7°x 2.8°

2.7°x 2.8°

3.7°x 3.7°

0.7°x 0.7°

1.8°x 1.8°

14°x 1.4°

1.4°x 1.4°

1.8°x 1.8°

2°x2.5°

1.5°x 2.5°

Dix et al. (2013)

Dix et al. (2013)

Merryfield et al. (2013)

Arora et al. (2011)

Vichi et al. (2011)

Scoccimarro et al. (2011)

Scoccimarro et al. (2011)

Voldoire et al. (2013)

Sénési et al. (2014)

Jeffrey et al. (2013)

Delworth et al. (2006)
Donner et al. (2011)

Dunne et al. (2012)
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CMIP

Table 2.1: Continuation

Resolution

Model phase Institution (lat x lon) Reference
Geophysical Fluid o o
GFDL-ESM2M CMIP5 . 1.5°x 2.5 Dunne et al. (2012)
Dynamics Laboratory
NASA Goddard o o .
GISS-E2-H CMIP5 Institute for Space Studies 2°x 2.5 Schmidt et al. (2014)
GISS-E2-H- 8 NASA Goddard o o
oc CMIP5 Institute for Space Studies 2°x 25 Romanou et al. (2013)
NASA Goddard o o .
GISS-E2-R CMIP5 Institute for Space Studies 2°x 2.5 Schmidt et al. (2014)
NASA Goddard o o
GISS-E2-R-CC  CMIP5 Institute for Space Studies 2°x 2.5 Romanou et al. (2013)
Met Office Hadley Centre
(additional HadGEM2-ES
HadCM3 CMIP5 realizations contributed by 2.5° x 3.7° Gordon et al. (2000)
Instituto Nacional de Pesquisas
Espaciais)
National Institute of
Meteorological
HadGEM2- CMIP5 Research/Korea 1.2°x 1.8° Bellouin et al. (2011)
AO .
Meteorological
Administration
Met Office Hadley Centre
(additional
HadGEM2- HadGEM2-ES o R .
e CMIP5 realizations contributed by 1.2°x 1.8 Bellouin et al. (2011)
Instituto Nacional
de Pesquisas Espaciais)
Met Office Hadley Centre
(additional
HadGEM2- HadGEMZ2-ES realizations R o .
ES CMIP5 contributed by 1.2°x 1.8 Bellouin et al. (2011)
Instituto Nacional
de Pesquisas Espaciais)
Institute for Numerical o oo .
INM-CM4 CMIP5 . 1.5°x 2 Volodin et al. (2014)
Mathematics
IPSL-CMSA- 1\ 11p3 Institut Pierre-Simon 1.8°x 3.7°  Dufresne et al. (2013)
LR Laplace
IPSL-CM5A- CMIP5 Institut Pierre-Simon 1.2°x 2.5°  Dufresne et al. (2013)
MR Laplace
IPSL-CMBB- - 0 1p3 Institut Pierre-Simon 1.8°x 3.7°  Hourdin et al. (2013b)
LR Laplace
Japan Agency for Marine-Earth
Science and Technology,
Atmosphere and
MIROC-ESM  CMIP5 Ocean Research Institute 2.8° x 2.8°  Watanabe et al. (2011)

(The University of Tokyo),
and National Institute
for Environmental Studies
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Table 2.1: Continuation

Model CMIP Institution Resolution

phase (lat x lon) Reference

Japan Agency for
Marine-Earth Science
and Technology,
MIROC-ESM- CMIP5 Atmosphere and Ocean
CHEM Research Institute
(The University of Tokyo),
and National Institute for
Environmental Studies
Atmosphere and Ocean
Research Institute
(The University of Tokyo),
National Institute for o o
MIROC4h CMIP5 Envi 0.5° x 0.5 Sakamoto et al. (2012)
nvironmental
Studies, and
Japan Agency for Marine-
Earth Science and Technology
Atmosphere and Ocean
Research Institute
(The University of Tokyo), National
MIROC5  CMIP5 Institute for 14° x 14°  Watanabe et al. (2010)
Environmental
Studies, and Japan Agency
for Marine-
Earth Science and Technology
MPI-ESM- Max Planck Institute

MR CMIP5 for Meteorology (MPI-M)

Max Planck Institute
MPLESM-P - CMIPS for Meteorology (MPI-M)
Max Planck Institute
for Meteorology (MPI-M)
Meteorological
Research Institute
Meteorological
Research Institute
Norwegian
Climate Centre
Norwegian
Climate Centre
Commonwealth Scientific
and Industrial
Research Organisation,
ACCESS-CM2 CMIP6 Australian Research 1.2°x 1.8° Bi et al. (2020)
Council Centre of
Excellence for
Climate System Science

2.8°x 2.8°  Watanabe et al. (2011)

1.8°x 1.8°  Giorgetta et al. (2013)
1.8°x 1.8°  Giorgetta et al. (2013)
MPI-ESM-LR ~ CMIP5 1.8°x 1.8°  Giorgetta et al. (2013)
MRI-CGCM3 CMIP5 1.1°x 1.1°  Yukimoto et al. (2012)
MRI-ESM1 CMIP5 1.1°x 1.1°  Yukimoto et al. (2011)
NorESM1-M  CMIP5 1.8°x 2.5° Bentsen et al. (2013)

NorESM1-ME CMIP5 1.8°x 2.5°  Tjiputra et al. (2013)

Commonwealth
ACCESS- Scientific o o .
ESM1-5 CMIPG and Industrial Research 127x 18 Ziehn et al. (2020)
Organisation
BCC-CSM2- Beijing Climate o o
MR CMIP6 Center 1.1°x 1.1 Wu et al. (2019)
BCC-ESM1  CMIP6 Beijing Climate 2.8° x 2.8° Wi et al. (2020)

Center
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Table 2.1: Continuation

Model CMIP Institution Resolution Reference
phase (lat x lon)
Chinese Academy
CAMS-CSM1-0 CMIP6 of Meteorological 1.1°x 1.1°  Xin-Yao et al. (2019)
Sciences
Canadian Centre for
CanESM5 CMIP6 Climate Modelling 2.8°x28° Swart et al. (2019)

and Analysis
National Center for
Atmospheric Research
Fondazione Centro

CESM2-FV2  CMIP6 1.9°x 2.5°  Danabasoglu (2019)

CMCC-CM2- CMIP6 Euro-Mediterraneo sui 0.9°x 1.2°  Cherchi et al. (2019)
HR4 . . ..
Cambiamenti Climatici
Fondazione Centro
CMCS%SMQ_ CMIP6 Euro-Mediterraneo sui 0.9° x 1.2°  Cherchi et al. (2019)

Cambiamenti Climatici
Fondazione Centro
CMCC-ESM2  CMIP6 Euro-Mediterraneo sui 0.9°x 1.2°  Cherchi et al. (2019)
Cambiamenti Climatici
Lawrence Livermore
National Laboratory,
Argonne National
Laboratory, Brookhaven
National Laboratory,
Los Alamos National
E3SM-1-0 CMIP6 Laboratory,Lawrence 1.0° x 1.0° Golaz et al. (2019)
Berkeley National Laboratory,
Oak Ridge National Laboratory,
Pacific Northwest National
Laboratory, Sandia National
Laboratories, Department of Earth
System Science
Lawrence Livermore
National Laboratory, Argonne
National Laboratory, Brookhaven
National Laboratory, Los Alamos
E3SM-1-1- CMIP6 National Laboratory,Lawrence
ECA Berkeley National Laboratory,
Oak Ridge National Laboratory,
Pacific Northwest National
Laboratory, Sandia National
Laboratories
First Institute
of Oceanography,
FIO-ESM-2-0 CMIP6 Qingdao National Laboratory 0.9°x 1.2° Bao et al. (2020)
for Marine Science and
Technology
National Oceanic
and Atmospheric

1.0° x 1.0°  Burrows et al. (2020)

GFDL-ESM4  CMIP6 Administration, 1.0°x 1.2° Dunne et al. (2020)
Geophysical Fluid Dynamics
Laboratory
GISS-E2-1 . Goddard Institute o o
G CMIP6 for Space Studies 2.0°x 2.5 Kelley et al. (2020)
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Model

CMIP
phase

Table 2.1: Continuation

Institution

Resolution
(lat x lon)

Reference

GISS-E2-1
-H

GISS-E2-2-H

IITM-ESM

INM-CM5-0

IPSL-CM5A2-INCA

IPSL-CM6A-LR

IPSL-CM6A-
LR-INCA

KACE-1-0-G

KIOST-
ESM

MCM-
UA-1-0

MIROCG6

MPI-ESM-
1-2-HAM

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

Goddard Institute
for Space Studies
Goddard Institute
for Space Studies
Centre for Climate
Change Research,
Indian Institute of Tropical
Meteorology Pune
Institute for Numerical
Mathematics
Institut Pierre-Simon
Laplace
Institut Pierre-Simon
Laplace
Institut Pierre-Simon
Laplace
National Institute of
Meteorological Sciences,
Korea Meteorological
Administration
Korea Institute of
Ocean Science and
Technology
Department of Geosciences,
University of Arizona
Japan Agency for
Marine-Earth Science and
Technology,
Atmosphere and
Ocean Research Institute
(The University of
Tokyo), National Institute
for Environmental
Studies, Ibaraki 305-8506,

RIKEN Center for Computational

Science
ETH Zurich, Max
Planck Institut fur

Meteorologie, Forschungszentrum
Julich, University of Oxford,

Finnish Meteorological
Institute, Leibniz Institute
for Tropospheric Research,

Center for Climate
SystemsModeling (C2SM)
at ETH Zurich

2.0°x 2.5°

2.0°x 2.5°

1.9°x 1.9°

1.5°x 2.0°

1.8°x 3.7°

1.3°x 2.5°

1.3° x 2.5°

1.2°x 1.8°

1.9°x 1.9°

2.2°x 3.7°

14°x 14°

1.8°x 1.8°

Kelley et al. (2020)

Rind et al. (2020)

Krishnan et al. (2021)

Volodin and Gritsun (2018)
Sepulchre et al. (2020)
Boucher et al. (2020)

Boucher et al. (2020)

Lee et al. (2020)

Pak et al. (2021)

Stouffer (2019)

Tatebe et al. (2019)

Mauritsen et al. (2019)
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Model

CMIP
phase

Table 2.1: Continuation

Institution Resolution Reference
(lat x lon)

MPI-ESM1
-2-LR

MPI-ESM1-
2-HR

MRI-ESM2-0

NorCPM1

NorESM2-
LM

NorESM2-
MM

SAMO-
UNICON

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

Max Planck Institute
for Meteorology, Alfred
Wegener Institute, Helmholtz
Centre for Polar and 1.8°x 1.8°  Mauritsen et al. (2019)
Marine Research, Deutsches
Klimarechenzentrum,
Deutscher Wetterdienst
Max Planck Institute
for
Meteorology, Deutsches 0.9°x 0.9° Mauritsen et al. (2019)
Klimarechenzentrum,
Deutscher Wetterdienst
Meteorological
Research Institute
Center for International
Climate and Environmental
Research, Norwegian
Meteorological Institute, Nansen
Environmental and Remote
Sensing Center, Norwegian
Institute for Air Research,
University of Bergen,
University of
Oslo, Uni Research
Center for International
Climate and Environmental
Research, Norwegian
Meteorological Institute,
Nansen Environmental
and Remote Sensing
Center, Norwegian
Institute for Air Research,
University of Bergen, University
of Oslo, Uni Research
Center for International
Climate and Environmental
Research, Norwegian
Meteorological Institute, Nansen
Environmental
and Remote Sensing Center, 0.9°x 1.2° Seland et al. (2020)
Norwegian Institute for Air
Research, University
of Bergen,
University of Oslo, Uni
Research NCC
Seoul National
University

1.1°x 1.1°  Yukimoto et al. (2019)

1.8°x 2.5° Bethke et al. (2021)

1.8° x 2.5° Seland et al. (2020)

0.9°x 1.2° Park et al. (2019)
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Figure 2.1: Spatial domains consider to evaluate the simulation of the main OLLJ
characteristics by the CMIP5 and CMP6 models used: region C3.4 (black), vertical
cross-section (black dashed), Tropical North Atlantic (orange), Orinoco (red) and
Andes-Amazon transition (blue).
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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 CMIP5/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 OLLJ. The
models within each cluster are gridded to a common grid size of 2°X2° by bilinear
interpolation to obtain the multi-model mean of the horizontal wind patterns, the

vertical structure of the jet, and the OLLJ index for each cluster of GCMs.

On the other hand, we evaluate the monthly variation of the gradients of mean
sea level pressure (MSLP) and near-surface air temperature 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), as discussed in Chapter 1. In particular, these gradients play
an important role in the interannual variability of the OLLJ intensity. For instance,
Builes-Jaramillo et al. (2022b) highlight that the occurrence of stronger (weaker)
MSLP gradients between these regions during La Nina (El Nino) years is associ-
ated with a stronger (weaker) OLLJ. These gradients are calculated as the difference
between the spatial average of the MSLP and air temperature in the Tropical North
Atlantic (orange rectangle in Figure 2.1) and the Andes-Amazon transition (blue
rectangle in Figure 2.1; Martinez et al., 2022) from the multi-model mean of the
clusters. This analysis is relevant because it can relate the performance of the dif-
ferent clusters with their simulation of the low-level circulation and the land surface

patterns that enhance the OLLJ.

