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Abstract

Understanding the influence of roughness and terrain slope on stable boundary layer tur-
bulence is challenging. This is investigated using observations collected from October to
November of 2018 during the Stable Atmospheric Variability ANd Transport (SAVANT)
field campaign conducted in a shallow sloping Midwestern field. We analyze the turbulence
velocity scale and its variation with the mean wind speed using observations up to 10-20 m on
four meteorological towers located along a shallow gully. The roughness length for momen-
tum over this complex terrain varied with wind direction from 0.0049 m to a maximum of
0.12 m for winds coming through deciduous trees present in the field. The variation of the
turbulence velocity with wind speed shows a transition from a weak wind regime to a stronger
wind regime, as reported by past studies. This transition is not observed for winds coming
from the tree area, where turbulence is enhanced even for weak wind speeds. For weak
stratification and stronger winds, the turbulent velocity scale increased with an increase in
roughness while the terrain slope is seen to have a weak influence. The sizes of the dominant
turbulent eddies seen from the vertical velocity power spectra are observed to be larger for
winds coming through the tree area. The turbulence enhancement by the trees is found to be
strong within a fetch distance of 7 times the tree height and not observable at 16 times of the
tree height.
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1 Introduction

In the atmosphere, a stably stratified boundary layer (SBL) forms most often due to the
radiative cooling process after sunset or when warm air is advected above a relatively cold
surface (Mahrt 2014). Understanding the onset and physical processes of the SBL. has been
the subject of various observational studies in the past. The SBL structure is sensitive to
processes such as turbulent mixing, radiative cooling, gravity waves, and the interaction with
the land surface. The complexity in representing the SBL accurately using the numerical
models comes from the nonlinear interactions between the physical processes mentioned
before (Holtslag 2006; LeMone et al. 2019). Many models rely on parameterizations for
representing the turbulent fluxes as a function of the stability and local conditions. With the
increase in computational resources, the spatial and temporal scales at which these models
can run has reduced to sub-kilometer scale (LeMone et al. 2019; Bou-Zeid et al. 2020) and
thus the small-scale heterogeneities (e.g., topography, aerodynamic roughness, terrain slope,
surface temperature) have become significant in deciding the model accuracy.

Most of our current understanding about the SBL is from field campaigns having exten-
sive observations collected over a long period of time (multiple nights or months). Some
well-known and well-documented campaigns having quality turbulence measurements at
multiple heights within the SBL are (1) the Cooperative Atmosphere—Surface Exchange
Study (CASES99, Poulos et al. 2002) conducted in Kansas during October of 1999 over
relatively flat terrain with many nights having clear skies, (2) Surface Heat Budget of the
Arctic Ocean experiment (SHEBA, Andreas et al. 1999) conducted in Arctic region for
about 11 months from October of 1997, (3) Shallow Cold Pool experiment (SCP, Mahrt et al.
2014) conducted in Colorado during October—December of 2012 over shallow topography,
(4) the Boundary-Layer Late Afternoon and Sunset Turbulence field campaign (BLLAST,
Lothon et al. 2014) conducted in France during June—July of 2011 over complex and heteroge-
neous terrain, and recently the Stable Atmospheric Variability ANd Transport field campaign
(SAVANT, Hiscox et al. 2023) conducted in central Illinois during September—November of
2018 over a shallow slope terrain with isolated roughness elements (trees, grasses, corn and
soybean crops before harvest and stubbles after harvest). Together, data from such campaigns
helped us in categorizing the SBL as either a weakly-stable boundary layer (wSBL) having
moderate to strong winds, cloudy conditions and/or weak surface cooling or a very stable
boundary layer (vSBL) with weak winds, clear sky conditions and/or strong surface cooling
(Mabhrt 2014). While such broad classification and our current understanding of the underly-
ing physical processes work well for relatively flat or simple terrain, very few studies focused
on the effects of small-scale heterogeneities on the SBL turbulence.

