
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

Airborne wind energy: Optimal locations and variability

Cristina L. Archer a,*, Luca Delle Monache b, Daran L. Rife c

aCollege of Earth, Ocean, and Environment, University of Delaware, Newark, DE 19716, United States
bNational Center for Atmospheric Research, Boulder, CO, United States
cGL Garrad Hassan, San Diego, CA, United States

a r t i c l e i n f o

Article history:
Received 4 June 2013
Accepted 28 October 2013
Available online 28 November 2013

Keywords:
Wind energy
Airborne wind energy
Low-level jets
NCAR/CFDDA reanalysis

a b s t r a c t

This paper explores the global wind power potential of Airborne Wind Energy (AWE), a relatively new
branch of renewable energy that utilizes airborne tethered devices to generate electricity from the wind.
Unlike wind turbines mounted on towers, AWE systems can be automatically raised and lowered to the
height of maximum wind speeds, thereby providing a more temporally consistent power production.
Most locations on Earth have significant power production potential above the height of conventional
turbines. The ideal candidates for AWE farms, however, are where temporally consistent and high wind
speeds are found at the lowest possible altitudes, to minimize the drag induced by the tether. A criterion
is introduced to identify and characterize regions with wind speeds in excess of 10 m s�1 occurring at
least 15% of the time in each month for heights below 3000 m AGL. These features exhibit a jet-like
profile with remarkable temporal constancy in many locations and are termed here “wind speed max-
ima” to distinguish them from diurnally varying low-level jets. Their properties are investigated using
global, 40 km-resolution, hourly reanalyses from the National Center for Atmospheric Research’s Climate
Four Dimensional Data Assimilation, performed over the 1985e2005 period. These wind speed maxima
are more ubiquitous than previously thought and can have extraordinarily high wind power densities (up
to 15,000 W m�2). Three notable examples are the U.S. Great Plains, the oceanic regions near the
descending branches of the Hadley cells, and the Somali jet offshore of the horn of Africa. If an inter-
mediate number of AWE systems per unit of land area could be deployed at all locations exhibiting wind
speed maxima, without accounting for possible climatic feedbacks or landuse conflicts, then several
terawatts of electric power (1 TW ¼ 1012 W) could be generated, more than enough to provide electricity
to all of humanity.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Background

Airborne Wind Energy (AWE) is a relatively new branch of the
wind energy field that deals with airborne devices, rather than
ground-based or offshore wind turbines (hereafter referred to as
“conventional”), to extract a portion of the wind’s kinetic energy
and convert it to electricity [1,2]. All AWE systems use tethers to
connect an airborne device to a ground station, which could be
mounted on land, an anchored buoy, an offshore platform, or a boat.
The tethers are constructed of strong, lightweight, durable, syn-
thetic fibers; some tethers also contain a conductive material, such
as aluminum. There are currently two types of AWE systems: the
first having an on-board electric generator, and the second

employing a ground-based generator. In the latter case, the AWE
devices operate on cycles that involve reeling in and out of the
tether, resemble kites [3e5], do not have rotating blades, are made
of light fabrics, and generally take advantage of cross-wind flight
[6]. If using on-board generators, the AWE systems include, sepa-
rately or in combination, gas-filled aerostats [7], a rigid wing, or a
frame with rotating blades [8].

Although no commercial AWE system is available on the market
as of mid-2013, AWE is a proven concept [5e7] and over 100 AWE-
related patents have been filed in the US alone (http://patft.uspto.
gov). The AWE community has been growing rapidly in the past
five years and it includes nowover twenty startups worldwidewith
different designs, energy outputs, and flying altitudes (http://www.
awec2011.com).

