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A B S T R A C T

Deposition of dust on solar collectors has the potential to be a costly part of utility-scale solar energy production
operation and maintenance. Large facilities are frequently located in arid regions with dusty soils. The
orientation of solar fields with respect to the wind may affect how vulnerable or protected the soil surface is from
the erosive power of the wind. Field measurements of wind flow through a utility-scale solar photovoltaic facility
are presented. Multiple measurements of wind speed by spinning cup anemometer and wind direction by
rotating vane were collected between consecutive rows of panels at two heights above the ground. This dataset
provides preliminary insight into the mean flow field for a nominally two-dimensional solar array. A better
understanding of non-steady flow components, turbulence, and conditions for the initiation of sand transport is
needed for accurate prediction of dust impacts of such facilities.

1. Introduction

Many of the world's regions with high grade solar resources are also
regions that are arid and prone to dustiness (Mani and Pillai, 2010).
Dust deposition on solar photovoltaic (PV) and solar concentrating
(CS) devices has been increasingly recognized as potentially deleterious
to power production (El-Shobokshy and Hussein, 1993; Sarver et al.,
2013; Sayyah et al., 2014). This is of considerable concern in the
Middle East and especially the Arabian Peninsula (Adinoyi and Said,
2013; Al-Hasan and Ghoneim, 2005; Charabi and Gastli, 2012; Ghazi
et al., 2014; Hegazy, 2001; Khonkar et al., 2014; Qasem et al., 2014;
Said and Walwil, 2014; Touati et al., 2013) as well as countries along
the Mediterranean (Kalogirou et al., 2013; Piliougine et al., 2013; Schill
et al., 2015; Vivar et al., 2008; Zorrilla-Casanova et al., 2012).
However, there have been studies of the effects of dust on PV power
production in a variety of other geographical locations including North
and South America (Boyle et al., 2015; Cabanillas and Munguía, 2011;
Fuentealba et al., 2015; Michels et al., 2015), Central Europe (Appels
et al., 2013; Klugmann-Radziemska, 2015), Asia (Xiao et al., 2013),
and even Mars (Tanabe, 2008).

Within desert landforms there are order of magnitude differences in
the susceptibility to wind erosion between surfaces of different
geomorphic classification (Sweeney et al., 2011). Many desert surfaces,
especially those with high silt and clay contents become much more
prone to wind erosion when they are mechanically disturbed (Houser

and Nickling, 2001; Macpherson et al., 2008) as is routinely the case
when utility-scale solar (USS) facilities are built. These surfaces then
become potential sources of dust within the USS. For these reasons,
many USS facilities apply chemical soil stabilizers as a matter of good
practice, which can reduce emission potential of dust by orders of
magnitude – at least temporarily (Kavouras et al., 2009). However, this
may be costly and have negative effects on the ecosystem when applied
on such large scales (Hernandez et al., 2014) as well as hydrological
processes such as runoff and erosion.

Related to this, the deposition of suspended particles such as dust
(especially those larger than half a micron or so in diameter) onto an
object is dependent on the amount of acceleration and turbulence the
dust experiences when being directed towards the object (Zhang and
Shao, 2014). Prior work that has considered wind effects on dust
deposition on individual solar energy devices underscores the impor-
tance of the magnitude of the incident speed of dust-laden air as well as
the direction with respect to elements of a solar collector (Goossens
et al., 1993; Goossens and Van Kerschaever, 1999).

In this paper, we examine the mean wind flow through the rows of
solar PV collectors within a large, USS facility. Ultimately, the inter-
action between wind and the solar field is the driving force for dust
emission locally, dust deposition onto collectors, and the possible need
for application of soil stabilizers. A medium-term goal for this type of
research is to support the development of a model that can assist
developers of USS facilities in estimating the operation and main-

http://dx.doi.org/10.1016/j.jweia.2017.01.001
Received 25 February 2016; Received in revised form 5 January 2017; Accepted 6 January 2017

⁎ Corresponding author.
E-mail address: vic@dri.edu (V. Etyemezian).

Journal of Wind Engineering & Industrial Aerodynamics 162 (2017) 45–56

0167-6105/ © 2017 Published by Elsevier Ltd.

MARK

http://www.sciencedirect.com/science/journal/01676105
http://www.elsevier.com/locate/jweia
http://dx.doi.org/10.1016/j.jweia.2017.01.001
http://dx.doi.org/10.1016/j.jweia.2017.01.001
http://dx.doi.org/10.1016/j.jweia.2017.01.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jweia.2017.01.001&domain=pdf


tenance (O &M) costs as they relate to issues of dust impacts on facility
operation. The measurements presented here are unique and provide
preliminary insight into relationships between ambient wind and USS
mean flow fields as well as test data for comparison with numerical flow
models and wind tunnel results.

2. Methods

Wind parameters were measured at a large USS PV facility (the PV
Facility, hereafter) near Las Vegas, Nevada, USA (Fig. 1).
Measurements were conducted at three locations within the PV
Facility. The first and second measurement locations (PV1 and PV2,
respectively) corresponded to two different locations deep within the
PV Facility. The third was intended to represent the upwind conditions
in the absence of the PV Facility (UW). “Upwind” in this instance
should not be interpreted as literally upwind, but rather as minimally
influenced by the presence of the array. Depending on wind direction
the UW location could in fact be downwind of the solar array. However,
even in such instances, it is likely that the wind speeds measured at UW
are approaching those of the flow if it was unimpeded by the array. This
is because the heights of the array elements are on the order of 1.8 m
while the distance between the UW location and the edge of the array is
on the order of 140 m, so that the wind would have traveled the
equivalent of about 80 times the physical roughness of the solar array
before reaching the UW station. By similar argument, the measure-
ments at PV1 and PV2 are only representative of the flow regime deep
within the array and little or no information about the flows near the
edges of the array can be gleaned from them. Thus, the results of this
study are applicable to the large interior region of the array, where
flows are relatively invariant with distance, but not to the perimeter of
the array where there may be large differences between successive
rows.