For SBL, turbulence and its relationship with wind speed were commonly parameterized
using Monin—Obukhov Similarity Theory (MOST, Monin and Obukhov 1954). MOST based
relations were one of the widely used and accepted for characterizing the physical process
in the SBL. However, many studies have shown that MOST based similarity relations do
not represent the observations well for various SBL conditions over relatively homogeneous
terrain (Grachev et al. 2013; Sun et al. 2020) and complex terrain (Nadeau et al. 2013;
Babic et al. 2016). Using data from CASES99, Sun et al. (2012, 2016) studied the SBL
turbulence variables (e.g., friction velocity, square root of turbulence kinetic energy, vertical
velocity variance) and found a threshold wind speed (V) at a given local and height that can
differentiate the weak turbulence regime (having strongly stable conditions) from the strong
turbulence regime (weakly stable or near-neutral conditions). Additionally, the transition from
weak to strong turbulence during SBL observed by Sun et al. (2012) led to the HOckey-Stick
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Transition (HOST) hypothesis. According to HOST, the turbulence mixing in the surface
layer at the observation height is due to the most-energetic, turbulent eddies with finite size
that are caused by bulk shear between the observation height and the surface rather than
the local shear as considered in MOST. The HOST hypothesis has been confirmed/observed
at sites having different conditions (e.g., van de Wiel et al. 2012; Bonin et al. 2015; Mahrt
et al. 2015; Yus-Diez et al. 2019; Acevedo et al. 2021). External factors controlling the SBL
turbulence and its transition between regimes (i.e., V), especially close to the surface, could
be the terrain features in complex topographical locations (Yus-Diez et al. 2019, Acevedo
et al. 2021), or surface roughness (Mahrt et al. 2013), or roughness elements like canopy
layer/crops (Dias-Junior et al. 2017; Bhimireddy et al. 2022; Vendrame et al. 2023), or a
combination of the above mentioned (Babic et al. 2016).

The present study uses SBL observations collected during the SAVANT field campaign
(Hiscox et al. 2023) to investigate the effect of upstream tall trees, fetch distance from
the trees, and terrain slope on the variation of turbulence with wind speed. This paper is
organized as follows: Sect. 2 details the topography characteristics and instrumentation used
during SAVANT. Section 3 presents the observed turbulence variables and their variations
as function of wind speed and direction as well as the discussion of impacts of the tree
roughness, terrain slope, and the tree fetch distance on the SBL turbulence characteristics.
Section 4 presents the summary of the analysis presented.

2 Observations and Methodology
2.1 Site Characteristics

The SAVANT field campaign was conducted near Mahomet, Illinois, during Septem-
ber—November 2018. The campaign was conducted in an agricultural field with a shallow-
slope topography, one main gully and two feeder gullies. Field schematics along with gullies
identified are given in Fig. 1. The main gully (MG) is 1040 m long and 8.9 m wide at the
narrowest point, with an elevation difference of 10.7 m between the top and bottom. The
feeder gullies FG1 and FG2 are 592, and 226 m long and 15, and 8 m wide respectively. The
elevation difference across FG1 and FG2 are 4.9 and 4.6 m respectively. The gully itself was
filled with 25-30 cm tall grass. Another feeder gully FG3 connects to the main gully at its
end. By October 16, 2018, all the crop in the field was harvested and observations collected
after this date (post-harvest) are used in this study.

The wind direction sectors chosen at each tower in Fig. 1 have different upwind conditions
(more details in Sect. 3.2). To the southeast of lconv tower, a sparse line of deciduous trees of
heights between 20 and 26 m is present, and to the south of Iconv tower, multirow deciduous
shrubs and two rows of deciduous trees of average height 28 m are present. These are
considered as the windbreaks in the present study. To the southwest of rel and uconv towers,
and southeast of init tower the terrain slope varies significantly.

2.2 Instrumentation and Data Processing

Data for the present study were collected on four Integrated Surface Flux System (ISFS) tow-
ers from NCAR Earth Observing Laboratory (EOL) Lower Atmospheric Observing Facilities.
Tower locations are shown in Fig. 1. Out of the four towers, two were 10 m tall and others were
20 m tall. The 10 m tall towers were named Initiation (init) tower, and Upper-convergence
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Fig. 1 SAVANT field Digital Elevation Model (DEM) contour map with gullies represented as dashed lines and
ISES towers shown as white triangles. The italic labels are the respective tower names. The terrain elevation
is shown in the color bar. Locations with rapid increases in height as compared to surrounding points indicate
trees. Wind direction sectors considered in this study for each tower are drawn as filled sectors. The axis
distance is with respect to the lconv tower location, i.e., 40.2103 N, 88.4037 W, positive x-values represent
Eastward distance and positive y-values represent Northward distance

(uconv) tower, and the 20 m tall towers were named the Release (rel) tower, and the Lower-
convergence (lconv) tower. Data were collected from 15 September to 27 November 2018.
Campbell Scientific CSAT3 A sonic anemometers were used to measure 3D wind components
at a 20 Hz rate. These were located at 1.5, 3, 4.5, 6, and 10 m above surface on all towers,
and additional CSAT3A anemometers were located at 8.5, 15, and 20 m on the rel and lconv
towers (Hiscox et al. 2023). Sensiron SHT75 humidity and temperature sensors were used
to get the 20 Hz observations at 0.2, 1.5, 4.5, and 10 m on all towers, and additionally at
8.5, 15 and 20 m on rel and Iconv towers. The Corn and Soybean crop were harvested by 16
October 2018 and the present study uses data collected from these ISFS towers from night
of 17 October 2018 to 27 November 2018. Data used in this study are available to download
from the EOL website (https://doi.org/10.26023/NKWR-EYWS-5J0W).