AWE systems are intended to be flown either at low altitudes
(e.g., below 600m over US land andwaters), in special-use airspace,
or in the open international airspace outside of territorial waters, to
prevent interference with normal aircraft operation. They cannot
be operated during thunderstorms or severe weather conditions.
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Additional challenges that AWE faces include: sophisticated control
systems to achieve fully-autonomous operation take time to
develop; stronger, lighter weight, more durable tether materials at
lower costs are needed to reduce altitude constraints and future
cost of operations and maintenance; time and cost of testing and
validations can delay commercialization; development of rigorous
standards of operation and safety take time but are needed to gain
support from the public, sponsoring agencies, and investors; and
little favorable legislation and policy currently exist at both the
local and federal levels.

Despite these challenges, there are many potential advantages
of AWE, including:

1. higher capacity factor (i.e., ratio of actual to maximum possible
wind power output) than conventional wind turbines, because
they can reach higher altitudes with generally stronger,
temporally consistent, and less turbulent winds;

2. lower cost of electricity generation than conventional wind
turbines, because they do not need expensive foundations or
towers, and they are generally made of cheaper and lighter
materials;

3. low visual and acoustic impacts, because they typically fly at
altitudes greater than 200mAGL, where they are less visible and
audible to humans than conventional wind turbines.

Given the promise of AWE, we employ a unique dataset to
explore the global distributions of winds in the low troposphere to
identify the optimal locations for AWE deployment.

1.2. Airborne wind energy and wind speed maxima

Although the highest winds and wind power densities on Earth
are found at the jet stream cores [9,10], reaching such high altitudes
with AWE systems can be difficult. Tethers would need to be very
long, increasing weight and drag of the AWE system; they would
interfere with aviation air space; and intense winds at the jet level
could damage the AWE systems. As such, only a few AWE com-
panies are considering reaching the jet streams and most AWE
systems target altitudes between 200 and 3000 m AGL.

In this altitude range, 200e3000 m AGL, wind speed generally
increases monotonically with height, with higher gains (shear) in
the boundary layer and more modest increases above it [3e5,10].
However, a variety of weather phenomena can invalidate the
general rule-of-thumb that better AWE resources are available at
higher altitudes, for example low-levels jets (LLJs). LLJs are narrow,
nocturnal wind speed maxima with cores centered below 1000 m
that form at a several locations worldwide due to a favorable
combination of synoptic conditions, regional topography, and local
stability [11], discussed later. Herewe include LLJs as a subset of the
broader category of wind speed maxima (WSM), defined as jet-like
wind profiles centered below 3000 m regardless of the formation
mechanism and diurnal variation. Our hypothesis is that locations
with WSM are ideal for AWE applications because wind speed and
wind power densities near the WSM are as high or higher than
those normally found elsewhere at greater elevations, but at much
lower altitudes. The height of 3 km is not based on physical prop-
erties of the atmosphere, but rather on practical limitations of
current and near-future AWE systems. Since tethers longer than 5e
6 km canweighmore than a ton, flying altitudewill unlikely exceed
3 km as tether angles remain lower than 30�. As such, only jets that
are located below 3 km are of practical interest for AWE applica-
tions and are therefore the focus of this paper.

The most well-known WSM are the nocturnal LLJs that form
below 1 km AGL (and often below 500 m) at several locations
worldwide [11,12], both inland [7,13e16] and along coasts [8,17e

25]. The most common formation mechanism of inland nocturnal
LLJs is an inertial oscillation of the ageostrophic wind vector
occurring near the top of the boundary layer at night (under clear
skies) as radiational cooling near the ground reverses the sign of
the heat flux, which reduces vertical mixing and eventually causes
the decoupling of the friction layer from the layer aloft by the for-
mation of a nocturnal inversion and a geostrophic (or even super-
geostrophic) jet near it [5e7,13]. However, additional phenomena,
such as barrier effects [26e28] or mass adjustments induced by
upper-level waves [29,30], can overlap or replace this basic
mechanism depending on the location and characteristics of the
inland LLJ. Along coasts, LLJs can form due to the thermal wind
process associated with land-sea differential heating [20,22].
Coastal topography can have an influence on LLJs by enhancing
wind speeds near the inversion level [31,32]. One of the most
detailed global studies of nocturnal LLJs is that by Rife et al. [33].