Finally, this chapter analyzes the representation of the MSLP, Surface Sensible Heat
Flux (SSHF), and near-surface air temperature gradients between the Orinoco and
the Andes-Amazon transition regions (red and blue rectangles in Figure 2.1, respect-
ively; Martinez et al., 2022) according to the GCMs considered. The above acquires
relevance as these regional gradients between the jet entrance and exit regions are

important for interannual variations of the OLLJ intensity (see section 1.3.5). Fol-
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lowing the methodology used in Chapter 1, we consider the long-term anomaly time
series of the OLLJ index during DJF, to identify the years of strong and weak jet
events. Identifying these particular years with marked fluctuations in a strengthen-
ing of the OLLJ allows for assessing the characteristic patterns of MSLP, SSHF, and
air temperature gradients during strong and weak OLLJ events and the ability of

GCMs to simulate these links.

2.3 Results

2.3.1 The Orinoco low-level jet index in CMIP5/CMIP6

models

Following Chapter 1, to estimate the OLLJ index in region C3.4 we use the wind
magnitude because the orientation of the flow at the exit of the jet has important
contributions from both the zonal and meridional components (Figure 1.4). How-
ever, we compare how CMIP5/CMIP6 models represent the OLLJ index in region
C3.4 while considering the zonal and meridional wind components individually as
well as the wind magnitude, to identify if the main biases in the representation of
the low-level circulation arise from difficulties in the representation of a particular
component. Figure 2.2 shows the multimodel mean of the annual cycle of the OLLJ
index at region C3.4 for CMIP5/CMIP6 models during the historical period. The
OLLJ index estimated using the zonal wind (orange line) exhibits lower variations
throughout the year, with little differences between 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
strengthening and weakening periods of the jet. In terms of the wind magnitude
(green line), it loses some variability as the contrast between DJF and JJA decreases
as it combines both zonal and meridional wind. As analyzed in Chapter 1, the
OLLJ index in region C3.4 is influenced by both zonal and meridional components

of the wind field. However, CMIP5/CMIP6 simulations of the zonal wind in region
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C3.4 differ from that depicted by ERA5, where the estimates of the models (orange
line) do not exhibit the monthly variability obtained from ERA5 (dotted black line),

suggesting biases of the CMIP models simulating the mean zonal flow in the region.

The estimations of CMIP5/CMIP6 models using meridional wind show greater agree-
ment with that obtained from ERAS5 (black line), as both CMIP models and ERA5
exhibit contrasts of up to 7 m/s between DJF and JJA. The above suggests that
as GCMs tend to have difficulties simulating zonal wind in the region, the OLLJ
index at region C3.4 estimated from the wind magnitude may not present the best
variation of the wind field at the jet exit. Hence, in this chapter and hereafter, we
estimate the OLLJ index from the spatial average of the meridional wind component
between 825 and 950 hPa in region C3.4 for ERA5 and CMIP5/CMIP6 models. We
acknowledge that the C3.4 region is located in complex terrain, between the Andes
Mountain range and the Guiana highlands, which can also add uncertainties to the

model estimates.

2.3.2 Factor analysis and cluster analysis of the CMIP5/CMIP6

models

As explained in section 2.2, we classify the CMIP5/CMIP6 models in terms of their
representation of the seasonal characteristics of the OLLJ 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 variables to be considered in the
cluster analysis. Figure 2.3 shows the scree plots of the factor analysis for CMIP5
and 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 Figure 2.3, the number of factors to be retained from the
estimates of the CMIP5 models is four, while for CMIP6 is three, retaining 93% and
91% of the original variance, respectively. We selected the factors with eigenvalues
greater than one; therefore, each factor selected may explain more information than

one of the original variables.

The Orinoco low-level jet in the historical experiment of CMIP5/CMIP6 models 57



a. CMIP5 - Multimodel mean

Wind [m/s]
I~

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

b. CMIP6 - Multimodel mean
10

wind [m/s]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
Zonal Wind - Models —— Wind Magnitude - Models —=— Meridional Wind - ERAS

—=— Meridional Wind - Models —e— Zonal Wind - ERAS —— Wind Magnitude - ERA5

Figure 2.2: Multi-model means of CMIP5/CMIP6 simulations of the OLLJ index in
region C3.4 during the historical period, as a function of: zonal (orange line) and
meridional (blue line) wind components, and the wind magnitude (green line). The black
line represents the OLLJ index from ERA5 wind magnitude (see Chapter 1), and the
green shading corresponds to the envelope of the model estimates of the OLLJ index
from wind magnitude. The black lines with dots and crosses represent the OLLJ index
from zonal and meridional wind components from ERAS5, respectively.
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The factors associated with each CMIP phase are the inputs for the cluster analysis
based on Ward’s minimum variance method (Ward, 1963). As the cluster analysis
requires the number of clusters (k) to perform the classification, we focus on two
methods to select the optimal number of clusters to be retained: the elbow method
and the silhouette analysis. The elbow method calculates the sum of the squared
distances of each point to its associated centroid, which is estimated for different
values of k. The silhouette analysis focuses on the silhouette score that indicates if a
sample is far from other clusters (closest to 1) or if the sample is close to other clusters
(closest to 0), indicating a deficient differentiation among some clusters (Kodinariya
et al., 2013). Figure 2.4 presents the elbow plot for a set of k clusters for CMIP5
and CMIP6 models, showing that an inflection point in the curve occurs near k=4
in CMIP5 models, and k=3 and k=4 in CMIP6 models. These results suggest that
a possible optimal number of clusters for CMIP5 and CMIP6 models may be k=4
and k=3 or 4, respectively.

On the other hand, Figures 2.5 and 2.6 show the silhouette plots for different k
clusters from the CMIP5 and CMIP6 performance metric-based factors, including
the average silhouette coefficient of the clusters and the size of the silhouette plots.
A set of k clusters in which not all clusters’ silhouette coefficients are greater than
the average (red line) is not an adequate selection. At the same time, it is also
relevant to consider the thickness of the silhouette plot of each cluster as thicker
silhouette plots may suggest the merge of different clusters into one, influencing the

differentiation of specific clusters (Rousseeuw, 1987).

For CMIP5, some k clusters such as 5, 6, and 7 (Figure 2.5) are not the optimal
selection as there are clusters with a silhouette score lower than average. On the
other hand, the size of the silhouette plots suggests that k=2 clusters may not be
adequate as they may contain independent clusters. The above suggests that an
optimal k for CMIP5 information may be 3 or 4. Regarding the classification of
CMIP6 models, k clusters 2, 5, 6, and 7 are not optimal because the silhouette
scores of some groups are either lower than the average or there is no associated

score (Figure 2.6). Again, the silhouette analysis for CMIP6 models suggests an
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Figure 2.3: Scree plot of the factor analysis for metrics of the OLLJ main features from
a) CMIP5 and b) CMIP6 models.
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Figure 2.4: The elbow plot of the sum of squared distances for different k clusters from
a) CMIP5 and b) CMIP6 factors.
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Figure 2.5: Silhouette analysis from CMIP5 factors considering different k clusters. Red

dashed lines represent the average silhouette coefficient of the set of k clusters.
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optimal k of 3 or 4 clusters; however, k=4 gets a more uniform size distribution of

the silhouette of the clusters, in comparison to what is obtained with 3 clusters.

Considering this analysis, we use k=4 clusters for both CMIP5 and CMIP6 models.
The left panel of Figure 2.7 shows the grouping of the CMIP5 and CMIP6 models
after performing a cluster analysis with the Ward’s distance method. Additionally,
the right panel in Figure 2.7 shows the scatter plots of the three factors that represent

77% of the total variance in CMIP5, while they contain 91% of the original variance
in CMIP6.

We named the CMIP5 and CMIP6 clusters considered Group 1 to Group 4, according
to the grouping given by the method. The number of models included in each group
contrasts in both CMIP phases: in CMIP5, 18 models are included in Group 1, 11 in
Group 2, and 4 in Group 3 and Group 4. In contrast, in CMIP6, Group 1 contains 19
models, Group 2 contains 6 models, Group 3 contains 1 model, and Group 4 contains
8 models. Some clusters tend to group models from the same institute, such as mod-
els from the Met Office, the NOAA Geophysical Fluid Dynamics Laboratory, and
NASA, indicating the prevalence of similarities between models of the same institute,
which suggests a similar performance in terms of their simulations of the main char-
acteristics of the OLLJ. However, there are also noticeable contrasts between models
of the same institute. For instance, the model MPI-ESM-1-2-HR from CMIP6 is not
classified alongside other models, suggesting marked differences in the performance
of this GCM compared to the others. The MPI-ESM-1-2-HR model participates in
the High-Resolution Model Intercomparison Project (HighResMIP), which is based
on GCMs with finer grid size. However, other models such as CMCC-CM2-HR4 are
also included on the HighResMIP, and specifically, this model is classified next to
several models of lower horizontal resolution. The above suggests that contrasts in
horizontal grid size do not modulate the grouping of GCMs, and thus their skill in
simulating the OLLJ.

It is not possible to relate the grid size of the different GCMs with their perform-
ance since models with finer and coarser horizontal resolutions are grouped in the

same cluster. This pattern is shared for both CMIP phases. Tables S2.1 and S2.2
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Figure 2.7: Dendrogram of the cluster analysis from CMIP5 and CMIP6 models (a, c),
and the scatter plot of the three factors considered (b, d).
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contain the CMIP5 and CMIP6 models included in each group, and following this
classification, we evaluate how these GCMSs represent the main characteristics of the

OLLJ.

2.3.3 Performance of CMIP5/CMIP6 models in the simu-

lation of the annual cycle of the Orinoco low-level jet

This subsection analyzes the simulation of the OLLJ index, the pattern of horizontal
winds, and the vertical structure of the OLLJ from the multimodel mean of each
group presented in Tables S.1 and S.2. It is relevant to notice that, as previously
discussed, the classification of the available CMIP models is based on two perform-
ance metrics for each season of the year; however, we focus on the DJF season as it

corresponds to the activation period of the OLLJ.

Figure 2.8 presents the simulation of the horizontal wind and the vertical structure of
the OLLJ during DJF according to the four groups of CMIP5 models. Groups 1 and
2 (Figure 2.8a, ¢) do not exhibit an accurate simulation of the OLLJ activation, as
they do not represent a clear low-level circulation through the Orinoco basin, which
is strongly modulated by the regional topography. Regarding the vertical structure,
Group 1 tends to misrepresent the location where the jet typically develops as well as
its vertical structure, with no marked contrast between the flow associated with the
OLLJ and the one from the wind field that enters the continent over Guiana (Figure
2.8b). On the other hand, Group 2 simulates the effect of the regional topography
in the wind field but, similar to the estimates of Group 1, the vertical structure of
the jet is not fully represented as it lacks a marked jet core (Figure 2.8d). Group
3 simulates the curving of the wind field between the Los Andes mountain range
and the Guiana Highlands, which is an outstanding feature of the OLLJ during its
activation period (Figure 2.8 e). In the cross-section shown in Figure 2.8f, this cluster
represents the strengthening of the OLLJ at lower pressure levels; however, it tends
to locate the jet to the west of its climatological position with high wind velocities

at the east of the Guiana Highlands. Finally, Group 4 can simulate the activation of
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the OLLJ in the Orinoco basin and the vertical structure of the jet, with a defined
core of higher 850hPa wind velocities between 73°W and 69°W, differentiating the

jet from the wind circulation through the atmospheric column (Figure 2.8g, h).

The simulated fields show that the CMIP5 GCMs tend to underestimate the wind
magnitude reached by the OLLJ during its activation period and overestimate the
wind field around the OLLJ corridor, suggesting the simulation of a weaker jet by
the CMIP5 clusters considered (Figure S2.1). The above does not suggest that all
CMIP5 models simulate a weaker OLLJ, but the broad agreement among models

suggests the underestimation of the jet intensity by this generation of GCMs.

Regarding the OLLJ index estimated from the meridional wind by the CMIP5
clusters (Figure 2.9), Groups 1, 2, and 3 underestimate the wind speed during DJF.
In contrast, Group 4 has a more accurate representation of the jet intensity in that
period. All groups simulate the jet minimum intensity in June and July, while the
wind field reaches its minimum in August in ERA5. Group 4 shows higher consist-
ency with the reference ERAb estimates, suggesting a more adequate representation
of the seasonal fluctuation of the wind field over the region. Even though Groups
1, 2, and 3 overestimate the OLLJ index during SON, this pattern is more marked
in Group 1, which may be due to the lack of differentiation of the OLLJ from the
surrounding surface circulation over northern South America depicted by this group
(Figure 2.8a). Group 2 shows greater differences with ERA5 during JJA, which may
be influenced by the weaker-than-normal OLLJ simulated by this cluster (Figures
2.8b and 2.9). It is relevant to highlight the spread of each cluster, as Group 1
exhibits the most prominent differences among the estimates from each model, par-
ticularly during SON. On the contrary, the spread of Group 4 is the lowest among
the clusters, indicating more consistency and similarities among the models included
in this group. This suggests that Group 4 contains models with a better simulation
of the spatial and temporal characteristics of the OLLJ, while Group 1 performance

is the lowest among the CMIP5 groups.