The initial quality control of the data and the tilt corrections for sonic anemometers
deployed during SAVANT were performed by the EOL. Data processing techniques followed
to obtain the time averaged variables were described in detail in Bhimireddy et al. (2022),
here we provide a brief description. Following Vickers and Mahrt (2003), the multi-resolution
flux decomposition (MRFD) of the data identified that a time averaging window of 5 min
is sufficient to filter out the influence of mesoscale variations during SAVANT. The SBL
observations were chosen as data collected from 1900 central daylight time (CDT = UTC
— 5h) to 0700 CDT of the following day, which matches with the approximate sunset and
sunrise times during the campaign. Further, we define the post-harvest nights as nighttime
periods starting from 17 October 2018 to 27 November 2018.
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2.3 Topography and Terrain Slope Estimation

The local terrain slope at each tower was estimated as a function of direction in 1-
degree azimuthal angle increments using high-resolution digital elevation model (DEM) data
obtained from a Elanus Duo twin-motor fixed wing unmanned aerial system (UAS) flown on
April 24, 2019 (Petty 2019). The UAS was flown in an east-west oriented rectangular survey
pattern while taking nadir-viewing high-resolution (3000 x 4000 pixels) images every 1 s
from an altitude of 120 m above ground level when there was no crop cover in the field.
These images were tagged with the UAS GPS location and were converted to 1-m horizontal
resolution DEM data using the commercial Agisoft Metashape software. Centered at each
ISES tower, the DEM points within each azimuthal angle were extracted and the terrain slope
was estimated from a linear fit to the DEM points. Terrain slope (S%) from each tower is
estimated using the linear fit of the elevation change with radial distance from the tower (R).
We calculated the terrain slope S% for radial distances ranging from 100 to 500 m in 50 m
increments. The value of S% varied consistently with both direction and radial distance at
all the towers with a variability of £0.14% for R >= 300 m up to R = 500 m. Thus, for the
remainder of this work, we use the slope values calculated within a 300 m radial distance
from each tower. S% at 300 m radial distance varied between — 2% and + 6% at the SAVANT
field site (negative slopes indicate terrain is rising as one approaches the tower). The terrain
elevation varied significantly for ‘init’ and ‘rel’ towers along N—S direction as seen in Fig. 1.
We did not estimate the surface curvature or assign a single terrain slope value as done in
Hurst et al. (2012) or Medeiros and Fitzjarrald (2014) due to the SAVANT field site having
large variations in surface elevation within a small area.

3 Results and Discussion
3.1 Post-harvest SBL Characteristics During SAVANT

The mean profiles of wind speed, turbulent kinetic energy, and potential temperature gradient
during post-harvest nights of the SAVANT campaign were discussed in Bhimireddy et al.
(2022). Here, we provide the distribution of static stability as measured by the potential
temperature difference (A@) taken between the observation height and 0.2 m level. Figure 2
shows the frequency distribution of 5-min averaged A6 and 10-m wind speed U 1, for post-
harvest nights. A total of 5,670 5-min averaged points were used for each observation height
on each tower during post-harvest nights. The percentage of 5-min A@ less than 1 K is 63.4%
for the init tower, 67.7% for the rel tower, 67.4% for the uconv tower, and 55.8% for the lconv
tower, respectively. The percentage of 5-min wind speeds stronger than 3 m s~ for the four
towers is 47% (init), 49.8% (rel), 46% (uconv), and 34.5% (Iconv), respectively. The time
periods with A6 < 1 K over the surface layer of 10 m were classified as neutral or near neutral;
these often occurred when the 5-min averaged U 1o, at the 10 m observation height was larger
than 3 m s~ ! at all the towers except at the Iconv tower. One of the objectives of SAVANT field
campaign is to collect observations of drainage flows. The procedure for detecting drainage
flow during SAVANT was given in Bhimireddy et al. (2022). Here we concentrate on the SBL
turbulent mixing in response to terrain slope changes when no drainage flows were detected,
for that, 5-min time periods with detected drainage flow were removed from further analysis.
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Fig. 2 2-D Histogram of bulk A@ variation with wind speed at 10 m height on a init, b rel, ¢ uconv, and d lconv
towers. The bulk A@ is calculated between 10 m and 0.2 m heights. Wind speed bins are 0.3 m s-1 wide
and A@ bins are 0.1 K wide. The colorbar represents the number of 5-min data points falling in each of the
bins. The thick horizontal and vertical lines in each subplot represents A6 = 1K and wind speed =3 m s~ !
respectively

3.2 Impacts of Roughness and Terrain Slope on Turbulent Mixing in SBL

Following Sun et al. (2012), the turbulent velocity scale (Vrgg) defined as Vrxg =

