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ABSTRACT

The low-level jet over the Orinoco River basin is characterized using finer
horizontal, vertical, and temporal resolution than possible in previous studies via dynamical
downscaling. The investigation relies on a 5-month-long simulation (November 2013-
March 2014) performed with the Weather Research and Forecasting model, with initial and
boundary conditions provided by the Global Forecast System analysis. Dynamical
downscaling is demonstrated to be an effective method to better resolve the horizontal and
vertical characteristics of the Orinoco low-level jet, not only improving its diurnal and
austral-summer evolution, the identification and location of low-level jet streaks inside the
stream tube, but also in determining the mechanisms leading to its formation.

The Orinoco low-level jet (OLLJ) is found to be a single stream tube over Colombia
and Venezuela with wind speeds greater than 8 m s™!, and four distinctive cores varying in
height under the influence of sloping terrain. The OLLJ has its maximum monthly mean
wind speed (13 m s!) and largest spatial extent (2100 km X 400 km) in January. The
maxima mean wind speeds (13—17 m s™) in the diurnal cycle occur in the early morning
above the nocturnal inversion; wind speeds are a minimum (8-9 m s!) in the late afternoon
when a deep, approximately unstratified boundary layer is present.

The momentum balance analysis performed in a streamwise- and crosswise-rotated
coordinate system reveal that the OLLJ is the result of four phenomena acting together to
accelerate the wind: a sea-breeze penetration over the Orinoco River delta and Unare River
depression, katabatic flow down the Coastal Cordillera, three expansion fans from point
wakes in topography, and diurnal variation of turbulent diffusivity. The latter, in contrast

to the heavily studied nocturnal low-level jet in the U.S. Great Plains region, plays only a



v
secondary role in OLLJ acceleration. These results suggest that LLJs near the equator

may originate from processes other than the inertial oscillation and topographic

thermal forcing.
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Chapter 1

Introduction

Colombia, the country I am from, unites the Caribbean Sea, Pacific Ocean, Amazon
forest, Llanos savannas, and three branches of the Andes Cordillera in a little more than
1.000.000 km?. Because of the geographic diversity of the many valleys, plateaus,
mountains, and hydrological basins, mesoscale meteorology is a critical factor in
determining the regional weather.

As a weather officer in the Colombian Air Force, one of the mesoscale phenomena
that lured my attention during daily meteorological analyses was a low-level wind
maximum above the flatlands of the Orinoco River basin during the austral summer, herein
referred to as the Orinoco low-level jet (OLLJ). It is well-known to aircrews because of
its effects on aircraft performance.

According to the International Civil Aviation Organization (ICAO; 2005), LLIJs are
among the atmospheric phenomena that can cause low-level wind shear; i.e., a localized
change in wind speed, direction, or both at low altitudes. The presence of wind shear is
relevant to aircraft landings and take offs (Guan and Yong 2002; Kulesa 2002; Golding
2005), because in these phases of flight the aircraft airspeed and height are near critical
values, so any lift increase or reduction caused by wind shear produces a new resultant
flight path vector (Fig. 1.1). During the approach phase of flight, for instance, this sudden
new trajectory destabilizes the aircraft (Bonner 1968), potentially causing them to land

short of the runway (Blackadar 1957), or reducing the time pilots have for adjusting the
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glide path. It is estimated that in cases of strong wind shear, pilots only have 5-15 seconds
to correctly react to this hazardous situation (Golding 2005).

The OLLIJ poses a risk to aviation at the more than ten regional airports and military
bases situated within the basin in Colombia and Venezuela, where more than one million
passengers per year are transported (Unidad Administrativa de Aeronautica Civil 2017).
The risk is particularly significant when considering that the road infrastructure in the
flatlands is not reliable or dense, and airplanes are the primary transportation means
connecting this region to the more populated part of the country.

The OLLJ has been previously identified and characterized using mesoscale
simulations (Vernekar et al. 2003; Rife et al. 2010), and a combination of pilot balloons,
radiosondes, surface data, and reanalysis (e.g., Douglas et al. 2005; Labar et al. 2005;
Torrealba and Amador 2010; Rueda 2015). However, the mechanisms leading to its
formation remain unknown and, given the spatial and temporal limitations in observations
and numerical model resolutions of the previous studies, the OLLJ characteristics and
evolution are unsatisfactory resolved.

The research presented in this dissertation addresses the shortcomings of previous
investigations by performing a dynamical downscaling of the large-scale atmospheric
conditions provided by the Global Forecast System (GFS) analysis data. In Chapter 2 it
will be shown that the finer spatial and temporal resolutions, achieved with the advanced-
research version of the Weather Research and Forecasting (WRF) model, improves not
only the horizontal and vertical characteristics of the OLLIJ but also its diurnal and austral-
summer evolution. Chapter 3 examines the dynamical origins of the OLLJ, which differ

considerably from those of the U.S. Great Plains nocturnal low-level jet. The latter is
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attributable to an inertial oscillation and cooling of gently sloped terrain. Finally, a

summary and conclusions are presented in Chapter 4.



Figures

@)

(b)

Figure 1.1: Resultant flight path vector (R) due to shear in the horizontal wind during
climb, level flight, and descent phases: (a) following airspeed decrease due to decreasing
headwind or increasing tailwind, (b) following airspeed increase due to increasing
headwind or decreasing tailwind [Adapted from ICAO (2005)].



Chapter 2

Characteristics and Evolution

2.1 Introduction

Low-level jets (LLJs) have been studied for about 80 years in various parts of
the world (Blackadar 1957; Bonner 1968; Stensrud 1996; Marengo et al. 2004; Muioz et
al. 2008). Differences arising in the maximum wind speed, altitude, spatial extent,
horizontal and vertical shear, and formation mechanisms have precluded a universally
accepted definition (Liu et al. 2014). However, in general terms, LLIJs refer to relative
maxima in vertical profiles of horizontal wind speed (Markowski and Richardson
2010) that are confined to the boundary layer or lower troposphere (below 700 hPa).

LLJs have been the focus of many prior investigations owing to the diversity of
their impacts. These include wind energy generation (Storm et al. 2009; Archer et al.
2014), fire weather (Fromm and Servranckx 2003; Petroliagkis et al. 2015), transport of
hazardous airborne substances (Banta et al. 2004; Darby et al. 2006), air quality (Banta et
al. 1998, 2006), bird migration (Liechti and Schaller 1999), and aviation (Blackadar 1957;
International Civil Aviation Organization 2005; Balmez and Stefan 2014).

As a weather officer of the Colombian Air Force (Fuerza Aérea Colombiana
(FAC) in Spanish), I noticed that, during the Austral summer in the flatlands of the
Orinoco River basin (Fig. 2.1), a low-level wind maximum is the predominant feature in

lower atmospheric analyses and operational model output.
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These flatlands, also known as Llanos Savannas (Olson and Dinerstein 2002),
describe a wide ellipsoidal arc about 1300 km in length, beginning in the northern
Colombian Amazon forest, and ending in the Mesas region adjacent to Delta Amacuro
(Venezuela); here the river meets with the Gulf of Paria and the Atlantic Ocean. The
Llanos, covering approximately 400,000 km?, are bounded to the southeast by the Guiana
Highlands, to the west by the Eastern Cordillera and the Mérida Cordillera, and to the north
by the Coastal Cordillera (Fig. 2.1).

Because the Llanos Savannas are located in northern South America, they are part
of the tropics, where abundant moisture content and high temperatures are the distinctive
characteristics. As opposed to higher latitudes, the temperature exhibits an ample diurnal
variation and reduced seasonality (Hastenrath 1991).

In this part of the continent, the major semi-permanent climatic controls at low
levels are the subtropical highs, Intertropical Convergence Zone (ITCZ), and trade winds.
The speed and direction of the trade winds depend on the seasonal position of the
subtropical highs and the ITCZ.

During the Austral summer, the ITCZ moves to its southernmost position (Walters
et al. 1989), while the North Atlantic subtropical high is closest to the equator. The
combination of these migrations increases the meridional pressure gradient—producing
stronger easterlies than during the winter (Hastenrath 1991; Tim and Bravo de Guenni
2016)— and allows the northeasterly trade winds to reach southern latitudes. Northeasterly
trade winds are the main constituent of the aforementioned low-level wind maximum over
the Orinoco River flatlands.

This so-called Orinoco low-level jet (OLLJ) has been previously identified

using reanalysis products (e.g., Montoya et al. 2001; Rueda 2015), mesoscale
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simulations (e.g., Vernekar et al. 2003; Rife et al. 2010), and pilot balloons and
radiosondes (e.g., Douglas et al. 2005; Labar et al. 2005; Torrealba and Amador 2010).
However, because of the broad scope of these previous studies (global or regional),
the wide grid spacing of the models used (from 32 km to 111 km), and spatial or
temporal limitations in observations (e.g., pilot balloons/radiosondes network) the
characteristics and evolution of the OLLJ have been poorly resolved; only partial
characterizations over Colombia or Venezuela have been achieved.

Additionally, the distinctive elevations of the Eastern Cordillera (above 3000 m)
and Guiana Highlands (around 1500 m), as well as the widths of the Mérida and Coastal
cordilleras (approximately 100 km), play an important role in the behavior of the OLLJ
and are not properly resolved by today’s global models.

The characteristics and evolution of the OLLJ are investigated herein by performing
a dynamical downscaling of the large-scale atmospheric conditions provided by the Global
Forecast System (GFS) analysis data. A finer spatial and temporal resolution than in the
aforementioned studies—more than three times, in most cases—is achieved through the
advanced-research version of the Weather Research and Forecasting (WRF) model.

The WRF dynamical downscaling is described in the next section. Section 2.3
analyzes the OLLJ characteristics and its spatial and temporal variability, while results are

discussed in Section 2.4. Finally, a summary and conclusions are presented in Section 2.5.

2.2 Dynamical downscaling and model configuration

A way to address the resolution limitations of the global models for regional

applications is dynamical downscaling. The purpose of this nested modeling technique is
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to obtain high-resolution detail over the region of interest, using initial and boundary
conditions provided by a coarse-resolution large-scale model (Lo et al. 2008).

High-resolution modeling of the OLLJ is performed with the Advanced Research-
WRF model (WRF-ARW) Version 3.4.1 (Skamarock and Klemp 2008), a state-of-the-art
atmospheric modeling system designed for both meteorological research and numerical
weather prediction. The WRF-ARW is not only developed and studied by a broad
community of researchers, but it is also used by FAC to generate the operational weather
products distributed to the Colombian military aircrews.

