JGR Atmospheres

RESEARCH ARTICLE
10.1029/2024JD041815

Key Points:

e Terrain slopes with and without
upslope large roughness
elements impact downslope
stratification differently in the
nighttime SBL

o Downslope airflow reduces
downstream temperature not much
stratification and downstream
turbulence is enhanced by hydrostatic
imbalance

e Cold air elevated by upslope large
roughness reduces the downstream
stratification and effectively enhances
shear generation of turbulence

Correspondence to:

J. Sun,
jielun@nwra.com

Citation:

Sun, J., Bhimireddy, S. R., Kristovich, D.
A.R., Wang, J., Hiscox, A. L., Mahrt, L.,
& Petty, G. W. (2025). Impacts of terrain
slope and surface roughness variations on
turbulence generation in the nighttime
stable boundary layer. Journal of
Geophysical Research: Atmospheres, 130,
€2024JD041815. https://doi.org/10.1029/
2024JD041815

Received 17 JUN 2024
Accepted 20 JAN 2025

© 2025. University of Colorado and The
Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

Impacts of Terrain Slope and Surface Roughness Variations
on Turbulence Generation in the Nighttime Stable Boundary
Layer

Jielun Sun' ©, Sudheer R. Bhimireddy2’3 , David A. R. Kristovich*
April L. Hiscox® 0, Larry Mahrt', and Grant W. Petty®

, Junming Wang4,

"NorthWest Research Associates, Boulder, CO, USA, 2Cooperative Institute for Research in Environmental Sciences,
University of Colorado, Boulder, CO, USA, 3Global Systems Laboratory, National Oceanic and Atmospheric
Administration (NOAA), Boulder, CO, USA, “Climate and Atmospheric Science Section, Division of State Water Survey,
Prairie Research Institute, University of Illinois, Champaign, IL, USA, *Department of Geography, University of South
Carolina, Columbia, SC, USA, (’Atmospheric and Oceanic Sciences Department, University of Wisconsin-Madison,
Madison, WI, USA

Abstract Terrain slopes with and without upslope large surface roughness impact downstream shear-
generated turbulence differently in the nighttime stable boundary layer (SBL). These differences can be
identified through variations in the relationship between turbulence and wind speed at a given height, known as
the HOckey STick (HOST) transition, as compared to the HOST relationship over flat terrain. The transport of
cold surface air from elevated uniform terrain reduces downstream air temperature not much air stratification.
As terrain slope rises, the increasing cold and heavy air enhances downstream hydrostatic imbalance, resulting
in increasing turbulence for a given wind speed. That is, the rate of turbulence increase with wind speed from
downslope flow is independent of terrain slope. Upslope large surface roughness elements enhance vertical
turbulent mixing, elevating cold surface air from the terrain. Horizontal transport of this elevated, cold, turbulent
air layer reduces the downstream upper warm air temperature. Benefiting from the progressive reduction of
downstream stable stratification with increasing height in the SBL, wind shear can effectively generate strong
turbulence. In addition to the turbulence enhancement from the cold downslope flow, the rate of turbulence
increase with wind speed is elevated. This study demonstrates key physical mechanisms for turbulence
generation captured by the HOST relationship. It also highlights the influence of terrain features on these
mechanisms through deviations from the HOST relationship over flat terrain.

Plain Language Summary This study investigates how terrain slope increase, with and without
upslope large surface roughness such as trees and buildings, impacts downslope turbulence generation at night
differently. The study demonstrates that the downslope air temperature decreasing with increasing terrain slope
enhances downstream hydrostatic imbalance responsible for the vertical increase of turbulence. With the
enhancement of turbulence from the hydrostatic imbalance, turbulence intensity for a given wind speed
increases resulting in the observed shift of the near-neutral linear relationship between turbulence and wind
speed toward increasing turbulence intensity. However, the rate of turbulence increase with wind speed is found
independent of terrain slope variation. With an upslope tree patch on uniform terrain covered with corn stubble,
the tree patch can enhance turbulent mixing such that the cold surface air over the upslope terrain is further
elevated vertically. Horizontal transport of the elevated cold air layer can effectively reduce the downstream
upper-level warm air temperature in the nighttime stable boundary layer. The vertical increasing reduction of the
air temperature from the upslope tree patch results in effective generation of downstream turbulence by wind-
shear. Consequently, the downstream turbulence increase with wind speed is enhanced with increasing height.

1. Introduction

Turbulence at a given height z over the flat and relatively homogeneous surface site of the Cooperative
Atmosphere-Surface Exchange Study in 1999 (CASES-99) in the nighttime stable boundary layer (SBL) was
observed to increase gradually and nonlinearly with mean wind speed V for weak winds and sharply and linearly
with V when V exceeds its threshold value, V; at z (Sun et al., 2012). The resulting relationship between tur-
bulence and V resembles a hockey-stick as schematically illustrated in Figure 1. The intensity of turbulence in the
hockey-stick relationship can be the square root of turbulence kinetic energy (TKE) Vzxg, or the standard
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HOST deviation of any wind component, or the square root of the vertical mo-

mentum flux u, = 4/|w'V’| for a given surface roughness due to their direct

connection with turbulence intensity. We use u, to describe turbulence in-
tensity in this study although turbulence intensity is sometimes defined as the
standard deviation of wind speed over mean wind speed for an isothermal
fluid (e.g., Stull, 1988).

The distinctive hockey-stick pattern as a function of V demonstrates the
turbulence regime change in the SBL. Sun et al. (2016) indicated that the
hockey-stick pattern reveals the importance of the bulk shear V/z as the

Figure 1. Schematic explanation of the observed HOST pattern (blue)
between u, and wind speed V at height z over a flat land surface with surface
roughness length z; in the nighttime SBL. The blue linear line marked with N,

largest wind shear at z instead of local wind shear 0V /0z for generation of the
most energetic large turbulent eddies as well as the consequent reduction of
the stable stratification by these eddies. Here the most energetic large tur-
bulent eddies are defined as the eddies that contribute to the maximum
perturbation of vertical wind. When V at z is weak at a given site, the most
energetic large turbulent eddies generated by the weak V/z have the scale
smaller than z. As a result, the cold air from the cooling surface remains near

represents the near-neutral u, — V relationship at z; the area marked with S at  the surface under the relatively warm residual air from daytime, leading to the
the lower V end (enclosed by a short blue line and a blue curve) represents the ~ SBL. With increasing V, the stable stratification below z decreases due to
stable regime at z. The two regimes are uniquely distinguished by the threshold  t\;rbulent transfer of cold air upward and warm air downward. Once V ex-

wind speed V(z). The black dashed line marked with N represents the neutral
u, — V relationship at z;. The observed parallel between N, and N, indicates
that the neutral surface drag, C;, = [u,(20)/V(zo)]” is uniquely determined by
20, such that a(z) = a(zy). See the text for the physical processes reflected in
the observed HOST pattern.