12 L .
[0.5(c2 +02+02)] /? where o represents the standard deviation of the velocity compo-

nents, was calculated for each observation height at the towers. Variation of post-harvest
nighttime Vr g pwith wind speed at 1.5 m observation height on each tower is given in Fig. 3.
The data were bin-averaged into wind speed bins of 0.3 m s~! width. The V7 g g variation in
each wind speed bin represented by the vertical bar in Fig. 3, increases with increasing wind
speed; this feature is consistent with the observations from CASES99 (Sun et al. 2012, 2020).
The increase in the standard deviation of Vrk g at higher wind speeds is due to a reduced
number of observations compared to the other wind speed bins. Using the bin-averaged val-
ues, a threshold wind speed is defined below which the Vrg g variation with wind speed
is negligibly small (Sun et al. 2012). For winds stronger than the threshold wind (V), the
Vrk E starts increasing linearly with wind speed. From Fig. 3, this threshold wind speed is
estimated to be 1.05 m s~! for init and rel towers, and 0.45 m s~ ! for uconv tower. For lconv
tower, the bin-averaged Vrk g values increased with wind speed even for weak winds and
no threshold wind speed is identifiable. Once the wind speed increases beyond the threshold
wind speed, the V7 g g values increase with wind speed at a constant rate of ~ 0.24 at init, rel
and uconv towers, mixing the air between the observation height and the surface level. This
indicates that the dominant turbulent eddies are generated by bulk shear as demonstrated in
Sun et al. (2016, 2020). The less dramatic change between the weak and strong wind regimes
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Fig. 3 Variation of 5-min averaged Vg g variation with wind speed at 1.5 m observation height on (a) init,
(b) rel, (¢) uconv and (d) Iconv towers. The vertical lines represent the standard deviation

here in comparison with the one found by Sun et al. (2012) could be influence of clouds
during SAVANT on the Vg g-U relationship as discussed in Sun et al. (2020).

To further understand the different V7 g g-U trends, we examined the variation of Vrg g
normalized by wind speed at a given observation height with wind direction as shown in the
left column of Fig. 4. This ratio between Vrg g and mean wind speed could be considered
turbulence intensity (TI) at a given height and Fig. 4 shows that it is sensitive to the wind
direction. For winds coming from West and generally aligned with the main gully, a significant
number of time periods had a weak TI magnitude and strong static stability. A significant
increase in the TI values (TI > 0.3) can be noted for winds coming from SE-SW near the lconv
tower. Winds from E (i.e., up-gully direction) at the Iconv tower were generally moderate with
wind speed values larger than 2 m s~! and had higher Vyx £/U values. The static stability as
measured by 96 /9z between 10 and 0.2 m observations heights was higher for winds aligned
with main gully. Overall, two conclusions can be drawn based on Figs. 1 and 4) the magnitude
of TI for similar stability and wind speed was much higher at lconv tower compared to the
other sites for the wind directions between 130 and 200 deg, and 2) the magnitude of stability
and TI varied with wind direction at all the towers.

To further investigate the dependence of TI on wind direction at the lconv tower, we
calculated wind speed and Vrk gat the lconv tower relative to the uconv tower at the 1.5 m
observation level as shown in Fig. 5. For wind directions between 135 and 200 deg, we
found that the 30-min averaged wind speeds are usually weaker at Iconv than uconv while
the Vr g g magnitudes are generally stronger at Iconv than uconv (Fig. 5). Figure 1 indicates
that the air flow from this wind direction sector to lconv is strongly influenced by trees. This
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Fig. 4 Percentage frequency of occurrence of a Vg /U at 1.5 m observation height, b static stability measured
as the difference between potential temperatures between 10 m and 0.2 m observation heights, and ¢ U at
1.5 m observation height with wind direction at 1.5 m observation level at each tower for post-harvest nights
during SAVANT

observed turbulence enhancement with relatively weak velocity was not observed for other
wind directions at the lconv tower. In the absence of such additional roughness elements,
one would expect similar wind speed and turbulence magnitudes between the lconv and
uconv towers as the horizontal distance between them is only 158 m. For wind directions
between 65 and 115 deg, we see that the 30-min wind speeds are stronger at lconv than
uconv while the Vrxr magnitudes are weaker at lconv than uconv. This wind direction
represents winds traveling up-gully at the lconv tower. For different wind direction sectors
than discussed above, similar dependence of velocity and Vr g g deficits with wind direction
were observed at other towers (not shown). The opposite behavior of velocity and V7 g
deficits for 135-200 deg and 65-115 deg wind directions at the lconv tower highlight the
roughness and terrain slope influence on local conditions.

