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ABSTRACT: Harvesting of crops in a weakly sloping Midwestern field during the Stable Atmospheric Variability and
Transport (SAVANT) observation campaign allowed for a systematic investigation of the influence of surface roughness and
static stability magnitude on the applicability of the Monin–Obukhov similarity (MOST) and hockey-stick transition (HOST)
theories during stable boundary layer periods. We analyze momentum flux and turbulent velocity scale VTKE in three re-
gimes, defined using the gradient Richardson number Ri and flux Richardson number Rif as regime 1 (0 , Ri # 0.1 and
0 , Rif # 0.1), regime 2 (0.1 , Ri # 0.23 and 0.1 , Rif # 0.23), and regime 3 (both Ri and Rif . 0.23). After harvest, in
regime 1, stability varied from near-neutral to weakly stable and both MOST and HOST were applicable to estimate the
momentum fluxes and VTKE as a function of mean wind speed. In regime 2, the momentum flux deviated from the
MOST linear relationship as stability increased. In regimes 1 and 2, a HOST-defined threshold wind speed Vs was identified
beyond which VTKE increased linearly with wind speed at a rate of 0.26 for all observation heights. Below this threshold wind
speed, VTKE behaved independent of mean wind and observation heights. Alternatively, for preharvest periods, MOST was
applicable in regimes 1 and 2 for all heights and HOST was applicable with reduced Vs for heights above the crop layer.
Regime 3 during pre- and postharvest consisted of strongly stable periods and very weak to weak winds, where MOST was
found to be invalid and VTKE remained low and independent of wind speed. The results suggest that roughness due to
crops enhances the turbulence generation at lower wind speeds.
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1. Introduction

Although stable boundary layers (SBL) occur very fre-
quently, understanding of the complexities of their evolution,
the spatial and temporal structure of thermodynamic charac-
teristics, and transfer of energy between the surface and lower
atmosphere through turbulent processes lags those of neutral
and unstable boundary layers (Mahrt 2014; LeMone et al.
2019; and others). Proper understanding of SBL processes
and their accurate representation in numerical models is re-
quired to adequately characterize and simulate how atmos-
phere–surface interactions evolve during the considerable
periods of time when there is a net downward flux of energy
from the atmosphere to the surface (Mahrt 2014).

Indeed, the most commonly used classifications of stability
within an SBL, ideally based on the strength of stratification,
are either weakly or strongly stable. The division between
weakly and strongly stable is based on its impact on wind
speed profiles or reduction of the continuous vertical trans-
port of energy to periods of intermittent turbulence (Mahrt
et al. 2013; Mahrt 2014; Mahrt et al. 2015; Sun et al. 2016). To
understand and properly define the stability regimes requires
observations in a wide range of topographic conditions for
long periods of time to obtain representative measurements.
For example, as turbulence evolves from continuous daytime
mixing processes to increasingly infrequent intermittent turbulent

eddies in the evening, there is an increased amount of measure-
ment time needed to properly characterize rates of turbulent
transfer (LeMone et al. 2019).

LeMone et al. (2019) point out that SBLs exhibit “smaller-
scale and weaker turbulence, greater sensitivity to terrain,
and more heterogeneous structure.” One of the most critical
outstanding questions in simulating SBLs is whether parame-
terizations developed from observations in one environment
will be adequate for conditions observed in others. Monin–
Obukhov similarity theory (MOST) is widely used to model
the near-surface turbulence statistics in the stratified atmo-
spheric boundary layer (Monin and Obukhov 1954). Testing
the validity of MOST during SBL conditions has been the
subject of several studies (e.g., Mahrt 1998; Grachev et al.
2005; Optis et al. 2014; and Sun et al. 2016), and it is generally
agreed that MOST does not apply in stable conditions. Field
campaigns, like the Stable Atmospheric Boundary Layer Ex-
periment in Spain 1998 (SABLES 98; Cuxart et al. 2000) and
the 1999 Cooperative Atmosphere–Surface Exchange Study
(CASES-99; Poulos et al. 2002), obtained measurements of
turbulence quantities during SBL periods and produced valu-
able datasets that are being used to develop new similarity
functions and parameterizations (Yagüe et al. 2006; Chenge
and Brutsaert 2005). More recently, data from the Boundary
Layer Late Afternoon and Sunset Turbulence (BLLAST)
campaign (Lothon et al. 2014) allowed for testing of such rela-
tionships in the transition periods between buoyant turbulent
forcing during the day to stable stratification as night pro-
gressed (Yus-Dı́ez et al. 2019).
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Using the data collected over relatively flat grassland dur-
ing the Microfronts project, Mahrt (1998) observed that
MOST is valid for weakly stable SBL and becomes increas-
ingly invalid as the stability increases. Similarly, Grachev et al.
(2005) observed that MOST works well for weakly stable

regimes and its validity is improved by redefining the scaling
variables in terms of local fluxes for transitional regimes over
the Arctic pack ice. Using the data from a 60-m tower during
CASES-99, Sun et al. (2016) observed that MOST bulk for-
mulas in SBL are limited to a very thin layer (less than 10 m)

FIG. 1. Aerial view of SAVANT field site with main gully (MG; white dashed line) and feeder gullies [FG1 (yellow
dashed line) and FG2 (magenta dashed line)]. Also shown are the ISFS sites corresponding to the initiation (Init),
release (Rel), upper-convergence (UConv) and lower-convergence (LConv) towers. The Init and UConv towers are
10 m tall, and the Rel and LConv towers are 20 m tall. The data were generated from USDA Farm Service Agency
maps using MATLAB.