ceeds the threshold wind V; at z, the increasing V/z is able to generate large
turbulent eddies that scale with the vertical scale of the bulk shear, z, resulting
in approximate elimination of the stable stratification below z. Further
increasing V in the nearly neutral environment below z leads to a linear in-
crease of u, with V. Therefore, the stable and the nearly neutral or weakly
stable turbulence regimes at z are separated by the critical bulk shear V,/z and form a hockey-stick pattern. As z
increases, the depth of the air layer between z and the surface increases, and the required bulk shear V,/z for
approximately eliminating the stable stratification below z increases, resulting in the systematic shift of the
hockey-stick relationship toward increasing V. The parallel of the near-neutral linear relationship between u, and
V at different heights reflects the unique impact of the surface drag on turbulence generation under neutral
conditions (more in Section 3.2). After extending the investigation of the relationship between turbulence in-
tensity and wind speed to unstable conditions, Sun et al. (2016) named the hockey-stick pattern as the HOckey
STick (HOST) transition.

In brief, the observed HOST pattern reflects two important physical processes in the SBL: bulk shear, V/z, for its
critical contribution to mechanical turbulence generation and the consequent reduction of the atmospheric
stratification by shear-generated turbulent mixing. In the atmospheric boundary layer (ABL), the atmospheric
stratification is, without any significant weather event, strongly controlled by thermal energy transfer from
surface heating/cooling through turbulent mixing. Thermally generated turbulence relies on unstable atmospheric
stratification and cannot eliminate the unstable stratification to reach a neutral state. Conversely, mechanically
generated turbulence depends on bulk wind shear, V/z, where any change of mean wind speed V is mainly
controlled by the synoptic/mesoscale horizontal pressure gradient based on the horizontal momentum balance.
Because the synoptic/mesoscale horizontal pressure gradient is approximately independent of the local atmo-
spheric stratification, bulk-shear generated turbulence not only contributes to turbulence intensity but also reduces
atmospheric stratification at the same time.

Because the HOST u, — V relationship essentially captures the critical factor of the bulk shear in turbulence
generation and stratification variation in the surface layer, unsurprisingly, numerous studies have identified the
HOST pattern over a variety of surfaces. The HOST pattern has been observed over sea surfaces (e.g., Andreas
et al., 2012; Cheng et al., 2023; Sun & French, 2016), over open pasture (e.g., van de Wiel et al., 2012), within
forests (e.g., Peltolaetal., 2021; Russell et al., 2016), over Amazon forests (e.g., Dias-Jtnior et al., 2017; Mendonca
et al., 2023), over snow/ice on the Antarctica plateau (e.g., Mazzola et al., 2021; Vignon et al., 2017), over urban
canopies (e.g., Huang et al., 2017; Liang et al., 2018), over complex terrain (e.g., Acevedo et al., 2015), and over
coastline under the influence of typhoon strong winds (e.g., Lan et al., 2023). The well-known nighttime turbulence
intermittency has been observed as the temporal variation of turbulence intensity jumping between stable and near
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neutral regimes in response to wind speed oscillations (e.g., Barbano et al., 2022; Cava et al., 2015; Mortarini
et al., 2018; Roman-Cascon et al., 2015; Sun, Mahrt, et al., 2015; Sun, Nappo, et al., 2015). Recently, Acevedo
et al. (2021) and Shao et al. (2023) have investigated what controls the threshold wind speed for the regime
transition. The contrast between the HOST observation and the MOST formulation was also theoretically inves-
tigated by Grisogono et al. (2020).

Sun et al. (2020) further elaborated the physical processes revealed by the observed HOST pattern, contrasted
these with the implications of Monin-Obukhov Similarity Theory (MOST), and highlighted similarities and
differences between MOST and observations. The observed HOST pattern at a given z reflects the contribution of
large turbulent eddies in response to V/z to u, in the stratified, stable or unstable surface layer. This important
physical aspect of turbulence generation and impacts of the most energetic large turbulent eddies on the atmo-
spheric stratification demonstrated in the observed HOST is not reflected in the MOST mathematical approach for
formulating turbulence similarity relationships. As z approaches to the surface, such as less than 1 m, the dif-
ference between local shear 0V/dz and bulk shear V/z becomes negligible, and MOST has been observed to
approximately reflect field observations. With decreasing z, the corresponding V, approaches to zero as illustrated
in Figure 1; the thin surface layer below z is approximately neutral all the time.

Obviously, without a range of wind speed variation, the characteristic HOST pattern for the turbulent regime
transition between non-neutral and near neutral regimes would not be observed (Sun et al., 2020). Failure to
establish the nocturnal stable stratification can be due to either lack of effective surface cooling, such as under
dense clouds or reduced surface exposure from surrounding environment (e.g., Hoch et al., 2011; Lehner
et al., 2015; Maillard et al., 2022; Noad & Bonnaventure, 2024; Pfister et al., 2019; Wang et al., 2022), or lack of
the effective warming of the residual layer from the daytime convective heating before sunset such as on a raining
day (Sun et al., 2020). Persistent strong winds for V much larger than V at night can also prevent the formation of
the stable layer at night. Without significant stable or unstable stratification, the HOST u, — V relationship at a
given height is dominated by the near neutral regime only.

The HOST pattern observed over the flat CASES-99 surface in the clear nighttime SBL provides a guidance for
the relationship between u, and bulk wind shear for the turbulence regime transition when turbulence variation is
only impacted by bulk wind shear and stable stratification. Additional physical mechanisms beyond bulk wind
shear, such as significant surface roughness changes and terrain slope variations in complex terrain, can also
impact turbulence intensity (e.g., Bhimireddy et al., 2024; Mabhrt et al., 2015; Mahrt et al., 2018; Mahrt &
Heald, 2015; Medeiros & Fitzjarrald, 2015). These additional environmental influences can be investigated by
comparing an observed HOST in complex terrain with a reference HOST pattern over a uniform flat surface.