The following physical parameterization schemes and models are used to represent
the atmospheric dynamics near and above the surface, where variations in the exchanges
of heat, moisture, and momentum affect the OLLJ. The NOAH (National Centers for
Environmental Prediction, Oregon State University, Air Force Weather Agency, and
Hydrologic Research Lab) land-surface model (Chen and Dudhia 2001) handles the surface
energy budget. The Mellor-Yamada-Nakanishi-Niino-Level-2.5 (MYNN2; Nakanishi and
Niino 2006) planetary boundary layer (PBL) scheme parameterizes the turbulent mixing
within the lower troposphere. The MYNN?2 is a local mixing, 1.5-order closure scheme that
predicts sub-grid turbulent kinetic energy (TKE) terms. The Kain—Fritsch (Kain 2004)
cumulus parameterization scheme is used to parameterize deep convection by mixing the
environmental air with convective updrafts and downdrafts to compute the net effect of
convection on the model variables. The Rapid-Radiative-Transfer-Model for GCMs
(RRTMG) longwave and shortwave radiation schemes (Mlawer et al. 1997; lacono et al.
2008) account for the radiation components alteration to the total radiative flux caused by
clouds, water vapor, and other gases. The Thompson microphysics scheme (Thompson et

al. 2008) represents the processes controlling the formation, growth, and fallout of
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microphysical water species, including ice, snow, and graupel. The WRF model
configuration is summarized in Table 2.1.

Dynamical downscaling from November 2013—-March 2014 creates regional
analyses over northern South America with 9 km horizontal grid spacing and 51 vertical
levels (from surface up to 50 hPa), in hourly outputs. The domain is centered at 7°N and
68.5°W with dimensions of 407 X 284 grid points, which is equivalent to 3633 km X 2556
km (Fig. 2.1).

The aforementioned five-month period was chosen taking into account the results
obtained by Montoya et al. (2001), Vernekar et al. (2003), Douglas et al. (2005), Labar et
al. (2005), Torrealba and Amador (2010), and Rueda (2015) showing the presence of the
OLLJ mostly during the austral summer, and because the Multivariate El Nifio-Southern
Oscillation (ENSO) Index (MEI)! (Wolter and Timlin 1993) exhibits positive and negative
monthly values less than 0.3x 1073 standard deviations, indicating that the effect of ENSO
on the wind variability is not significant.

Initial and boundary conditions from 1200 UTC 31 October 2013 to 1200 UTC 1
April 2014 were provided by the 0.5° x 0.5° GFS Analysis (Unidata/University Corporation
for Atmospheric Research et al. 2003). The GFS Analysis depicts an historical base state
of the atmosphere at six-hour intervals (0000, 0600, 1200, and 1800 UTC) based on four
separate models (i.e., an atmosphere model, an ocean model, a land/soil model, and a sea
ice model), which work together to generate a picture of weather conditions. The boundary

conditions were updated every 6 hours and, because frequent reinitialization gives better

! MEI monitors ENSO based on observations of six main variables over the tropical Pacific: sea-
level pressure, zonal and meridional components of the surface wind, sea surface temperature, surface air
temperature, and total cloudiness fraction of the sky.
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results than continuous simulation runs (Lo et al. 2008), the model was reinitialized every
4 days with a preceding spin-up of 12 hours. This reinitialization procedure means that new
initial, and lateral meteorological and surface boundary conditions were provided 12 hours
previous to the first day of each 4-day run, but those initial running hours were not

considered as part of the long-term run.

2.3 Orinoco low-level jet spatial and temporal variability

2.3.1 Orinoco low-level jet identification

Following the methods established by Ranjha et al. (2013) for identifying coastal
LLJs and by Bonner (1968) for identifying the U.S. Great Plains LLJ, the following criteria
were used to identify the OLLJ:
e The level of maximum wind is within the lowest 2 km in the vertical;
e The wind speed at the level of maximum wind is at least 40% higher than the wind
speed at the surface (i.e., the lowest model level);

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

3 km of the surface.

2.3.2 Structure and spatial variability

To capture the mean horizontal structure of the OLLJ, as well as its height

variability, a single representation of the wind field is achieved by averaging the wind
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velocity vector over time (November 2013—March 2014) and averaging the 950-800-hPa
layer afterward (Fig. 2.2a).

The OLLJ, as shown in Fig. 2.2, is a stream tube 2000 km long, 300 km wide, and
2.5 km deep, with mean wind speeds greater than 8 m s!. This wind speed threshold was
chosen to identify the presence of the LLJ because it guarantees that any wind speed of the
same or greater magnitude complies with the established filtering criteria. The OLLJ flows
westward from 61°W to 67°W along 8°N approximately and then it is deflected
equatorward, flowing next to the Cordillera from 8°N down to the equator. In the last part
of its course, around 2°N and 74°W, it is slightly deviated eastward and separated from the
Eastern Cordillera by the Macarena mountain range.

As the OLLJ flows, the mean height of its axis of maximum wind increases, from
750 m AGL in the entrance region where the wind is mostly zonal (Fig. 2.2d) to 1200 m
AGL upon reaching the sloping terrain of the Eastern Cordillera (Fig. 2.2¢). It rises to 1500
m AGL in the exit region (Fig. 2.2b), possibly influenced by the underlying elevation of
the Macarena mountain range upstream.

Inside this stream tube, there are four low-level jet streaks (LLJSs; i.e., the regions
with maximum wind speeds) with mean wind speeds greater than 10 m s™!. The first streak
(C1), mainly flowing in zonal direction, is located over the Guanipa Mesa at around 9.5°N
and 64.2°W. The second streak (C2) is located over the Venezuelan Llanos Savannas
(centered around 7.5°N and 67°W), next to the northwestern limit of the Guiana Highlands.
Along the Eastern Cordillera in Colombia, at 5°N and 72°W, is the third streak (C3). The
fourth streak (C4) is located over the Colombian Amazon forest at 2°N and 73.5°W. The

latter three (C2, C3, C4) are directed toward the southwest.
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2.3.3 Temporal variability

2.3.3.1 Austral-summer evolution

The horizontal evolution of the OLLJ during the austral summer, shown in Fig. 2.3
(a—b, d—e, g—h), is described through the behavior of the 950-800-hPa-layer mean wind
field for each month and the monthly wind-speed anomalies (each monthly mean compared
against the five-month mean). A vertical cross-section of the lower troposphere along 5°N
from 66°W to 74°W, also shown in Fig. 2.3 (c, f, 1), depicts the horizontal and vertical
variability of the stream tube under the influence of surrounding sloped terrain (i.e., the
Eastern Cordillera to the west and the Guiana Highlands to the east), in the mid-corridor
region’.

November shows the highest negative anomalies in the monthly mean wind speed
(Fig. 2.3b), greater than —2 m s™! for most of the Orinoco River basin, meaning that this is
the month when the OLLJ is the least intense. However, mean wind speeds greater than 8
m s! are noticeable from the Orinoco delta down to the equator (Fig. 2.3a), and the OLLJ
is already a single structure of 1900 km in length (very close to its average value). The
stream tube in the C3 region is 2.5 km deep but only ~250 km wide (Fig. 2.3c).

January is when the OLLJ mean wind speeds are the most intense (~13 m s™!), with
positive mean wind speed anomalies greater than 1 m s™! inside the whole stream tube, and
even reaching positive values greater than 2 m s™! over the C4 region (Fig. 2.3e). The C4
region, or exit region, has elongated down to its most southerly position at 1°S, covering a

small area of the Ecuadorian and Peruvian Amazon forest (Fig. 2.3d) with a core height of

2 An enhanced visualization of the 3D-structure evolution of the OLLJ during the Austral summer
is presented in Figure Al in appendix A.
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1250 m AGL, the lowest of the season (not shown). Also, during January is when the C3
region extends the furthest east, reaching a total width of approximately 400 km with mean
winds greater than 12 m s! present over at least 250 km (Fig. 2.3f).

By March the OLLJ weakens in intensity and reduces in spatial extent; most of the
stream tube with mean wind speeds greater than 8 m s™! lies north of 2°N, and the monthly
mean wind speeds in C1, C2 and C3 are mainly around 10 m s!. The C4 region is small
(Fig. 2.3g) but higher than before (not shown), reaching 2000 m AGL, the highest core
altitude during the season. The most significant wind speed weakening also occurs in this

region, where the monthly anomalies reach -2 m s (Fig. 2.3h).

2.3.3.2 Intraseasonal variability

A periodogram-based technique, known as multitaper power spectral density
estimation, was used to assess the periodicity of the wind speed and potential temperature
in the intraseasonal scale (i.e., days to weeks). This technique uses multiple tapers, or
windows, to form independent estimates of the spectral density and reduce the variance of
the spectral density estimate (Percival and Walden 1993). The multitaper method
overcomes some of the limitations of conventional Fourier analysis related to the
assumption that each Fourier coefficient is a reliable representation of the amplitude and
relative phase of the corresponding component frequency; an assumption that is not always
valid.

The wind speed and potential temperature hourly time series were constructed by
averaging a 45 km X 45 km-box centered at 5°N-72°W (C3 core) in the 900—850 hPa layer.

The normalized spectral power in the resultant periodogram (Fig. 2.4) shows, with a
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confidence level greater than 99%, that the most significant cycles occur every 12 and 24
hours. No other meaningful periodicity could be identified, in part because the time series
is not long enough to assess the influence of extended variabilities.

The strength of these diurnal and semidiurnal signals, in both the wind speed (Fig.
2.4a) and potential temperature (Fig. 2.4b), implies a modulation of the wind via radiative
heating, possibly on account of similar oscillations in the atmospheric tide. The
atmospheric tide, generated by the daily march of the sun and the absorption of solar
radiation by ozone and water vapor (Lindzen and Chapman 1969), exhibits diurnal (24 h),
semidiurnal (12 h), and terdiurnal (8 h) pressure variations that reflect in analogous wind

and temperature fluctuations (Hastenrath 1991).

2.3.3.3 Diurnal cycle

The diurnal variation of the OLLJ is presented in Fig. 2.5, which shows the 950—
800-hPa-layer wind field averaged for the entire period (November 2013—March 2014) in
four-hour increments (0000, 0400, 0800, 1200, 1600, and 2000 UTC). Two time zones,
UTC-04 and UTC-05, are observed over the region; however, to facilitate the
understanding of the physical processes involved in the strengthening or weakening of the
OLLJ, UTC-05 will be used to describe its Local Standard Time (LST) behavior.
Accordingly, Fig. 2.5 represents the mean wind field at 1900, 2300, 0300, 0700, 1100, and
1500 LST. An enhanced visualization of the 3D-structure evolution of the OLLJ during
the day is presented in Figure A2 in appendix A.

As a whole, during the diurnal cycle the OLLJ is the most intense and reaches its

greatest spatial extent at 0700 LST (Fig. 2.5d). The four-LLJS regions are noticeable. The
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C1-C2 region is the largest with the strongest mean wind speeds (max. of 14 m s'!), whereas
C4 is the smallest and weakest (max. of 12 m s'). The four-LLJS structure remains
throughout the day.

As the sun rises and warms up the surface via radiative heating, vigorous turbulent
vertical mixing occurs in the boundary layer causing the winds to slow down. At 1500 LST
the wind speeds are the least intense, and the OLLJ also exhibits its greatest spatial
reduction (Fig. 2.5f). Despite the weakening wind, the stream tube is mostly a single
structure, except for the C4 region which lies separated downstream of the former.