The arrays of instruments at PV1 and PV2 were located between
successive rows of solar panels. The basic, contiguous unit within
each row was a section that was approximately 120 m in length with
the distance between rows (on the order of 3 m) varying slightly
between PV1 and PV2. For maintenance purposes, every 20 rows in
PV1 and every 14 rows in PV2, the inter-row spacing increases to
about 6 m in order to allow for the passage of maintenance vehicles.
At the end of each contiguous string of solar panels that constitute a
row section, a space of 4–6 m has been left before the next row
section continues the row, again for the purpose of maintaining the
facility. Given that the length to width ratio between rows is about
40 (120 m/3 m) and the break in between row sections is small
compared to the length of the row sections, the solar array was
assumed to provide an essentially two-dimensional obstruction to
the flow.

The configuration of specific measurement instruments are pro-
vided in Fig. 2. All height measurements are above ground level (AGL).
At the UW location, cup anemometers (Met One, model 014A) were
installed at heights of 0.96 m, 1.85 m, and 3.3 m. These were used to
obtain the wind speed profile near the ground. A combination wind
speed propeller and direction vane (RM Young, model 05103) was
installed at a height of 6.0 m. This higher wind monitor was for
determining wind direction and quantifying surface wind speeds well
above the height of the surface roughness. Temperature and relative
humidity (Campbell Scientific, CS215) were monitored at a height of
2 m.

The PV1 and PV2 locations were instrumented similarly to one
another, with some differences in the wind sensor horizontal
spacings due to slightly different geometries. At each of the two
locations, twelve cup anemometers (NRG Systems, 40C) were
installed as shown in Fig. 2, with seven at a height of 35 cm and
five at a height of 54 cm. In panels b and c of Fig. 2, the spacing
between sensors relative to one another are shown in plan and
cross-sectional views, respectively. In panel b, horizontal distances
to each sensor from the edge of the solar panels that is lowest are
provided along the left side of the panel. This measurement is
illustrated in panel c as the distance “X”. The same type of
information is provided for PV2 in Fig. 2d and e.

The overall intent was to provide measurements across the gap
between successive rows. The precise locations of the measurements
were dictated to some extent by the lattice structure that was used to
support the anemometers. The structure consisted of two parallel steel
tracks (width=2 cm, height=1.7 cm) where anemometer arms could be
mounted at set locations, with some ability to slide the anemometer
closer or further away from the lowest edge of the solar panels.

Due to physical limitations of the lattice structure, it was not
possible for all of the anemometers at the 35 cm height to be located
within the same row. In the PV1 array, two of the anemometers were
located in the row adjacent to where the other five anemometers were,
while for PV2, one anemometer was located in the adjacent row to the
other six anemometers. These anemometers are shaded in yellow in
Fig. 2b and d, respectively. It was assumed that the average flow would
be essentially identical for all rows in the vicinity of the measurement
arrays, because the arrays were located deep within the solar facility, so
that the flow would be at its long-fetch equilibrium. While the
instantaneous wind vectors within successive rows are certainly
different, there is no reason to believe that average flows should differ
greatly among rows. Therefore, the anemometers that are shaded in
Fig. 2b and d, are treated as though they are located in the same rows
as the other 35 cm height anemometers (i.e., treated as if they were
located in the open circle shown in the figures). With this assumption
in mind, the 35 cm height anemometers at PV1 were installed at

Fig. 1. Overview of experimental site showing locations of upwind site (UW) and two within-array sites (PV1 and PV2).
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horizontal distances from the lowest edge of the solar panel of 0.18 m,
0.71 m, 1.27 m, 1.83 m, 2.39 m, 2.74 m (actually at −0.74 m), and
3.07 m (−0.41 m) while at PV2 the distances from the lowest edge were
0.15 m, 0.40 m, 0.99 m, 1.52 m, 2.06 m, 2.59 m, and 3.62 m (actually
at −0.31 m). Two wind vanes (NRG Systems, 200 P) were installed at a
height of 35 cm (at 0.71 m and 2.39 m for PV1 and 0.99 m and 2.59 m
for PV2).

All of the anemometers at a height of 54 cm had a matching
anemometer – in terms of location between rows of solar panels – at a
height of 35 cm. At PV1, they were located at distances of 0.18 m,
0.71 m, 1.27 m, 1.83 m, and 2.39, whereas at PV2 they were at 0.40 m,
0.99 m, 1.52 m, 2.06 m, and 2.59 m from the lowest edge. In addition,
a single wind vane – to match the position of one of the other two wind

vanes at 35 cm - was installed at a height of 54 cm (at 0.71 at PV1 and
0.99 at PV2). In addition to wind measurements, PV1 and PV2 were
instrumented with temperature and relative humidity (RH) sensors at
heights of 35 cm and 54 cm. These sensors were all mounted on a
second lattice that also consisted of two parallel steel tracks. The
second lattice was offset in the along-row direction by about 4 m from
the lattice that held the 35 cm height instruments.

Data from all three locations were recorded in 10-min intervals and
stored on a memory card. Memory cards were retrieved and replaced
and the stations were visually examined twice per year over the
duration of the study (July 2012 through February 2015).

Instrument Legend

a. Upwind tower (UW) instrumentation 

b. PV1 Instrument placement, plan view c. PV1 cross section without 
instruments

d. PV2 instrument placement, plan view e. PV2 cross section without 
instruments
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Fig. 2. Experimental configuration of upwind tower instruments (a), instruments and module configuration at PV1 location in plan view (b) and cross section (c), and at PV2 in plan
view (d) and cross section (e). Cup anemometers installed in separate rows (highlighted in panels b and d) are treated as if they were in the same row as the other instruments.
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2.1. Theory

2.1.1. Wind flow around two-dimensional obstructions
Many of the qualitative characteristics of the results of this study

are anticipated by a significant body of work on turbulent, essentially 2-
Dimensional flows around flat bluff bodies (e.g., Bearman, 1971;
Castro, 1981) with much of the work on upright wind fences being
most relevant (Giannoulis et al., 2012; Jacobs, 1984; Judd et al., 1996;
McAneney and Judd, 1991; Raine and Stevenson, 1977; Santiago et al.,
2007; Wilson, 2004). Rows of solar panels resemble rows of wind-
breaks (including fences), with the differences being that solar panels
are generally raised above ground level, tilted with respect to the
vertical, spaced together much more closely than windbreaks, and are
essentially solid (i.e., not porous). There is significant evidence from
wind tunnel studies (Judd et al., 1996), numerical simulations (Wilson
and Yee, 2003), and field studies (McAneney and Judd, 1991) that
within a distance equivalent to 10–20 heights of the windbreak, the
wind profile between successive rows of windbreaks does not change
with additional distance into the array. We presume the same is true
for arrays of solar panels and note that the height of the rows of solar
panels is on the order of a meter while the length of a USS is on the
order of a kilometer so that the overwhelming majority of a USS will
consist of what can be considered to be an interior region where edge
effects of the USS are not felt by the array or by the wind.