Table 2.2 presents the PCC and RMSE metrics of the horizontal wind fields and
the jet vertical structure for DJF and the monthly OLLJ index for the four CMIP5

The Orinoco low-level jet in the historical experiment of CMIP5/CMIP6 models 67



500

600

700

[hPal]

GROUP 1

850

925

1000
75;W 73°W  T71°W 69°W 67°W 65°W 63°W

500

600

700

850 «

925

[hPa]

GROUP 2

1000
75‘1‘:W 73°W 71°W 6€9°W 67°W 65°W 63°W

500

600

700

GROUP 3

[hPal]

850

925

1000
75‘;1W 73°W  71°W 69°W 67°W 65°W 63°W

500

600

700

GROUP 4

[hPal]

850

925

- - - 1000
80°W 70°wW  60°W 75°W 73°W 71°W 69°W 67°W 65°W 63°W

00 15 30 45 60 75 90 105 12.0 135
Wind magnitude [m/s]

Figure 2.8: Multimodel mean of the horizontal winds between 825 and 950 hPa and the
vertical structure of the OLLJ during 1979-2005 from the four clusters of CMIP5 models
considered (Table S2.1).
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Figure 2.9: Multimodel means of the OLLJ index from meridional wind at region C3.4
(Figure 2.1) for the four clusters of CMIP5 models considered (Table S2.1). Shading
corresponds to the spread of the set of models included in each cluster.

clusters considered. The bold metrics represent the best value of the metric in
each characteristic (lower RMSE and higher PCC). As indicated by Figures 2.8 and
2.9, Group 1 tends to have the worst representation of the seasonal characteristics
of the OLLJ as it exhibits the lowest PCC and highest RMSE among almost all
characteristics. On the contrary, the performance of Group 4 is the best among
CMIP5 clusters, with an outstanding simulation of the main features of the OLLJ in
comparison to the other groups. Groups 2 and 3 exhibit an intermediate performance

of these characteristics among the CMIP5 clusters.

Regarding the performance of the CMIP6 models, Figure 2.10 shows the multimodel
mean of the wind field and the cross-section for the set of GCMs in each cluster.
Different from what is observed for the CMIP5 clusters, all groups in CMIP6 simulate
both the change in direction of the surface wind field modulated by the topography
and the formation of the jet core at lower pressure levels. The above contrasts with
the estimates from CMIP5 models, which show marked differences in the performance
of the different clusters. In general, these results suggest that CMIP6 models tend
to simulate the activation of the jet in DJF, as they exhibit the main spatial features
of the jet, distinguishing this low-level circulation over northern South America.
As all CMIP6 clusters can simulate the OLLJ, we focus on how well each group

performs. Groups 1 and 4 reach lower wind magnitudes at the jet exit and, even
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Table 2.2: Performance metrics of the multimodel mean of the four clusters of the
CMIP5 models considered, in terms of their simulation of the main characteristics of the
OLLJ (Table S2.1). Metrics in bold correspond to the best value of the metric: higher
PCC and lower RMSE.

Group 1 Group 2 Group 3 Group 4

Horizontal Wind

POC 0.86 0.87 0.9046 0.90
Horizfc;rli;c[zélEWind 203 1 44 1.52 1.35
Vertica; étéucture 0.59 0.70 0.33 0.78
Verticl:ll\zgll‘;cture 261 1.74 258 1.45
OLII,)JCigdex 0.85 0.93 0.94 0.99
OLL Index 1.14 0.96 0.71 0.54

though the cross-section for these groups shows the development of the jet core, its
wind magnitude is surpassed by the wind field at the east of the Guiana Highlands
(Figure 2.10b, h). On the other hand, Groups 2 and 3 simulate the jet location
near 71°W, which tends to be consistent with ERA5 (Figure 2.10d, ). These groups

distinguish the OLLJ in the Orinoco basin from the surface flow over the Guianas.

Differences between the estimates from the clusters and ERA5 indicate that CMIP6
clusters tend to underestimate the wind magnitude of the jet, indicating the simu-
lation of a weaker jet by the CMIP6 GCMs (Figure S2.2). However, as these results
focus on the multimodel mean, the pattern of underestimation of the wind intensity

should not be generalized for all the CMIP6 models considered in this study.

The simulation of the temporal variations along the year of the OLLJ index is similar
among CMIP6 clusters. Figure 2.11 presents the annual cycle of the OLLJ index.
It can be noticed that the estimates from the CMIP6 groups are consistent among
them and tend to be similar to ERAB, except in Group 3 during JJA. Groups 1, 2,
and 4 maintain the overestimation of the wind speed from August to October. Also,
all clusters simulate the period of minimum activity of the jet in June and July,
similarly to the CMIP5 clusters. The spread of the models included in each group

does not exhibit significant fluctuations throughout the year, and, in contrast to
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the CMIP5 groups, it does not show marked differences among clusters. In general,
CMIP6 clusters show small differences with ERA5 estimates, suggesting a better
representation of the OLLJ index by CMIP6 models in comparison to CMIP5.

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 2.3).
It is relevant to notice that clusters may have a high performance either in the
spatial pattern or the error of the estimates of a particular characteristic but can
have an inaccurate simulation 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 variation 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 CMIP models.

These results confirm that there are more considerable differences in the performance
of the simulation of the seasonal characteristics of the OLLJ among CMIP5 models
than among CMIP6, resulting in the classification of the set of CMIP5 GCMs into
groups with marked differences among them. On the contrary, most of the CMIP6
models can simulate the temporal and spatial features of the jet, and thus there
is not much contrast among the performance of the clusters. The above suggests
the improvement of CMIP6 models from the previous CMIP phase in terms of the
simulation of the observed features of the low-level horizontal wind field in northern
South America. On the other hand, this initial evaluation suggests that the repres-
entation of the regional topography by GCMs is relevant when simulating the OLLJ

as a distinguishable feature of the surface circulation in northern South America.

According to the literature, CMIP5 and CMIP6 models differ not only on their
spatial resolution but also on their response to the aerosol concentration in the
atmosphere, among other factors (e.g., Grose et al., 2020; Zelinka et al., 2020; Zhao
et al., 2022). As some CMIP6 models maintain coarser spatial resolutions, similar

to their previous versions (for instance, INM-CM4.0 of CMIP5 and INM-CM5.0 of
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Figure 2.10: As in Figure 2.8 but for the four clusters of the CMIP6 models (Table 52.2)
during 1979-2014.
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Figure 2.11: As in Figure 2.9 but for the four clusters of the CMIP6 models (Table S2.2).

CMIP6), the observed improvements in the simulation of the OLLJ should not be
only restricted to a finer grid size of the model. However, it is relevant to evaluate if
this better performance of the CMIP6 models is related to how the GCMs represent
the regional patterns that allow the activation and strengthening of the OLLJ. This

connection will be further evaluated in section 2.3.4.

Table 2.3: As for Table 2.2 but for the clusters of the CMIP6 models (Table S2.2).
Metrics in bold correspond to the best value of the metric: higher PCC and lower RMSE.

Group 1 Group 2 Group 3 Group 4

Horizontal Wind

oG 0.88 0.92 0.91 0.88
Horizl:(;rli;c[z;lEWind 1.54 1.25 1.28 1.94
Verticaltzl. été“uct“re 0.52 0.64 0.85 0.56
VertiC}é;ll\Zg%lCture 92.03 1.77 1.13 2.03
OLIP,)JCigdex 0.96 0.98 0.97 0.89
OLII{JK/I iSnEdeX 0.66 0.92 1.13 0.99
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2.3.4 Links between the gradients of mean sea level pressure,
surface sensible heat flux and near-surface air temper-

ature and the simulation of the Orinoco low-level jet

Multiple studies state that the meridional pressure gradients between the North
Atlantic Subtropical High (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; Martinez et al., 2022). Due to the role of these gradients in the activation
of the jet, it is relevant to assess their simulation from GCMs, as it allows to relate

variations in the representation of these patterns to the simulation of the OLLJ.

The climatology of MSLP and near-surface air temperature during DJF simulated by
clusters (a, b, d, e, g, h, j, k of Figures 2.12 and 2.13) show that models capture the
gradients of MSLP and temperature between the tropical North Atlantic (orange
rectangle) and the Andes-Amazon transition region (blue rectangle), with higher
(lower) MSLP and lower (higher) near-surface air temperature over the tropical
North Atlantic (transition region). These patterns are consistent with the strength-
ening of the wind field and its consequent orientation into the continent. All groups
simulate those patterns, independently of their performance in the representation of
the main features of the OLLJ, suggesting some accuracy in the simulation of the
seasonal characteristics, in terms of the location of higher and lower MSLP centers

and their coupling with the spatial distribution of near-surface air temperature.

Figure 2.14 shows the horizontal gradients of MSLP and near-surface air temperat-
ure between the Tropical North Atlantic and the Andes-Amazon transition region
(orange and blue rectangles in Figure 2.1, respectively) estimated from the CMIP5
clusters. Solid dotted lines represent the best group identified in subsection 2.3.3
(Group 4) and dashed-dotted lines represent the worst group among all CMIP5
clusters (Group 1). All CMIP5 groups simulate higher MSLP gradients through-
out the year than the estimates from ERAS5 (black line). The above indicates that
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Figure 2.12: Climatology of MSLP (a, d, g, j), near-surface air temperature (b, e, h, k)
and SSHF (c, f, i 1) for DJF from CMIP5 models during 1979-2005. Rectangles represent
the regions used for the estimation of the horizontal gradients: Tropical North Atlantic
(orange), Orinoco (red), and Andes-Amazon transition (blue).
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Figure 2.13: As in Figure 2.12 but for the CMIP6 models.
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CMIP5 models represent higher MSLP over the Tropical North Atlantic during the
year than the reference dataset, as it can be seen for DJF from the biases of the
MSLP and near-surface air temperature fields (Figure S2.3). Among all the CMIP5
clusters, Group 1 exhibits the lowest correlation and higher RMSE (0.89 and 3.62,
respectively) while Group 4 has the highest correlation (0.98) and one of the low-
est RMSE (1.22). On the other hand, the simulated temperature gradients by the
CMIP5 clusters are negative during DJF, suggesting that the Tropical North Atlantic
reaches lower near-surface temperatures during this period, which is consistent with
the meridional migration of the I'TCZ associated with higher surface temperatures
over the South American landmass. Group 4, which exhibits the best performance in
the simulation of the OLLJ (Table 2.2), reaches the highest correlation and the lowest
RMSE among the clusters (0.98 and 0.35). Group 1, identified as the worst cluster of
CMIP5 models (Table 2.2), has a high correlation with the reference dataset (0.93)
but does not exhibit the highest RMSE.

The MSLP and temperature gradients from the CMIP6 clusters (Figure 2.15) are
similar to those obtained from CMIP5. Group 3 has more similar values to ERA5 in
comparison to other groups as it does not overestimate the MSLP gradients through-
out the year. Also, Group 3 is the only cluster that simulates higher air temperatures
in the Tropical North Atlantic during DJF (positive temperature gradient). It is rel-
evant to note that this group contains a single model (MPI-ESM1-2-HR), so it may

explain the contrasting results with the other groups.

When considering the CMIP6 models, the clusters do not show marked differences in
their performance in the simulation of the OLLJ. Once again, the differences among
clusters in the representation of the MSLP and air temperature gradients are not
clear. Groups 2 and 3 have the highest correlation with ERA5 for both gradients but
they do not exhibit the lowest RMSE in all cases. On the other hand, Group 4 has
the most prominent differences with ERA5 for the MSLP gradient (correlation of
0.88 and RMSE of 3.62) but it improves its performance to simulate the near-surface

temperature gradient (correlation of 0.94 and RMSE of 0.96).

As discussed in section 2.3.3, the performance of the CMIP5 models may have a link
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Figure 2.14: Annual cycle of the horizontal gradients of (a) MSLP and (b) near-surface
temperature from the four clusters of CMIP5 models (Table S2.1). The gradients are
calculated as the difference between the Tropical North Atlantic and the Andes-Amazon
transition region during 1979-2005. The solid dotted line represents the best CMIP5
cluster (Group 4), and the dashed-dotted line represents the worst group (Group 1).
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Figure 2.15: As in Figure 2.14 but for the four CMIP6 clusters considered (Table 52.2).
The solid dotted line represents the best CMIP6 group (Group 2), and the dashed-dotted
line represents the worst group (Group 4).
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with their simulation of the activation mechanisms of the jet, as Group 4 tends to
exhibit a better simulation of the main OLLJ characteristics and the MSLP gradi-
ents between the Tropical North Atlantic and the Andes-Amazon transition region.
However, this linkage is not so clear for the CMIP6 models since there is no specific
group with an outstanding representation of these gradients and the main features
of the jet. The clusters of CMIP5 and CMIP6 models can simulate the strengthen-
ing of the wind field into northern South America during DJF associated with the
OLLJ, however it is relevant to consider other factors that may influence the model
performance in the simulation of this jet. For instance, the representation of the
regional topography can have an essential role in how GCMs represent this LLJ,
such as the simulation of the OLLJ index in region C3.4, mainly when the spatial
features of the OLLJ are strongly influenced by the Andes mountain range and the
Guiana Highlands.