Following previously observed HOST relationships, we extend the investigation of shallow complex terrain by
Bhimireddy et al. (2024). Based on our systematic investigation of the observed u, — V relationship from
shallow complex terrain at clear nights, we identify that terrain slope increase with and without upslope large
surface roughness elements contribute differently to the deviation of the observed downstream u, — V rela-
tionship from its corresponding relationship over relatively flat terrain in the same observation domain (the first
part of Section 3). By conducting theoretical and field data analyses, we investigate physical processes
responsible for the observed deviations (the second part of Section 3). Two field campaigns in shallow complex
terrain are used in this study (Section 2). The main results and conclusions are summarized in Section 4.

2. Field Observations and Data Analysis
2.1. SAVANT

The Stable Atmospheric Variability and Transport (SAVANT) field campaign took place in an agricultural field
of corn and soybean in shallow complex terrain, north of Mahomet, Illinois, during September—November 2018
(Bhimireddy et al., 2022, 2024; Hiscox et al., 2023). The field was harvested on 14—16 October, 2018. We only
concentrate on the post harvest period after 16 October, 2018. In general, the shallow complex terrain elevation
decreases eastward (Figure 2a). The elevation map in Figure 2a is based on a high-resolution geographically
registered digital elevation model (DEM) derived from a dense array of overlapping images of the SAVANT field
site taken from a fixed wing unmanned aerial system (Petty, 2019). A main gully with two gentle hills on two
sides is about 10-m wide and covered with short grass; the south hill is about 5 m higher than the north one within
200 m from the main gully. The eastward descending main gully turns southeast at the east end and is joined by
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Figure 2. The SAVANT (a) and the SCP (b) elevation maps in m above sea level. In (a), the four towers— init, rel, uconv, and
Iconv are marked with red triangles along the eastward descending main gully jointed by three small gullies on both sides,
where all the gullys are marked with blue dashed curves. Tree patches and wind-breaker tree lines are reflected in densely
packed black contour lines, where the average tree height of the dense tree patch south of Iconv is about 22 m, and the average
tree height of the windbreaker tree line is about 28 m. In (b), observations used in this study are from the 20-m main tower
marked with red plus and letter M; the structures on the north plateau that impact the observation are also marked.
Investigation of observations from 19 3-m towers marked with Al to A19 can be found in Mahrt et al. (2014).

two small gullies from the north and south sides at the east end. The heavily wooded areas with trees are marked
with dense black contour lines.

Four towers were instrumented along the main gully. From west to east, there are “initiation” (Init), “release”
(rel), “upper convergence” (uconv), and “lower convergence” (lconv) towers at 236, 235.5, 233.5, and 232 m
above sea level (ASL) (Figure 2a). That is, the terrain elevation change between the top and the bottom tower
along the main gully is about 4 m. Three-dimensional CSAT3 sonic anemometers were installed at 1.5, 3, 4.5, 6,
8.5, 10, 15, and 20 m above the ground on the 20-m rel and lconv towers and at 1.5, 3, 4.5, 6, and 10 m on the 10-m
init and uconv towers (NCAR/EOL In-situ Sensing Facility, 2021). All the sonic anemometer measurements were
sampled at 20 s~'. Sensiron SHT75 humidity and temperature sensors in aspirated shields were installed at 0.2,
1.5, 4.5, and 10 m on the two 10-m towers and at 0.2, 1.5, 4.5, 8.5, 15, and 20 m on the two 20-m towers with the
sampling rate of 1 s~!. On the rel and Iconv towers, Hukseflux NRO1 integrated 4-component radiometers were
installed at 20 m, Campbell EC150 H,0/CO, analyzers with the sampling rate of 20 s~! and Vaisala PTB110
analog barometers with the sampling rate of 1 s™! (internal to the Campbell EC150 H,O/CO, analyzers) were
installed at 1.5, 6, and 20 m, and Paroscientific-6000 nanobarometers with the sampling rate of 10 s~ were
installed at 1.5 and 20 m. On the init and uconv towers, Campbell EC150 H,O/CO, analyzers and solid-state
barometers (internal to the Campbell EC150 H,O/CO, analyzers) were installed at 1.5 and 6 m.
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2.2. SCP

The Shallow Cold Pool Experiment (SCP) was conducted over semiarid grasslands in northeast Colorado from 1
October to 1 December 2012 (Mahrt, 2017, 2022; Mahrt et al., 2014; Mahrt & Heald, 2015). The main valley is,
on average, about 12 m deep and 270 m long (Figure 2b). We focus on observations from eight Campbell Sci-
entific three-dimensional CSAT3 sonic anemometers at 0.5, 1, 2, 3, 4, 5, 10, and 20 m sampled at 20 s~! on the
main tower in the valley (marked M in Figure 2b) and the 5-min averaged downward solar and longwave radiation
measurements at 1.5 m above the surface at tower A1l about 20 m from the M tower (UCAR/NCAR—Earth
Observing Laboratory, 2014).

2.3. Data Analysis

To address airflows in complex terrain, we use the standard Cartesian coordinate system with the vertical di-
rection in parallel with gravity due to its unique role in the vertical distribution of air density and the vertical
stratification. Thus, the words “downward” used in this study refers to the direction of gravity.

L \l/4
Turbulence intensity in this study is expressed as u,, = (w’u’2 + w’v’z) at all observation heights, where w is

the vertical velocity, w'u’ and w'v' are momentum fluxes in the zonal and meridional directions, and the prime
represents turbulence perturbations from Reynolds averaged means expressed with the overline. Because the most
energetic turbulent eddies scale with height (e.g., Sun et al., 2016, 2020; Wyngaard, 2010), and the highest
observation level is 20 m above the ground in both field campaigns, 5-min data segments include the most en-
ergetic turbulent eddies at all tower heights. The 5-min averaged mean and turbulence variables such as u, are
used for both field data analyses in this study. Sonic anemometer observations were corrected for their orientation
measured by Leica Geosystem and through the standard tilt correction used by the National Science Foundation
(NSF)/National Center for Atmospheric Research (NCAR)/Earth Observation Laboratory (EOL) (NCAR/EOL
In-situ Sensing Facility, 2021).

Two types of pressure sensors—Paroscientific nanobarometers and Vaisala PTB110 analog barometers were used
for SAVANT. Comparison between the two colocated at 1.5 and 20 m on the rel tower indicates that the dif-
ference between the two sensors is approximately constant and the standard deviation between them during the
entire field campaign is about 0.1 mb. Thus, we consider 0.1 mb as the uncertainty value for pressure
measurements.