Shademan et al., (2014) used computational fluid dynamics (CFD)
to examine the flow over solar panels that were tilted at 45° (somewhat
larger than typical tilt angles for USS located in sun-rich areas), but
most of their results pertain to gap spacing between solar panels within
a row and the effect of wind incidence angle on the flow around
individual rows (i.e., not in a sequence). They did investigate the effect
of placing tilted solar panels in a series of rows, but the results reported
mostly pertain to wind loading, although the streamlines depicted are
helpful in visualizing the flow. Several other investigators (e.g.,
Schellenberg et al., 2013; Stathopoulos et al., 2014) have considered
the problem principally from the standpoint of wind loading. Perhaps
the most relevant prior work to that reported herein is a wind tunnel
investigation (Warsido et al., 2014) that specifically examined the
influence of spacing between successive rows of solar panels on wind
loading effects. In that study, the models used were a 1:30 scale of a
realistic PV USS facility with panels tilted at 25°. Those authors provide
a thorough accounting of wind loading effects of row location within
the array, wind direction, inter-row spacing and a number of other
factors. However, there is no information provided about near-ground
wind speeds that can be directly used to understand how the presence
of the USS might affect wind erosion potential. Jubayer and Hangan
(2016) report on results of a numerical model that considers the flow
between successive rows of solar panels.

2.1.2. Dust emission
Dust is the suspendable fraction of the surface soil that can travel

distances of tens of meters up to hundreds of kilometers once airborne.
Though there is no standard size cutoff, in practice, this often means
that dust consists of geological particles that have a diameter nominally
smaller than 30 µm. The dominant mechanism of dust emissions occur
through sandblasting of the surface by saltating particles rather than by
direct entrainment of dust-sized particles (Gomes et al., 1990; Shao,
2001). This is because the balance of aerodynamic lifting force that
works to entrain a particle and the inter-particle binding forces that
tend to keep the particle at the ground, including gravity, favors
entrainment for soil particles that are on the order of 100 µm in size
(Bagnold, 1941; Loosmore and Hunt, 2000; Shao and Raupach, 1993).
The minimum wind conditions that result in the sustained motion of
saltating sand grains are characterized by the threshold friction velocity
u*t and the magnitude of emissions is modeled as increasing non-
linearly with increases in u* past the threshold through a formulation
that varies slightly from author to author but is exemplified by

⎧⎨⎩
⎫⎬⎭

F if u u
F C u u if u u

= 0, * < *
= ( *− * ) , * ≥ *

t

t
a

t (1)

where F is the emission of dust in units of mass per unit area per unit
time, C is either a constant or a function of u*t and u*, and a is a
positive constant. The value of a is generally larger than 2 so that
emissions increase rapidly with u* once u*t is exceeded (e.g., King
et al., 2011; Shao and Raupach, 1993). When objects such as rocks,
vegetation or other non-erodible elements are on the surface in some
density, then the parameterization of dust emission becomes more
complex as the non-erodible elements provide the erodible surface
protection from the wind under some circumstances or enhanced
erosion through scouring where the flow experiences sharp changes
such as when following flow lines around obstacles (Lu et al., 2005;
Raupach et al., 1993; Shao and Yang, 2008). However, the basic
principle still applies. That is, when wind speeds are high close to the
ground, there is the potential for wind erosion.

2.2. Calculation

The u* for the upwind flow was calculated using the 10-min average
wind speed profile data from the UW station. The anemometer at the
top of the tower at UW is a different device (propeller type) than those
used at the lower heights (cup type) and was not used to estimate u* to
avoid the introduction of errors. One cup anemometer exhibited
problematic behavior within a few months of installation and was
replaced in December 2012. The third highest cup anemometer began
exhibiting the signs of a worn bearing by mid-July 2013 and was not
replaced. Therefore, the period of record that contains valid data from
the three identical anemometers was taken to be December 10, 2012 to
June 30, 2013. To ensure only quality estimates of u*, if the standard
deviation of the wind direction was > 15° over a 10-min interval, the
ratio of maximum 1-second wind speed to the average wind speed was
> 2, or the wind speed at the top anemometer was < 2 ms−1 then u* for
that 10-min interval was not calculated. These criteria were applied
based on previous experience working with such data to ensure
stationarity of the wind conditions over the 10-min period. This
resulted in 10,799, 10-min intervals that were available for estimating
u*.

Mean wind speed for each measurement height was used to
calculate u* for each validated 10-min interval using least squares
regression to solve the law of the wall equation:

⎛
⎝⎜

⎞
⎠⎟

U z
u

z
z

1
0 4

ln( )

*
=

. 0 (2)

where U(z) is the wind speed at height z and z0 is the aerodynamic
roughness height. Of the 10,799 sets of data (three U values at three z
values, each), based on the fact that the R2 value was above 0.99, there
were 7999 regressions that were considered valid, each providing an
estimate of u* and z0. Values of z0 were grouped into wind direction
bins spanning 30° and averaged to determine if the value of z0 was
dependent on wind direction. The span of values of z0 was found to be
from 0.027 to 0.059 m. Similarly, values of z0 were grouped and
averaged into categories of u* values, with each category spanning
0.1 m s−1 and the span was found to be 0.023–0.049 m. Overall, this is
a fairly small range of z0 values and the average value of 0.037 m was
accepted as representative of all wind speeds and wind directions
encountered over the course of the study.