Chapter 1 links the OLLJ intensity with regional gradients of MSLP, near-surface
air temperature, and sensible surface heat flux (SSHF) between the entrance and
exit regions of the jet. As these regional gradients influence the strengthening of the
OLLJ, it is relevant to evaluate how they are represented in the GCM simulations,
focusing on the northern (Orinoco) and southern (Andes-Amazon transition) regions
of the jet corridor (red and blue rectangles in Figure 2.1, respectively). As discussed
in Chapter 1 (section 1.3.5), the activation of the jet is accompanied by positive
MSLP, air temperature, and SSHF gradients, suggesting higher values of the variables
at the jet entrance. On the other hand, a more intense jet is associated with higher
MSLP and lower SSHF and air temperature gradients, suggesting that a lower SSHF
at the jet entrance is linked to a decrease in air temperature and a higher MSLP in
the Orinoco region. Hence, it is important to analyze the performance of the GCMs

simulating these variables.

The multimodel mean of the SSHF climatology (Figures 2.12¢, f, i, 1, 2.13¢, f, i, 1)
indicates that CMIP5 and CMIP6 models simulate higher SSHF' over northeastern
South America and lower values of SSHF on the transition region, which is consist-
ent with higher (lower) near-surface temperatures over the Orinoco (Andes-Amazon

transition). As stated previously, those differences are strongly influenced by the
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climatological features of those regions as the Orinoco exhibits a drier climate that
modulates a more arid regime over the region, in comparison to the Andes-Amazon

transition that represents a shift into a more humid regime.

When assessing the regional pattern of MSLP, near-surface air temperature, and
SSHF during DJF, following Martinez et al. (2022), our results suggest that GCMs
from CMIP5 and CMIP6 accompany the activation and intensification of the OLLJ
alongside higher SSHF and MSLP over the Orinoco region (red square in Figures
2.12 and 2.13) and lower SSHF and MSLP on the Andes-Amazon transition region
(blue square in Figures 2.12 and 2.13), which explains the direction of the low-level
wind flow to the Amazon in DJF. On the other hand, the climatological simulation
by GCMs exhibits the most prominent differences among the gradients, as some
groups locate higher near-surface temperatures over the Orinoco (e.g., Figure 2.12h,
Figure 2.13h) while other groups do not simulate marked differences between the
Orinoco and the transition region (e.g., Figure 2.12e, Figure 2.13b). This suggests
that some models do not adequately simulate the regional contrasts of temperature
between the Orinoco and the transition regions. Therefore, the greatest differences

in near-surface temperature are obtained between the ocean and the land surface.

Section 1.3.5 analyzes the response of the jet intensity and the regional gradients
of MSLP, SSHF, and near-surface air temperature to the occurrence of higher-than-
normal and lower-than-normal wind magnitudes at the OLLJ exit during DJF. To
assess if the set of models used in this study capture the relationship of the OLLJ
intensity with variations in the regional gradients of MSLP, near-surface air temper-
ature, and SSHF, Figures 2.16 to 2.19 show the composites of the anomalies of MSLP
(panels a, d, g, j), near-surface air temperature (panels b, e, h, k) and SSHF (panels
¢, f,1,1) during strong and weak OLLJ events for CMIP5 and CMIP6 models. The
composites are calculated considering the stronger and weaker OLLJ events during
the DJF season, selected for each model from its long-term monthly anomalies of
the OLLJ index. The results suggest that strong jet events (Figures 2.16 and 2.18)
are associated with higher MSLP and lower SSHF and near-surface air temperature

over the Orinoco, while the opposite occurs during weak jet events (Figures 2.17 and
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2.19), in which the Orinoco region exhibits negative MSLP anomalies and positive

near-surface air temperature and SSHF anomalies.

During strong OLLJ events (Figures 2.16 and 2.18), the anomalies over the transition
region (blue rectangle) are positive, suggesting that GCMs in CMIP5 and CMIP6
simulate rises in the SSHF over the Andes-Amazon alongside decreases over the
Orinoco. Even though the fluctuations of MSLP and near-surface air temperature
in the transition region also indicate lower MSLP and higher air temperature during
strong OLLJ events, the magnitude of those anomalies is smaller. The above might
suggest that during strong OLLJ events in the transition region, SSHF is the variable
that experiences major fluctuations while MSLP and near-surface air temperature
do not evidence a significant deviation from their climatology. These contrasts are
not observed during weaker OLLJ events when fluctuations in the Orinoco are more

predominant.

The Orinoco experiences the greatest fluctuations during strong and weak OLLJ
events, therefore interannual variations of the climatic conditions over this region
strongly influence the features of the LLJ as those variations modulate changes in the
regional gradients between the northern and southern parts of the jet corridor. More
generally, high SSHF over the Orinoco rises near-surface air temperature, that in turn
locally decreases the MSLP, weakening the regional gradient of MSLP through the
Orinoco basin and reducing the intensity of the OLLJ. On the contrary, decreasing
SSHF in the Orinoco reduces near-surface air temperature while MSLP increases,
strengthening the regional gradient, and therefore the low-level wind flow related to

the OLLJ.

The relationship between the OLLJ intensity and fluctuation in regional gradients is
observed for both CMIP5 and CMIP6 models, independently of their performance
of the OLLJ main features. The above suggests the robustness of the relationship
between the jet strengthening and the gradients of MSLP, SSHF', and near-surface air
temperature between the Orinoco and the Andes-Amazon transition regions, which
are strongly influenced by the fluxes from the land surface, as proposed by Martinez

et al. (2022).

The Orinoco low-level jet in the historical experiment of CMIP5/CMIP6 models — 82



GROUP 3 GROUP 2 GROUP 1

GROUP 4

Near- surface
b air temperature

15°N >
10°N K 10°N K
5°N 5°N
0° 0°

5°S 5°S

70°W 60°W 70°W 60°W 80°W 70°W 60°W

15°N 15°N [

10°N 10°N K

5°N 5°N

0° 0°

5°S 5°S

A

80°W 70°W 60°W 80°W 70°W 60°W 80°W 70°W 60°W

g. . i
15°N P 15°N 15°N P
10°N K 10°N K 10°N &
5°N 5°N 5°N
0° 0° 0°
55 5°5 5°5
BOW  J0°W  60°W BOW  T0°W  60°W BOW  T0°W  60°W

15°N 15°N [ 15°N [*

10°N K 10°N K 10°N I

5°N 5°N 5°N

0° 0° 0°

5°S 5°S 5°S

80°W 70°W 60°W 80°W 70°W 60°W 80°W 70°W 60°W

-0.8-04 0.0 04 0.8 -0.8-0.4 0.0 04 0.8 -8-6-4-20 2 4 6 8
MSLP [hPa] Temperature [°C] SSHF [W/m?]

Figure 2.16: Composites of the anomalies of MSLP (a, d, g, j), near-surface air
temperature (b, e, h, k), and SSHF (c, {, i, 1) in DJF for the CMIP5 clusters during
strong OLLJ events.
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Figure 2.17: Composites of the anomalies of MSLP (a, d, g, j), near-surface air
temperature (b, e, h, k), and SSHF (c, {, i, 1) in DJF for the CMIP5 clusters during weak
OLLJ events.

The Orinoco low-level jet in the historical experiment of CMIP5/CMIPG models — 84



Near- surface
b air temperature

15°N 15°N
— 10°N K 10°N K
o
=2 5N 5°N
2
0° 0°
(@]
505 55
80°W  70°W  60°W 80°W  70°W  60°W 80°W  70°W  60°W
e.
15°N 15°N > 15°N 3
™~ 10°N 10°N |2\ 10°N [
o
=2 50N 5N 5N
2
0° 0° 0°
(@]
55 5°5 5°5
80°W  70°W  60°W 80°W  70°W  60°W 80°W  70°W  60°W
h. i
15°N 15°N 15°N 3
m 10°N R 10°N 10°N f
o
=2 5°N 5°N 5°N
2
0° 0° 0°
O
5°5 55 55
80°W  70°W  60°W 80°W  70°W  60°W 80°W  70°W  60°W
j. k. .
15°N 15°N > 15°N P
= 10°N K. 10°N K 10°N
o
=2 5°N 5°N 5°N
2
0° 0° 0°
(@]
505 55 55

80°W  70°W

60°W

-0.8-04 0.0 0.4 0.8

MSLP [hPa]

80°W  70°W  60°W

-0.8-0.4 0.0 04 08
Temperature [°C]

80°W  70°W  60°W

-8-6-4-20 2 4 6 8
SSHF [W/m?]

Figure 2.18: As in Figure 2.16 but for the CMIP6 clusters during strong OLLJ events.
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Figure 2.19: As in Figure 2.17 but for the CMIP6 clusters during weak OLLJ events.
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2.3.5 Atmospheric moisture transport and mid-level circu-

lation in northern South America simulated by the

CMIP5/CMIP6 models

Section 1.3.4 assesses the link between atmospheric moisture transport in northern
South America and the activity of the OLLJ. Our findings suggest that the role of
the OLLJ in moisture transport in lower levels (825-950 hPa) varies depending on the
location along the jet corridor. Specifically, at the exit of the jet, the OLLJ poten-
tiates atmospheric moisture transport through the Orinoco basin and the northern
Amazon (Figure 1.8). Therefore, the observed role of the OLLJ over moisture trans-
port in northern South America implies the relevance of evaluating if the GCMs can
adequately reproduce such a link in their historical simulations, and subsequently in

their climate projections.

In order to assess if the atmospheric circulation at mid levels is connected to regional
patterns in the surface, Figure 2.20 presents the multimodel mean of the fields of
wind velocity and specific humidity at 500 hPa during DJF for the CMIP5 and
CMIP6 clusters. During DJF, the wind field at 500 hPa is characterized by a strong
easterly flow over northern Colombia, which corresponds to the NASH, characterized
by an anticyclonic pattern over the Caribbean Sea. All CMIP5 and CMIP6 groups
reproduce the anticyclone over the Caribbean Sea, however, the strengthening of
the wind pattern varies from group to group. Among all groups, Groups 2 and
4 of CMIP5 simulate the highest wind velocities associated with the anticyclonic
circulation, while CMIP5 Group 1 strongly overestimates the wind magnitude over
Ecuador, northern Peru, southern Colombia and northern Brazil (Figure S2.4a, e, i,

Regarding the specific humidity at 500 hPa, models simulate higher values over the
Amazon and lower 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 highest values of specific humidity are expected to
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Figure 2.20: Climatology of the wind and specific humidity fields at 500 hPa during DJF
from the clusters of CMIP5 (a, b, e, f, i, j, m, n) and CMIP6 (c, d, g, h, k, 1, o, p) models
for the historical period.
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occur in the Amazon. On the other hand, models simulate drier conditions (low
specific humidity) over northern South America and the tropical Atlantic, consistent
with an anticyclonic circulation. Even though the CMIP5/CMIP6 models capture
the spatial patterns of humidity at mid-levels of the troposphere, the average bias of
each cluster shows that models tend to underestimate the humidity in the tropical

North Atlantic and northern South America (Figure S2.4).

These results suggest that high SSHF and air-temperature at surface, which tend to
be located over the Orinoco region (red rectangle in Figure 2.1), are accompanied by
northeasterly flow and low specific humidity at mid levels, inducing drier conditions
in the region. Different patterns occur over the Andes-Amazon transition region
(blue rectangle in Figure 2.1), where wind circulation at 500 hPa is characterized
by the convergence of northeasterly and easterly flow, 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 fluctuations in the simulation of wind
circulation and specific humidity at mid levels and surface patterns, particularly of
SSHF and air-temperature (Figures 2.12 and 2.13). This is based on the fact that
the CMIP5 and 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.

The vertically-integrated moisture flux (VIMF) between 800 and 1000 hPa simulated
from the clusters of CMIP5 (Figure 2.21a, e, i, m) and CMIP6 (Figure 2.21c, g, k,
o) for DJF indicates lower VIMF in western Colombia, Ecuador and Peru, while
the highest values of moisture flux in the atmospheric column are located in the
Caribbean Sea and northern Brazil. Some clusters properly simulate the VIMF
into the Orinoco basin, with values around 120 kg/ms. However, although a better
simulation of the VIMF can be related to a better simulation of the OLLJ since both
focus on lower pressure levels, it is relevant to consider that some biases may be
added according to the simulation of the specific humidity at lower pressure levels.
The mean bias (Figure 2.21b, f, j, n for CMIP5 and Figure 2.21d, h, 1, p for CMIP6)
suggests that models tend to underestimate the VIMF along the OLLJ corridor,
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and most of the clusters in both CMIP phases overestimate the moisture flux in the

western slope of Los Andes mountain range and northern Amazon.