Late in the afternoon, with the weakening of radiative heating, the surface layer
begins to cool down, and the lower troposphere becomes statically stable impeding the
upward propagation of frictionally retarded air, so the air just above this layer becomes
frictionless and accelerates.

Because weakening of the radiative heating occurs sooner at the farthest east region
than at the most western locations, the low-level air accelerates progressively in the along-
stream direction, as shown in Fig. 2.6. The greatest positive wind-speed anomalies (i.e.,
departure from the 24-h mean) in the entrance region occur near midnight (Fig. 2.6¢),
whereas in the mid-corridor and exit regions these occur just after sunrise (Fig. 2.6e and
2.6d, respectively). When comparing different locations at the same time (e.g., Fig. 2.6a—
2.6¢), the geographical differences in wind-speed anomalies are even more evident; while
there are already strong positive anomalies occurring in the entrance region, just weak
positive anomalies occur in the exit region [i.e., to the east of 74°W, where the core is
located (Fig. 2.2b)].

A better depiction of the intensity of the wind in the lower 5 km of the troposphere

is achieved by hourly averaging the wind speed at each vertical level where the OLLJ is
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present, accordingly to the cross sections P, Q, and R in Fig. 2.2 (b—d). The wind-speed
vertical structures obtained at the entrance, mid-corridor and exit region, as well as their
diurnal evolution, are given in Fig. 2.7.

The vertical structures of the wind speed portrayed in Fig. 2.7 (c—e) not only support
the results about the geographical differences in wind speed peak-time, but also provide
information about the height, intensity, and vertical speed shear of the OLLJ. Near
midnight in the entrance region (Fig. 2.7¢) the maximum mean wind speed is ~15 m s at
500 m AGL with an underlying vertical speed shear of 2x102 s”1. At 0700 LST in the mid-
corridor region (Fig. 2.7¢) the maximum mean wind speed is ~15 m s at 700 m AGL with
an underlying vertical speed shear of 1.5x1072 s™!, whereas in the exit region (Fig. 2.7d) the
maximum mean wind speed is ~12 m s™! at 1250 m AGL with an underlying vertical speed
shear of 7.2x1073 s!. In all three regions, the core varies in altitude with time, ascending
and decreasing in intensity just after it has reached the lowest height.

Naturally, the aforementioned wind speed peak-times are related to the static
stability of the lower troposphere. The diurnal behavior of the mean potential temperature
field in the 950-800-hPa layer, depicted in Fig. 2.8, shows that the lowest air temperatures
along the OLLJ corridor occur around 0700 LST (Fig. 2.8d) and the highest air
temperatures around 1500 LST (Fig. 2.8f). Therefore, the time of occurrence of the OLLJ
minima wind speeds (i.e., 1500 LST) coincides with the time of the maxima potential
temperatures, when the boundary layer is almost unstratified. Nevertheless, the same
agreement is not found between the time of occurrence of the minima potential
temperatures and the time of maxima wind speeds. Although both times coincide in the

mid-corridor and exit regions (i.e., 0700 LST, when low-level static stability is
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maximized), the maxima mean wind speeds over the entrance region occur around

midnight—at least six hours before the minimum mean potential temperatures.

2.4 Discussion

The performed spatial and temporal characterization of the OLLJ differs from that
of previous authors, who described its presence only over Colombia (Vernekar et al. 2003),
or only over Venezuela (Douglas et al. 2005; Labar et al. 2005; Torrealba and Amador
2010; Rife et al. 2010). Ironically, Rueda (2015) mentioned the origin of the OLLJ in
Venezuela, but its characterization was done almost entirely over the Colombian Llanos.
Furthermore, despite Torrealba and Amador (2010) providing spatial dimensions to the
phenomenon (1200 km in length and 400 km in width), they did not find more than one
core, nor did any of the other authors. Also, none of them described the core height varying
depending on geographical location.

The seasonal minimum wind speed of the LLJ was established by Douglas et al.
(2005), Labar et al. (2005), and Torrealba and Amador (2010) as occurring in November,
whereas the maximum wind speed occurred in February, one month later than the
maximum monthly mean wind speed found in this study. However, the monthly wind-
speed horizontal plots generated from reanalysis by Rueda (2015) using a more extended
period (1983-2003), depict the maximum wind intensities and longest extension of the
OLLJ in January, in accord with the results described in the present article. This one-month
difference may be due to the influence of the ENSO warm phase since Douglas et al.
(2005), Labar et al. (2005), and Torrealba and Amador (2010) used similar pilot

balloon/radiosonde data sets (2001-2006)—most of them during El Nifio years.
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Besides the differences mentioned above in the main characteristics and austral-
summer evolution, differences in the diurnal behavior are also meaningful because the
OLLJ is a dynamical phenomenon that hourly evolves in geographical location, height, and
intensity. Previous authors described the OLLJ almost as a spatially fixed structure,
diurnally varying only in wind speed. However, the increased spatial and temporal
resolutions make evident the diurnal core height variation over (e.g., Fig. 2.6¢c and 2.6f;
Fig. 2.7c and 2.71) and among locations (e.g., Fig. 2.6d-2.6f; Fig. 2.7a-2.7c), the
geographical displacement of the core under the influence of sloping terrain (e.g., Fig. 2.6b
and 2.6e), and the propagation in the along-stream direction of increasing wind speeds (Fig.
2.5).

One of the more interesting differences from previous studies is that the entrance
region exhibits its maximum mean wind speed six hours earlier than the rest; consequently,
it also starts weakening first, even before the other regions reach their corresponding
maximum mean wind speed. That is, while the entrance region is in a weakening phase,
in the rest of the OLLJ the strengthening phase is still ongoing.

Notwithstanding the early wind weakening at the entrance region, the results
obtained in this study for the mid-corridor and exit regions, about the time of occurrence
and magnitude of the maxima and minima mean wind speeds (0700 LST and 1500 LST,
respectively), coincide reasonably with those found by Douglas et al. (2005) and Torrealba
and Amador (2010) from observations at the inner part of the Venezuelan Llanos (i.e., over

San Fernando de Apure and Guasdualito).
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2.5 Summary and conclusions

The results on the OLLJ obtained from dynamical downscaling indicate that: (a) it
is present over Colombia and Venezuela as a single stream tube with mean wind speeds
greater than 8 m s’!; (b) it has four distinctive LLJSs and different core heights at the
entrance, mid-corridor, and exit regions (750 m AGL, 1200 m AGL, and 1500 m AGL);
and (c) because of being ten times wider than deep (300 km X 3 km, approximately), it has
an ellipsoidal vertical shape.

The OLLJ is present from November to March, displaying the least monthly wind
speed (~9 m s7') in November and the greatest spatial reduction (~1500 km in length) in
March, whereas its greatest monthly wind speed (~13 m s') and longest and widest
extension (2100 km X 400 km) occur in January. In this month, the OLLJ even becomes a
cross-equatorial phenomenon.

The intraseasonal variability of the wind speed and potential temperature only
presents significant periodicity in the diurnal and semidiurnal scales, with no other
meaningful cycles evident during the Austral summer.

The OLLJ exhibits diurnal maxima mean wind speeds (~12-15 m s!) in the
morning (0700 LST), when the potential temperatures in the 950-800-hPa layer are the
lowest, and minima mean wind speeds (~9 m s™!) in the afternoon (1500 LST), when the
potential temperatures in the layer are the highest. However, this correspondence is not true
for the entrance region where the maxima mean wind speeds (~15 m s!) occur early in the
cycle (~0000 LST).

The maximum mean wind speed and the lowest mean height of the core are reached

at the same time, but this height depends on geographical location. For the entrance and
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mid-corridor regions, the lowest core altitude is 500 m AGL and 700 m AGL, respectively,
whereas for the exit region the lowest core altitude is 1250 m AGL. After reaching its
lowest height, the core ascends and decreases in intensity.

Compared against the results from previous authors, dynamical downscaling is
demonstrated to be an effective method to better resolve the horizontal and vertical
characteristics of the OLLJ, not only improving the identification and location of LLJSs
inside the stream tube, but also its diurnal and austral-summer evolution. Further research
including additional years is required to determine the influence of longer time scale
phenomena (e.g., ENSO, MJO) on the interannual and intraseasonal variability, which was

outside the scope of this work.
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Tables and Figures

Table 2.1: WRF-ARW model configuration.

Numerical and physical process Schemes and model

Microphysics

Longwave radiation

Shortwave radiation

Land surface
Planetary boundary layer

Cumulus parameterization

Thompson graupel scheme (Thompson et al. 2008)

Rapid Radiative Transfer Model for GCMs
(RRTMQG) longwave scheme

(Mlawer et al. 1997; lacono et al. 2008)

RRTMG shortwave scheme
(Mlawer et al. 1997; lacono et al. 2008)

NOAH land-surface model (Chen and Dudhia 2001)

MYNN2 Mellor-Yamada Nakanishi and Niino Level
2.5 (Nakanishi and Niino 2006)

Kain—Fritsch (Kain 2004)
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Figure 2.1: Topographic map of northern South America showing the Weather Research
and Forecasting (WRF) model domain (colors), the Orinoco River basin limits (red), and
locations of the main airports along the OLLJ corridor.
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Figure 2.2: Horizontal and vertical characterizations of the OLLJ mean wind field
(November 2013—March 2014). (a) Velocity vectors and average wind speed (shaded, m s
) in the 950-800-hPa layer, and vertical cross-sections of the mean wind speed at (b)
1.5°N, (c) 5°N, and (d) 64°W. The main LLJS locations are indicated in bold black (C1-
C4) and the limits for each vertical cross-section in (b)—(d) are shown by blue dashed lines