FIG. 2. Elevation map of the SAVANT field, with the gullies identified with solid red lines.
The Init tower is located at 227 m MSL, and the UConv and LConv towers are at 222 and 220 m
MSL, respectively. The towers are marked as yellow triangles.
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near the surface. Optis et al. (2014) also concluded that
MOST is accurate only at low levels and weakly stable peri-
ods from the observations collected using a 213-m tower. This
was confirmed by Liang et al. (2014), who concluded that
MOST is valid for weak winds and weakly stable conditions
in a region of complex terrain. Such efforts raise the question
of whether to replace or adjust MOST relationships in devel-
oping appropriate turbulent transfer parameterizations for
SBL with very stable conditions, as well as identifying the spe-
cific stability conditions in which MOST no longer applies.

Sun et al. (2012, 2020) highlighted that MOST bulk formula
performs reasonably well irrespective of wind speed for a spe-
cial neutrality achieved when there is no surface heating or
cooling taking place. To address the questions of turbulent
processes in very stable conditions, using the observed rela-
tions between the turbulent variables (such as friction veloc-
ity) and the wind speed, Sun et al. (2012) formulated the
hockey-stick transition (HOST) theory. HOST asserts that
during stable conditions, a threshold wind speed could be
identified below which the turbulence is generated entirely by
local instabilities. Above the threshold wind speed, the turbu-
lence magnitude varies with height and is generated by the
bulk shear between the height and the surface (Sun et al.
2012, 2016, 2020). Sun et al. (2012) identified a third regime
where surface generation of turbulence could not explain the
greater turbulence magnitudes observed. In those cases, very
large wind shear above the surface, usually associated with
the low-level jet, resulted in downward fluxes of turbulent ed-
dies and greater fluxes for low wind speeds than predicted by
local instabilities alone (Sun et al. 2012).

The HOST theory was developed using the data from a 60-m
tower over relatively flat terrain during CASES-99 (momen-
tum roughness height during CASES-99 was estimated to be
0.027 m; Vickers and Mahrt 2004). Although MOST and
HOST theories had been validated in multiple studies (Mahrt
et al. 2013; Bonin et al. 2015; Yus-Dı́ez et al. 2019), most of
them were for relatively flat terrains with uniform and low
roughness heights. A recent study by Yus-Dı́ez et al. (2019)
using BLLAST campaign data tested the effect of nearby
orography on the HOST theory and found that the flows af-
fected by the orographic features deviate from HOST. To our
knowledge, the effect of local roughness due to presence of
crops on the HOST theory has not been studied in the past. In
this work, we address this by using the Stable Atmospheric
Variability and Transport (SAVANT) campaign dataset taken
in an area of corn and soybean crop (described below).

The current study seeks to augment the understanding of
turbulent transfer in SBL conditions using observations taken
during the SAVANT experiment in an area of shallow-slope
topography, with a specific focus on the change in surface fric-
tion due to harvest of a deep corn crop (Hiscox et al. 2019,
2022, manuscript submitted to Bull. Amer. Meteor. Soc.). The
objectives of the present study are

1) to test MOST and HOST theories under stable conditions
during pre- and postharvest of corn crop and

2) to define turbulent regimes based on stability where MOST
and HOST perform well.

Note that HOST is not intended to estimate the flux–gradient
relationship like MOST. On the other hand, HOST explains the
role of nonlocal eddies in turbulent mixing and their dependence
on mean wind speed. The analysis presented in this study tests
MOST andHOST theories individually and is not intended to con-
clude which one works better for SBL processes, rather this study
focuses on the stability regimes and surface roughness effects on
the applicability ofMOST andHOST frameworks. The availability
of data before and after a crop harvest adds novelty to our study.
We can test the effect of surface roughness on the turbulence ki-
netic energy and its variation, and on the validity of the HOST
and MOST relationships. In addition, we divided the data into dif-
ferent regimes based on Richardson numbers to better define con-
ditions for whichMOST andHOST theories are applicable.

The rest of the paper is structured as follows: section 2 de-
tails the site characteristics and the instrumentation used dur-
ing SAVANT. Section 3 details the method followed to derive
the variables used in the paper. Section 4 details the overall
meteorological conditions and results of the MOST and
HOST validity in terms of local stability and surface rough-
ness. Section 5 gives the summary of the analysis presented.