Valid 10-min data from the PV1 and PV2 arrays were grouped by
the wind direction and wind speed measured at UW in order to
facilitate examination of results. Here, the UW measurements are
assumed to represent the conditions at PV1 and PV2 if the solar arrays
were not at those locations to interact with the wind. Strictly of course,
measurements at UW are not an exact representation of undisturbed
(no panels) flow at PV1 or PV2. Moreover, because they are separated
by several hundred meters, data collected at UW during a given 10-min
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interval are not exactly temporally representative of the undisturbed
flow at PV1 or PV2 during that same 10-min interval. We note that
given that the landscape is relatively homogeneous, flat desert for
several kilometers in any direction from the measurement site, the UW
location provides a reasonable analog of what the wind flow would be
like at the PV1 and PV2 locations if there were no solar panels there. In
order to ensure that temporal differences in wind conditions between
UW and PV1 and PV2 were minimal, only data that met minimum
wind speed criteria ( > 3 m/s) were considered in subsequent analyses.
These constraints on the data help ensure that wind conditions were
relatively steady.

Wind directions were grouped into bins spanning 30° with 0°
representing winds that were precisely perpendicular to the PV1 and
PV2 arrays that were oriented in the east-west direction (northerly
winds flow from left to right in Fig. 2c and e). The six approaching wind
direction bins considered were 0–30°, 30–60°, 60–90°, 90–120°, 120–
150°, 150–180°. Wind approach angles larger than 180° were included
in the “mirror” opposite bins because the PV1 and PV2 arrays are
essentially mirrored about the north-south axis. For example, if a 10-
min average of wind direction was found to be 255°, then that data
point was attributed to the 90–120° wind approach bin (360–
255°=105°, which is between 90° and 120°). This was done because
there were large portions of the 0 – 360 wind approach spectrum that
had very little data (see wind rose in Fig. 1) and combining mirror
opposites was the approach chosen to fill in such data gaps. The
assumption of symmetry that was used to justify this approach could
not be tested broadly because sufficient data to do so were only
available for 150–180° and 180–210° mirror pair. For those two
directions, the assumption of symmetry was justified, with virtually no
differences in wind parameters at any of the measurement locations.

Winds were further divided by the magnitude of the 10-min wind
speed at the top of the UW tower. The wind speed bins that were used
to subdivide data were chosen, somewhat arbitrarily to be 0 – 3 m/s
(0 m/s≤ u* < 0.24 m/s), 3–6 m/s (0.24 m/s≤ u* < 0.47 m/s), 6–9 m/s
(0.47 m/s≤ u* < 0.71 m/s), and greater than 9 m/s (u* > 0.71 m/s).
Each valid data point from PV1 and PV2 was associated with the wind
speed and wind direction bin measured at UW during the same 10-min
interval. No attempt was made to try to offset the time to account for
travel distance between UW and either PV1 or PV2. For this compo-
nent, all valid wind speed measurements at UW were used (i.e.,
regardless of how well the wind speed profile obeyed a law of the wall
profile). If the UW wind direction was mirrored to fit into one of the
wind direction bins that span from 0° to 180°, then the wind direction
data from PV1 and PV2 were also mirrored.

The wind speed in the unobstructed flow was calculated from the
UW tower data using Eq. (1), with a z value of 0.35 m for the lower
anemometers in the PV1 and PV2 arrays and 0.54 m for the upper
anemometers. The unobstructed wind speed was used to normalize the
actual wind speed measured by anemometers in PV1 and PV2 (i.e.,
PV1x,z/UWz. and PV2x,z/UWz). These normalized values are used to
construct “attenuation rose” diagrams as explained in Fig. 3a. Each
attenuation rose provides an overview of how much wind speed at a
measurement location within the array is attenuated compared to a
location at the same height outside (UW) the array for a specific wind
approach angle bin as measured at UW. The color of the traces
represents different bins of wind speed at UW. These attenuation roses
are all symmetrical about the 0–180° line because data have been
combined for mirror opposite wind approach angle bins.

Representation of the wind direction shifts and wind speed reduc-
tion for individual 10-min intervals is explained in Fig. 3b. Here, 10-
min data were color-coded based on the wind speed at UW (blue for 3–
6 m/s, green for 6–9 m/s, yellow for 9–12 m/s, and orange for >
12 m/s). For all these types of representations, each concentric circle
corresponds to an increment of 3 m/s. Data are also presented
separately by wind approach angle (0–30°, 30–60°, 60–90°, 90–
120°, 120–150°, 150–180°) and as in the case of the attenuation

roses, symmetry about the 0–180° line was assumed. Therefore, for
representing UW (see bottom, left inset of Fig. 3b), this results in the
colors being segregated into a wedge that crosses concentric rings.
However, for measurement locations within PV1 and PV2, the location
of the colored data points (with colors representing UW conditions),
indicates the wind speed and direction at the measurement location
within the array.

3. Results

Attenuation roses for all measurement locations are shown at their
correct relative spacing to the solar arrays for PV1 and PV2 in Fig. 4.
Directional response to varying UW wind conditions is illustrated in
Fig. 5 for PV1 and Fig. 6 for PV2. The UW wind approach angles are
shown in the upper row of panels for those two figures and data
associated with specific wind speed bins at UW are grouped by color.
Note that data associated with UW wind speeds lower than 3 m s−1 are
not reported here because these low wind speeds result in spurious
wind direction and wind speed estimates at PV1 and PV2. Additionally,
due to several periods of power and other equipment failures the
number of valid data points used to create the figures for PV2 was
nearly double that for PV1 (32,416 versus 16,942). Notably, the PV2
data set contains more instances of strong winds with a 30–60°
approach angle.