(P, Q,R) in (a).
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Figure 2.3: Horizontal and vertical characterizations of the OLLJ austral-summer
evolution (November 2013—March 2014). The monthly 950-800-hPa-layer velocity
vectors and wind-speed average (shaded, m s™!) in (a), (d) and (g), the monthly 950-800-
hPa-layer mean wind-speed anomalies in (b), (e) and (h), and the vertical cross sections of
the monthly mean wind speed at 5°N in (¢), (f), and (i). Only the onset in November, the
peak in January, and the cessation/weakening in March are shown.
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Figure 2.4: Normalized multitaper power spectral density estimate for (a) wind speed and
(b) potential temperature time series at 5°N—72°W (C3 core) in the 900-850 hPa layer (blue
line) during November 2013—March 2014. Colored lines indicate the level of confidence
of the estimation, based on a Markov chain Monte Carlo, at 85% (red), 90% (yellow), 95%
(purple), and 99% (green) regarding the amount of red noise in the signal.
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Figure 2.5: Diurnal variation of the 950-800-hPa-layer velocity vectors and wind-speed
average (shaded, m s!) from November 2013—-March 2014: (a) 1900 LST, (b) 2300 LST,
(c) 0300 LST, (d) 0700 LST, (e) 1100 LST, (f) 1500 LST. Wind speeds greater than 8 m
s'! are contoured in 2 m s™! increments.
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Figure 2.6: Diurnal variation of the wind-speed departure from its daily mean (shaded, m
s'!) at three locations along the OLLJ corridor: (c), (f), (i) at the entrance region (cross
section R, Fig. 2.2); (b), (e), (h) at the mid-corridor region (cross section Q, Fig. 2.2); and
(a), (d), (g) at the exit region (cross section P, Fig. 2.2). Wind-speed anomalies are
contoured in 1 m s’ increments with warm (cold) colors indicating positive (negative)
anomalies.
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Figure 2.7: Diurnal variation of the wind-speed vertical profile during November 2013—
March 2014 at three locations along the OLLJ corridor: (c), (f), (i) at the entrance region
(cross section R, Fig. 2.2); (b), (e), (h) at the mid-corridor region (cross section Q, Fig.
2.2); and (a), (d), (g) at the exit region (cross section P, Fig. 2.2). Wind speeds in m s'! and
altitudes in km AGL.
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Figure 2.8: Diurnal variation of the 950-800-hPa-layer velocity vectors and potential
temperature (K) average from November 2013—March 2014: (a) 1900 LST, (b) 2300 LST,
(c) 0300 LST, (d) 0700 LST, (e) 1100 LST, (f) 1500 LST. Potential temperatures are
contoured in 1 K increments.
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Chapter 3

Mechanisms of Formation

3.1 Introduction

The occurrence of nocturnal low-level wind speed maxima—i.e., nocturnal low-
level jets (LLJs)—is usually explained through the inertial oscillation and topographic
thermal forcing mechanisms. The inertial oscillation mechanism, originally proposed by
Blackadar (1957) and subsequently modified by Van de Wiel et al. (2010), attributes the
acceleration of the wind to the imbalance of forces occurring at sunset once turbulent
mixing ceases, which effectively leads to a vanishing of the drag force in the residual layer
above the shallow stable nocturnal boundary layer (Stull 2015a). Without this frictional
force, the horizontal wind accelerates, which in turn increases the Coriolis acceleration,
ultimately causing the wind to oscillate about its geostrophic velocity. The velocity
becomes most supergeostrophic when the ageostrophic wind component (its magnitude
increases with an increasing frictional force acting on the upper-boundary-layer wind
during the daytime period) rotates to an orientation aligned with the geostrophic velocity.
Although the rotation rate of the ageostrophic velocity increases with latitude, the LLJ
typically reaches its maximum wind speed 4—6 hours after sunset.

The topographic thermal forcing mechanism, introduced by Holton (1967),
accounts for the effect that the diurnal oscillation of the horizontal temperature gradient
over sloping terrain has on the direction of the thermal wind. At night, when the air

adjacent to the slope cools more than the surrounding air at the same level, the thermal
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wind reverses its daytime direction, implying a poleward acceleration of the wind above
the slope.

Both mechanisms may act together to produce an enhanced wind speed maximum,
as is the case in the Great Plains LLJ (Bonner and Paegle 1970; Du and Rotunno 2014;
Shapiro et al. 2016), or they can independently generate an LLJ (Stensrud 1996; Du and
Rotunno 2014; Fedorovich et al. 2017); however, when only one of the mechanisms is
present, the LLJ is usually untimely or weaker than observed (Du and Rotunno 2014;
Shapiro et al. 2016). Recently, Parish (2017) stated that the inertial oscillation is the most
important forcing in the Great Plains LLJ generation, giving only marginal relevance to the
sloping-terrain diurnal heating variation. The development of a strong background
pressure-gradient force (PGF), via long-term heating, is proposed to be of greater
importance than the daily heating oscillations.

Although extensive research has been done on LLJs in the U.S. Great Plains (e.g.,
Blackadar 1957; Wexler 1961; Bonner 1963, 1968; Holton 1967; Bonner and Paegle 1970;
Wu and Raman 1993; Whiteman et al. 1997; Song et al. 2005; Weaver and Nigam 2008;
Squitieri 2014; Du et al. 2014; Krishnamurthy et al. 2015; Shapiro et al. 2016; Parish 2017),
and in other parts of the world as well (e.g., Findlater 1969; Hart 1977; Virji 1981; Doyle
and Warner 1993; Chen and Hsu 1997; Poveda and Mesa 1999, 2000; Liu et al. 2000; Zhao
et al. 2003; Marengo et al. 2004; Rueda and Poveda 2006; Vera et al. 2006; Amador 2008;
Muiioz et al. 2008; Rojas 2008; Wang et al. 2008; Whyte et al. 2008; Silva et al. 2009;
Cook and Vizy 2010; Prabha et al. 2011; Giannakopoulou and Toumi 2012; Wei et al.
2013; Balmez and Stefan 2014; Chen and Tomassini 2015; Du et al. 2014; Poveda et al.
2014; Soares et al. 2014; Du et al. 2015a,b; Hidalgo et al. 2015; Do Nascimento et al. 2016;

He et al. 2016; Maldonado et al. 2016; Nicholson 2016; Maldonado et al. 2017; Juliano et
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al. 2017; Patricola and Chang 2017), just a few authors have investigated the low-level
wind maximum occurring during the Austral summer in the savannas of the Orinoco River
basin; hereafter referred as the Orinoco low-level jet (OLLJ).

The OLLJ became evident in the examination of the lower tropospheric winds from
satellite images (Virji 1981) and reanalysis data (Montoya et al. 2001) over South America,
but the existence of a larger-scale wind phenomenon (i.e., the South American low-level
jet) concealed its detection. The identification and characterization of the OLLJ was
subsequently achieved using mesoscale simulations (Vernekar et al. 2003; Rife et al. 2010),
and a combination of pilot balloons, radiosondes, surface data, and more recent versions of
reanalysis (e.g., Douglas et al. 2005; Labar et al. 2005; Torrealba and Amador 2010; Rueda
2015). However, no physical mechanisms of formation were investigated and, given the
spatial and temporal limitations in observations and numerical model resolutions, only
partial characterizations were obtained.

Vernekar et al. (2003), Labar et al. (2005), and Rueda (2015) have hypothesized
that the OLLJ formation is related to the PGF between the North Atlantic subtropical high
and the low pressure over Amazonia, when the Intertropical Convergence Zone (ITCZ)—
also called the Near-Equatorial Trough (NET)—migrates southward during austral
summer (Fig. 3.1a). As aresult, the northeasterly trade winds strengthen while undergoing
topographic channeling between the Coastal Cordillera and the Guiana Highlands. Diurnal
heating and cooling of the basin, as well as differential heating between the mountains and
the plains, the land and the ocean, produce changes in the vertical mixing of the air’s
horizontal momentum, modifying the OLLJ diurnal behavior. The studies performed by

Rueda (2015) using ERA-Interim (1983-2013) showed that the OLLJ is only present from
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November to March, whereas the rest of the year the northward migration of the ITCZ (Fig.
3.1b) weakens the LLJ and introduces southeasterly trade winds into the basin.

The purpose of this work is to investigate the physical mechanisms of formation of
the OLLJ, by performing a dynamical downscaling of the large-scale atmospheric
conditions provided by the Global Forecast System (GFS) analysis data, and a momentum
balance evaluation similar to that used by Doyle and Warner (1993), Rife et al. (2010), Du
et al. (2014, 2015a,b), and He et al. (2016). While the dynamical downscaling provides
greater detail than in previous studies about the OLLJ structure and evolution, the
momentum balance analysis decomposes the horizontal momentum equations to determine
the physical forces causing the acceleration of the wind.

The findings suggest that the OLLJ is the result of several mesoscale mechanisms
acting together to accelerate the wind, and because of its proximity to the equator, existing
theories explaining the behavior of higher latitudes LLIJs apply only partially to the OLLJ
formation.

The next section describes the model configuration and momentum-balance
analysis method. Section 3.3 analyzes the results and discusses the mechanisms of OLLJ

formation. Finally, a summary and conclusions are presented.

3.2 Data and methods

3.2.1 Model configuration

To characterize the behavior of the OLLJ and the complex topography surrounding

the Orinoco River basin, the nonhydrostatic version 3.4.1 of the Advanced Research-WRF
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model (WRF-ARW; Skamarock and Klemp 2008) is used to perform a dynamical

downscaling of the large-scale atmospheric conditions. This modeling technique enables
finer spatial and temporal resolutions than in previous studies. Figure 3.1 shows the limits
of the model domain, which is centered at 7°N and 68.5°W, and the main topographic
features along the OLLJ corridor.

The WRF-ARW physical parameterization schemes/models incorporate (i) the
sub-grid turbulent kinetic ~Mellor-Yamada-Nakanishi-Niino-Level-2.5 (MYNN2;
Nakanishi and Niino 2006) planetary boundary layer (PBL) scheme, (ii) the NOAH
(National Centers for Environmental Prediction, Oregon State University, Air Force
Weather Agency, and Hydrologic Research Lab) land-surface model (Chen and Dudhia
2001), (iii) The Kain—Fritsch (Kain 2004) cumulus parameterization scheme, (iv) the
longwave and shortwave radiation Rapid-Radiative-Transfer-Model for GCMs (RRTMG)
schemes (Iacono et al. 2008), and (v) the Thompson microphysics scheme (Thompson et
al. 2008).

Through initial and boundary conditions provided by the 0.5° x 0.5° GFS Analysis
(Unidata/University Corporation for Atmospheric Research et al. 2003), the WRF-ARW
dynamical downscaling generates hourly regional analyses from November 2013—March
2014, at 9 km horizontal grid spacing and 51 vertical levels (from the surface up to 50 hPa).
The domain has 407 x 284 grid points (3633 km X 2556 km). The boundary conditions
are updated every 6 hours, starting at 1200 UTC 31 October 2013 until 1200 UTC 1 April
2014, and the model is reinitialized every four days to more closely resemble the known
state of the atmosphere. The first 12-h integrations of each run are considered as the model

spin-up time; therefore, they are not included in the analysis.
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The period selected (November 2013—March 2014) provides the opportunity to

analyze the OLLJ isolating the wind variability produced by El Nifio-Southern Oscillation
(ENSO), given that the Multivariate ENSO Index (MEI; Wolter and Timlin 1993) exhibits
standard deviations not greater than 0.3x107 (i.e., ENSO neutral conditions).
Additionally, it has been previously demonstrated that the OLLJ is an austral summer
phenomenon (Montoya et al. 2001; Vernekar et al. 2003; Douglas et al. 2005; Labar et al.

2005; Rife et al. 2010; Torrealba and Amador 2010; Rueda 2015).