Regardless of their formation mechanism, WSM are a cause of
concern for conventional wind farms because their strong wind
shear enhances turbulence above and near the tops of wind turbine
rotors [34]. By contrast, WSM can represent a significant and yet
untapped source of energy for AWE systems for two reasons. First,
WSM have stronger wind speeds than the surrounding environ-
ment but at altitudes that are too high for conventional wind tur-
bines, but reachable by AWE systems. Second, AWE systems can
dynamically adjust their flying altitudes to coincide with the WSM
core, where wind speed is highest and vertical shear is nearly zero
(thus turbulence is also negligible).

This study uses a recently-created, 21-year, 40-km horizontal
resolution reanalysis dataset to construct global maps of WSM
properties. This dataset is ideal to study WSM because its fine
horizontal and vertical resolutions are necessary to resolve the
WSM features. The reanalyses are also available at high temporal
resolution (hourly), which allows us to document the diurnal and
seasonal characteristics of WSM worldwide. Such information is
needed by the AWE industry to identify the best locations for AWE
exploitation and to quantify how much wind energy can be ex-
pected and when.

2. Methods

2.1. Dataset

This study uses the National Center for Atmospheric Research’s
Climate Four Dimensional Data Assimilation (CFDDA) reanalyses, in
which the meteorological model MM5 [35] and standard surface
and upper-air measurements are blended together to create a
retrospective analysis of the hourly, three-dimensional, global at-
mosphere for the years 1985e2005, with a horizontal resolution of
40 km and 18 vertical sigma levels in the lowest 3 km (28 in total
with model top at 30 hPa). This dataset has been described in detail
in Rife et al. [33] and validated specifically for low-level jets [33,36].

2.2. Algorithm for identifying wind speed maxima

The algorithm used here to identify WSM differs from that used
by Rife et al. [33]. Their criterion was designed specifically to
identify LLJs with a significant diurnal variation (i.e., jet core winds
must be stronger at local midnight than at local noon). Such a
constraint is not imposed here because all WSM are of interest to
AWE, particularly those with winds that consistently blow
throughout the daily cycle.

We employ a similar criterion to Rife et al. [33] to identify WSM
by requiring a difference of at least 5 m s�1 between the WSM’s
core wind speed, which may vary its vertical position, and the wind
speed at the sigma level directly above 3 km (located at
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approximately 3.8 km AGL in the CFDDA dataset). This is similar to
the so-called “LLJ-0” criterion by Whiteman et al. [16]. Lastly,
following the “LLJ-0” criterion, a minimum speed of 10 m s�1 is also
required within theWSM’s core. If all these conditions are met for a
given point at a given hour, then a WSM is deemed present at that
point and hour. Next, wind power density is calculated.

Wind power density d is the amount of power theoretically
available in the wind as it crosses a unit area perpendicular to the
flow, such as the area swept by the rotor blades of wind turbines. Its
definition is d ¼ 1=2rv3, where r is (moist) air density and v is wind
speed, and its units are W m�2 [37]. Wind power density is a more
useful parameter than wind speed alone because it accounts for
two competing effects that are important for AWE systems: the
increase in wind speed with height, which increases power gen-
eration, and the decrease in air density, which decreases the kinetic
energy available for conversion to electricity. Wind power density
accounts for both of these effects. To accurately evaluate d, (moist)
air density at the WSM level is calculated at each hour from tem-
perature, pressure, and relative humidity using virtual temperature
and the equation of state [38].

The maximum fraction of d that can be extracted from the wind
to eventually generate electricity via an ideal and perfectly-efficient
wind turbine is 16/27, which is known as the Betz limit [37,39]. A
modern ground-based wind turbine is about half as efficient as an
ideal one. Because AWE systems are not commercially available yet,
we cannot quantify precisely what fraction of d can actually be
converted to electricity. Therefore, for the calculation of AWE po-
tentials presented in the next section, we assume that the efficiency

of AWE systems is simply half of the theoretical maximum effi-
ciency, thus 8/27 or w30%.