It is clear from Fig. 4 (numeric values are reported for PV1 and PV2
in Tables 1 and 2) that at almost all locations, the wind is least-
attenuated either when the approach angle is between 60 and 90° for
locations farther from the low edge of the rows of panels (i.e., farther
towards the bottom in Fig. 4) or when the approach angle is between 90
and 120° for locations closer to the low edge of the rows of panels. In
some cases the data for PV2 seem to indicate that the wind speeds are
increased compared to outside the array. It is not clear if this is in fact
the case or a consequence of measurement artifact related to using cup
anemometers, which are known to exhibit “over-speeding” in regions of
turbulent flow (Kristensen, 1998; Wyngaard, 1981). In any case, it
appears that when incoming wind has a strong component in the
direction parallel to the rows of solar panels, at best, the surface
experiences the shear stress imposed by the wind nearly at its
unobstructed strength, while at worst, the solar array may be accel-
erating the flow.

In the case of either the 60–90° and 90–120° wind approach angle
categories, the arrays have the effect of forcing the near-ground wind to
align more tightly with the direction parallel to the rows of PV panels
(See Figs. 5 and 6). For example, considering the PV1 data, if only wind
approach scenarios between 60° and 90° are considered (and only wind
speeds greater than 6 m s−1 to ensure that within array winds are high
enough to cause the wind vanes to orient properly), the average wind
approach angle is 83° and the standard deviation is 7°. The averages
within the array are similar to one another as well as the average wind
approach angle (indistinguishable given the uncertainty in orienting
wind vanes in the field) at all three locations where wind vanes were
installed, namely 84°, 85°, and 87°. However, the range in wind
directions is much smaller than it is in the UW flow as evidenced by
much smaller standard deviations of 2°, 2°, and 1°. Similarly if only
wind approach angles between 90° and 120° are considered, the
average UW wind approach angle is 108° and the standard deviation
is 8°. The wind directions within the PV1 array were 82°, 87°, and 88°
with standard deviations of 2°, 1°, and 1°. As with 60–90° approach
winds, the standard deviations of wind direction are much smaller
within the PV1 array indicating that the flow is forced to align with the
direction parallel to the solar arrays. Moreover, in the case of the 90–
120° wind approach angle, the flow near the ground exhibits a slightly
northerly component even though the approach flow does not. We note
that the same features of winds approaching from the 60–90° and 90–
120° are observed for the PV2 array, although they are slightly less
pronounced.
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For southerly winds, which are nearly perpendicular to the rows of
panels (150–180°) and along the front face of the panels, the
attenuation of winds is maximal regardless of horizontal or vertical
location. The lowest anemometers (0.36 m) registered wind speeds that
were as low as 1% and as high as 64% of the upwind value at the same
height, with the majority of locations exhibiting winds that were less
than 45% of the upwind values. Under these conditions, the wind can
be envisioned as being directed away from the ground because of the
upward pitch of the rows of panels. This characterization is supported
by the data shown in Figs. 5 and 6 for the 150–180° approach angles.
Winds speeds at the three locations within PV1 and PV2 where wind
direction was also measured indicate that the magnitude of the wind
speed is greatly attenuated and that the wind direction is offset by 90–
270° compared to the upwind conditions so that the resultant winds
within the array range between 270° and 90°. This suggests that for
southerly winds, there is a counter flow that may be caused by a
recirculation pattern between successive rows of solar panels. This can
be conceptualized as shown in Fig. 7a.

While still perpendicular to the solar panel arrays, winds approach-
ing from 0° to 30° are not nearly as well attenuated near the ground
between subsequent rows of panels as are winds approaching between
150° and 180°. Depending on location within the array, the lowest
anemometers registered wind speeds that were as low as 33% and as
high as 74% of the upwind value at the same height, with the majority
of locations exhibiting winds that were > 50% of the upwind values.
Considering the previous discussion, it seems plausible that the main
features of flow between successive rows of panels when the wind
approach angle is between 0° and 30° is represented in Fig. 7b. The
data in Figs. 5 and 6 indicate that near-ground winds retain much of
the northerly component of the incident wind (i.e., northerly winds
aloft translate into northerly winds within array), although they do
spread considerably about the upwind approach values. Within this
wind incidence regime, the average incoming wind direction is 14° with
a standard deviation of 9°. In PV1 the average wind directions at the
three locations where a wind vane is emplaced are 18°, 27°, and 33°,
and standard deviations are 21°, 22°, and 26°. Here again, there is
evidence that the arrays exert an influence on the near-ground flow by

forcing alignment with direction of the rows. However, the compara-
tively high standard deviations suggest that this forcing is perhaps
intermittent and fluctuates in direction (i.e., alternates in direction
from east to west). No measurements are available to directly support
this hypothesis as upwind conditions are separated in time from within
array measurements because a finite amount of time is required for
wind to travel from one measurement location to the other. We note
however that data from PV2 support the same inference. Average
within-array wind directions at PV2 are 32°, 33°, and 37° with
standard deviations of 27°, 27°, and 30°. In any case, the conceptual
representation provided in Fig. 7b does not provide any insight into
why wind that is incident from 0° to 30° is steered towards being more
aligned with the rows of solar panels, but this topic is addressed
shortly.

Winds approaching from 30° to 60° gave the most consistent values
for attenuation. Considering anemometers at the lowest height at both
PV1 and PV2, the wind speed ranged between 45% and 83% of the
upwind wind speed at the same height, with 12 of the 14 anemometers
giving values between 57% and 82% of upwind values. As with previous
cases of winds incident at oblique angles, the within-array direction is
modified by the presence of the array to be better aligned with the
direction of the rows. Ignoring winds slower than 6 m/s, the average (
± standard deviation) upwind wind incidence angle is 38° ± 6°.
Corresponding wind directions within PV1 were 58° ± 9°, 60° ± 8°,
and 68° ± 7°, while within PV2 they were 64° ± 5°, 66° ± 9°, and 71° ±
8°. Similar observation is made for winds approaching from 120° to
150°, although the range of values for attenuation is wider, with
anemometers close to the underside of the panels exhibiting as little as
5% of the upwind speeds and anemometers closest to the front of a row
of panels measuring wind speeds equal to 100% of the upwind values.
As with the 90–120° approach case, the near-ground winds clearly take
on a northerly component indicating that the southerly component of
the incident wind is reversed by the presence of the rows of solar
panels.