Clouds appeared frequently during both 2-months field campaigns (Hiscox et al., 2023; Pfister et al., 2019). To
avoid the influence of clouds on the SBL development (Sun et al., 2020), we identify clear nights by examining
the downward solar radiation variation before each night and the downward longwave radiation variation during
the night to ensure potential nighttime stable stratification without any significant cloud influence. For SAVANT,
10 clear nights are selected: 20, 21, 24-27 October and 1, 13, and 25-26 November. For SCP, 33 clear nights are
selected: 22,23, 29 September, 4, 8,9, 12,15-19, 22-24, 31 October, and 1, 3, 4, 6-10, 12,14 16, 18, 19, 21-23, 28
November.

3. Impacts of Terrain Slope Increase With and Without Upslope Large Surface
Roughness Elements on Downstream Turbulence Generation

The nighttime SBL is developed through thermal diffusion across the longwave radiatively-cooled ground surface
in the relatively thin surface laminar layer and the upward transfer of the cold air by turbulent mixing above the
laminar layer into the relatively warm residual air from daytime surface heating (e.g., Geiger et al., 1995). Due to
the limited distance of molecular movement in thermal diffusion, the SBL is strongly controlled by turbulent
mixing generated by bulk shear. We find that the u, — V relationship from all the towers for wind from the
northwest (NW) sector at the SAVANT site (Figure 3) shows the consistent HOST pattern as observed at the
relatively flat CASES-99 site (Sun et al., 2012). This is because the wind from the NW sector is mainly from the
west-northwest (WNW) direction (marked by the black arrow in Figure 3a) with relatively small terrain variations
for all the towers and the observed wind speed ranges from near 0—10 m s~!, which covers both stable and near
neutral regimes. Because the surface cover of corn stubble from this wind sector represents the dominant surface
type at the site during the period of this study, we use the HOST pattern from the NW sector as the reference
HOST for the SAVANT site to investigate impacts of the shallow complex terrain on turbulence variation.
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Figure 3. The HOST u, — V relationship at all the observation heights on the four towers for the wind direction (WD)
between 270° and 360° during SAVANT. Each dot represents 5-min averaged data at the observation height represented by
the color of the height. The thick curves represent the bin-averages of u, — V at different heights. The vertical thin bars along
each bin-averaged u, — V curve represent the standard deviations of u, from each wind speed bin. To make the bin-averaged
curves visible, the transparency of all the dots is reduced. The wind direction in this wind sector is dominated by the wind
direction marked with the black arrow in (a) over the dominant corn stubble surface during the post harvest period, from which
the terrain elevation variation is negligible.

We then systematically examine the u, — V relationship at 1.5, 4.5, and 10 m from all the four towers and
additional levels at 15 and 20 m from the two 20-m towers for all the coming wind-direction sectors at every 45°
except the north—-northeast sector from which the observation for the selected clear nights is limited (Figure 4).
We find striking differences among all the observed near-neutral u, — V relationships in comparison with the
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Figure 4. The observed u, — V relationship at the observation height marked at the top of each panel for the init (b—d), the uconv (e—g), the rel (h-1), and the lconv (m—q)
towers, where the colors of the dots correspond to the colors of the wind sectors marked in (a). The light yellow dots in each panel represent the reference HOST at the
same observation height over the relatively flat terrain as shown in Figure 3.

reference HOST for wind from the NW sector observed at the same locations. The near-neutral u, increase with V
significantly higher than the reference one is found at the lconv tower for wind from the patch of dense trees with
the average tree height of 22 m on the hill south of the lconv tower (cyan wind sector in Figure 4a) and from a
patch of the north—south oriented windbreaker tree line southeast of lconv with the average tree height of about
28 m (blue wind sector in Figure 4a). The enhancement of the u, increase with V is observed to decrease with
increasing distance between towers and the upslope tree patch south of lconv as shown in the difference between
the uconv and the lconv towers at 10 m. Evidently, the upslope large surface roughness of the tree patch on the
sloping terrain covered with the small surface roughness of corn stubble enhances the u, increase with V, and the
impact fades away as the distance between the upslope tree patch and the downstream observation tower in-
creases. The dense tree patch does not seem to impact the enhancement of the u, increase with V if the observation
height is below the elevation of the tree patch base such as at 1.5 and 4.5 m on the uconv and rel towers downslope
of the tree patch. Furthermore, we find the parallel shift of the near-neutral u, — V relationship toward large u,,
from the corresponding reference HOST for wind directions from the large hill south of the main gully (marked as
“high terrain” in Figure 4a), such as at the init and rel towers.

From the systematic examination of the observed u, — V relationships as functions of observation height and
wind direction at all the SAVANT towers, we find terrain slope increase with or without upslope large surface
roughness elements impacts the deviation of the observed near-neutral u, — V relationship from the reference
HOST differently. We first investigate terrain slope variation alone on downstream turbulence generation in
Section 3.1. We then study how a sloping terrain with additional upslope large surface roughness elements impact
downstream turbulence generation differently in Section 3.2.
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Figure 5. The observed parallel shift of the near-neutral #, — V relationship toward increasing u, with increasing terrain slope y at the rel tower in (a—d) can be explained
by the contribution of the downslope increasing cold air [dashed curves in (g)] to the enhancement of —dp/0z (e), air density p [solid curves in (g)], and hydrostatic

imbalance, —(dp/0z + pg) (f) for increasing ow>/dz [solid curves in (h)] and W’ [dashed curves in (h)] for the two terrain slopes of y = 0.75° and 1.34°. The decreasing
air temperature with increasing terrain slope due to the vertical turbulent mixing of the horizontal transport of the cold surface air from an elevated terrain is schematically
illustrated in (i, j), where the shade of the blue color represents the vertical temperature variation in the SBL.

3.1. Impacts of Terrain Slope Variation Alone on Downstream Turbulence Generation

We investigate how terrain slope change with a uniform terrain surface impacts downstream turbulence gener-
ation in comparison with the reference HOST at the rel tower for its 20-m height with more levels of mea-
surements than the others and its close proximity to the highest ridge in the observation domain. We choose two
wind sectors with two terrain-slopes (y) and the same surface roughness of corn stubble for this investigation:
wind from the south-southwest (SSW) direction of 180-225° down from the relatively steep slope of y = 1.34°
(cyan in Figures 5a—5d) and wind from the south-southeast (SSE) direction of 135-180° down from the relatively
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gentle slope of y = 0.75° (blue in Figures 5a—5d). Because the observed signal of the impact of the dense tree
patch on the observed u, — V relationship becomes negligible when the elevation of the observation is below the
elevation of the tree-patch base, we analyze observations from the bottom four levels on the rel tower for wind
from the SSE direction, which are impacted by the sloping terrain from the SSE direction only. Figures 5a-5d

1

show that y enhances u, for a given V larger than V, ~ 2 m s™, resulting in the systematic shift of the near-

neutral u, — V line.