3.2.2 Momentum balance evaluation

Modifications to the WRF-ARW dynamical solver (Moisseeva and Steyn 2014)
allows the extraction of the individual tendency terms from the horizontal momentum
equations so that the contribution of each forcing to the total acceleration of the wind can
be assessed. After the extraction, a streamwise (s) and a crosswise (n) coordinate system
is constructed applying the dot product of the wind vector (V) to each tendency term. The

final momentum equations characterizing the streamwise and crosswise components of the

flow are:
Vs _ a¢+(VVV) v, +R
at s s = fVa + Res (1)
and
v, oD
- __ —V. 2
o an+(V VV), + fV; + Res (2)

Egs. (1) and (2) enunciate that the local acceleration of the horizontal wind (LHS),

along the streamwise and crosswise axes respectively, is balanced by the sum of the
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horizontal PGF, horizontal advection, Coriolis force, and Residual term. The residual
includes accelerations due to the vertical momentum advection, map projection, model
diffusion, and physical parameterizations, as well as errors in the calculation of the other
terms in Egs. (1) and (2). In the boundary layer, the residual is dominated by the effects of

surface friction.

3.3 OLLJ conceptual model

The OLLJ is a single stream tube (2000 km long X 300 km wide X 3 km deep,
approximately) over Colombia and Venezuela, with mean wind speeds greater than 8 m s™.
It is an austral summer phenomenon that exhibits its seasonal maximum wind speed and
largest spatial extent (2100 km % 450 km) in January (Fig. 3.2). The OLLJ’s interaction
with the surrounding topography produces four localized cores (C1-C4; Fig. 3.2) along its
curved axis of propagation, whose mean heights above the terrain increase in the
streamwise direction (~500 m, 700 m, 700 m, and 1250 m, respectively; Fig. 3.3).

The difference in time of occurrence of the diurnal maxima mean wind speeds at
the center of each core location (Fig. 3.3), shows that there is an acceleration of the wind
in the streamwise direction, with the maximum mean wind speed occurring at C1 around
2300 LST and C2 around 0400 LST; whereas at C3 and C4, the maxima mean wind speeds
start approximately at 0700 LST and 0900 LST. The mean wind speeds are a minimum
everywhere in the afternoon (~8 m s'!, 1300-1600 LST). Table 3.1 summarizes the main
characteristics of the OLLJ cores.

Based on the traditional mechanisms for LLJ formation (i.e., the Blackadar and

Holton mechanisms), the acceleration of the wind should occur almost simultaneously at
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all locations once the upper-boundary-layer wind decouples from the surface layer;
statically stabilized via radiative cooling, this layer impedes the upward propagation of
frictionally retarded air. However, in the hourly 950-800-hPa-layer streamwise-
acceleration field [0V;/dt in Eq. (1)] (Fig. 3.4) it can be seen that acceleration is not uniform
across the domain; rather, there are distinct areas of acceleration coming from the Atlantic
Ocean, the Caribbean Sea, and the Coastal Cordillera. Additionally, even though these
mesoscale pockets of acceleration propagate in the streamwise direction, the C1-C4 wind-
speed cores do not exhibit any propagation, just diurnal intensification (as shown in Fig.
3.3); they occur at precise locations (Fig. 3.2, Table 1).

Therefore, it is proposed herein that the OLLJ is the result of four mechanisms
acting together to accelerate the wind over the valley of the Orinoco River basin, so
producing a single wind structure that extends from the Orinoco delta to the Amazon forest.
The four mechanisms, depicted in Fig. 3.5, involve (i) a sea-breeze penetration over the
Orinoco River delta and Unare River depression, (ii) katabatic flow down the Coastal
Cordillera, (iii) three expansion fans from point wakes in topography, and (iv) diurnal

variation of turbulent diffusivity.

3.3.1 Sea breeze penetration

Sea breezes generated at the coastline along the Atlantic Ocean and the Caribbean
Sea penetrate inland through the Orinoco River delta and Unare River depression. The
relatively cool maritime air behind the sea-breeze fronts (SBF) is advected to the basin

interior, and acting as gravity currents cause the wind to accelerate (i.e., the two mesoscale
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regions of positive acceleration at ~9°N between 64°W—-66°W in Fig. 3.4d). In the analysis,

the maritime air is characterized by mixing ratios greater than 14 g kg!.

3.3.1.1 Orinoco delta region

The diurnal cycles of mean wind speed and potential temperature (Fig. 3.6) along
the Orinoco delta region and Venezuelan Llanos (axis of propagation M in Fig. 3.5), show
the sea breeze already established at 1100 LST (Fig. 3.6b), with a well-defined thermal
internal boundary layer to the east of 64°W; an indication that cool maritime air has
advanced over the Orinoco delta region. As the day progresses, this denser air is advected
further onshore, and once it reaches the western limit of the Guanipa Mesa (~64.5°W)
around 1500 LST (Fig. 3.6¢), it flows downslope causing the wind to accelerate.

Because energy is conserved along an isentrope in dry-adiabatic motions, the
acceleration of the wind, and consequently formation of the first OLLJ core (C1), is
attained by transformation of potential energy into kinetic energy as the air on top of the
Guanipa Mesa loses height downstream (see the bending isentropes at C1 locations in Fig.
3.6). A simple energy-transformation calculation for near midnight, using reduced gravity
to account for the buoyancy effects opposing the gravitational force, yields justa —3 m s™!
difference with the wind speed given by the model, even though the nonhydrostatic effects
of pressure were not considered.

The diurnal cycle of different surface variables at a selected point over the Guanipa
Mesa (8.9°N- 64.5°W), shows evidence of the gravity-current nature of the sea breeze (Fig.

3.7). Starting at 1500 LST, a drop in potential temperature occurs, while there is an increase
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in surface pressure and mixing ratios; typical characteristics of the passage of a cool

maritime density current (Simpson 1987, 1994).

3.3.1.2 Unare River depression

The Unare River depression is the ~100-km gap in the Coastal Cordillera that
allows the river to discharge into the Caribbean Sea. This depression is connected to the
Venezuelan Llanos and, because of the lack of prominent topographic features along its
corridor (axis L in Fig. 3.5), enables the inland penetration of the sea breeze created therein.
Based on an analysis of satellite imagery, Foghin-Pillin (2016) showed that this sea breeze
penetrates up to 250 km in an SSW direction.

A well-established SBF around 10°N (Fig. 3.8b), separating the cool maritime air
from the statically-unstable mixed layer over the Llanos, starts advancing onshore around
1300 LST and reaches the limits of the Guiana Highlands (~ 7°N) ten hours later (Fig.
3.8¢); which implies a propagation speed of 8.3 m s”!. Interestingly, gravity current theory
predicts that under these atmospheric conditions the sea breeze should propagate at that
very same speed. Once the cool air that has been accelerating behind the SBF arrives at
the location of the C2 core (Fig. 3.5 and Fig. 3.8a, e, ), it merges with the latter so
increasing the localized wind speed.

Impacts of the penetration of the sea breeze on the behavior of surface variables at
a selected location (8°N— 66.5°W) along its axis of propagation L, can be assessed from
Fig. 3.9, where starting at 1900 LST with the arrival of the SBF, there is a sudden increase
in wind speed and a change in its direction from ENE to a less zonal NE (Fig. 3.9a). The

southward advance of the sea breeze causes the rapid increase in the negative meridional
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component of the wind (—v) and the decrease in magnitude of the easterly component (—
u). At the same time, the mixing ratio content and surface pressure exhibit a similar
increasing rate of change, while the potential temperature continues dropping with a slight
variation on its rate of change (Fig. 3.9b).

Therefore, the Unare sea breeze exhibits all the characteristics of a gravity current
as proposed by Simpson (1987), Koch and Clark (1999), and Koch et al. (2005), namely:

e The observed (8.4 m s!; Foghin-Pillin 2016) and modeled speed of propagation

(8.3 m s!) are consistent with that predicted from gravity current theory (C,.= 8.3

ms"),

e there is a continuous cooling of the surface after the arrival of the SBF,
e a permanent rise in surface pressure, and
e the wind changes direction with an increase in speed.

Some of the instantaneous or short-lived shifts (i.e., rises or drops) expected in
temperature and surface pressure upon the arrival of the SBF, cannot be determined due to
the current specifications of the model. An even finer spatial and temporal resolution (<
I-km grid spacing and one-minute outputs) is needed to analyze this phenomenon with
enhanced detail.

Stratified fluid dynamics also predicts that the intrusion of a gravity current into a
less dense, two-layer, stably stratified fluid system, as the one existing ahead of the SBF at
1900 LST (Fig. 3.8d), may generate wave-like perturbations (e.g., bores, solitons), as
occurs in Australia’s Gulf of Carpentaria (e.g., Clarke et al. 1981; Smith et al. 1982; Goler
and Reeder 2004; Reeder et al. 2013) and other parts of the world (e.g., Koch and Clark

1999; Tsai et al. 2004; Coleman et al. 2010; Watson and Lane 2016). However, the Unare



41

sea breeze does not spawn such perturbations because the depth of the gravity current is
much larger (~ 5 times) than the thickness of the stable-stratified boundary layer being
perturbed. In this case, the latter is mixed into the gravity current, causing it to behave as
if the lower layer does not exist (Simpson 1987).

Furthermore, according to Koch and Clark (1999)—based on the modeling work of
Haase and Smith (1989)—one of two parameters that determine if a bore can be generated

from the intrusion of a gravity current is the ratio (u) of the long gravity wave phase speed
(C,) to the gravity current speed (Cy¢) [Eq. (3)], where N is the Brunt-Viisild frequency,

and h,, is the depth of stratified-boundary-layer inversion.

C, 2Nh,/m
p=-2=""0C" 507 3
Cgc Cgc ( )

For the Unare sea breeze, the calculated nondimensional value of u = 0.28
indicates that the flow is in the “supercritical regime” where the gravity current propagates
faster than any gravity waves so that no bores can be generated. The ratio u is calculated

for 2000 LST when the stratified boundary layer ahead of the SBF is well established.

3.3.2 Katabatic flow

The contribution to the OLLJ streamwise acceleration coming from the Coastal
Cordillera (i.e., mesoscale area of positive acceleration at ~9°N— 68.5°W in Fig. 3.4d) has
its origin in two factors: the radiative cooling of the southern slope near sunset, which

produces shallow density currents; and the advection of cool maritime air over the top of
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the ridge. The diurnal variations of potential temperature and mean wind speed along the
axis of propagation K (Fig. 3.10), show that the combination of these two factors starting
around 1500 LST (Fig. 3.10b), cools down the hillside enough to generate a fast, cold
downslope flow similar to that of a Bora phenomenon (Stull 2015b; Fig. 3.10c—f). The
maximum wind speed over the lee slope (13 m s!) is attained at 2300 LST (Fig. 3.10¢).
Because the flow is supercritical (Froude Number = 2.4), once it reaches the lowlands it
creates a nocturnal hydraulic jump, as suggested by the curved isentropes over the southern
flank of the mountain (Fig. 3.10d-f).

As cool air continues flowing downslope the Coastal Cordillera, it acts as a gravity
current with a leading edge around 9.2°N at 1900 LST (Fig. 3.10d) that propagates up-
valley during the night, weakening near 6°N— 72°W at 0200 LST (not shown) once it
encounters a point wake in the Eastern Cordillera. Hence, this density current exhibits a
ground speed of ~14 m s™!, which results from the combination of the depth and magnitude

of the negatively buoyant air (C;c ~5 m s'), and the background wind speed (~9 m s™).