Channeling of wind along rows of predominantly two-dimensional
obstacles has been described by other investigators previously. In
examining airflows in street canyons (Dobre et al., 2005; Johnson and

Fig. 3. Explanation of data presentation types. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Hunter, 1999) and dispersion in field-scale representation of street
canyons (Macdonald et al., 1998; Wood et al., 2009), both with width
to height ratio that was slightly greater than the present study (≈2.5),
the authors of those studies observed a clear along-canyon channeling
of flow when winds were oblique to the canyon rather than perpendi-
cular. In a series of wind tunnel experiments, Letchford (2001)
measured the normal (drag) force coefficient of individual rectangular
objects that were raised above ground level and intended to represent
signboards. Those data indicated that for flow normal to the signboard,
there are differences in drag coefficients between ground-mounted
objects and those that are elevated, with the former exhibiting lower
values. Letchford, (2001) also observed that when incident wind
direction is changed from normal (0°) to oblique, the normal force

coefficient is approximately constant until the flow angle of attack
exceeds (45°), whence the coefficient begins to drop. Moreover, when
Letchford (2001) examined the eccentricity parameter (related to
torsion of signboard), it was found to peak at a 60° wind approach
angle. These observations suggest that when the wind achieves a
certain degree of obliqueness (45° for the Letchford (2001) case and
> 30° for the present study), the obstacle experiences increased torsion,
meaning that it also exerts a torsional force on the wind. This is one
possible explanation why winds approaching between 30–60° and
120–150° are steered so that the near-ground wind direction is more
parallel to the rows of panels than the approach flow.

Bullard et al. (2000) used simple physical models to represent
valleys in a wind tunnel study. They only examined the impact of flow

Fig. 4. Attenuation roses for Arrays 1 (left) and 2 (right) by distance from low edge. Data associated with approach angles from 180° to 360° have been combined with their mirror
equivalents (0–180°), but plotted over 0–360° assuming symmetry.
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direction on a single valley rather than a series of them and the width to
height ratio for the model valley was greater than the present study
(≈5), so that their geometry is not directly comparable to a two-
dimensional solar PV array. Nevertheless, it is instructive that they
found that even small deviations (10°) of wind direction from the
perpendicular to a model valley resulted in significant along-valley flow
in the direction of the strike of the valley that is most closely aligned
with the flow, similar to what is observed in Figs. 5 and 6. Bullard et al.
(2000) attribute this flow to the formation of a pressure gradient in the
along valley direction.

Qualitatively, all of the oblique flows (i.e., not 0–30° or 150–180°)
can be thought of as combinations of a main component that is parallel
to the rows of solar panels and a second component that either a)
influences the main flow to maintain the same component in the
direction perpendicular to the array through a mechanism similar to
that shown in Fig. 7b and as is the case for the 30–60° and 60–90°
flows or, b) influences the near-ground flow to switch directions
relative to the component perpendicular to the flow through a
mechanism like the one shown in Fig. 7a and as is the case for the
90–120° and 120–150° wind incident angles. However, the details of
these combined flows are not elucidated by the measurements pre-
sented here, neither are relevant data widely available in the literature.

Using a numerical approach (Reynolds-Averaged Navier-Stokes,
RANS), the flow field over multiple rows of solar panels was rendered
with considerable detail by Jubayer and Hangan (2016). Although
there are some differences between the geometries of the solar panel
rows that those authors consider and those of the present study, there
is qualitative agreement between the interpretations of wind approach

angle effects on the flow between consecutive arrays of solar panels. In
particular, those authors also note the steering effect that we report
here as a prominent feature of the flow when winds are at an oblique
angle of incidence (45°) with respect to the solar panels.

4. Discussion and conclusions

In this study, we have examined how rows of solar panels at USS
facilities alter the approaching wind. This study is certainly not
exhaustive in that we have not examined different geometries of USS,
impacts of atmospheric stability on the results, and other potentially
relevant parameters. In addition, the nature of the data collected,
owing to the use of cup anemometers is somewhat limited. For
example, a good accounting of the character of turbulence in between
successive rows was not obtained. Therefore, the data summarized here
are only helpful in understanding the mean flow at the two heights
where it was measured. On the other hand, the data collected are in
some ways widely representative of this type of facility. These include
that the setting for the measurements was in a flat, arid landscape at a
latitude where solar resources are abundant. This type of setting is
ideal for siting PV USS and it is likely that PV facilities in such settings
would be tilted at angles ranging from 15° to 35°, a range that is
reasonably represented by the USS studied here (≈25°). A related point
is that because such facilities are designed to reduce or eliminate
subsequent rows shadowing each other (typically in winter), the
relative distance (normalized to the height of the array) between
successive rows is likely to span a very narrow band (on the order of
1–2 times the net height of the solar panels). This suggests that the

Fig. 5. Wind roses in PV1 in response to wind conditions at upwind station. Circles represent units of 3 m/s. Data associated with approach angles from 180° to 360° have been
combined with their mirror equivalents and plotted over 0–180° assuming symmetry.
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Fig. 6. Wind roses in PV2 in response to wind conditions at upwind station. Circles represent units of 3 m/s. Data associated with approach angles from 180° to 360° have been
combined with their mirror equivalents and plotted over 0–180° assuming symmetry.

Table 1
Summary of Data from PV1 Array. Wind speeds measured within array normalized to those at same height at UW.

H (m) 0.36 0.54 0.36 0.54 0.36 0.54 0.36 0.54 0.36 0.54 0.36 0.36
WS WD x (m) from low edge/# data 0.18 0.18 0.71 0.71 1.27 1.27 1.83 1.83 2.39 2.39 −0.41/3.2 −0.74/3.5