To distinguish impacts of roughness and terrain slope on turbulent mixing, we investigate
variations of roughness with the within-300-m terrain slope at all the towers. Because V7 g
is closely related to the friction velocity, u, (e.g., Sun et al. 2012), an increase of Vrx g with
wind speed, that is, the slope of Vrx g versus U, would be related to drag coefficient defined
as Cy = (u* /ﬁ)z. For the strong turbulence regime under nearly neutral conditions (i.e., U
> V), the V7 xg-U slope would be directly related to roughness, which is indeed confirmed
by Mabhrt et al. (2013). We, therefore, concentrate on the strong turbulence regime with winds
greater than Vs and examine the Vg g-U slope as a function of wind direction. To ensure
statistically meaningful results, we select wind-direction sectors with the minimum number
of 300 5-min average data points in each wind direction sector. As a result, three sectors for
the init tower, four for the rel tower, and five sectors for both uconv and lconv towers are
selected (Table 1).
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Using the criteria, |010m — 002m| < 1K and Ujom > 3ms™!, i.e., near-neutral condi-
tions, the roughness length for momentum (zp) was estimated based on the methodology
of Sun (1999). We give the summary of this method here. For detailed description see Sun
(1999). Based on MOST and using bulk-formula, for near-neutral conditions considered here,
2o is related to the mean wind speed through In(z/z0) = U ()« /us, where k(= 0.41) is the
von Kdrmén constant. The roughness length for momentum at each tower is obtained using
the 30-min time averaged wind speed and momentum flux observations at multiple levels. zg
values listed as a function of wind direction at each tower are given in Table 1. Overall, the
largest shift in roughness length with wind direction was observed at the lconv tower with
zo value of 0.0049 m for wind directions in the range of 67 and 114 degrees (up gully flow),
and a zo value of 0.1205 m for wind directions in the range of 133 to 204 degrees (dense
trees located to the south of the Iconv tower).

The variation of Vg gwith wind speed in Fig. 3 is redrawn for the selected wind sectors
at each tower (Fig. 6). At the init tower, for the winds coming from 100 to 181 degrees
(down-slope winds), Vrk g starts increasing linearly with wind speed for U>08ms!
making it the threshold wind speed (V) required to reach near-neutral stability for that wind
direction. For the wind directions 57-98 and 226-360 degrees, the Vr g g increase with wind
speed starts at U > 1.5 m s~! at a different rate. The Vygg-U slope varied a lot at the Iconv
tower, from 0.23 for 67-114 deg wind directions (up-gully) to 0.435 for 133-204 deg wind
directions (from trees). The Vg £-U slope for down-gully directions is 0.23 for init, rel, and
uconv towers, and 0.224 at lconv tower. For comparison, the V7 g-U slope estimated from
CASES99 dataset was 0.25 (Sun et al. 2012).

Different Vr g g-U slope and the V values for winds coming from sloped (mountainous)
terrain compared to winds coming over relatively flat terrain is previously reported using
observations from the BLLAST field campaign (Yus-Diez et al. 2019). The terrain conditions
present at SAVANT site are different from CASES99 (relatively flat) and BLLAST campaigns
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Fig. 5 Variation of 30 min average a velocity difference, and b difference in the Vr g r magnitude between
1.5 m observation height on uconv and lconv towers, plotted against the wind direction observed at 1.5 m on
Iconv tower. Positive values are colored blue, while negative values are colored red
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(complex topography), which gives us a unique opportunity to study the feedback of such
gentle terrain differences on the stable boundary layer turbulence.

To understand the feedback of the terrain on the turbulent mixing at SAVANT site, we
calculated the correlation coefficient between the vertical velocity and potential tempera-
ture, — Ry (defined as w'T’ /0,07, and gives the efficiency of turbulence mixing) and A9
(between the observation height and 0.2 m level). Figure 7 shows the variation of V7 g,
— Ry and A6 at init and Iconv towers for along gully wind directions. At 1.5 m observation
height on init tower, for down-gully directions, — R,¢ value increased with wind speed from
0.2 and reached a maximum value of 0.4 at U = 2 m s~! and decreased thereafter with
increase in wind speed. Meanwhile, Af between 1.5 m and 0.2 m levels decreased gradually
from 1 K to 0.6 K for U values increased from 0 m s~ to 2 m s~! and decreased rapidly
with further increasing wind speed, while the V7 g g value remained low for U<=2ms!
and increased linearly for U>2ms! making Vg =2 m s~lat z = 1.5 m on init tower
for down-gully winds. Similar variation of — R, A6 and Vrgg was observed for other
heights on init tower and at lconv tower. With an increase in observation height, the value of
Vs increased suggesting that stronger winds are required to initiate the vertical mixing (Sun
et al. 2012, 2016).