The streamwise-acceleration area that follows this gravity-current leading edge ends up
merging at 0300 LST around 7°N— 70°W with the trailing acceleration pocket originated
by the sea breezes (Fig. 3.4f).

Evidence for this katabatic flow having the characteristics of a gravity current
proposed by Simpson (1987), Koch and Clark (1999), and Koch et al. (2005), is given in
Fig. 3.11, which shows the diurnal cycle of the wind field, potential temperature, surface
pressure, and mixing ratio at a selected surface location (7.5°N— 69.7°W) along the axis of
propagation K (Fig. 3.5). With the arrival of the gravity current at around 2200 LST, there

is an increase in wind speed and a small change in its direction (Fig. 3.11a); meanwhile, a
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change in the rate of nocturnal cooling with a corresponding change in the increasing
surface pressure rate is produced (Fig. 3.11b). The sustained increase in mixing ratio
indicates the maritime origin of the gravity current.

In a similar way to the Unare and Orinoco-delta sea breezes, as the katabatic flow
propagates over the Llanos and the near-surface layer ahead of it stably stratifies (via
nocturnal radiative cooling), the intrusion of this denser current could generate waves in
the form of bores or solitary waves. However, the evaluation of the ratio u [Eq. (3)] yields

a value of 0.12, so indicating that flow is supercritical and no waves can be spawned.

3.3.3 Point wakes and expansion fans

Previous studies have shown that supercritical-channel-flow hydraulic theory can
be used to explain particular accelerating flow regions associated with bending topography
in coastal environments (Winant et al. 1988; Samelson 1992; Séderberg and Tjernstréom
2001; Patricola and Chang 2017; Juliano et al. 2017). Since the OLLJ is a channeled flow
bounded by topography and capped by the inversion at the top of the planetary boundary
layer (PBL), the same hydraulic theory arguments are used herein to explain the preferred
location of some of the OLLJ cores.

In a channel flow—represented by a two-layer shallow water model in which the
lower layer is the PBL and the upper layer is the free troposphere—the ratio of the flow
velocity to the speed of long gravity waves on the interface (i.e., the Froude Number, Fr)
will determine the behavior of the flow when the vertical boundaries expand or contract.
When Fr is supercritical (i.e., Fr > 1), because the speed of the flow is faster than the speed

of any gravity wave generated, the effect of a change in the geometry of the channel cannot
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be communicated upstream, and all the information travels downstream in the mean flow.
Thus, if the lateral boundary of the channel (e.g., shoreline topography, mountains) turns
away from the mainstream, a hydraulic expansion fan is induced downwind, whereas if it
turns closer to the flow, it produces a hydraulic compression jump.

Points (terrain prominences) along bounding topography mark the locations where
the flow separates from the terrain—producing low-speed point wakes—or if under
supercritical conditions remains attached to it, where expansion fans are generated. The
characteristics of an expansion fan downwind of a point wake are lateral spreading of the
flow, decrease in thickness of the PBL, and accelerating flow as a result of the conservation
of the Bernoulli function (Winant et al. 1988; Samelson 1992; Soderberg and Tjernstrom
2001; Young and Winstead 2005; Patricola and Chang 2017). On the other hand, a low-
speed point wake can be recognized as an extended region of low wind trailing downwind
from the point (Young and Winstead 2005).

An illustration of the effect of expansion fans on the height of the PBL and,
subsequently, on the wind speed, is depicted in Fig. 3.12, where the regions of maximum
wind speed (closer to the surrounding topography) in the diurnal 500 m-AGL mean wind
field coincide with the locations of low diurnal mean heights of the PBL along the OLLJ
corridor. In the Orinoco River basin, as the large-scale wind flows through the valley, the
mainstream is deflected by bending terrain, producing point wakes at three specific
locations: the Guiana Highlands (Cerro La Emilia), Eastern Cordillera (Cerro Umpara),
and Macarena mountain range (refer to cyan areas in Fig. 3.5). The regions of enhanced
wind speed associated with their corresponding expansion fans, produce the C2—C4 cores
depicted in Fig. 3.4. A summary of the main features of the point wakes and their

associated phenomena is indicated in Table 3.2.
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According to supercritical-channel-flow hydraulic theory, Fr and the angular
change in the flow direction due to the bending boundary (d#8), predict the final flow wind

speed and PBL height depending on:

sinIB:E: g,h:i (4)
U U Fr
du, _ -U, 5)
dd  cosf
v, __9 (6)
dh U,
U2
7 + g’h =B (7)

Where f is the angle of the expansion fan with respect to upstream flow, c is the
gravity wave phase speed, U is the flow speed, g’ is the reduced gravity, h is the PBL
height, U, is the component of the velocity normal to the wave that stems from the point
where the boundary bends, and B is the Bernoulli function. The final depth of the PBL
obeys the steady-state momentum equation [Eq. (6)], while the total velocity (if the flow
is frictionless) follows Eq. (7).

At the northwestern Guiana Highlands, the terrain is oriented approximately in an
ENE-WSW direction (Fig. 3.12), although around 7.2°N—-66.3°W (Cerro La Emilia) the
terrain angles approximately 13° southward. Because the channel width increase is small,
the flow remains attached to the terrain, and the first expansion fan is produced. Given the
boundary layer conditions upstream of the point wake, Eqs. (4)—(7) predict a PBL height
downwind of ~600 m and a final wind speed of ~13 m s! as the flow accelerates to negotiate
the 13° expansion, which indeed occurs (Fig. 3.12). Further downstream, the mountainous

topography ends sharply, causing separation of the flow from the terrain and the generation
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of a low-speed point wake. The combination of an expansion fan and a low-speed point
wake is known as a compound point wake (Young and Winstead 2005).

The wind speed core (C2) associated with this expansion fan is located over the
Santos Luzardo national park in Venezuela, where it may be responsible for the Llanos del
Orinoco aeolian landforms of dune systems described by Tripaldi and Zarate (2016). Such
landform modifications by the wind are so strong and permanent that they are clearly
visible in satellite imagery.

The second expansion fan is generated by the Cerro Umpara (6.6°N—71.8°W) where
an approximately northerly flow is deflected 17° westward. The base flow at this location
is transcritical, a pattern described by Rogerson (1999) where the main stream is
supercritical in the vicinity of orographic bends but it is subcritical upwind.

According to the conditions of the flow around Cerro Umpara, and the hydraulic
theory summarized previously, downstream of the orographic bend the flow accelerates
and reaches ~12 m s! while decreasing the height of the PBL to ~600 m (Fig. 3.12).
Because the main stream flows parallel to the Eastern Cordillera, the wind speed core (C3)
created by the expansion fan is found downwind, attached to the sloping terrain.

This low-level wind maximum remains attached to the mountain under the effect
of Coriolis force and PGF, which generate a net inward acceleration that traps the wind
against the terrain. The 950-800-hPa diurnal cycle of streamwise and crosswise forces in
a 36 km X 36 km-box (around 5°N—72.5°W) near the hillside (Fig. 3.13), shows that during
the day the crosswise PGF and Coriolis forces (Fig. 3.13b) act together to accelerate the
wind towards the mountain, causing a positive crosswise acceleration from 0900 LST to
1600 LST. At night, as friction is turned off due to the statically stabilization of the lower

troposphere, the total crosswise accelerations are closer to zero (~2100-0600 LST), and
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the streamwise acceleration component (Fig. 3.13a) becomes predominant. In this period,
the advection is the driving term in the total streamwise acceleration because it has the
fastest response to adjust to the changes occurring in the PGF (Outten et al. 2009).

As the wind continues flowing equatorward, it encounters the Macarena mountain
range oriented north-south, so the low-level flow is diverted southward and runs attached
to the terrain. The third expansion fan occurs when the bounding topography bends ~10°
westward, thus causing an acceleration of the flow, and a decrease in the PBL height
downstream (Fig. 3.12). The base flow at this location is also transcritical, and because of
the accelerating flow, the wind speed reaches ~ 11 m s!, so giving origin to the last of four
OLLJ cores (C4). Once the mountain ends, the flow separates from the terrain, and induces
a low-speed point wake on the Macarena mountain range lee, while the expansion fan lies
eastward of it.

Given the above, supercritical-channel-flow hydraulic theory reasonable explains
the localized characteristics of the C2—C4 regions, also predicting their final wind speed

and PBL height.

3.3.4 Turbulent diffusivity diurnal variation

The Blackadar mechanism relies on the diurnal variation of turbulent diffusivity to
produce an inertial oscillation of the horizontal wind, which eventually will generate the
LLJ. Such inertial oscillation starts at sunset when turbulence diffusion in the boundary
layer is reduced by statically stabilization of the surface layer (via radiative cooling) so that
frictionally retarded air is no longer transported upward, and the wind above becomes

frictionless and accelerates. As the magnitude of the horizontal wind increases so does the
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Coriolis force, which makes the wind turn clockwise (counterclockwise in the Southern
Hemisphere) and describe an oscillation around the geostrophic wind. At sunrise, radiative
heating activates the turbulent mixing again, so friction adds to the force balance and the
horizontal wind speed reduces to subgeostrophic values.

From a different perspective, this oscillation can be seen as the rotation of the
ageostrophic wind in a circle centered on the geostrophic wind so that at some time during
the night—which varies depending on the value of the Coriolis parameter f for each
latitude—the ageostrophic wind has the same direction as the geostrophic wind. With both
geostrophic and ageostrophic winds pointing in the same direction, the horizontal wind
becomes supergeostrophic thus producing the LLJ.

In the hourly 950-800-hPa streamwise momentum balance at C1-C4 OLLJ cores
(Fig. 3.14a—d), obtained by averaging a 45 km X 45 km box at the maximum wind speed
location along 64°W, 66.9°W, 5°N, and 1.5°N respectively, the residual term (i.e., frictional
effects) is the primary driving term causing total deceleration of the streamwise horizontal
wind during daytime. On the other hand, during nighttime, when its value approaches close
to zero (i.e., no frictional effects), the other forces in balance cause the positive streamwise
acceleration of the wind. The latter is particularly true for the C3—C4 regions (Fig. 3.14c—
d), whereas for the C1-C2 regions (Fig. 3.14a-b) the negative advection term shortens the
total streamwise nocturnal acceleration cycle. The streamwise deceleration, initiated by
the advection term at the C1-C2 regions, contributes to the early appearance of the maxima
wind speeds, in comparison to the C3—C4 cores (Table 3.1), and is an indication of drainage
flow (down valley) opposing the large-scale motions.