The procedure described above was applied to all grid points for
all hours of January and July for 21 years (1985e2005). The
resulting dataset includes 2D fields of wind speed, height, and wind
power density at points that are characterized byWSM at least 15%
of the time in the two months analyzed for the 21-year period.

3. Results

3.1. Global distributions

Global maps of 21-yr average WSM properties are shown in
Figs. 1 and 2 for January and July respectively. These two months
were selectedbecause theyare representative of summer conditions
in eachhemisphere, duringwhichWSMtend tobe at their peak [33].

As expected, WSM do not form near the Inter-Tropical Conver-
gence Zone (ITCZ), due to the strong vertical mixing, associated
with convection and with surface wind convergence in the Hadley
cells, and to the lack of horizontal pressure gradients [40]. In both
months, Figs. 1d and 2d show two meandering strips of no-
occurrences of WSM near the Equator that follow the seasonal
location of the ITCZ remarkably closely. On the other hand, WSM
are found near the Tropics, where the descending branches of the
Hadley cells create favorable conditions for the formation of a
subsidence inversion in the so-called trade wind inversion layer
[41] and a wind maximum near the inversion. Along the mid-
latitudes, storms and baroclinicity during each hemisphere’s

Fig. 1. Properties of wind speed maxima (WSM) in January (1985e2005) at locations with frequency of occurrences greater than 15%: a) average wind speed (m s�1); b) average
height above ground (m); c) average wind power density (Wm�2) and inset showing the Great Plains domain; and d) frequency of WSM occurrences (%) and average position of the
Inter-Tropical Convergence Zone in January (dashed line).
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winter tend to prevent persistent WSM formation in general,
although non-persistent, frontal WSM have been observed during
winter storms [42] but are not relevant for energy production with
AWE systems. Along the coastlines of Antarctica and Greenland in
their respective summers, strong thermal contrasts between ocean
water and frozen land create favorable conditions to the formation
of WSM via the thermal wind mechanism. During their respective
winters, WSM are found near both Poles due to katabatic flow that
originates over the high, cold ice sheets, or due to barrier flows that
are caused by ice sheet or mountain topography [43e45].

All the nocturnal LLJs in by Rife et al. [[33], Fig. 4] are also found
with the WSM algorithm used here. For example, in this study the
U.S. Great Plains stand out as the only significant region with a
WSM over land in North America in July (Fig. 2), with an average
wind speed of w15 m s�1 and an average height of w500 m AGL.
The coastal jet offshore of California [20e22,46] stands out as an
especially strongWSM in Fig. 2d but not in Rife et al. [33] because it
occurs day and night (>50% of the time), thus it does not exhibit the
strong diurnal behavior required by their LLJ index. The most
persistent WSM in July is the Somali jet offshore of the horn of
Africa, caused by the monsoon [47,48], with average wind speeds
exceeding 20 m s�1, heights generally below 1 km, and frequencies
of occurrence near 100%. As opposed to the Great Plains LLJ, which
is almost absent in January, the Somali jet is a persistent feature in
January too, due to the reversed northeasterly monsoon. Other
interesting local features captured by the WSM algorithm are the
three mountain gap winds in Central America in January [49].

Wind power densities are generally high in WSM, exceeding
1000 W m�2 at most locations in both January and July (Figs. 1
and 2). WSM near the polar regions exhibit the highest wind po-
wer densities, with peaks exceeding 12,000 W m�2, but have little

practical value due to their remoteness. Remarkable wind power
densities (>10,000 W m�2) are found in the Somali jet, on the lee-
side of the Andes, and in Patagonia in July.