To investigate the near-neutral u, — V relationship, we first examine the balance equation for vertical momentum

fluxes along wind direction, w'V'. Because a terrain slope can impact turbulence generation vertically and hor-
izontally depending on the horizontal and vertical distances between the observation point and the terrain surface,
we estimate the ratio between the two distances. For a hill with the slope angle y, the horizontal distance from a
point at height z in parallel to the gravity above the sloping surface to the uphill terrain surface is x = z arctan(y).
The smallest ratio of x/z among the three terrain slopes in Figures 5a—5d is about 43 from the relatively steep SSW
slope. The significantly large horizontal distance x to the upstream terrain surface relative to the vertical distance z
indicates that w'V" at z is strongly influenced by the surface drag due to interactions between airflows and the
surface below. With a uniform surface roughness, the horizontal variation of w'V’ would be negligibly small.
Knowing that the averaged w over many up and down turbulent vertical motions, w, is much smaller than the
amplitude of vertical turbulent motions (e.g., Sun et al., 2024), the Reynolds-averaged equation for w'V’ can be
approximated as (e.g., Garratt, 1992)

e e 1)

where p and p represent air density and pressure, respectively, and the overline for V in the first term on the
righthand side (RHS) is omitted here for simplicity and consistency with V used in the study. The last term on the
RHS of Equation 1 is the impact of dynamic air viscosity y as a result of airflow deformation on dw'V’/dt and is
normally small away from the surface. The term dp/ox in the second term on the RHS represents the mesoscale-
synoptic scale horizontal pressure gradient responsible for the acceleration of mesoscale-synoptic horizontal
wind. Under near neutral conditions, the vertical turbulent heat flux is negligibly small. Because air density
variation is strongly controlled by air temperature variation through thermal expansion/contraction (e.g., Sun
et al., 2024), the negligibly small vertical air density flux under near neutral conditions results in the negligibly
small second term on the RHS in comparison with the first term. As the wind direction variation in the near-

neutral regime is relatively small (e.g., Sun, Mahrt, et al., 2015), the difference between —w'V’ (w'V" is nega-
1/2
tive near the surface) and (w’u’2 + w ) is approximately less than 5% under strong wind conditions.

Applying u2 ~ — w'V’ and integrating Equation 1 over a given small time interval Az, we have

u? ~w? a—vAt. 2)
) 0z

Because of the dominance of the bulk shear V/z for dV/dz, the near-neutral u 2 for a given V at a given z from

different terrain slopes would be directly related to their w? values.

We then examine the variation of w2 using the equation for vertical motions. Based on the discussion for
obtaining Equation 2, the Reynolds averaged equation for vertical motions can be approximated as (e.g., Sun
et al., 2024)

ow’? op
p—rR—|=—+pg| 3
P <az+pg) 3)

Sun et al. (2024) found that the hydrostatic imbalance, —(0p/dz + pg)# 0 contributes directly to the vertical

variation of w2 based on their analyses of field observations from towers, Doppler lidar and radar, and global
positioning system (GPS) soundings. They validated that —(dp/dz + pg)> 0 is responsible for the vertical in-

crease of w2 from its surface zero value.
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We then investigate whether w? increases with the terrain slope as a result of hydrostatic imbalance. To avoid the
significant influence of the dense tree patch south of lconv on turbulence observation at the rel tower explained
above, we use the PTB110 air pressure measurements at 1.5 and 6 m to calculate the magnitude of the vertical
pressure gradient, —dp/0z > 0 (the atmospheric pressure decreases with height). We find that the vertical variation
of air pressure between the two levels is larger than the pressure uncertainty value of 0.1 mb (Section 2.1),
indicating that the measured vertical pressure difference is beyond the instrument uncertainty. For a given V>V,
—0dp/0z is observed to increase with terrain slope y (Figure 5e).

To investigate the impact of the air density variation on hydrostatic imbalance, we study the vertical temperature
profiles from the two slopes as air density is strongly controlled by thermal expansion/contraction. We find that
the wind-sector averaged air temperatures from the two terrain slopes are similar at 0.2 m as the air temperature
adjacent to the surface is uniquely influenced by the local land surface temperature. With increasing height above
0.2 m, the air is colder from the relatively steep slope than from the gentle slope with no significant stratification
change between the two directions (dashed curves in Figure 5g). As the air temperature increases with height in
the SBL, the colder air from the steep slope reduces the vertical temperature increase from 0.2 to 1.5 m. The colder
air from the steep slope can be explained schematically by comparing Figure 5i for a gentle slope with Figure 5j
for a steep slope. As the cold surface air from a point on a sloping terrain is transported downstream by horizontal
wind in response to the horizontal pressure gradient at the location, the most energetic large turbulence generated
by the bulk shear V/z at any point downstream would vertically mix the cold upslope air into the air layer below
under near-neutral conditions. Because the air temperature increases with height in the weakly SBL, the air
temperature contrast between the upslope cold surface air and the downstream air at the same elevation would
increase with the terrain slope as shown in the color contrast between the blue dot from the upslope surface and the
surrounding color downstream in Figures 5i and 5j. That is, more cold surface air along the terrain slope would be
entrained into the downstream air column from steep terrain than shallow terrain through the vertical turbulent
mixing generated by local bulk shear along the terrain slope. Therefore, the vertical mixing of the upslope cold air
would result in decreasing downstream air temperature with increasing terrain slope as observed in Figure 5g.

Using the air density calculated from the ideal gas law with measured water-vapor specific humidity, air tem-
perature, and air pressure, we find that air density p, on average, increases with decreasing air temperature as a
result of thermal contraction (solid curves in Figure 5g), resulting in the air density increase with terrain slope.
Because air pressure is strongly influenced by the column air mass weight above, the increasing air density in the
air layer impacted by the transport of the cold air from elevated terrain would enhance the downslope vertical air
pressure gradient, which is indeed observed in Figure Se.

Applying the observed —dp/dz and p, —(0p/0z + pg) is larger for the steep slope than for the gentle slope
(Figure 5f). This result is consistent with the observation in Sun et al. (2024) due to the dominance of the positive
—dp/0z in —(dp/0z + pg) even though the increasing air density by itself reduces the hydrostatic imbalance
through —pg. Thus, dw?2/dz (solid curves in Figure 5h) in response to the observed —(dp/dz + pg) is larger for
the steep slope than for the gentle slope as implied in Equation 3. Therefore, w2 (dashed curves in Figure 5h) from
its zero surface value is larger for the steep slope than for the gentle slope. Consequently, for a given V, u, is larger
for the steeper slope (Equation 2), and the near-neutral u, — V linear relationship from downslope wind shifts
toward large u, in parallel with the reference u, — V line over the relatively flat terrain as observed in
Figures 5a-5d.