A supplemental illustration of the generalized effect of turbulent diffusivity diurnal

variation is depicted in Fig. 3.4, where frictional decoupling of the 950-800-hPa wind after
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sunset cause the simultaneous streamwise acceleration of the flow over large areas across
the domain (Fig. 3.4d), whereas the activation of turbulent mixing during daytime induce
the overall deceleration of the wind (Fig. 3.4a, b). In a like manner, the diurnal evolution
of the potential temperature contours and mean wind speeds at different locations (Fig. 3.6,
3.8, and 3.10) show that once the OLLJ has developed during nighttime (Fig. 3.6d—f, 3.8d—
f, and 3.10d—f), the growth of the daytime convective boundary layer erodes the LLJ from
below diminishing its mean wind speed (Fig. 3.6a—c, 3.8a—c, and 3.10a—c).

Interestingly, despite the turbulent diffusivity diurnal variation triggering the
inertial oscillation, so causing the clockwise rotation of the horizontal wind at each of the
core locations (not shown), the Blackadar mechanism does not strictly apply to all of them.
The 950-800-hPa streamwise and crosswise diurnal cycle of the mean horizontal,
geostrophic, and ageostrophic wind (Fig. 3.15), for the same locations as in Fig. 3.14, show
that the maximum streamwise wind speed is the result of the combined streamwise
geostrophic and ageostrophic winds at the C1 and C3 regions only (Fig. 3.15a, c), whereas
the maximum wind speed in the C2 and C4 regions (Fig. 3.15b, d) results from a balance
between the geostrophic and ageostrophic winds. In general, the horizontal wind in the C2
and C4 regions reflects such balance during the entire diurnal cycle. Moreover, the
minimum wind speed is subgeostrophic at the C1 and C2 regions only, whereas it is
supergeostrophic in the C3 and C4 regions. Strictly speaking, the minima wind speeds
should be subgeostrophic everywhere, according to Blackadar’s theoretical predictions.

Hence, the diurnal variation of turbulent diffusivity and subsequent inertial
oscillation contribute to the OLLJ formation, although it plays a secondary role, especially
close to the equator where the Coriolis parameter is so small that ageostrophic effects (e.g.,

changes in PGF due to terrain heating) drive the wind. The streamwise ageostrophic wind
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is, in general, of higher magnitude than the streamwise geostrophic wind in the C3 and C4

regions (Fig. 3.15¢, d).

3.4 Summary and conclusions

Dynamical downscaling of the large-scale atmospheric conditions over northern
South America, shows the presence of a low-level wind maximum occurring during the
austral summer in the 950-800-hPa layer. This low-level wind maximum, herein identified
as the Orinoco low-level jet (OLLJ), is a single stream tube (2000 km long X 300 km wide
X 3 km deep, approximately) over Colombia and Venezuela, with mean wind speeds
greater than 8 m s!. The OLLJ exhibits its seasonal maximum wind speed and largest
spatial extent (2100 km x 450 km) in January, and its interaction with the surrounding
topography produces four localized cores (C1-C4) along its curved axis of propagation.

In the diurnal cycle, the altitude of the cores increases in the streamwise direction
(~500 m, 700 m, 700 m, and 1250 m AGL, respectively) under the influence of the sloped
terrain. The maxima diurnal mean wind speeds (13—-17 m s!) at each core location occur
at different times during the night (2300, 0400, 0700, 0900 LST, respectively), thus
showing an acceleration of the wind in the streamwise direction that starts in the Orinoco
Delta and ends over the Amazon forest. The wind speeds are a minimum everywhere in
the afternoon (~8 m s!, 1300-1600 LST).

Since acceleration of the flow is not uniform across the domain, as it is somewhat
expected from the inertial oscillation and the topographic thermal forcing mechanisms, it
is determined that the OLLJ is the result of four phenomena acting together to accelerate

the wind over the valley of the Orinoco River basin, namely: the (i) sea breeze penetration
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over the Orinoco River delta and Unare River depression, (ii) katabatic flow down the
Coastal Cordillera, (iii) three expansion fans from point wakes in the topography, and (iv)
diurnal variation of turbulent diffusivity.

The continuous nocturnal advection of relatively cool air through the Orinoco delta
region, Unare River depression (i.e., sea breezes penetration), and downslope of the Coastal
Cordillera (katabatic flow), constitute a single density current that merges over the Llanos
and propagates up-valley, causing acceleration of the wind behind its leading edge. Before
combining over the Llanos, the Orinoco Delta sea breeze generates the C1 core as the
advected cool maritime air flows downslope at the western limits of the Guanipa Mesa.
Although density currents are known to spawn bores or solitary waves as they propagate
in stably stratified environments, the size and propagation speed of the overall gravity
current inhibit such behavior.

As the merged density current and large-scale flow move along the Orinoco River
basin, the interaction with geographic points in the surrounding topography create point
wakes at three fixed locations: the Guiana Highlands, Eastern Cordillera, and Macarena
mountain range. Supercritical-channel-flow theory explains the expansion fans generated
by these point wakes and properly predicts their final wind speeds and PBL heights. Such
expansion fans give origin to the C2—C4 core regions.

A momentum balance budget performed for each one of the core locations shows
that the diurnal variation of turbulent diffusivity decelerates (day) and accelerates (night)
the horizontal winds across the domain, triggering the inertial oscillation mechanism and
causing the clockwise rotation of the wind. However, opposite to what happens in higher
latitudes, the role of the diurnal variation of turbulent diffusivity in the OLLJ acceleration

is secondary, given that the maxima wind speeds as the result of combined geostrophic and
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ageostrophic winds occur in only two of the four cores. The cores closer to the equator
(C3—C4) are driven by ageostrophic effects on the wind due to the large imbalance in the
geostrophic wind as the Coriolis parameter f becomes small.

Although dynamical downscaling and the momentum equation decomposition
improve the current OLLJ characterization and understanding about the dynamics behind
its formation, additional contributions are yet to be resolved. For instance, what is the role
of latent heat release over the Amazon forest on the strength of the LLJ? Would some form
of the OLLJ still occur in the partial or complete absence of terrain? What is the overall
contribution of the radiative heating to its formation? Does the OLLJ vary according to
warm or cold ENSO phases? The answers to these uncertainties will allow the
development of practical applications of the OLLJ for wind energy generation, aviation
safety, fire weather prediction, oil-extraction pollutants transport, and public health, among

others.



Tables and Figures

Table 3.1: Mean characteristics of the OLLJ cores.
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Core 1 (C1) Core 2 (C2) Core 3 (C3) Core 4 (C4)
Geographical Guanipa Mesa, SanFos Luzardo Fortul, La Macarena,
.S National Park, . .
position Venezuela Colombia Colombia
Venezuela
Center location 9.5°N-64.2°W  7.5°N- 67°W 5°N-72°W 2°N-73.5°W
Mean altitude
(AGL) ~ 500 m ~ 700 m ~700 m ~ 1250 m
Maximym diurnal 15ms! ~17ms’! ~15ms’! ~13ms’!
wind speed
Time of
maximum wind 2300 LST 0400 LST 0700 LST 0900 LST

speed




Table 3.2: Main characteristics of the point wakes.

Guiana
Highlands

Eastern
Cordillera

Macarena
Mountain Range

Geographic feature

Location

Angular flow deflection
Hydraulic effect
Associated OLLJ core

Hydraulic theory predicted
final wind speed”

Model final wind speed

Hydraulic theory predicted
final PBL height”

Model final PBL height

Cerro La Emilia

7.2°N-66.3°W
~-13°
Expansion fan

C2

13+ 1ms?!
~13ms’!
560 + 110 m

~600 m

Cerro Umpara

6.6°N-71.8°W
~-17°
Expansion fan

C3

12+ 1ms’!
~12ms’!
460 £150 m

~600 m

Serrania de La
Macarena

2.5°N-"73.8°W
~-10°
Expansion fan

C4
11+ 1ms!
11-12 ms!
600 + 85 m

~650 m

*Uncertainties estimation procedure is presented in Appendix B.
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Figure 3.1: Map of northern South America displaying the mean Near-Equatorial Trough
(NET) positions (black lines) during the (a) austral summer and (b) austral winter. Black
dashed lines show two possible mean June positions. The mountainous terrain in the
northern part of the continent breaks up the NET and makes the mean position variable
[Adapted from Fig. 2-5 in Gilford et al. (1992)]. The limits of the WRF-ARW domain are
shown in red.
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Figure 3.2: OLLJ-3D mean structure during January 2014, showing wind speed stream
tubes of 9 m s™! (cyan), 12 m s! (magenta) and 14 m s’ Interactions with surrounding
topography produce localized cores (C1-C4). Lowland wind vectors at 500 m AGL are
displayed in red.
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Figure 3.3: Time-height plot of hourly mean wind speeds from November 2013—March
2014 at each core location: (a) C1, (b) C2, (c) C3, and (d) C4. The differences in the time
of occurrence of the maximum wind speed indicate an acceleration of the OLLJ in the
streamwise direction.
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Figure 3.4: Diurnal variation of the 950-800-hPa-mean streamwise acceleration (shaded,
m s X 10*#) and wind vectors from November 2013—March 2014: (a) 0700 LST, (b) 1100
LST, (c) 1500 LST, (d) 1900 LST, (e) 2300 LST, (f) 0300 LST. Warm (cold) colors
indicate acceleration (deceleration) of the wind.
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Figure 3.5: Locations of the four mechanisms causing the OLLJ. The limits of the cross
sections along the axis of propagation of the Orinoco Delta (M) and Unare River (L) sea
breezes, and Coastal Cordillera katabatic flow (K) are shown by dark blue dashed lines.
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Figure 3.6: Diurnal variation of mean wind speed (shaded, m s!) and potential temperature
(contoured, K), from November 2013—March 2014, in a vertical cross-section along the
axis of propagation M (Fig. 3.5) at: (a) 0700 LST, (b) 1100 LST, (c) 1500 LST, (d) 1900
LST, (e) 2300 LST, (f) 0300 LST. The relative positions of the C1, C2 cores are also
shown. Potential temperatures are contoured in 0.5 K increments.
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Figure 3.7: Diurnal cycle of surface pressure (yellow, hPa), potential temperature (black,
K), and mixing ratio content (blue, g kg™!), from November 2013—March 2014, at a surface
location (8.9°N— 64.5°W) over the Guanipa Mesa (Venezuela).
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Figure 3.8: Diurnal variation of mean wind speed (shaded, m s!) and potential temperature
(contoured, K), from November 2013—March 2014, in a vertical cross-section along the
axis of propagation L (Fig. 3.5) at: (a) 0700 LST, (b) 1100 LST, (c) 1500 LST, (d) 1900
LST, (e) 2300 LST, (f) 0300 LST. The relative position of the C2 core is also shown.
Potential temperatures are contoured in 0.5 K increments.
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Figure 3.9: Diurnal cycle of (a) wind direction (red, degN), wind speed (dashed, m s),
zonal wind speed (green, m s'), meridional wind speed (cyan, m s!'), and (b) surface
pressure (yellow, hPa), potential temperature (black, K), and mixing ratio content (blue, g
kg!), from November 2013—March 2014, at a selected surface location (8°N— 66.5°W;
Aguaro-Guariquito national park, Venezuela) along the axis of propagation L (Fig. 3.5).
The zonal and meridional wind speeds are negative (easterly and northerly components,
respectively).
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Figure 3.10: Diurnal variation of mean wind speed (shaded, m s') and potential
temperature (contoured, K), from November 2013—March 2014, in a vertical cross-section
along the axis of propagation K (Fig. 3.5) at: (a) 0700 LST, (b) 1100 LST, (c) 1500 LST,
(d) 1900 LST, (e) 2300 LST, (f) 0300 LST. The relative positions of the C2—C4 cores are
also shown. Potential temperatures are contoured in 0.5 K increments.
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Figure 3.11: Diurnal cycle of (a) wind direction (red, degN), wind speed (dashed, m s),
zonal wind speed (green, m s'), meridional wind speed (cyan, m s!), and (b) surface
pressure (yellow, hPa), potential temperature (black, K), and mixing ratio content (blue, g
kg!), from November 2013—March 2014, at a selected surface location (7.5°N— 69.7°W;
Las Mulas, Apure-Venezuela) along the axis of propagation K (Fig. 3.5). The zonal and
meridional wind speeds are negative (easterly and northerly components, respectively).
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Figure 3.12: Horizontal characterization of mean diurnal PBL height (shaded, m AGL)
and mean wind field during November 2013—-March 2014. Isotachs (red, m s!) and
velocity vectors at 500 m AGL. Wind speeds greater than 8 m s™! are contoured in 1 m s™!
increments.
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Figure 3.13: Diurnal cycle of the 950-800-hPa-mean (a) streamwise (s) and (b) crosswise
(n) momentum balance components at the C3 region near sloping terrain (~5°N-72.5°W)
during November 2013—March 2014. The advection (blue crosses), Coriolis (red
asterisks), PGF (yellow squares), residual (purple triangles), and total (green stars)
tendency terms in m s2 x 104,
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Figure 3.14: Diurnal cycle of the 950—-800-hPa-mean streamwise momentum balance
component during November 2013—March 2014 at (a) C1, (b) C2, (¢) C3, and (d) C4
regions. The advection (blue crosses), Coriolis (red asterisks), PGF (yellow squares),
residual (purple triangles), and total (green stars) tendency terms in m s2 X 10,
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Figure 3.15: Diurnal cycle of the 950-800-hPa-mean streamwise (s) and crosswise (n)
horizontal (green), geostrophic (blue), and ageostrophic (red) winds (m s') during
November 2013—March 2014 at (a) C1, (b) C2, (c¢) C3, and (d) C4 regions. Streamwise
components in solid lines and crosswise components dashed. Geostrophic and
ageostrophic crosswise components balance around zero m s™! due to the rotated coordinate
system.
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Chapter 4