3.2. Global potentials

The wind power potential in WSM is dictated by how many
square meters of area perpendicular to the air flow can be swept by
the AWE systems per square kilometer of land. Since no array of
AWE systems has been built to date and even the definition of
swept area depends on the specific AWE design, we simply
assumed three increasingly higher values of AWE system density:
100 (low), 1000 (intermediate), and 10,000 (high) m2 km�2. By
comparison, modern ground-based wind farms have turbine den-
sities >25,000 m2 km�2. Other assumptions are:

1. Only 8/27 of the wind power density d can be converted to
electricity, corresponding to half of the efficiency at the Betz
limit (16/27). The sensitivity of the calculated potentials to ef-
ficiency is linear (e.g., improving efficiency by 10% will cause an
increase in the calculated wind power output by 10%);

2. Only July and January 21-year averages of wind power densities
d are used at grid points with a frequency of WSM >15%;

3. Areas with strong WSM are excluded (average wind speeds
>20 m s�1). AWE systems are likely to be taken down if wind
speed is above a cut-off value, typically 25 m s�1 for traditional
wind turbines, therefore making locations with average wind
speeds higher than 20 m s�1 non-viable for AWE;

4. Polar regions and oceans are excluded;
5. Curtailment and related issues (e.g., congestion on the power

grid) are not accounted for.

Fig. 2. Same as Fig. 1 but for July.
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6. Electricity production is assumed to be zero during non-WSM
events.

Because of this last assumption, our estimates are conservative
and should be considered a lower bound. The resulting WSM po-
tentials are summarized in Table 1. It should be clearly stated that
no assumptions are made about system or transmission losses,
climate feedbacks, landuse and air space restrictions. Therefore,
these values correspond to the “technical”, rather than the “prac-
tical” wind power potentials. At all AWE system densities, the po-
tentials are higher in July than in January. Further studies should
investigate if and how the WSM wind resource varies during other
months. Even at intermediate AWE system densities, the technical
wind power potential in WSM, 7.5e9 TW, greatly exceeds the 2012
global electricity demand of 2.44 TW [50].

3.3. A regional case: the U.S. Great Plains low-level jet

The U.S. Great Plains LLJ has been extensively studied in the
past. Four different mechanisms have been proposed for its for-
mation [12,15,29]. The first is the classic inertial oscillation, pro-
posed first by Blackadar [13] and described previously in Section
1.2. Blockage flow is another mechanism that was introduced
first by Wexler [26] to explain that the LLJ in the Great Plains was
caused by the deflection of shallow easterly flow towards the
north. Holton [14] later proposed that the Great Plains LLJ was
caused by the alternating of heating and cooling on the eastern
slopes of the Rockies, which would cause diurnal oscillations that
are not inertial. Fourth, Uccellini and Johnson [29] emphasized
that the upper-level flow plays an important role in the Great
Plains, as LLJ formation is enhanced below the exit region of
upper-level baroclinic waves.

Although understanding the exact formation mechanism of the
Great Plains LLJ is beyond the scope of this study, the analysis
presented here can offer some insight because the WSM coincides
with the LLJ in this case. Fig. 3 shows various statistics (mean, 95th,
50th, and 5th percentiles) of LLJ wind speed (and LLJ wind power
density) as a function of the same statistics of LLJ height. By design,
each statistic is calculated independently, thus a pair of wind speed
and height on the plots may or may not have occurred simulta-
neously. First, all the grid points in the Great Plains area (see insets
in Figs. 1c and 2c) at which WSM occurred more than 15% of the
time are selected. Second, for a given hour of the day the nth

percentile is selected out of the distribution of available values
spanning the same month over the 21 years (i.e., 30 � 21 ¼ 630
values); this is done independently for wind speed and height
values. Third, the wind speed nth percentile is plotted against the
height nth percentile. Fourth, this is repeated for every hour.
Moreover, hours are grouped by time of the day: afternoon (12pm
e 6pm), evening (6pme12am), night (12am e 6am) and morning
(6ame12pm).

It appears that the Great Plains LLJ in the summer is not just a
nocturnal phenomenon because it occurs at all hours. It reaches its
lowest elevation (<400 m AGL) and strongest wind power density

(up to 3000 W m�2) in the evening and night, but it does not
dissipate during the day, rather it rises and weakens in the morning
and afternoon. This suggests that nocturnal stability is not a
necessary condition for LLJ formation in the Great Plains in the
summer.