Next, we study the V7 g, —Rus and Af variation with wind speed for up-gully wind
direction sectors at init and lconv towers and present the results for 1.5 and 10 m observation
levels in Fig. 8, along with the data for 1.5 and 10 m levels from Fig. 7. At init tower 1.5 m
level, similar to down-gully winds, the V7 g g increased linearly with wind speed starting for
U >2ms~! while — R,y reached a maximum value of about 0.39 just before U =2 m s~

Table 1 List of roughness lengths for momentum (z¢) and average terrain slope (S%) with in 300 m radius
from the tower location for each tower during SAVANT post-harvest time periods

Tower name Wind direction range  z¢ (m) Average terrain slope Terrain feature
(deg) (8%) in 300 m radius

init 57-98 0.0138 0.58 Up-gully
100-181 0.0239 3.26 Down-slope
226-360 0.0219 0.87 Down-gully

rel 50-79 0.0260 0.83 Up-slope
127-170 0.0262 1.34 Up-slope
170-231 0.0659 4.12 Down-slope
235-340 0.0555 1.84 Down-gully

uconv 3-97 0.0350 1.57 Down-slope
131-156 0.0214 0.65 Up-slope
156-232 0.0421 3.17 Down-slope
239-276 0.0532 4.49 Down-slope
276-330 0.0292 2.02 Down-gully

Iconv 0-60 0.0915 2.21 Trees
67-114 0.0049 —0.59 Up-gully
133-204 0.1205 2.34 Trees
212-254 0.0669 3.18 Down-slope
259-360 0.0317 2.08 Down-gully
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Fig. 6 Same as Fig. 3, but bin-averaged and data at each tower is divided into wind directions listed in Table 1.
The thin vertical lines represent the standard deviation. Only bins with more than 20 observations were
considered for averaging. Colors used in the figure represent individual tower wind direction sectors as shown
in Fig. 1

For U < 1 ms~!, A observed at all levels on init tower for up-gully winds is barely higher
than those seen for down-gully winds. Similar behavior of Vrxg with U was observed at
lconv tower for up-gully winds. At lconv tower, — R, values for U <2 m s~! were lower
than the init tower values. Smaller —R,,¢ values at lconv tower suggests weaker mixing,
which should be associated with a stronger stratification, but the A0 values observed were
similar to at the init tower, which is unexpected. Using observations from Shallow Cold Pool
(SCP) campaign, Mahrt (2022, 2022) recently reported similar trends where larger A6 values
occurred when —R,,9 was higher and vice versa for towers located on top and bottom of a
sloped terrain.

To investigate the structure of coherent eddies for different wind directions, we analyzed
the normalized vertical velocity spectra, fS, /02, where f is frequency, S,, is the power
spectrum of vertical velocity, and oy, is the standard deviation of vertical velocity, at all
observation levels on the uconv tower. Sun et al. (2012, 2016, 2020) found that the size
of large coherent eddies responsible for mixing was close to the observation height during
neutral conditions (or during U > V) and that the size scale of dominant turbulent eddies
decreases with increasing atmospheric stability. To investigate the effect of terrain features
and avoid the influence of the atmospheric stratification on Vrg g, we select three different
time periods of 4-h windows when wind speed is stronger than the threshold wind speed and
wind directions with different dominant terrain influences (i.e., down-slope, down-gully, tree
area) as shown in Fig. 9. Looking at Fig. 9, during each period considered, the normalized
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(a) 9 init, down-gully (b) 9 lconv, down-gully
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Fig. 7 Variation of V7 g £, — Ry, and Af on a init, and b lconv towers at the observation heights for down-
gully wind directions. The thin vertical lines represent the standard deviation. Only bins with more than 20
5-min averaged observations were considered for averaging

(a) init (b) lconv

57-98 (up-gully) 1.5m 67-114 (up-gully) 1.5m
.8 226-360 (down-gully) 1.5m 8 259-360 (down-gully) 1.5m
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Fig. 8 Variation of V7 g £, —Ryg, and A6 on a init, and b Iconv towers for up-gully wind direction compared
with the down-gully wind direction mentioned in the subplot legends. The thin vertical lines represent the
standard deviation. Only bins with more than 20 observations were considered for averaging
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vertical velocity spectra at all the observation levels on uconv reached their peaks at the same
normalized frequency value (zf /U), suggesting that the surface layer is nearly neutral (Sun
et al. 2020). Based on the spectral peak, the value of normalized frequency at the maximum
fSw /03) differed with the wind direction. The normalized spectra reached its peak with
zf /U = 0.3 for winds through the tree area direction, zf /U = 0.5 for winds coming down
the main gully, and zf /U = 0.65 for winds coming in the down-slope direction. Considering
the wind direction shown in Fig. 9a as reference, the normalized spectral peak shifted to higher
frequencies for wind flowing down the main gully and wind flowing down the slope. This
indicates that the turbulent eddy scales are influenced by the roughness elements and terrain
slope and the tree area enhances the scale of the most energetic, turbulent eddies with the
maximum normalized turbulence intensity.