As an additional assessment necessary to understand how GCMs simulate the OLLJ
and its links with moisture transport in northern South America, we perform a
simple linear regression between the anomalies of the OLLJ index and the anomalies
of the VIMF in each grid cell, similar to the analysis presented in section 1.3.4 from
ERA5. For this analysis, we focus on the VIMF between 825 and 950 hPa Here,
we show the regression patterns for the HadGEM2-AO model from CMIP5 and the
MPI-ESM1-2-HR model from CMIP6, which tend to have a high mean PCC and a
low mean RMSE in all the main features of the jet (i.e. they show a better simulation
of the low-level wind circulation in northern South America), and the IPSL-CM5A-
LR model from CMIP5 and the KIOST-ESM model from CMIP6, which have a low
PCC and a high RMSE (i.e. they have a more biased simulation of the low-level
wind circulation in northern South America). Figure 2.22 shows the simple linear
regression for the CMIP5 (Figure 2.22a, ¢) and CMIP6 (Figure 2.22b, d) models.
Colored cells indicate statistically significant relationships between the activity of
the OLLJ ( the OLLJ index) and the series of VIMF, with red colors indicating a

positive relationship and blue colors the opposite.

The results from ERA5 (Figure 1.8d) suggest a positive relationship between the
OLLJ intensity and the VIMF along the OLLJ corridor, with negative relationships
in limited regions over the Andes and Brazil. This analysis indicates that a strength-
ening of the OLLJ is associated with high VIMF in the Orinoco basin and northern
Amazon, and low VIMF in northern Brazil ( the opposite when the OLLJ is weak).
Models with a better performance simulating the main features of the OLLJ (Figure
2.22a, b) capture the positive relationship between the intensity of the OLLJ and
the VIMF in the Orinoco basin and the northern Amazon, as observed from ERAH
(Figure 1.8d). Also, MPI-ESM1-2-HR can simulate the negative link between the
OLLJ index and VIMF in northern Brazil and the Andes, as the reference database
suggests (Figure 1.8d). Models with the worst representation of the low-level wind
circulation in northern South America also tend to misrepresent the links between

the OLLJ intensity and the atmospheric moisture flux in the region (compare Figure
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Figure 2.21: Climatology and bias of the VIMF during DJF from the clusters of the

CMIP5 (a, b, e, f, I, j, m, n) and CMIP6 (c, d, g, h, k, 1, o, p) models for the historical

period.
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2.22¢c, d with Figure 1.8d), as they do not simulate the positive link along the jet
corridor either because of the lack of statistically significant relationship (no color)

or because they show a negative slope (blue colors).

The above suggests that the CMIP5/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 ability

to simulate the low-level wind circulation in the region.

2.4 Conclusions

This chapter analyzes the simulation of the OLLJ by a set of GCMs included in
CMIP5 and CMIP6. We used PCC and RMSE as the metrics to evaluate the model
performance in the simulation of the seasonal horizontal wind in northern South
America, the vertical structure of this LLJ, and the OLLJ index, in comparison with
the estimates from ERA5. To identify groups of models with a similar representation
of these features, we applied a factor analysis and cluster analysis, showing that
models from the same institute tend to group into the same cluster (Figure 2.7).
This behavior is observed for both CMIP5 and CMIP6 groups, suggesting significant

differences among the models of different institutes.

The results from CMIP5 models, shown in Figures 2.8 and 2.9, suggest marked dif-
ferences among the GCMs, as not all clusters can represent the spatial characteristics
of the OLLJ. Even though the CMIP5 groups simulate the strengthening of the wind
field in northern South America during DJF, some of them are not able to differ-
entiate the OLLJ from the surrounding wind circulation in the region. This result
indicates that an accurate simulation of some regional features, such as topography,
may be relevant when evaluating the OLLJ from GCM simulations. Specifically,
Group 4, which contains the models from the Met Office, has the best performance
among the clusters, while Group 1, which encompasses models from different insti-
tutes, exhibits the worst performance among CMIP5 models (Table 2.2). The above
does not imply that all models included in Group 1 cannot capture the main charac-

teristics of the OLLJ. However, they can fail in an accurate simulation of the seasonal
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variations of the wind field in northern South America, for instance, exhibiting an

overestimation of the wind magnitudes during other periods.

On the other hand, all clusters from CMIP6 models can represent the spatial patterns
of the OLLJ as the four clusters considered simulate the change of direction of the
surface wind field in the Orinoco basin and the formation of the jet core in its vertical
structure (Figures 2.10 and 2.11). This indicates an improvement in CMIP6 models
compared to CMIP5, for which the groups of models exhibit significant contrasts in
their simulations. In terms of the OLLJ characteristics, our results suggest that even
though CMIP6 Groups 2 and 3 perform better overall, the differences with the other
clusters are not as contrasting as in CMIP5 models. It is relevant to notice that
the MPI-ESM1-2-HR model displays the most prominent differences among CMIP6

since it is not grouped with other models by cluster analysis.

The simulation of MSLP and near-surface air temperature between the Tropical
North Atlantic and the Andes-Amazon transition region shown in Figures 2.14 and
2.15 can influence how CMIP5 models represent the OLLJ; however, the linkage is
not very clear for the CMIP6 models, which may be in part due to a more similar
performance in the simulation of the OLLJ by the CMIP6 clusters. On the other
hand, other factors like the topography may influence the simulation of important
spatial features of the OLLJ, such as the change of direction of the surface wind
along the Orinoco basin and the formation of the OLLJ vertical structure. How-

ever, an accurate representation of these gradients is not always related to a better

performance of the CMIP5 and CMIP6 models in their simulation of the OLLJ.

Besides, the groups of both CMIP phases with a better and worse representation of
the OLLJ can associate changes in the jet intensity with variations in the gradients of
MSLP, SSHF, and near-surface air temperature between the northern and southern
regions of the jet corridor (Figures 2.16, 2.17, 2.18 and 2.19). As analyzed in Chapter
1, the strengthening or weakening of the OLLJ may be influenced by these regional
patterns. In particular, stronger (weaker) jet events are associated with increasing
(decreasing) MSLP and decreasing (increasing) SSHF and near-surface air temper-

ature in the Orinoco region, as also observed from ERA5 data (section 1.3.5, Figure
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1.13) and Martinez et al. (2022). Thus, an accurate linkage of changes in the jet
intensity with the gradients between the Orinoco and the Andes-Amazon transition
region can improve the simulation of variations in the OLLJ intensity that may not

be modulated by the gradients between the oceanic and the landmass regions.

Finally, regarding the moisture patterns in northern South America, CMIP5/CMIP6
models capture the increase of VIMF during DJF associated with the activation of
the OLLJ (Figure 2.21). However, the accuracy of their simulation of these patterns
in the Orinoco basin is linked to how GCMS represent the OLLJ; therefore, clusters
with a better simulation of the OLLJ tend to have an accurate simulation of the
spatial distribution of VIMF in northern South America (Figure 2.21g, m). In con-
trast, the opposite pattern is found in the worst groups (Figure 2.21a, o). The above
is also shared when evaluating the linear regression between the OLLJ activity and
VIMEF in lower pressure levels from a set of specific models (Figure 2.22), where mod-
els with an accurate simulation of northern South America circulation tend to link
the strengthening of the OLLJ with high VIMF in the Orinoco basin and northern

Amazon, as it is obtained from ERAS5.
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2.5 Supplementary material

Table S2.1: Classification of the CMIP5 models after the factor analysis and the cluster

analysis.
Group 1 Group 2 Group 3 Group 4
HadCM3 CMCC-CESM  CSIRO-Mk3-6-0 CMCC-CM
ACCESS1 CMCC-CMS MIROC5 HadGEM2-AO
ACCESS1-3 CNRM-CM5 MRI-CGCM3  HadGEM2-CC
CanCM4 CNRM-CM5-2 MRI-ESM1 HadGEM2-ES
CanESM?2 GISS-E2-H
GFDL-CM2.1 GISS-E2-H-CC
GFDL-CM3 GISS-E2-R
GFDL-ESM2G GISS-E2-R-CC
GFDL-ESM2M MPI-ESM-MR
INM_CM4 MPI-ESM-P
IPSL-CM5A-LR MPI_ESM_ LR

IPSL-CM5A-MR
IPSL-CM5B-LR
MIROC-ESM
MIROC-ESM-CHEM
MIROC4h
NorESM1-M
NorESM1-ME
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Table S2.2: Classification of the CMIP6 models after the factor analysis and the cluster

analysis.
Group 1 Group 2 Group 3 Group 4
ACCESS-ESM1-5 ACCESS-CM2 MPI_ESM1_2 HR BCC-CSM2-MR
BCC-ESM1 GFDL-ESM4 CMCC-CM2-HR4
CAMS-CSM1-0 I[ITM-ESM CMCC-CM2-SR5
CanESM5 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
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Figure S2.1: Multimodel mean bias of the horizontal winds between 825 and 950 hPa
and the vertical structure of the OLLJ from the four clusters of CMIP5 models (Table
52.1) during 1979-2005. The bias is calculated as the multimodel mean of the difference
between the estimates from each GCM and the estimates from ERA5 during the same

period.
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Figure 52.2: As in Figure S2.1 but for the CMIPG6 clusters considered (Table S2.2)
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Figure S2.3: Multimodel mean bias of the MSLP and near-surface air temperature for
CMIP5 (a, b, e, f, i, j, m, n) and CMIPG6 (c, d, g, h, k, 1, o, p) groups. The bias is
calculated as a multimodel mean of the difference between the estimates from each GCM
and the estimates from ERA5. Rectangles represent the regions used for the estimation
of the horizontal gradients: Tropical North Atlantic (orange), and Andes-Amazon
transition (blue).
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Figure S2.4: Multimodel mean bias of the wind speed and specific humidity at 500 hPa
for CMIP5 (a, b, e, f, i, j, m, n) and CMIPG6 (c, d, g, h, k, 1, o, p) groups. The bias is
calculated as a multimodel mean of the difference between the estimates from each GCM
and the estimates from ERAS5.
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Chapter 3

Assessment of the possible future
changes of the Orinoco low-level jet
under different climate change scen-

arios

3.1 Introduction

Like other regions worldwide, South America, specifically 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). Some climatological shifts, such as increasing temperatures
in the Andes mountain range or decreasing precipitation in the Amazon, have led
to relevant variations like reductions of the Paramos area or the intensification of
the aridity through the continent, among other impacts (Beck et al., 2018; Pabon-
Caicedo et al., 2020; Correa et al., 2020; Castellanos et al., 2022). In addition,
observed human-induced changes in land cover, like deforestation, exert additional
variations in the regional climate, resulting in marked changes in the hydrological
cycle and the ecosystem dynamics of northern South America and other key regions
over the continent (e.g., Bovolo et al., 2018; Ruiz-Vasquez et al., 2020; Zeng et al,
2021; Sierra et al., 2022).

The atmospheric dynamics in the region, alongside interaction processes of the atmo-
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sphere with land and ocean, encompasses multiple phenomena with diverse temporal
and spatial scales, which have experienced and are expected to suffer variations due
to climate change and other anthropic influences. This in turn modulates the ob-
served and projected variations of meteorological events and climatological processes
over the region. For instance, Chai et al. (2021) identify drier conditions in central
South America after analyzing aridity trends during 1965-2014. Mesa et al. (2021)
show an intensification of the hydrological cycle in Colombia. The most recent as-
sessment 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; Senevir-
atne et al., 2021). These conditions may become more severe under future climate
change induced by increasing greenhouse gas (GHG) concentrations (IPCC, 2021).
In particular, the changes in atmospheric moisture transport toward and within the
region are particularly relevant to understand the projected changes in the hydrolo-
gical cycle. Other kinds of drivers, such as variations in vegetation cover, influence
the atmospheric moisture recycling in the region, therefore, inducing changes in pre-
cipitation and moisture regimes (e.g., Ruiz-Vasquez et al., 2020; O’Connor et al.,

2021; Wierik et al., 2021; Sierra et al., 2022).

Low and mid-level atmospheric circulation is essential to understand the mechanisms
of atmospheric moisture transport. Particularly, low-level jets (LLJ) are relevant
mechanisms for moisture advection toward continental regions (Gimeno et al., 2016).
Wind circulation in South America and its related atmospheric moisture transport
has experienced changes during the recent decades. For instance, fluctuations in the
intensity of the South American low-level jet (SALLJ) in key regions along its spatial
extent (Jones, 2019) or the increase in northwesterly moisture flux to southern Brazil
linked to the SALLJ activity (Montini et al., 2019) are some of the regional low-level

circulation changes in South America observed during the recent decades.