Summary and Conclusions

In this study, the dynamical downscaling from November 2013—March 2014 of the
large-scale atmospheric conditions provided by the 0.5° x 0.5° GFS Analysis, developed
high-resolution detail of the spatial structure and evolution of the Orinoco low-level jet
(OLLJ), which flows over the flatlands between the Andes Cordillera and the Guiana
Highlands. The finer spatial and temporal characterizations of the OLLJ—at least three
times more than in previous studies—obtained through the advanced-research version of
the Weather Research and Forecasting (WRF) model, indicate that:

(a) the OLLJ is present from the Orinoco Delta in Venezuela to the Amazon forest
in Colombia, as a single stream tube (2000 km long X 300 km wide X 3 km deep,
approximately) with mean wind speeds greater than 8 m s!;

(b) the flow interaction with the surrounding topography produces four localized
low-level jet streaks (LLJSs; i.e., the regions with maximum mean wind speeds at the
Guanipa Mesa, Guiana Highlands, Eastern Cordillera, and Macarena mountain range)
along its curved axis of propagation;

(c) the core mean heights at the entrance, mid-corridor, and exit regions (750 m
AGL, 1200 m AGL, and 1500 m AGL) differ under the influence of the sloped terrain; and

(d) because of being ten times wider than deep, the OLLJ has an ellipsoidal vertical

shape.
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The OLLJ is present from November to March, displaying the least monthly wind
speed (~9 m s7') in November and the greatest spatial reduction (~1500 km in length) in
March, whereas its greatest monthly wind speed (~13 m s!) and longest and widest
extension (2100 km X 400 km) occur in January. The intraseasonal variability of the wind
speed and potential temperature only has significant periodicity in the diurnal and
semidiurnal scales, with no other meaningful cycles evident during the Austral summer.

In general, during the diurnal cycle, the OLLJ exhibits maxima mean wind speeds
(13-17 m s7!) early in the morning, when potential temperatures in the 950-800-hPa layer
are the lowest, and minima mean wind speeds (~8-9 m s™!) in the afternoon, when potential
temperatures in the layer are the highest. However, the maxima mean wind speeds at each
core location (C1-C4) occur at different times (2300, 0400, 0700, 0900 LST, respectively),
thus showing an acceleration of the wind in the direction of the OLLJ propagation.

The momentum balance analysis performed in a streamwise- and crosswise-rotated
coordinate system showed that the streamwise acceleration of the wind is not uniform
across the domain, as it was somewhat expected from consideration of the inertial
oscillation and topographic thermal forcing mechanisms. Consequently, it was established
that the OLLJ is the result of four phenomena acting together to accelerate the wind over
the valley of the Orinoco River basin, namely:

1) the sea breeze penetration over the Orinoco River delta and Unare River

depression,

2) katabatic flow down the Coastal Cordillera,

3) three expansion fans from point wakes in the topography, and

4) diurnal variation of turbulent diffusivity.
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The continuous nocturnal advection of relatively cool air through the Orinoco delta
region, Unare River depression (i.e., sea breezes penetration), and downslope the Coastal
Cordillera (katabatic flow), constitute a single density current that merges over the Llanos
and propagates up-valley, causing acceleration of the wind behind its leading edge. Before
combining over the Llanos, the Orinoco Delta sea breeze generates the first LLJS (C1) as
the advected cool maritime air flows downslope the western limits of the Guanipa Mesa.
Thereafter, as the merged density current and large-scale flow move along the Orinoco
River basin, the interaction with surrounding topography generates the other LLJSs (C2—
C4) from the expansion fans produced by point wakes at three fixed locations: the Guiana
Highlands, Eastern Cordillera, and Macarena mountain range. Supercritical-channel-flow
theory supports the generation of these expansion fans and reasonably predicts their final
wind speeds and PBL heights.

Additionally, the diurnal variation of turbulent diffusivity acts to decelerate (day)
and accelerate (night) the horizontal winds across the domain, triggering the inertial
oscillation mechanism and causing the clockwise rotation of the wind. However, opposite
to what happens in higher latitudes, the role of the diurnal variation of turbulent diffusivity
in the OLLJ formation is secondary, given that the maxima wind speeds as the result of
combined geostrophic and ageostrophic winds occur in only two of the four cores. These
results suggest that LLJs near the equator may originate from different phenomena
besides the traditional inertial oscillation and topographic thermal forcing
mechanisms.

Compared against the results from previous authors, dynamical downscaling is
demonstrated to be an effective method to better resolve the horizontal and vertical

characteristics of the OLLJ, not only improving its diurnal and austral-summer evolution,



73

and identification and location of LLJSs inside the stream tube, but also in determining the
mechanisms leading to its formation; assessment that has not previously been undertaken.

The advancements achieved in this research set up the initial foundation for the
development of practical applications of the OLLJ in wind energy generation, aviation
safety, fire weather prediction, oil-extraction pollutants transport, and public health, among

others.
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Appendix A

OLLJ-3D Austral Summer and Diurnal Evolution

The figures in this appendix provide a 3D visualization of the complex topography
in northern South America and the evolution of the OLLJ average structure, during the
Austral summer (Fig. Al) and in a 24-h cycle (Fig. A2). Because of the presence of the
Caribbean low-level jet, the wind-speed stream tubes north of 10°N have been filter out to

improve clarity.
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Figure Al: Austral summer evolution of the Orinoco low-level jet in 3D, showing monthly
mean wind-speed stream tubes of 9 m s (cyan), 12 m s! (magenta) and 14 m s™! during
(a) November, (b) December, (c) January, (d) February, and (e) March. Wind vectors at
900 m AGL are shown in red.
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Figure A2: Diurnal evolution of the Orinoco low-level jet in 3D, showing hourly mean
wind-speed stream tubes of 9 m s™!' (cyan), 12 m s™!' (magenta) and 14 m s™' at (a) 1900 LST,
(b) 2300 LST, (c) 0300 LST, (d) 0700 LST, (e) 1100 LST, and (f) 1500 LST. Wind vectors
at 900 m AGL are shown in red.
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Appendix B

Supercritical-Channel-Flow Hydraulic Theory Uncertainty Estimation

The uncertainties in the calculations presented in section 3.3.3 and Table 3.2 are
estimated as follows. The total uncertainty, §q, of a function q(x, ..., z) for which the

uncertainties in x, ..., Z are 0x, ..., 0z, respectively, is estimated via Taylor (1997) as

5o - j(%)2+...+<f’_qu)2 o
dx 0z
In the supercritical-channel-flow cases analyzed in Chapter 3, upstream wind speed
and PBL height, lower-troposphere static stability, and the angular change in the flow
direction due to the bending boundary (Figs. 3.6, 3.8, 3.10, and 3.12) are obtained from
visual inspection of the respective fields and determine Fr and d6, along with their
corresponding uncertainties. For instance, using Eq. (B1), the total uncertainty in the

Froude Number (6F7) upstream of the Guiana Highland expansion fan is given by

§Fr = (aFT SU)Z + (aFra ')2 + (aFr oh)
"= \au ag' %9 ah ) (B2)

6Fr =0.22

so that Fr = 1.32 + 0.22.

The measured values and uncertainties of Fr and d@ propagate through the
subsequent calculations in Egs. (4)—(7). The total uncertainty for every new variable is
obtained using Eq. (B1), with the exception of §f in Eq. (4), where f is a function of Fr

only, for which a simpler formula can be used:



58 = ‘%‘ SFr (B3)

Table 3.2 summarizes the predicted final wind speeds, PBL heights, and the

corresponding uncertainties for each expansion fan.
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Poster presenter (17" Conference on Mesoscale Processes) 2017
Mesoscale meteorology teaching assistant 2016

Colombian Air Force

Director of Meteorology 2011-2014
Operational Weather Center Commander 2009-2012
Meteorology Instructor 2007-2014
Aerial Navigation Squadron Commander 2001-2006
German Olano aerodrome Control Tower Commander 2000
HONORS AND AWARDS

Chi Epsilon Pi - National Meteorology Honors Society member (U.S.A.) 2017
Colombian Air Force Cross - Aeronautical merit 2013
Military Medal "Marco Fidel Suéarez" 2013
Instituto Militar Aerondutico Distinguished Graduate 2011
Fellowship at the Tropical Desk of the National Centers for Environmental

Prediction (NOAA-NCEP). Camp Springs — Maryland (U.S.A.) 2009

Science and Technology Award -Team 2007
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