Various quantities at the 1.5 m observation level averaged over the time periods shown in
Fig. 9 are listed in Table 2. At 1.5 m above the surface when the wind speeds are similar,
the downward turbulent heat fluxes for flow along the downslope are around 30% and 178%
stronger compared to when the flow is aligned with the main gully and flow coming over the
windbreaks respectively. Between the flow aligned with the main gully and the downslope
directions, the value of —R,p, turbulent kinetic energy, variance of vertical velocity and
horizontal wind speed are stronger for downslope direction. This increase in turbulence and its
efficiency in mixing could be due to the microscale variation of turbulent transport in response
to the downslope terrain variation. Mahrt (2022) recently found that the turbulence lee of a
downslope is altered compared to its upwind value at the SCP site. Since the observations
during SAVANT are limited to the main gully, tracking the changes in the turbulent quantities
from upwind to downwind of the downslope feature is not possible. Interestingly, between the
flow aligned with downslope direction (Fig. 9b) and the flow coming through the windbreaks
(Fig. 9a), the turbulent kinetic energy (e) and variance of horizontal wind speed were stronger
for windbreak flow but the downward turbulent heat flux, variance of vertical velocity and
— R were weaker. The contributions of variances of vertical velocity and horizontal wind
speed to the turbulent kinetic energy varied significantly for windbreak flow, where the
horizontal fluctuations contribute about 86% of e estimated. This value is about 76% for flow
aligned with the main gully.

Overall, the turbulence magnitude and its vertical structure downwind of either the wind-
breaks or a change in terrain slope is affected. However, more observations are required
(especially along the downslope terrain) to understand the modification of the air flow due
to the microscale terrain features.

The calculated Vygg-U slope for each wind direction sector considered in this study
is plotted against the momentum roughness length in Fig. 10. Overall, the Vg g-U slope
increased with increase in zg. For the wind direction sectors with trees, Vrxg-U slope was
significantly higher compared to the rest. Such high Vg £-U slope value indicates enhanced
vertical turbulent mixing even for low winds (U <2 m s7h.

3.3 Effect of Fetch Distance on the Downwind Turbulence Structure

To understand how the impact of the tree roughness on Vrx g, —Rys and A6 vary with the
fetch distance between the roughness element (tree area) and the observation tower location,
we studied the variation of Vrx g, —Rye and A9 at three levels (1.5, 10 and 20 m) on the rel
and lconv towers. For this, only winds coming through the tree area to the individual towers
were chosen (highlighted as shaded sectors in Fig. 11a). For this analysis, observations at init
tower were excluded because winds coming from this direction are subjected to steep slope
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Table 2 4-h average values at 1.5 m observation height on the uconv tower for time periods listed in Fig. 9

Variable 11/11-0100-0500 CDT ~ 10/17-0000-0400 CDT ~ 10/20-1900-2300 CDT
U(m s’]) 23 22 235
w/9'(10—3Kms—1) — 14 —39 ~30
—Ryp 037 0.44 039
ow (m s_1> 027 0.32 0.24
oy (m s—l) 0.87 0.79 0.58
z(m2 5*2) 0.44 037 0.22

variations due to the hill present in between the tree area and the init tower. Likewise, the
observations at uconv tower were also excluded as the highest observation level (i.e., 10 m) is
below the tree base. The fetch distance between the tree area and each tower was normalized
by the average tree height (H=28 m). Then, the rel tower with an average fetch of 16 H is
the farthest observation location from the tree line, while the lconv tower with a fetch of just
7 H is the closest one.

Figure 12 gives the variation of V7 gz, —Rye and A8 at three levels (1.5, 10, and 20 m)
on the rel and lconv towers for winds coming through the tree area. The V7 g g at Iconv tower
was higher than that at rel tower irrespective of the wind speed at each of the observation level
shown in the figure. The dependence of observational levels can be seen for —R,,9, where the
difference between the — R,,¢ values increased with height. In line with the — R,y differences
observed among the rel and Iconv towers, the bulk A6 with the 0.2 m level was smaller at the
Iconv tower for 10 and 20 m levels. This suggests that even for weak winds coming through
the trees the downwind turbulence transfer of heat or mixing in the vertical was stronger at
lconv tower resulting in the lower Af. Recently, Mahrt and Acevedo (2022) reported that
— Ryp values decrease rapidly with height for strongly stable stratification and in the absence
of external factors such as wind directional shear or surface heterogeneity. They observed
that the — Ry,g variation with height is more complex (sometimes — Ry, stayed constant with
height) when a “regional boundary layer” forms aloft due to the upwind rougher surfaces. In
comparison with the observed decrease of —R,,9 with height for up- and down-gully flows
(Fig. 8), the observed increase of —R, at lconv suggests that the roughness due to the
trees contributes to the enhanced turbulent mixing through efficient turbulent transfer in the
vertical as seen from the increased — Ry,g values with height. Due to the terrain sloping from
tree base to the tower location, observation levels below 10 m are below the tree base at both
rel and Iconv tower, and the — R, value remained more or less constant with height at the
rel tower, while it remained constant only up to 6 m and later increased with height at the
Iconv tower (not shown), suggesting a complex vertical layer structure connecting the levels
below the tree base with levels above the tree base.