General Circulation Models (GCM) are a useful tool to evaluate possible future
changes in global but also regional climate. In particular, they have been used to
understand possible changes in low-level circulations over South America through-
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out the 21st century. Specifically, the analysis of climate projections from GCMs
for South America suggests shifts in the location and strengthening of the Choco
LLJ during September-October-November, as a result of changes in the temperature
and pressure gradients between the eastern tropical Pacific Ocean and the Colom-
bian landmass (Sierra et al., 2021), which can also influence regional precipitation
(Valencia and Mejia, 2022). Other projections include increases in the moisture flux
due to the influence of the SALLJ and the northeasterly trade winds (Thaler et
al., 2021), and the westward expansion of the SALLJ and the Caribbean LLJ, par-
tially explained by the dynamics of the subtropical anticyclones (Torres-Alavez et

al., 2021).

These projected changes can differ among studies because they are strongly attached
to a specific climate scenario. For instance, the GCMs included in the fifth and sixth
phases of the Coupled Model Intercomparison Project (CMIP5 and CMIP6, respect-
ively) provide projections of the evolution of the climate system throughout the 21st
century considering different sets of forcings in terms of future GHG and aerosol emis-
sions, land use change, or policies and development patterns of the societies (Collins
et al., 2013; Lee et al., 2021). For climate projections, CMIP5 uses the Representat-
ive Concentration Pathways (RCPs) focused on the amount of GHG emissions and
their concentrations in the atmosphere (Meinshausen et al., 2011), while CMIP6 uses
the Shared Socio-Economic Pathways (SSPs) that are defined from the initiatives in
the adaptation and mitigation of climate change (O’Neill et al., 2016). Both types
of pathways encompass different levels of radiative forcing and raise in the global
temperature, that is, scenarios with different levels of adversity. The projections un-
der different RCPs and SSPs are usually considered when assessing possible future

changes in specific aspects of the climate system.

As stated in Chapters 1 and 2, the Orinoco LLJ (OLLJ) plays an important role in
the atmospheric moisture transport along the Orinoco basin to the northern Amazon
(section 1.3.4) and its seasonal activation and intensity depend on synoptic and
regional patterns that modulate its spatial and temporal features (sections 1.3.5 and
2.3.4). This suggests that variations in these patterns can lead to changes in the
OLLJ during the 21st century, which acquires relevance given the role of this LLJ

Assessment of the possible future changes of the Orinoco low-level jet under different climate
change scenarios 104



in the seasonal moisture transport through the Orinoco basin, affecting a set of

processes connected to this humidity flux induced by the jet.

Recognizing the relevance of this LLJ in the climate and water exchanges in northern
South America, this chapter focuses on the projected changes of the OLLJ during its
activation period (December-January-February, DJF) using the projections under
different RCPs and SSPs according to CMIP5 and CMIP6 models, respectively,
considering the analysis discussed in Chapter 2. The above helps to evaluate the
response of the OLLJ to climate change, and even though it is not part of the scope
of this study, it can suggest the kind of impacts that could be expected in the region
due to changes in this LLJ.

3.2 Data and methodology

This chapter uses a set of the CMIP5 and CMIP6 models considered in Chapter
2, as listed in Table 3.1. We apply the same model classification from cluster ana-
lysis discussed in Chapter 2 (Tables S2.1 and S2.2). The set of variables used in
this chapter are zonal and meridional wind components, specific humidity, sea-level
pressure, near-surface air temperature, and surface sensible heat flux (SSHF) . The
models used in this chapter are also defined by the availability of these variables
for the different RCPs and SSPs considered. To assess the projected changes of the
OLLJ, we focus on the main features previously discussed in Chapters 1 and 2: ho-
rizontal wind, vertical structure, and the OLLJ index (section 1.2). The horizontal
patterns of the jet and the OLLJ index use zonal and meridional wind between 825
and 950 hPa, while the vertical structure of the jet encompasses the atmospheric
column from 1000 to 500 hPa in order to identify the core of the jet from the re-
gional wind field. As in Chapter 2, the OLLJ index is defined as the spatial average
of the meridional wind between 825 and 950 hPa in region C3.4 (3°N-5°N - 73°W-
67°W: Figure 2.1) while the cross section to assess the vertical structure of the jet
is centered at 3°N-5°N and 75°W-61°W, and is calculated from the average of the
latitudes between 3°N and 5°N.

To assess the projected changes of the OLLJ, this study uses the RCP4.5 (Thomson
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Table 3.1: Projections from CMIP5 and CMIP6 models used in this study under
different GHG scenarios. RCP: Representative Concentration Pathway, CMIP5. SSP:
Shared Socioeconomic Pathway, CMIPG6.

Model CMIP phase Experiment
ACCESS1-0 CMIP5 RCP 4.5, RCP 8.5
ACCESS1-0 CMIP5 RCP 4.5, RCP 8.5

CanESM?2 CMIP5 RCP 4.5, RCP 8.5
CMCC-CM CMIP5 RCP 4.5, RCP 8.5
CMCC-CMS CMIP5 RCP 4.5, RCP 8.5
CNRM-CM5 CMIP5 RCP 4.5, RCP 8.5

CSIRO-Mk3-6-0 CMIP5 RCP 4.5, RCP 8.5
GFDL-CM3 CMIP5 RCP 4.5, RCP 8.5
GFDL-ESM2G CMIP5 RCP 4.5, RCP 8.5
GFDL-ESM2M CMIP5 RCP 4.5, RCP 8.5
GISS-E2-H CMIP5 RCP 4.5, RCP 8.5
GISS-E2-H-CC CMIP5 RCP 4.5, RCP 8.5

GISS-E2-R CMIP5 RCP 4.5, RCP 8.5

GISS-E2-R-C CMIP5 RCP 4.5, RCP 8.5
HadGEM2-A0O CMIP5 RCP 4.5, RCP 8.5
HadGEM2-CC CMIP5 RCP 4.5, RCP 8.5
HadGEM2-ES CMIP5 RCP 4.5, RCP 8.5
INM__ CM4 CMIP5 RCP 4.5, RCP 8.5
IPSL-CMbHA-LR CMIP5 RCP 4.5, RCP 8.5
IPSL-CMb5A-MR CMIP5 RCP 4.5, RCP 8.5
I[PSL-CM5B-LR CMIP5 RCP 4.5, RCP 8.5

MIROC5 CMIP5 RCP 4.5, RCP 8.5

MIROC-ESM CMIP5 RCP 4.5, RCP 8.5
MIROC-ESM-CHEM CMIP5 RCP 4.5, RCP 8.5
MPI_ESM_ LR CMIP5 RCP 4.5, RCP 8.5
MPI-ESM-MR CMIP5 RCP 4.5, RCP 8.5
MRI-CGCM3 CMIP5 RCP 4.5, RCP 8.5

MRI-ESM1 CMIP5 RCP 4.5, RCP 8.5

NorESM1-M CMIP5 RCP 8.5

NorESM1-ME CMIP5 RCP 4.5, RCP 8.5
ACCESS-CM2 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
ACCESS-ESM1-5 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
BCC-CSM2-MR CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
CAMS-CSM1-0 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
CanESM5 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
CMCC-CM2-SR5 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
CMCC-ESM2 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5

FIO-ESM-2-0 CMIP6 SSP2-4.5, SSP5-8.5
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Table 3.1: Continuation

Model CMIP phase Experiment
GFDL-ESM4 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
I[ITM-ESM CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
INM-CM5-0 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
IPSL-CM6A-LR CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
KACE-1-0-G CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
KIOST-ESM CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
MIROC6 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
MPI-ESM1-2-LR CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
MPI_ESM1_2 HR CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
MRI-ESM2-0 CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
NorESM2-LM CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5
NorESM2-MM CMIP6 SSP2-4.5, SSP3-7.0, SSP5-8.5

et al., 2011) and RCP8.5 (Riahi et al., 2011) scenarios for CMIP5 models, and the
SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios for CMIP6 models (Meinshausen et al.,
2020). The projected changes of the horizontal wind and the vertical structure of the
jet are evaluated using the differences between the multimodel mean for the future
projections and the historical simulation during 1979-2005 for CMIP5 models and
1979-2014 for CMIP6 models. The future projections considered here focus on the
long-term period that encompasses from 2081 to 2100, i.e. the end of the 21st century.
On the other hand, the analysis of the projected changes in the OLLJ intensity
using the OLLJ index aims to identify possible changes in the jet strength during
its activation period (DJF) throughout the 21st century. The projected changes
of this index are calculated from the historical climatology of the DJF index and
trend analysis in 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 meteorological variables.

On the other hand, as discussed in Chapter 2, GCMs within CMIP5 and CMIP6 can
simulate the coupling between the activation of the OLLJ and the contrast of mean
sea level pressure (MSLP) and near-surface air temperature between the Tropical
North Atlantic and the Andes-Amazon transition region (orange and blue rectangles
in Figure 2.1, respectively). Thus to explain possible changes in the OLLJ by the

end of the 21st century, we evaluate the projected changes of the horizontal gradients
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of MSLP and temperature between these regions during 2081-2100. On the other
hand, as the strength of the OLLJ is also related to regional gradients of MSLP,
SSHF', and near-surface air temperature between the northern and southern parts of
the jet corridor (see Chapters 1 and 2), we evaluate the patterns of these gradients
by the end of the century and how they are linked to changes in the intensity of
the OLLJ. Here, the OLLJ intensity is defined as variations in the wind magnitude
associated with the jet during DJF, and the regional gradients are calculated as the
projected long-term changes of MSLP, air temperature, and SSHF gradients between

the Orinoco and Andes-Amazon transition regions.

Finally, the mid-level circulation plays a relevant role in atmospheric moisture ad-
vection into northern South America, therefore this chapter also evaluates the pro-
jected changes of wind circulation and specific humidity at 500 hPa, which can link
the changes in the regional patterns at the surface to changes in moisture in the at-
mospheric column. The projected changes for the mid-level circulation are obtained
as the difference between the future projections for the long term and the historical
simulation of each model. Thus, following the main findings of Chapters 1 and 2,
we analyze the projected changes of the vertically-integrated moisture flux (VIMF)
in the atmospheric column (1000 to 100 hPa) for the long term to assess variations

in moisture flux in northern South America.

3.3 Results

3.3.1 Projected changes of the main features of the Orinoco

low-level jet

Figure 3.1 presents the projected changes of the wind field between 825 and 950
hPa during DJF from the groups of CMIP5 and CMIP6 models for the long term
(2081-2100) in different climate change (RCPs and SSPs) scenarios. Most of the
groups in both CMIP5 and CMIP6 suggest negative projected changes, suggesting
the weakening of the wind magnitude by the end of the century. The dots in Figure

3.1 represent grid cells where at least 80 percent of the models in the group agree in
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the sign of the projected change, except for Group 3 in CMIP6 (Figure 3.1 k, o, s)
that is composed by one single model. In all the groups, there is agreement by most
of the models in the projected weakening of the wind magnitude during DJF by the
end of the 21st century, particularly at the exit of the OLLJ.

Even though some groups in CMIP5 and CMIP6 project increases of wind magnitude
at the entrance of the OLLJ located in the Venezuelan Llanos, the regions with
greater agreement among models of the same group are located at the exit of the jet,
where the future projections indicate a weakening of the circulation. These results
are complemented in Figure 3.2 that shows the projected changes for the long-term
of the vertical structure of the OLLJ at its exit region (dashed rectangle in Figure
2.1). Similarly, clusters in different scenarios suggest negative projected changes in
lower pressure levels, which means a decrease in the wind magnitude at the exit of

the jet, therefore a projected weakening of the OLLJ by the end of the century.

The projections suggest large changes in the OLLJ in its exit region, located over
the Andes-Amazon transition region, thus the decreasing in wind magnitude of the

OLLJ in this region suggests the shrinking of the LLJ along the Orinoco basin.

On the other hand, the projected changes of the OLLJ index during the 21st century
shown in Figure 3.3 for the DJF season, that corresponds to the activation period of
the OLLJ, indicate marked decreasing trends under all the scenarios and among most
of the groups in CMIP5 (Figure 3.3a, b) and CMIP6 (Figure 3.3c, d, e). Asterisks
in Figure 3.3 indicate statistically significant trends according to the non-parametric
Mann-Kendall test with a significance level of 0.05. Our results suggest agreement
among the clusters regarding the decrease of the OLLJ index intensity, pointing to a
weakening of this LLJ. This pattern is observed for all the scenarios, indicating the
robustness of the projections with respect to the main characteristics of the OLLJ
under different possible emission trajectories. However, although most of the clusters
in CMIP5/CMIP6 project the weakening of the OLLJ with a statistically significant
trend, the range of wind speed variation throughout the 21st century presents values

that oscillate by 0.05 m/s per decade, as shown in Table S3.1.
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Figure 3.1: Projected changes of the DJF wind field between 825 and 950 hPa for the
clusters from CMIP5 and CMIP6 models under different scenarios (RCPs for CMIP5 and
SSPs for CMIP6) for the long-term (2081-2100). Dots represent the grid cells with
agreement in the sign of change by at least 80% of the models within each cluster.
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Figure 3.2: Projected changes of the DJF vertical structure of the OLLJ in the
cross-section between 3°N-5°N and 75°W-61°W for the long-term (2081-2100) for the
clusters from CMIP5 and CMIP6 models under different scenarios (RCPs for CMIP5 and
SSPs for CMIP6).
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Figure 3.3: Long-term series of the changes of the OLLJ index for the DJF season for the
clusters of CMIP5 and CMIP6 models under different scenarios: (a) RCP4.5, (b) RCP8.5,
(c) SSP2-4.5, (d) SSP3-7.0, and (e) SSP5-8.5. The changes are estimated considering the
historical simulation as the baseline (1979-2005 for CMIP5 and 1979-2014 for CMIP5).
Asterisks indicate statistically significant trends according to the Mann-Kendall test.
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3.3.2 Regional projected changes and their links to the pro-
jected changes of the main Orinoco low-level jet fea-

tures

Possible future changes in the OLLJ features are assessed through this chapter,
however, it is relevant to link those changes to variations in the regional circulation
patterns that may influence the main features of the jet. Following this, Figure 3.4
shows the annual cycle of the gradients of MSLP and near-surface air temperat-
ure between the Tropical North Atlantic and the Andes-Amazon transition region.
Dashed lines represent the historical simulations of the gradients, and solid lines

represent the annual cycle for the long term (2081-2100) under different scenarios.