The LLJ in the Great Plains appears to have different character-
istics in the summer and in the winter. Only a fraction of the area
that is characterized by an LLJ in July also displays it in the winter,
but wind speed and wind power density are generally higher,
whereas jet elevation and frequency are lower in January than in
July, consistent with [16]. During summer the LLJ rises to higher
altitudes in the morning and afternoon (Fig. 3b); in winter it ap-
pears to mainly be present at night and in the morning, and dis-
sipates in the afternoon and evening (Fig. 3a). This suggests that
nocturnal stability plays amore important role in thewinter than in
the summer in the Great Plains.

In the summer, the Great Plains LLJ appears to have a coherent
structure, as shown by the consistent behavior of the jet
throughout the diurnal cycle both on average and for each
percentile in the right column of Fig. 3. For example, the average
LLJ in the afternoon is higher and weaker than the LLJ in the
evening for all points. This is not the case in the winter, when
some points experience a lower but weaker LLJ in the afternoon
than at night.

Despite the smaller areal extent and the lack of temporal con-
sistency, the winter LLJ has other appealing properties for AWE,
such as a lower core height, and greater wind speeds (and wind
power densities) than the summer LLJ. For example, looking at the
50th percentile, the winter LLJ is located between 300 and 700 m
with wind speeds between 15 and 23 m s�1 and wind power
densities between 2000 and 5500 W m�2, whereas in the summer
it can reach as high as 900 m but with wind speeds at most around
19m s�1 andwind power densities lower than 3000Wm�2. During
the most extreme events, represented by the 95th percentiles,
however, the winter jet becomes rather unstructured, forms at
higher altitudes, and has a lower vertical range but a greater vari-
ability in intensity than in the summer.

4. Conclusions

This study presents a global 21-year climatology of wind speed
maxima (WSM), defined broadly as temporally consistent, jet-like
vertical wind profiles below 3 km, based on the high temporal
and spatial resolution global CFDDA reanalyses. WSM arise through
a variety of physical mechanisms, from inertial oscillations (e.g., U.S.
Great Plains) to local terrain channeling effects (e.g., the Central
American gaps) to large-scale phenomena, such as subsidence
associated with the descending branches of the Hadley cells or the
Somali jet associated with Indian monsoon.

Global maps of average wind speed and wind power density in
January and July suggest that WSM are more common than previ-
ously thought, especially over the oceans (which we do not analyze
for wind power potential here). Extraordinary wind power den-
sities may be found in some WSM, greater than 10,000 W m�2, not
found anywhere else on Earth at hub heights of conventional
modern turbines (80e100 m).

WSM are relevant for airborne wind energy because tethered
devices could potentially dynamically adjust to the height of the jet
core to extract the maximum wind energy. The technical wind
power potential in WSM is high. Preliminary calculations show
that, even with intermediate densities of AWE systems per unit
land, the global potential from WSM exceeds 7.5 TW, which is w3
times higher than the 2012 global electricity demand of 2.4 TW. As
such, WSM represent an untapped and potentially significant
source of electricity via AWE systems.

Table 1
Global technical wind power potentials in WSM (TW) for three different AWE sys-
tem densities.

AWE system density (m2 km�2)

100 (low) 1000 (intermediate) 10,000 (high)

January 0.8 7.5 75.4
July 0.9 9.0 90.1
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Fig. 3. Scatter plots of percentiles of LLJ wind speed versus LLJ height for the Great Plains in January (left) and July (right) by time period (local morning, afternoon, evening, and
night). For example, the 5th percentile plots show pairs of height and wind speed that are exceeded 95% of the time. The percentiles are independent from one another, as each pair
of wind speed (or wind power density) and height may or may not have occurred concurrently at the same hour. Each point in the plots represents a location within the Great Plains
region (with LLJ frequency of occurrences >15%) at a given hour within the specified time period; as such, a given location appears 24 times per plot and 6 times per time period.
More locations experience LLJs in July than in January in the Great Plains.
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