3.2. Impacts of Sloping Terrain With Upslope Surface Roughness on Downstream Turbulence Generation

The impact of surface roughness variations on the u, — V relationship has been observed, for example, by Mahrt
etal. (2013) and Sun and French (2016) over relatively flat surfaces and by Bhimireddy et al. (2024) over complex
terrain. Because the surface drag coefficient under neutral conditions C, = [u,(20)/V(zo)]* over a flat terrain is
invariant for a given z,, once the stable stratification in the air layer below z is reduced to near neutral by energetic
large turbulent eddies that scale with z, the turbulent mixing at z over the same surface is impacted by the same
C,. Therefore, the u, increase with V under near-neutral conditions at any z remains the same with increasing z
(Figure 3). Note that the surface roughness z, reflects the net dynamic impact of surface roughness elements on
the surface turbulent momentum flux and is not necessarily related to the physical height of surface roughness

SUN ET AL.

10 of 18



AND SPACE SCIENCES

10.1029/2024JD041815

Northward (m)

g,
e

o o 3
-700-600-500-400 -300-200-100 0

250

230

225

100 200 300 400

Eastward (m)
©)
08 1.5m
270°<WD<360"
0.6 *135°<WD<180°
VI_('IJ
£0.4
3 >
0.2 !
o]
O 9 % © % ,9
V(msT
20 q)
270°<WD<360 135<WD<180° !
15 ‘
%;102 ‘
—
10 gg |
135<WD<180/ & |
5 Al 10 y :
270 '<WD<360
\
0 o |
0 05 1 15 2 25 195302 51 10° 107 102 10°

6(2)-6(0.2 m) (K) 2xfz/V

Figure 6. Comparison between the u, — V relationships for wind direction (WD) from the upslope tree patch direction, 135 — 180° [blue dots in (c—f) corresponding to
the blue wind vector in (a)] and from the reference WNW sector, 270 — 360° [yellow dots in (c—f) corresponding to the yellow wind vector in (a)]. Comparison of the
mean stable stratification in (g) is shown as the averaged potential temperature profiles relative to their surface values at 0.2 m for V>2 m s~! at 15 m from the two
directions. Comparison of the normalized w power spectra S,,, 2zfS,,/c2 as a function of the normalized frequency f, 2zfz/V, at z = 10 m for the two wind directions is
demonstrated in (h), where o,, is the standard deviation of w. To ensure the similar wind speeds for the comparison in (h), the sonic anemometer measurements between
0000 and 0100 CST on 24 October for the WNW wind and on 26 November for wind from the tree patch with V. ~ 5ms~! atz = 10 m from both wind directions are used;
the black dashed line represents 2zfz/V = 1. The impact of the cold turbulent airflow generated by the upslope large tree-patch on the increasing reduction of the
downstream stable stratification is schematically illustrated in (b), where the blue shade represents the air temperature variation as in Figures 5i and 5j.

elements. Because the neutral u, increase with V is related to Cy, and C,, increases with z, the u, increase with V
is enhanced with increasing z;.

3.2.1. SAVANT

Here we investigate the contribution of the dense tree patch up the SSE terrain slope to the near-neutral u, — V
relationship at the rel tower for its vertical coverage and its direct line of sight of the tree patch (Figure 6).
Examining Figure 6¢ indicates that near the surface such as at 1.5 m, the u, — V relationship is independent of
terrain slope indicating that the local bulk shear near the surface over the same local z; plays a dominant role in
generating turbulent mixing. As z increases to the elevation above the base of the tree patch, such as at 15 and
20 m (Figures 6e and 6f), the influence of the downslope cold air on u, discussed in Section 3.1 is seen in the
relatively larger u, in comparison with the reference one at the threshold wind V, ~ 4 m s~ when u, just reaches
to its near-neutral value. With increasing V in the near-neutral regime, the relatively large u, increase with V in
comparison with the reference u, — V relationship is observed. Because z, associated with the dense tree patch is
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larger than z, associated with corn stubble, and the terrain slope does not contribute to the u, increase with V
(Section 3.1), the observed large u, increase with V from the upslope tree patch direction in comparison with the
one from the reference wind sector over corn stubble in Figures 6¢c—6f may seem to be consistent with the above
discussion on the impact of z; on the increase u, with V. Interestingly, the enhancement of the u, increase with V
is observed to increase with height instead of being invariant as in the reference HOST over the flat surface.
Therefore, the observed near-neutral u, — V relationship for wind from the upslope tree patch is beyond the
simple added impacts of the individual terrain features of large z, and the terrain slope.

By comparing the averaged potential temperature profiles at the rel tower for wind from the SSE sector in the
direction of the tree patch and from the reference WNW sector, we find that the upslope tree patch results in the
increasing reduction of the downstream stable stratification with height such that the stratification is stable below
the elevation of the tree-patch base about 6.5 m at the rel tower and nearly neutral above instead of becoming
increasingly stable with height as for wind from the reference sector (Figure 6g). The increasing reduction of the
stable stratification with height can be explained by the enhanced turbulent mixing over the upslope tree patch as
schematically illustrated in Figure 6b. Because of the enhanced turbulent mixing around the large surface
roughness of the tree patch for a given V, the cold surface air is transported higher around the tree patch than over
corn stubble downslope. The horizontal transport of this relatively deep cold turbulent air layer into the down-
stream upper warm air results in the significant reduction of the downstream stable stratification with increasing
height. Therefore, the influence of the upslope tree-patch on the downstream stratification is significantly
different from the upslope terrain alone based on the comparison between Figures 5g and 6g.

We further investigate w power spectra at rel for V around 5 m s~ at 10 m from both directions as turbulence
intensity at a given location is dominated by the most energetic large turbulent eddies generated by local bulk
shear with the maximum turbulence perturbation at the peak of the w power spectrum, S,, (e.g., Sun et al., 2020).
Comparison between the normalized S,, for V from the two directions indicates that the stable stratification
reduction due to the upslope tree patch helps the bulk shear to effectively generate stronger turbulence with larger
turbulent eddies as shown in the shift of its normalized S,, peak toward low frequency, f, normalized by V/z
(Figure 6h). As the S,, peak at 2zfz/V = 1 represents the scale of the most energetic turbulent eddies is z (e.g.,
Sun et al., 2020), the observed 2zfz/V < 1 for wind from the upslope tree-patch indicates that the most energetic
large turbulent eddies generated by the bulk shear for wind from the upslope tree-patch is not large enough to
eliminate the stable stratification in the air layer below, which is evident in its temperature profile in Figure 6g.
Because the nearly neutral layer in the upper rel for wind from the tree patch, the difference between the stable
stratification below 15 and 20 m is relatively small, the u, increase with V is not significant between 15 and 20 m.