As windbreaks are used quite often in the agricultural fields across the U.S. and other
countries, knowing how far from the windbreak does the turbulence intensifies for a given
upwind wind speed could help farmers in determining the optimal location for dispersion of
pesticides and control the pesticide drift (Ucar et al. 2001). Although the atmospheric response
downwind of the windbreak depends on the windbreak properties (such as porosity, shape,
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Fig. 9 (left column) DEM surrounding the uconv tower, and (right column) normalized vertical velocity spec-
tra at all observation levels on uconv tower for a flow over tree line direction during 0100-0500 CDT
on 11/11/2018, b down slope flow during 0000-0400 CDT on 10/17/2018, and ¢ down gully flow during
1900-2300 CDT on 10/20/2018. The thick dash line drawn across the panels represents the zf /U value when
the fSw/ 0'5‘) reached its peak. The thin dash line in the right panels of (b) and (c) represents the zf /U value
when the fSy,/ 03) reached its peak in (a) for comparison
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Fig. 10 Variation of V7 g -U slope with zq at each tower and wind direction sector. The wind direction at
each tower is represented by the marker color which is same as in Fig. 1. Markers with right-pointing arrows
represent wind directions from the tree area. The error bars are drawn based on the scatter present in the
estimated Vr g g-U slope for each wind direction sector
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Fig. 11 a DEM near the rel and Iconv towers and the tree patch with sectors drawn for winds coming through
the tree patch and on to the towers. b Variation of elevation relative to the tower base with the radial distance
(R) from the tower for the sectors identified in (a) for rel and Iconv towers. The light-colored x-axes at the
bottom of subplot (b) is normalized by the tree height (H). The winds are coming on to the towers

internal structure, and arrangement; Wang and Takle 1996; Brandle et al. 2021), findings
from the present study are thought to be applicable to similar sites and stability conditions.
Future observations with dense network and other variety of windbreaks would improve our
understanding of other mechanisms contributing to the enhanced turbulent and mixing in the
downwind.

4 Summary

The effect of terrain slope, roughness length and fetch from roughness elements (trees) on the
stable boundary layer turbulence characteristics were studied using tower observations col-
lected during the SAVANT field campaign. Post-harvest stable boundary layer observations
collected up to 10-20 m on four meteorological towers installed along a shallow gully were
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Fig. 12 Variation of V7 g ., —Ry0. and bulk A@ at 1.5 m, 10 m, and 20 m heights on (a) rel and (b) lconv
towers for wind directions through the trees. Only bins with more than 20 5-min averaged observations were
considered

used to evaluate the turbulent velocity scale (Vr g g), and correlation coefficient between the
vertical velocity fluctuations and temperature. The 5-min averaged values of V7 g g normal-
ized by the wind speed, bulk static stability calculated between 10 m and 0.2 m observation
heights, and the velocity deficit calculated between the adjacent towers varied significantly
with wind direction at each of the four observation towers. The roughness length for momen-
tum at the towers varied from 0.0049 m (bottom of the main gully) to 0.1205 m (for winds
coming over the windbreaks). In general, the rate of V7 g increase with wind speed is seen
to increase with roughness length, as found in the past studies. However, Vrg g increased
modestly with wind speed when the roughness is due to terrain heterogeneity, and it increased
greatly when the roughness is due to the trees.

During near-neutral conditions under strong winds, the scale of the most energetic eddies
with the maximum variance value in the vertical velocity spectra is enhanced when the winds
are downslope and is further enhanced when the winds are coming through the trees. The
added roughness due to the trees resulted in reduction of the mean wind speed, increase
in the turbulence and correlation between the temperature and vertical velocity fluctuations
at the downwind location. We found that during near-neutral conditions turbulence caused
by the bulk shear is strongly influenced by the fetch from roughness elements and weakly
influenced by the terrain slope.

A complex vertical layer exists connecting the observations below the tree base with the
ones above it. To study the composite effect of trees and terrain slope in detail, high-resolution
observations are needed in vertical with levels beyond the tree height. Understanding these
micro-topographical effects on the downwind turbulence is important as the tree-line elements
present during the SAVANT field campaign were a part of windbreak structures that are
common in the agricultural fields present in the Midwest US.
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