The results suggest that there are not marked projected changes in the gradients of
MSLP in both CMIP5 and CMIP6 during DJF (Figure 3.4a, c, e, g, ). Besides, there
is no agreement among clusters, independently of the scenario considered, in terms
of variations of the gradients of MSLP between the ocean and the landmass, as some
clusters project lower gradients of MSLP by the end of the century while others
indicate the opposite pattern. However, when considering the gradients of near-
surface air temperature (Figure 3.4b, d, f, h, j), the projected changes appear to be
stronger than those of the MSLP. This is based on the fact that clusters of CMIP5 and
CMIP6 models tend to exhibit lower near-surface air temperature gradients during
2081-2100 (solid lines), indicating major contrasts between the ocean and northern
South American landmass. This is consistent with previous studies suggesting that
increasing temperatures over land in northern South America are one of the most
prominent projected changes in the region (e.g. Reyer et al., 2017; Almazroui et al.,

2021; Arias et al., 2021a).

The increasing contrasts of air temperature 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 observed in Figures 3.1 to 3.3. This suggests that other processes aside
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from the thermal contrast between the ocean and the landmass may influence these

variations of the jet.

Following Martinez et al. (2022) and section 2.3.4, we evaluate the projected changes
of MSLP, near-surface air temperature, and SSHF in northern South America, to
assess changes in the contrasts between the northern and southern regions in the
OLLJ corridor. Figures 3.5, 3.6, and 3.7 show the multimodel mean of the projected
changes in these variables over northern South America. Red and blue rectangles rep-
resent the Orinoco and the Andes-Amazon regions, respectively, as used in previous
sections. The projected changes for all clusters in CMIP5 and CMIP6 indicate de-
creasing MSLP through the OLLJ corridor (Figure 3.5) while increasing near-surface
air temperature and SSHF (Figures 3.6 and 3.7, respectively) are projected, mainly
over the Orinoco region (red rectangle). The pattern of increasing SSHF and air
temperature over the Orinoco region tends to exhibit greater agreement among most
of the models of the clusters (represented by dots), 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 clusters and scenarios. By contrast, projections of air temperature and SSHF
show higher positive changes over the Orinoco region (red rectangle) in contrast to
the Andes-Amazon region (blue rectangle). The above suggests that MSLP changes
mainly respond to variations in the projected warming across South America (e.g.,
Reboita et al., 2014, Llopart et al., 2020) but do not tend to adequately capture the

signal of regional contrasts.

The variations in SSHF and near-surface air temperature, 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 temperature rise over that region
and consequently, the changes in the gradients between the northern and southern
OLLJ corridor. When comparing the projected changes under different scenarios,
it is observed that higher radiative forcing induces major changes in the regional

patterns of MSLP, air temperature, and SSHF, particularly over the Orinoco region.

Regarding our results in the projections of the wind field, they are contrary to other
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Figure 3.4: Annual cycle of the gradients of MSLP and near-surface air temperature for

2081-2100 (solid lines) and the historical simulations (dashed lines) under different

scenarios: CMIP5 - RCP 4.5 (a, b), CMIP5 - RCP 8.5 (c, d), CMIP6 - SSP2-4.5 (e, f),
CMIP6 - SSP3-7.0 (g, h) and CMIP6 - SSP5-8.5 (i, j). Dots represent the best group
among the clusters of CMIP5 and CMIP6 models, and crosses represent the worst group.
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studies that suggest a strengthening of the low-level wind circulation across South
America (e.g., Torres-Alavez et al., 2021; Thaler et al., 2021). Such studies find
this strengthening as a result of either the increasing air temperatures over South
America that modulate ocean-continent gradients (Ortega and Arias, 2018; Thaler
et al., 2021) or the changes in surface features that may influence its rugosity (Eiras-
Barca et al., 2020). However, the differences between those studies and this work may
be explained by the spatial scale of interests and the processes that lead to specific
changes in more limited regions. Our results indicate that regional contrasts between
the northern and southern regions of the OLLJ corridor can be more influential than
the gradients between the ocean and the northern South American landmass when

evaluating the projected changes in the features of the OLLJ.

3.3.3 Projected changes in atmospheric moisture transport

and mid-level circulation

Section 2.3.5 analyzes the VIMF and wind circulation and specific humidity at 500
hPa fields simulated by the CMIP5 and CMIP6. Following this approach, this sec-
tion focuses on the projected changes of the wind circulation and specific humidity
patterns at 500 hPa under the different scenarios considered for the long term (2081-
2100). It is considered that 500 hPa patterns could show moisture advection from
the Atlantic Ocean, and changes in VIMF in northern South America during the ac-
tivation period of the OLLJ. Figure 3.8 shows the projected changes of the 500 hPa
wind field suggested by CMIP5 and CMIP6 models. Dots represent the agreement
of the sign of the projected change by at least 80% of the models of each group.
The projections suggest great contrasts among clusters in both CMIP5 and CMIP6.
The predominant pattern in the projected changes in wind magnitude at 500 hPa
is the increase in wind speed over northeastern South America, northern Amazon,
Ecuador, and northern Peru, and decreases over the Caribbean Sea, northern Colom-
bia, and northern Venezuela. A single cluster of CMIP5 models (Group 3) projects
lower wind magnitude in mid-levels over the northern Amazon under both RCP4.5
and RCP8.5, however, the agreement among the models of the groups is limited

to a small region. The above indicates that even though the projected patterns of
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wind magnitude at mid-levels exhibit great variability among models, the increases
of the wind magnitude over northeastern South America and northern Amazon and
decreases over the Caribbean Sea are some of the predominant patterns shared by

most of the clusters under all scenarios.

In terms of the specific humidity at 500 hPa (Figure 3.9), CMIP5 and CMIP6 models
agree in the increase of the specific humidity in mid-levels for 2081-2100 over most of
the northern South American landmass, independently of the scenario. The pattern
of projected changes of 500 hPa specific humidity exhibits high agreement among
models under different radiative forcing conditions, indicating the robustness of the
results. Thus, these projections agree with previous studies that suggest the overall
increase in specific humidity in the troposphere (Lee et al., 2021). The projected
increase in specific humidity is stronger over the Amazon, while it exhibits lower
projected changes over the Caribbean Sea. Models in Group 1 in CMIP5 (Figure
3.9a, e) suggest decreasing specific humidity over the Caribbean but without high

agreement among the models.

The projections of the wind circulation and specific humidity at 500 hPa in northern
South America, specifically over the northern part of the OLLJ corridor suggest in-
creases in both wind magnitude and specific humidity at this level, although changes
in the latter do not reach high values in comparison to the northern Amazon. The
effect of enhanced wind speeds over the Orinoco region (red rectangle in Figure 2.1)
can lead to increased moisture drag out of the region, which in turn can induce drier
conditions at the surface, as previously identified in the analysis of precipitation
projections over the region (Ortega and Arias, 2018; Zaninelli et al., 2018), thus
enhancing the SSHF patterns over the Orinoco region (Figure 3.7).

Similar to the projections of specific humidity, the projected changes of the VIMF
in northern South America, (Figure 3.10) suggest an increased VIMF (between 800
and 1000 hPa) during DJF by the end of the 21st century in most of the domain.
This pattern is observed for both CMIP5 and CMIP6 models, with high agreement
in the Caribbean sea and norteastern Brazil. However, some of the clusters project

lower VIMF at the exit of the OLLJ (Figure 3.10h, i, m, ¢, r), which may be linked
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to the weakening of the low-level circulation along the Orinoco basin (section 3.3.1).
These patterns through the jet corridor lose agreement among the models of each
cluster, suggesting uncertainties in the effects of the weakening of the OLLJ. Previous
research efforts for South America suggest the increase in atmospheric moisture
transport through the continent, specifically from tropical areas (e.g., Soares and
Marengo, 2009; Lee et al., 2018; Pascale et al., 2019). Nonetheless, our results focus
on the Orinoco basin, where the jet modulates moisture transport at lower pressure
levels, therefore its projected weakening implies changes in the regional patterns,

particularly the reduction of the VIMF at the exit of the jet.

Finally, in section 2.3.5, we perform a simple linear regression analysis between the
anomalies of the OLLJ index and the series of VIMF between 825 and 950 hPa in
each grid cell in northern South America. We used the climate projections of the
same models: HadGEM2-AO and IPSL-CM5A-LR from CMIP5 and MPI-ESM1-
2-HR and KIOST-ESM from CMIP6, and the climate change scenarios considered
were RCP4.5 and RCP8.5 for CMIP5, and SSP2-4.5 and SSP5-8.5 for CMIP6. The
SSP3-7.0 scenario was not included due to data availability from the models. Figure
3.11 shows the results of the linear regression analysis with marked variations from

each model’s estimates in the historical experiment (Figure 2.22).

A marked change was obtained in RCP4.5 because of the absence of a statistically
significant relationship between the OLLJ index and moisture patterns in the region
with HadGEM2-AO (Figure 3.11a), suggesting that by the end of the century, the
models’ projection in this climate scenario does not capture any link. However,
this result is not shared among other models and climate change scenarios. For
RCP4.5, IPSL-CM5A-LR simulates a predominant statistically significant negative
link over Brazil, while a positive influence of the OLLJ over VIMF is found in limited
areas in southern and western Colombia. Regarding a more adverse climate change
scenario for CMIP5, RCP8.5, both models exhibit marked changes, where the OLLJ
seems to influence VIMF across the Orinoco basin, northern Colombia, and northern
Brazil, that for HaddGEM2-AO suggests the shrinking of the region where the OLLJ
influences the VIMF, in comparison to its historical linkage where this influence
region extends to Peru (Figure 2.22a).
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the long-term (2081-2100) under different scenarios: (a, b, ¢, d) RCP 4.5 and RCP 8.5 (e,

f, g, h) for CMIP5, and SSP2-4.5 (i, j, k, 1), SSP3-7.0 (m, n, o, p) and SSP 5-8.5 (q, 1, s,

t) for CMIP6. Dots represent grid cells where there is agreement on at least 80% of the
models within each group in the sign of the projected change.

Assessment of the possible future changes of the Orinoco low-level jet under different climate
change scenarios 124



CMIP6 models also capture the previously observed pattern in SSP2-4.5 and SSP5-
8.5 (Figure 3.11e, f, g, h), where the OLLJ role over VIMF in northern South America
is positive in the Orinoco basin, but negative in western South America and northern
Amazon. For KIOST-ESM (Figure 3.11f, h), changes are not so marked in SSP4.5,
while in SSP5-8.5, the model suggests a reduction of the role of the OLLJ in VIMF.
However, MPI-ESM1-2-HR (Figure 3.11e, g) does exhibit relevant changes, as the
role of the activation of the OLLJ in high VIMF is limited to northeastern South
America and the Orinoco basin. However, for the long-term, it does not extend to

Peru, as the historical simulation suggests (Figure 2.22b).

These results highlight the role of the OLLJ in atmospheric moisture patterns in
northern South America, as the projected weakening of this jet under different scen-
arios induce variations in the low-level VIMF in northern South America. Specific-
ally, 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 ERA5 (Figure 1.8d) and the historical simulation of
the CMIP models (Figure 2.22). However, projections no longer exhibit this link

over the southernmost regions (Figure 3.11).

3.4 Conclusions

This chapter focuses on the possible future changes of the OLLJ and other regional
circulation patterns in northern South America linked to this LLJ. To do this, we
used the projections under different emission scenarios from a set of CMIP5/CMIP6
models. These projections are estimated for the long term during the period 2081-
2100. In addition, we analyze the projected changes in the wind speed during DJF
from the OLLJ index throughout the 21st century. Besides, to have a wide over-
view of the possible projected changes of these features, we used different emission
scenarios from both CMIP5 (RCP 4.5, RCP 8.5) and CMIP6 (SSP2-4.5, SSP3-7.0,
SSP5-8.5).