3–6 m/s 0_30 808 0.6 0.3 0.6 0.4 0.5 0.5 0.5 0.4 0.5 0.5 0.3 0.7
3–6 m/s 30_60 445 0.7 0.6 0.6 0.6 0.7 0.6 0.6 0.6 0.7 0.6 0.2 0.7
3–6 m/s 60_90 215 0.7 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.6 0.7 0.4 0.5
3–6 m/s 90_120 758 0.9 1.0 1.0 0.9 0.9 0.9 0.6 0.7 0.5 0.5 0.3 0.5
3–6 m/s 120_150 1446 0.4 0.6 0.5 0.5 0.4 0.4 0.2 0.3 0.2 0.2 0.1 0.1
3–6 m/s 150_180 7248 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6–9 m/s 0_30 322 0.7 0.4 0.7 0.5 0.7 0.6 0.6 0.5 0.6 0.6 0.5 0.7
6–9 m/s 30_60 139 0.8 0.7 0.8 0.7 0.8 0.7 0.8 0.7 0.8 0.7 0.5 0.7
6–9 m/s 60_90 54 0.9 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.8 0.8 0.6 0.7
6–9 m/s 90_120 580 1.0 1.1 1.1 1.0 1.0 1.0 0.9 0.8 0.7 0.7 0.6 0.7
6–9 m/s 120_150 958 0.6 0.8 0.7 0.7 0.6 0.6 0.5 0.4 0.4 0.4 0.2 0.4
6–9 m/s 150_180 2499 0.2 0.5 0.3 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.0 0.1
> 9 m/s 0_30 5 0.7 0.4 0.7 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.5 0.7
> 9 m/s 30_60 35 0.7 0.6 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
> 9 m/s 60_90 1 0.9 1.0 1.0 1.0 1.0 1.0 1.0 0.9 0.8 0.8 0.6 0.7
> 9 m/s 90_120 54 1.0 1.1 1.1 1.0 1.0 0.9 0.8 0.8 0.7 0.6 0.6 0.7
> 9 m/s 120_150 199 0.6 0.8 0.7 0.7 0.6 0.6 0.5 0.5 0.5 0.4 0.3 0.4
> 9 m/s 150_180 726 0.3 0.5 0.4 0.4 0.3 0.3 0.2 0.2 0.2 0.2 0.1 0.2
All 0_30 1135 0.7 0.4 0.6 0.5 0.6 0.5 0.5 0.5 0.6 0.5 0.4 0.7
All 30_60 619 0.7 0.6 0.7 0.6 0.7 0.6 0.7 0.6 0.8 0.6 0.4 0.7
All 60_90 270 0.8 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.7 0.7 0.4 0.6
All 90_120 1392 1.0 1.1 1.1 1.0 1.0 0.9 0.8 0.7 0.6 0.6 0.4 0.7
All 120_150 2603 0.6 0.7 0.6 0.6 0.5 0.5 0.4 0.4 0.3 0.3 0.2 0.3
All 150_180 10,473 0.1 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.1
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geometry of the USS where data were collected is probably quite
representative of the average USS PV facility where panels are deployed
in rows. Therefore, the information presented can be applied somewhat
widely.

The data presented here provide a rough, but consistent picture of
the wind flow regime close to the ground between successive rows of
solar arrays, sometimes steady in response to a particular set of upwind
wind conditions and sometimes fluctuating in direction, the latter
suggesting that the flow is dominated by the unsteady component
under certain conditions. It is tempting at this stage to use this
information on mean flow field to draw conclusions about siting of
solar facilities with respect to prevailing winds. For example, one could
try to conclude from Fig. 4 that for wind approach angles of 0–30° the
wind speed reduction at a known height, and therefore by Eq. (2), the
reduction in u* in between the panels is on the order of 30–40%, nearly
zero for 60–120° approach winds and around 60% to almost 90% for
winds from 150° to 180°. The next conclusion using Eq. (1) might be
that sand movement and dust emission are minimized for wind
approach angles that provide the greatest attenuation of mean winds

compared to the UW case. Presumably, this information could then be
used to determine, given the orientation of a planned solar facility and
the wind erodibility potential of the surface (using for example,
methods such as those described by Fryrear et al., 1991; Etyemezian
et al., 2014; Houser and Nickling, 2001; Sankey et al., 2011; and Van
Pelt et al., 2010), how much wind erosion is to be expected and whether
or not to apply chemical stabilizers. There are however several caveats
to keep in mind when implementing this simplified treatment of dust
emissions interaction with solar facilities.

As discussed previously, the reporting of u* in between the rows
using the data that have been summarized would be of questionable
quality and value for a number of reasons that include a lack of
sensitivity of the anemometers used, relatively small vertical spacing
given the insensitive measurements, unsteadiness of the boundary
layer, and whether the vertical wind profile is representative of the “law
of the wall” given the geometry of the experimental setup. Moreover,
the averaging interval of 10 min that we used to relate wind speeds in
between successive rows of solar panels to wind speeds at UW, means
that those relationship are only valid at comparable time-scales. The

Table 2
Summary of Data from PV2 Array. Wind speeds measured within array normalized to those at same height at UW.

H (m) 0.36 0.36 0.54 0.36 0.54 0.36 0.54 0.36 0.54 0.36 0.54 0.36
WS WD x (m) from low edge/# data 0.15 0.40 0.40 0.99 0.99 1.52 1.52 2.06 2.06 2.59 2.59 −0.55/3.4