Considering energy dissipation of the relatively strong turbulence around the upslope tree patch during the airflow
traveling from the tree patch to the rel tower and the relatively weak turbulent mixing generated by bulk shear along
the airflow over the sloping terrain covered with corn stubble, the observed vertical enhancement of the u,, increase
with V cannot be explained by the advection of the enhanced turbulence over the tree patch. When the relatively
strong turbulent airflow travels from the upslope tree patch to the rel tower over the distance of ~ 500 m, turbulence
energy dissipation would reduce u,. In consideration of the airflow in generating turbulence through bulk shear
along its path over the sloping terrain, the near neutral u, — V relationship would be adjusted to the smaller Cy, as
the sloping terrain covered with corn stubble has z, smaller than the z, associated with the tree patch. That is, the u,,
increase with V would be reduced to the value similar to the one from the reference wind sector.

The above analyses indicate that with the addition of the upslope tree patch for enhancing vertical transport of the
cold surface air, the downstream increasing stable stratification with height is effectively reduced by the elevated
cold air. The reduced stable stratification can assist bulk shear for its efficient generation of the most energetic
large turbulent eddies, resulting in the enhanced u, for a given V. Therefore, the observed deviation of the near-
neutral u, — V relationship from the upslope tree patch in Figure 6 is contributed by both upwind terrain slope
and the upslope tree patch not for its enhance of turbulence intensity itself but for its dynamic impact on the
downstream stratification.

3.2.2. SCP

We then investigate the contribution of the structures of four ranch buildings and a field supporting trailer located
on the north plateau to the near neutral u, — V relationship measured at the main tower in the shallow valley
about 16 m below during SGP (Figure 7a). We find a similar signature of the upslope large surface roughness on
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Figure 7. The observed u, — V relationships (d—k) at the labeled observation heights on the main tower (marked as M tower in a) during SCP for wind from the upslope
structures of four ranch buildings and the trailer—the structure sector (marked in blue north of the M tower in a) and from the rest of wind directions (marked in green
south of the M tower in a). The colors of the dots in (d—k) correspond to the colors of wind sectors in the areal satellite image (a). Similar to Figure 6, the potential
temperature profiles relative to their surface values at 0.5 m averaged over all the clear nights for wind from the upslope structure direction and the other direction with
V> 6 ms~! at 20 m are shown in (b); the normalized w spectrum 2zfS,,02 as a function of the normalized frequency, 2zfz/V from both wind sectors are shown in (c). To
ensure the spectral comparison is under near neutral conditions, the sonic anemometer measurements at z = 20 m between 0400 and 0600 LST on 10 October for

V ~7 ms~! from the other sector (green) and on 25 October for V ~ 4 m s~! from the structure sector (blue) are used for the spectral analyses in (c). The cyan and dark
green lines in (d-k) are the fitted linear lines for the structure and other sectors, respectively.

the downslope u,, — V relationship as observed in Figure 6. The near-neutral #, — V linear relationship at 0.5 m
in Figure 7d is approximately independent of wind direction, which further confirms the strong influence of the
local surface to the u, — V relationship near the surface. The u,, increase with V is enhanced gradually with height
for wind from the direction of the structures on the plateau—the structure sector of upwind direction of 320° to 90°
instead of being invariant such as for wind from the other sector (Figure 7a).

Examination of the stratification and the normalized S,, from the two wind sectors also shows similar patterns as
in Figure 6h. The stable stratification based on the sector-averaged temperature profiles is significantly weaker for
wind from the structure sector than the one from the other sector especially at the upper tower levels (Figure 7b).
And its normalized S, peak at 20 m is also shifted toward the normalized low frequency in comparison with the
one from the other sector under near-neutral conditions (Figure 7c). Considering the 20-m w power spectrum for a
stronger wind, V ~ 7 m s~! from the other sector than V ~ 4 m s~! from the structure sector used in Figure 7c,
the larger scale of the most energetic turbulent eddies from the structure sector further confirms the contribution of
the reduction of the stable stratification by the upslope large surface roughness to the effective enhancement of the
bulk-shear generated turbulence downstream. Although the distance of ~200 m between the upslope structures
and the main tower is shorter than the distance of ~500 m between the upslope tree patch and the rel tower, the
significant contribution of the bulk-shear generated turbulence to u, as demonstrated in the spectral analysis
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3.2.3. Different Impacts of Upwind Terrain With and Without Large
1 Surface Roughness on the Downstream HOST Relationship

Over a flat surface, the growth of the most energetic turbulent eddies at a
| given z in the SBL is limited by the stable stratification and the bulk shear
V/z. Because the required mechanical force for generating powerful large
turbulent eddies to transport cold air up and warm air downward increases
1 with height, the stable stratification as a result of bulk-shear generated tur-
bulent mixing increases with height even when wind exceeds its threshold

value at a given height. That is, the air is better mixed near the surface than

L

Figure 8. The 5-min u, — V relationships observed at 3-m above the surface
on the four towers (b) for wind direction (WD) from east,

67.5° < WD < 112.5°, marked with four vectors in (a). The observations from
each tower in (b) have the same color as the wind vector at each tower in (a).

SR

;O o ‘o b< o above; the vertical mixing decreases with height. The increasing stable
o (b. B

2 ; ™ stratification with height is evident in the vertical temperature profile from the
V(ms) reference wind sector in Figure 6g as well as in the increasing standard de-

viation of u, with height in the near-neutral u, — V line at all the towers in
Figure 3. Under neutral conditions, turbulence intensity for a given bulk shear
depends on surface roughness.