The projected changes of the OLLJ assessed under different scenarios in CMIP5 and
CMIP6 suggest the weakening of the LLLJ through the 21st century. Focusing on the
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anomalies of VIMF in each cell from four selected CMIP models: (a, ¢) HadGEM2-AO
and (b, d) IPSL-CM5A-LR for CMIP5 under the RCP4.5 and RCP8.5 scenarios, and (e,
g) MPI-ESM1-2-HR and (f, h) KIOST-ESM for CMIP6 under the SSP2-4.5 and SSP5-8.5
scenarios. Colored cells represent a statistically significant relationship with an alpha of
0.05. Red colors represent a positive slope and blue colors represent a negative slope.

Assessment of the possible future changes of the Orinoco low-level jet under different climate
change scenarios 126



long-term (2081-2100), the projected weakening of the wind field in northern South
America is extended over most of the landmass but models show a higher agreement
in the sign of the change over the exit region of the jet (Figure 3.1). The above
indicates that most of the models of each cluster exhibit projections of reduced wind
speed along the Orinoco basin, specifically at the exit of the jet, which in turn may
be related to a shrinking of the OLLJ through its spatial domain. These results
imply changes in the patterns of atmospheric moisture transport in northern South
America because of the role of the OLLJ in the moisture transport in the region (see

section 1.3.4).

The assessment of the projected changes of the gradients of MSLP and near-surface
air temperature between the Tropical North Atlantic and the Andes-Amazon trans-
ition region shown in Figure 3.4 indicates no clear relationship between the projec-
tions of the gradients between the ocean and the northern South American land-
mass and the weakening of the jet because the MSLP gradient did not exhibit major
changes while the contrasts of near-surface air temperature increased as a result of
the projected rise in temperature over the land. The above either would not gen-
erate larger changes in the wind circulation or on the contrary, would increase the
wind speed associated with the OLLJ as a result of an enhanced surface temperature

gradient.

Even though the projected changes of the OLLJ cannot be related to variations in
the gradients between the ocean and the South American landmass, the analysis of
the projections of SSHF, MSLP, and air temperature in northern South America
and their contrasts between the northern and southern regions of the OLLJ corridor
suggests the influence of these regional patterns on the projected changes in the
OLLJ. Most of the clusters in CMIP5 and CMIP6 project decreases in MSLP over
northern South America (Figure 3.5), independently of the scenario, while increasing
near-surface air temperature and SSHF is projected particularly in the Orinoco region
(Figures 3.6 and 3.7). These regional changes, especially for SSHF, can modulate
the gradients along the jet corridor, inducing the projected weakening and shrinking

of the OLLJ by the late 21st century.
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The climate projections of wind circulation, and specific humidity at mid-levels for
DJF indicate a generalized increase of these variables along the OLLJ corridor by the
end of the century, with high agreement among the CMIP5/CMIP6 models (Figures
3.8 and 3.9). However, the projected changes of VIMF along the exit of the jet
of some clusters suggest its decrease by the end of the century in response to the
weakening of the jet (Figure 3.10). The changes in wind circulation and specific
humidity at 500 hPa are in agreement with the surface variables, suggesting that
drier conditions over the Orinoco region (red rectangle in Figure 2.1), which seems
to be related to the weakening of the OLLJ, can be linked to a strengthening of
the wind flow at mid-levels over the Orinoco that in turn can induce to enhanced
moisture transport out of the region, enhancing drier atmospheric characteristics in
northeastern South America. The projection of drier conditions over the Orinoco
region is suggested by the most recent report of the IPCC, 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).

Except for the VIMF changes, which show little agreement among models, the pat-
terns tend to be shared by most of the clusters in CMIP5 and CMIP6, with a high
agreement in key regions of northern South America, adding robustness to these
results. On the other hand, the magnitude of the changes is enhanced for the scen-
arios with the highest radiative forcing (RCP8.5 and SSP5-8.5). Our results are
consistent among the different scenarios considered, highlighting the robustness of
the possible future changes of the OLLJ and some regional features related to the

low and mid-level wind circulation in northern South America.

On the other hand, the simple linear regression analysis indicates that under the
projected changes of the OLLJ (its weakening), low-level VIMF in northern South
America is also expected to variate. The intensification of the wind speed at the exit
of the OLLJ is set to enhance VIMF in northeastern South America and the Orinoco
basin; however, this link is not observed across Peru, which indicates the shrinking
of the region where the OLLJ enhances VIMF, thus representing major variations in

moisture patterns in the region.
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3.5 Supplementary material

Table S3.1: Slope of the projected changes of the OLLJ index for DJF in m/s per decade.
All trends are statistically significant, and minus indicates decreasing trends according to
the Mann-Kendall test. Blank spaces indicate the lack of a statistically significant trend.

Group 1 Group 2 Group 3 Group 4

fé(fvf[’I ;-55 0050  -0.018  -0.042  -0.030
1:({3(13\51355 0063 -0.023  -0.102  -0.054
8311\)/121;165 0024 -0.037 -0.052
ngﬁ;fé“ 0041 -0.039 -0.040
831351-15;65 0054 -0.067 -0.058
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Chapter 4

Final remarks

Through this study, we assessed the main features of the OLLJ, the links with
atmospheric moisture transport and moisture-related processes in northern South
America, and the ability of GCMs included in CMIP5 and CMIP6 to simulate these
features in the historical experiment. Additionally, we focused on the 21st century

projections of these aspects under different emission scenarios.

Chapter 1 focused on the characterization of the OLLJ through a reanalysis database
(ERAD), after its validation with radiosonde data in the Colombian Llanos (Figure
1.2). We analyzed the annual and diurnal cycles of the jet between 825 and 950 hPa.
Among our main results, we find that the OLLJ reaches its maximum activation
during DJF. On the diurnal scale, the peak intensity of the jet occurs during the
nighttime and early morning hours (Figures 1.4 and 1.5), which agrees with previous
studies (Torrealba and Amador, 2010; Jiménez-Sanchez et al., 2019, 2020; Martinez
et al., 2022). The seasonal activation of the OLLJ is modulated by the strengthening
of the northeasterly trade winds in the Orinoco basin due to the meridional gradient
of MSLP and air temperature between the Atlantic Ocean/Caribbean Sea and the
South American landmass. On the other hand, the variations of the diurnal cycle
of the jet, which are consistent with the occurrence of a nocturnal low-level jet, are
strongly modulated by the PBL evolution along the day (Figure 1.6). Even though
we only focused on the PBL features during daytime and nighttime to explain the
diurnal variations of the LLJ, it is relevant to consider that other processes may also
influence the evolution of the OLLJ in the diurnal scale (Jiménez-Sénchez et al.,

2020).
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Regarding the atmospheric moisture patterns associated with the LLJ, our results
suggest that VIMF in lower pressure levels increases during DJF along the Orinoco
basin (Figure 1.7), which could be modulated by the OLLJ activity. Besides, from
a simple linear regression analysis, we found that the effect of the OLLJ on the at-
mospheric moisture flux, divergence, and precipitation in northern South America
varies across the region, depending on if it is considered the entrance or the exit
regions of the OLLJ (Figures 1.8, 1.9 and 1.10). The jet activity at its entrance is
related to enhanced VIMF and VIMD in the Venezuelan Llanos and enhanced mois-
ture convergence and precipitation in the Colombian Llanos and northern Amazon.
At its exit, the OLLJ causes VIMF and divergence through the Orinoco basin, while
its effects on precipitation and moisture convergence migrate to northern Brazil and
the Colombian Andes, with a lagged response between the jet activity and its effect

on precipitation.

On the other hand, the interannual strengthening of the OLLJ is influenced by
regional variations in the gradients of MSLP, near-surface air temperature, and SSHF
between the northern and southern OLLJ corridor. In particular, strong (weak)
OLLJ events occur with increased (decreased) MSLP and decreased (increased) air
temperature and SSHF gradients (Figure 1.13). Additionally, the occurrence of
strong (weak) OLLJ events tends to couple with La Nina (El Nifio) events, suggesting
the modulation of ENSO in the interannual variability of the OLLJ, as discussed by
Builes-Jaramillo et al. (2022a).

After performing the description of the observed features of the OLLJ as depicted by
ERAD5, Chapter 2 focused on the simulation of the OLLJ by different CMIP5/CMIP6
models in the historical experiment. We analyzed the information of 37 CMIP5
and 34 CMIP6 models and classified the set of models in terms of their seasonal
simulation of northern South America’s low-level wind circulation through the PCC
and the RMSE. The evaluation of the performance of the models was based on the
horizontal wind between 825 and 950 hPa, the cross-section and vertical structure of
the wind field at the exit of the jet, and the monthly variations of the meridional wind
using the OLLJ index. After obtaining the PCC and the RMSE of those estimates

concerning to ERADB, these metrics were used as the input for the factor analysis,
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and the resulting factors were, at the same time, the input to the cluster analysis

(section 2.3.2).

The classification method suggests four groups of models in each CMIP phase.
CMIP5 groups exhibited significant differences in their simulation of the main fea-
tures of the OLLJ. In contrast, CMIP6 models tend to adequately simulate the
spatial and temporal features of the OLLJ, showing a similar performance (section
2.3.3). Regarding the links between the simulation of the mechanisms that modu-
late the activation of the OLLJ (meridional gradients) and the representation of the
OLLJ itself, the performance of the CMIP5 models appears to be more influenced
by an accurate simulation of the MSLP and near-surface air temperature gradients
between the ocean and the South American landmass (Figure 2.14) than CMIP6
models (Figure 2.15).

On the other hand, following Martinez et al. (2022) and the results from Chapter
1, the assessment of how CMIP5/CMIP6 models link the interannual variations of
the OLLJ intensity with the regional contrasts of MSLP, air temperature, and SSHF
between the Orinoco and the Andes-Amazon transition region (red and blue rect-
angle in Figure 2.1), indicates that models capture the regional variations associated
with changes in the jet strengthening independently of their simulation of the main
features of the OLLJ (Figures 2.16 to 2.19). These findings show that GCMs can
represent the atmospheric circulation in northern South America, as they can as-
sociate fluctuations in the gradients between the northern and southern regions of
the OLLJ corridor with stronger or weaker wind circulation in the basin. Recently,
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
classification approach. This highlights that, although CMIP6 models still have large
biases simulating variables like precipitation in the region (Almazroui et al., 2021;
Arias et al., 2021b; Ortega et al., 2021), they may have a better representation of

the dynamic process associated with precipitation.

Finally, Chapter 3 focused on the analysis of the projected changes of the OLLJ
under different scenarios: RCP4.5 and RCP8.5 for CMIP5, and SSP2-4.5, SSP3-7.0,
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and SSP5-8.5 for CMIP6. The most notable change of the OLLJ in the long-term
(2081-2100) is its weakening and shrinking, as projected changes indicate reduced
wind speed by the end of the century along the Orinoco basin, specifically at the
jet exit (Figures 3.1 to 3.3). This pattern is observed in CMIP5 and CMIP6 models
under all the scenarios considered. However, the projected changes are greater for

scenarios with higher radiative forcing (RCP8.5 and SSP5-8.5).

The projected weakening of the OLLJ may be driven by changes in the regional
gradients of MSLP, air temperature, and mainly, SSHF between the Orinoco and
the Andes-Amazon transition region instead of the influence of meridional gradients
between the Tropical North Atlantic and the Amazon (section 3.3.2). Projected
changes in the gradients between the Orinoco and the Andes-Amazon transition
region are strongly modulated by increased SSHF over the Orinoco, which modifies

the regional gradients in the OLLJ corridor.

Figure 4.1 shows a general schematic of the main climatological features and pro-
jected changes for 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 con-
tributes to the strengthening of the OLLJ during DJF (Figure 4.1a). 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 of this region,
where regional variations of the SSHF spatial distribution, alongside changes in air

temperature and MSLP, can modulate the interannual intensity of the OLLJ.

Regarding the projected changes of the OLLJ (Figure 4.1b), the main projected
variation is the weakening of the OLLJ during DJF, especially at its exit region,
which in turn suggests the 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 increasing wind circulation at

mid-levels (500 hPa) that influences the atmospheric moisture content over the region
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(increased moisture transport out of the region), enhancing drier conditions at the
surface. On the other hand, projections around the meridional gradient between the
Tropical North Atlantic and the South American landmass suggest its strengthening
by the end of the 21st century; therefore, the projected changes 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 trans-
port and near-surface conditions can influence the enhancement of future drier con-
ditions in the Orinoco basin. The projected changes in wind circulation and specific
humidity at 500 hPa over the Orinoco region indicate that models project enhanced
mid-level wind speed and specific humidity in northeastern South America by the
end of the 21st century, which means stronger wind circulation that can drag the
moisture out of the region, inducing drier conditions. The projection of drier condi-
tions over the Orinoco region is suggested by the most recent report of the IPCC,
which shows increased consecutive dry days as well as more frequent and intense ag-
ricultural 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). This suggests 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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Figure 4.1: General schematics of the (a) main climatological features during the
historical period and (b) projected changes by the end of the 21st century under different
emission scenarios for the low and mid-level circulation in northern South America
during DJF, in association with the OLLJ. Bigger (smaller) arrows and symbols indicate
an increase (decrease) under future conditions.
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