3–6 m/s 0_30 1795 0.3 0.4 0.3 0.4 0.4 0.6 0.4 0.5 0.5 0.5 0.3 0.4
3–6 m/s 30_60 831 0.4 0.5 0.5 0.5 0.5 0.8 0.5 0.6 0.6 0.7 0.4 0.6
3–6 m/s 60_90 439 0.8 0.8 0.9 0.8 0.9 1.0 0.8 0.8 0.8 0.7 0.5 0.2
3–6 m/s 90_120 1336 1.1 1.0 1.1 1.0 1.0 1.1 0.9 0.8 0.8 0.6 0.5 0.1
3–6 m/s 120_150 2732 0.7 0.6 0.7 0.5 0.6 0.6 0.4 0.3 0.4 0.2 0.2 0.1
3–6 m/s 150_180 14,230 0.2 0.2 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
6–9 m/s 0_30 735 0.5 0.6 0.4 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.4 0.6
6–9 m/s 30_60 243 0.6 0.7 0.6 0.7 0.7 0.8 0.7 0.8 0.7 0.8 0.6 0.7
6–9 m/s 60_90 121 1.0 1.0 1.0 1.0 1.0 1.1 1.0 1.0 0.9 0.8 0.7 0.3
6–9 m/s 90_120 1019 1.3 1.1 1.2 1.2 1.1 1.2 1.1 1.0 0.9 0.8 0.6 0.2
6–9 m/s 120_150 1908 0.9 0.9 0.8 0.8 0.7 0.8 0.7 0.6 0.5 0.5 0.4 0.2
6–9 m/s 150_180 4869 0.6 0.6 0.5 0.4 0.4 0.4 0.2 0.2 0.2 0.2 0.1 0.1
> 9 m/s 0_30 30 0.6 0.7 0.5 0.7 0.6 0.7 0.6 0.7 0.6 0.7 0.5 0.5
> 9 m/s 30_60 66 0.6 0.7 0.6 0.7 0.7 0.7 0.7 0.7 0.6 0.7 0.7 0.5
> 9 m/s 60_90 2 1.1 1.0 1.1 1.1 1.1 1.1 1.0 1.0 0.9 0.8 0.3 0.3
> 9 m/s 90_120 180 1.3 1.2 1.2 1.2 1.1 1.1 1.0 1.0 0.8 0.8 0.7 0.3
> 9 m/s 120_150 560 1.0 0.9 0.9 0.8 0.8 0.8 0.7 0.7 0.6 0.6 0.4 0.3
> 9 m/s 150_180 1320 0.6 0.6 0.5 0.5 0.4 0.4 0.3 0.3 0.2 0.3 0.2 0.2
All 0_30 2560 0.4 0.5 0.4 0.5 0.4 0.6 0.4 0.5 0.5 0.6 0.3 0.5
All 30_60 1140 0.5 0.6 0.6 0.6 0.6 0.8 0.6 0.7 0.6 0.7 0.5 0.6
All 60_90 562 0.9 0.8 0.9 0.9 0.9 1.0 0.9 0.9 0.8 0.8 0.6 0.2
All 90_120 2535 1.2 1.1 1.1 1.1 1.1 1.1 1.0 0.9 0.8 0.7 0.6 0.2
All 120_150 5200 0.9 0.8 0.8 0.7 0.7 0.7 0.6 0.5 0.5 0.4 0.3 0.1
All 150_180 20,419 0.4 0.4 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1

Fig. 7. Conceptual models for flow between consecutive rows of solar panels. Solid arrows represent the primary flow lines above the array elements while dashed arrows represent flow
response within the array. Large arrows illustrate components of approach flow when viewed from above the array.
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aeolian geomorphological community has widely made use of u* as a
principal parameter to estimate thresholds for wind erosion as well as
magnitudes, and the same parameter in modified form is also used for
surfaces with substantial roughness. It is important to consider that to
a large degree, the prevalence of u* as the parameter that dictates the
wind erosion behavior of a surface derives from the fact that it is
comparatively easy to quantify experimentally. In both wind tunnel and
field studies, u* is essentially a time-averaged quantity that can be
estimated from measuring mean flows above the layer of roughness.

Yet, it is the air flow in the immediate vicinity of a sand grain,
usually smaller than several hundred micrometers in diameter that
affects whether or not it will move under the influence of aerodynamic
forces, not the average flow field at some arbitrary height above the
surface. Wiggs et al., (2004) argue that 40-second averaged wind
speeds, measured at a location that is representative (i.e., not separated
by roughness) and in the vicinity of the surface of interest, have the
most explanatory power in terms of estimating and predicting a
threshold for sustained sand movement. Weaver and Wiggs (2011)
go a step further. Using sonic anemometry measurements along the
centerline of a large barchan sand dune, they argue that in flows over
complex geometries, traditional measurements of u* or even local
mean wind speeds offer little predictive capability when it comes to
sand movement and that sand transport under those conditions is
more related to individual components of the Reynolds stress in the
vicinity of the sand grain in addition to larger features of the flow such
as zones of acceleration and deceleration.

Fig. 8 demonstrates several informative features of the sand
movement at the USS near the PV2 instrumentation installation. The
region labeled as “A” shows that in the vicinity of the vertical support
structure, there is a visible clearing where sand sized particles have
been removed from around larger rocks. This scouring phenomenon
around the base of flow obstructions near erodible surfaces is well
documented in the literature (e.g., Gillies, 2013; Gillies et al., 2007)
and is an example of how the assumption of the two-dimensional (2-D)
flow that is schematically depicted in Fig. 7 does not hold. The
assumption of 2-D flow is also violated at the edges of rows of solar
panels, the perimeter of the USS facility, and near other features of the
USS such as small buildings that house electrical components within
the solar field. In between vertical support structures are regions of
sand ridges (labeled “B” in Fig. 8) that are oriented parallel to the
prevailing winds (longitudinal) that often extend across several rows.
They are not present in between every pair of vertical support
structures, but rather appear in clusters. These observations are clear
indications that sand has moved under the influence of wind. What is
less clear is how much this movement constitutes a net flux of sand

under the influence of wind in a specific direction and how much it
constitutes a reshuffling of sand within a relatively small region in
response to local effects such as acceleration and deceleration in the
vicinity of vertical supports, periodic features in space and time such as
vortices, and shifts in prevailing wind conditions. Examination of the
region labeled “C” in Fig. 8 indicates that sand has filled in around
portions of the experimental equipment, providing evidence that sand
movement was ongoing over the duration of the measurements.
Transport of sand under the influence of prevailing southerly winds
could explain why sand has accumulated in the top half of region C,
where there is a flow obstruction (cross brace) downstream, but cannot
explain why sand has accumulated in the bottom half of region C.

In all, this study has provided a first-order estimate of the mean
wind flows in between rows of solar panels. This dataset is valuable for
understanding these flows and for checking the representativeness of
wind tunnel measurements and numerical modeling results. However,
there remains substantial insight that is needed before this type of
information can be used in a model that estimates the impacts of large
scale solar facilities on wind erosion. Notably, the fluctuating compo-
nents of the flow on much shorter timescales than is presented here are
critical for understanding the movement of sand within and across
such facilities under the influence of ambient wind. Related to this, in-
situ measurements of sand transport with high temporal resolution
would be very useful in future work to attribute the movement of sand
to either a net flux in a particular direction or a local reshuffling under
temporally varying wind conditions.
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