The analyses of the observations in Sections 3.1 and 3.2 indicate that upwind
terrain slope alone and upward terrain slope with large surface roughness
elements impact the downstream u, — V relationship differently mainly due to the contribution of the large
surface roughness to the effective reduction of the downstream stable stratification. As the u, increase with V is
related to the neutral surface drag coefficient, which is uniquely controlled by the surface roughness under near
neutral conditions, the u, increase with V for downslope wind from uniform terrain is not impacted with the
upstream terrain slope variation. For wind from elevated terrain with upslope large surface roughness, the spatial
variation of turbulent mixing with the same bulk shear under neutral conditions would be significantly different.
With the reduced surface roughness downstream from the upslope large surface roughness, bulk-shear-generated
turbulent mixing would be reduced resulting in the somewhat decoupled vertical mixing downstream. Therefore,
the downstream stratification as one of the two important factors in determining the HOST pattern is strongly
impacted by the upstream elevated cold surface air from the enhanced turbulent mixing by the upslope large
surface roughness. In other words, the downstream air temperature reduction as a result of horizontal transfer of
upslope cold surface air is related to upwind terrain elevation. Without the vertical transport of the cold surface air
by enhanced turbulent mixing, the downstream stable stratification cannot be effectively reduced. The stratifi-
cation is critical for the generation of turbulence by bulk shear and a key factor for determining the near-neutral
u, — V relationship.

3.3. Impacts of Shallow Complex Terrain on Turbulence Variation

The knowledge gained from Sections 3.1 and 3.2 helps us better understand the impact of shallow complex terrain
on turbulence variation, such as the u,, — V relationship at 3 m for the east wind sector between 67.5° and 112.5°
from the four towers (Figure 8). We can see whether the observed HOST patterns in Figure 8b are related to
terrain elevation change and surface-roughness variation within about 300 m from each tower as the influence of
terrain features on the downstream u, — V relationship tends to decrease with distance.
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The terrain for the upstream east wind sector varies significantly from grass in the main gully to the post-harvested
soybean field and the windbreaker tree line on a north—south oriented ridge north of the main gully. The u, — V
relationship at each of the four towers is impacted by its upstream terrain slope. The significant large surface
roughness of the windbreaker tree line is only directly upstream of the rel and the uconc towers (Figure 8a).
Because the easterly wind upstream of the init tower (marked with the red arrow in Figure 8a) is mainly from the
short-grass-covered main gully with negligible terrain variation, its u, — V line has the narrowest spread among
the four in Figure 8b and the lowest u, for a given V. With the impact of the grass-covered main gully on the south
and the post-harvested soybean on the north terrain above the main gully upstream of the lconv tower (from the
direction of the cyan arrow in Figure 8a), the observation points are scattered around its u, — V line. Due to the
significant impact of the tree line on the rel and the uconv towers, their observation spread around their u, — V
lines is much wider than the one at the init tower. Among the four towers, the ridge impacts the rel tower the most;
thus, its , — V line has the highest averaged u,, for a given V in Figure 8b. Figure 8b shows that in general, the
near-neutral u, — V relationship from the four towers systematically shifts toward the increasing u, with
increasing upwind terrain slope as discussed in Section 3.1. Similar u#, — V analysis could contribute to un-
derstand the spatial variation of wind and vertical temperature gradient on the area-averaged turbulent heat
transfer over the SCP shadow complex terrain demonstrated in Mahrt et al. (2021).

4. Summary and Conclusions

Using the HOST u, — V relationship over flat terrain for its capture of the critical contribution of bulk shear to
turbulence generation and subsequent stratification reduction in the SBL, we investigate the impact of shallow
complex terrain on turbulence generation in the clear-night SBL. We identify that an increase in upwind terrain
slope, with and without upslope large surface roughness elements, affects downstream stable stratification
differently, resulting in the observed different u, increase with V. The impact of these terrain features on the
downstream near-neutral u, — V relationship can be distinctly observed in the deviations of the near-neutral
u, — V relationship from the reference HOST relationship over flat terrain as schematically summarized in
Figure 9.

By comparing the near-neutral u, — V relationships for wind from different terrain slopes with the same surface
roughness, we find downslope airflow reduces the downstream air temperature but has minimal impact on the
stratification. This is because air temperature in the clear SBL is uniquely controlled by the bulk-shear (V/z)
generated large eddy mixing of the increasing warm air with height, airflow coming down from high terrain
entrains cold surface air along the slope, resulting in an increasingly deeper and colder air layer downstream. The
cold downslope wind is observed to contribute to the enhancement of hydrostatic imbalance —(dp/0z + pg)
responsible for the enhancement of the vertical increase of vertical velocity variance w2 from its zero surface
value. As u, is directly related to w? fora given bulk shear V/z, the resulting u,, — V relationship shifts toward an
increasing u, with terrain slope (represented by the blue near-neutral linear u, — V line in Figure 9a, corre-
sponding to the blue temperature profile in Figure 9b). However, the upstream terrain slope variation does not
impact the rate of the u, increase with V in the near-neutral u, — V line, which is determined by the neutral
surface drag coefficient related to terrain surface roughness.

Examining the near-neutral u, — V relationships for wind from upslope large surface roughness elements, such
as trees and buildings, we find that the near-neutral u, increase with V is enhanced with height as illustrated in
Figure 9a. Besides the contribution of the terrain slope to u, enhancement, large surface roughness enhances
turbulent mixing, which allows the elevated cold upstream air to replace the upper warm air in the downstream
SBL as illustrated in Figure 6b. This reduction of the stable stratification with increasing height counteracts the
normal increase in stable stratification with height in a typical near-neutral SBL (Figure 9b). With reduced stable
stratification, the bulk shear V/z efficiently generates large turbulent eddies, leading to an increase in u, for a
given V. Between the upslope large surface roughness element and the downstream tower, both energy dissipation
and airflow over the relatively small surface-roughness sloping terrain reduce the turbulence intensity initialy
enhanced by the upslope roughness elements. Thus, the direct contribution of the enhanced turbulent mixing over
upslope large surface roughness element to downstream u,, through advection does not fully explain the vertical
increasing in u, enhancement with V.

The study highlights the advantage of using the u, — V HOST relationship to understand key physical mecha-
nisms influencing turbulence variation in shallow complex terrain in the nighttime SBL. Because turbulence
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Figure 9. Schematic illustration of (a) the deviation of the observed HOST from the reference HOST over a flat terrain with z,, (yellow) due to an upstream terrain slope
with a uniform surface roughness z, (blue) and the upslope large surface roughness z, >z, (solid green), and (b) the corresponding potential temperature profiles
associated with the different terrain features in the same colors. The dashed green in (a) is the u, — V relationship over a flat surface with z,,.
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intensity is determined directly by turbulence eddies generated by bulk-shear and indirectly by contribution of
these eddies to reduction of the stable stratification through turbulent mixing over flat terrain in the SBL, physical
processes affecting turbulence intensity can be identified through deviations of the observed u,, — V relationship
from the reference one over flat terrain. Further investigation of turbulence variation beyond shallow complex
terrain is needed such as effects of large terrain elevation changes and radiation impacts of clouds and surrounding
terrain on turbulence variation.
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