TABLE 1. Drainage-flow detection criteria for observations up to
4.5 m above ground.

Variable observed Range or threshold value

Wind speed ,2 m s21

Wind direction 2908 6 108
Friction velocity ,0.1 m s21

Surface heat flux 230 , H , 0 W m22

Wind direction profile |­UDir/­z| . 0.18 m21

Temperature profile ­u/­z . 0.2 K m21

FIG. 3. Static stability regime frequency during nighttimes of all
the (a) preharvest and (b) postharvest days during the campaign.
Gray indicates neutral and near-neutral conditions, blue shows
stable conditions, and orange indicates unstable conditions.
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2. Observations

a. Site characteristics

The SAVANT field campaign was conducted during
September–November 2018, near Mahomet, Illinois. The
campaign site was an agricultural field that has a shallow-slope
topography. A schematic of the field site and gullies are given
in Figs. 1 and 2. The field consists of one main gully and two
feeder gullies. The main gully (MG) is 1040 m long and 8.91 m
wide at the narrowest point, with an elevation difference of
10.66 m between the top and bottom. The feeder gully (FG1)
is 592 m long and 15 m wide and a second feeder gully (FG2)
is 226 m long and 8 m wide. The elevation differences along
FG1 and FG2 are 4.88 and 4.57 m, respectively. During pre-
harvest, the main gully has corn crop on either side until the
point of intersection with FG1. Thereafter, corn is on the south
and soy crop is on the north until the end of the gully. FG2 has
corn crop on either side, and FG1 has corn on the south and
soy crop on the north sides of the gully. There were no trees
within 300 m of the initiation tower. The grass cover in the
gully was around 25–30 cm tall, whereas the corn crop was
approximately 3 m tall and the soy crop was approximately
0.9 m tall.

b. Instrumentation

During the SAVANT campaign, a dense array of instruments
was deployed along the main gully on four Integrated Surface
Flux System (ISFS) towers from the NCAR Earth Observing
Laboratory’s (EOL) Lower Atmospheric Observing Facilities.
Tower locations are identified in Fig. 1. The 10-m-tall ISFS
towers were named initiation (Init) tower and upper-convergence

(UConv) tower, and the 20-m-tall ISFS towers were named
release (Rel) tower and lower-convergence (LConv) tower.

Data were collected from 15 September to 27 November 2018,
and sensors collected data continuously unless interrupted by
infrequent power failure or maintenance tasks. Campbell Scien-
tific CSAT3A sonic anemometers were used to measure 3D
wind components at 20 Hz. The theodolite measurements were
used to apply correct directional rotations (NCAR/EOL In-Situ
Sensing Facility 2021). Sonic anemometers were located at 1.5,
3, 4.5, 6, and 10 m above ground on all towers, and additional
CSAT3A anemometers were located at 8.5, 15, and 20 m on
the Rel and LConv towers. Gill WindObservers were deployed
to measure 2D winds close to the surface (0.2 m AGL). Sen-
siron SHT75 Humidity and Temperature sensors were used to
get the 20-Hz observations at 0.2, 1.5, 4.5, and 10 m on the Init
and UConv towers and at 0.2, 1.5, 4.5, 8.5, 15, and 20 m on the
Rel and LConv towers. CSAT EC-150 infrared absorption gas
analyzers were used for H2O and CO2 measurements at 1.5 and
6 m on all towers, and additional EC-150 sensors were located
at 20 m on the Rel and LConv towers. Solid-state barometers
internal to the Campbell EC-150 H2O/CO2 analyzers were used
to get pressure at 1.5 and 6 m on the Init tower. SAVANT data
are available for download from the EOL website (https://doi.
org/10.26023/NKWR-EYWS-5J0W).

3. Method

A temporal window of 5 min was used to obtain averaged
statistics over equal time periods. The suitability of 5 min for
time averaging was confirmed after identifying the gap scale
from the multiresolution flux decomposition (MRFD) follow-
ing the method of Vickers and Mahrt (2003). The gap scale of

FIG. 4. Mean profiles of (a) wind speed, (b) potential temperature gradient, and (c) TKE dur-
ing preharvest (black solid lines) and postharvest (red dashed lines) periods. The variables are
height z, wind speed U , potential temperature u, potential temperature at 0.2 m u0, and turbu-
lent kinetic energy e.
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5 min separates the turbulent fluxes that are related to the local
conditions from mesoscale variations (Vickers and Mahrt
2003, 2006).

Following Sun et al. (2012), data from time periods during
which nocturnal stable boundary layers are most common
were kept, that is, data periods with negative near-surface
sensible heat fluxes, no precipitation, and no significant meso-
scale flow features were kept. For SBL observations, data
from 1900 to 0700 central daylight time (CDT) were consid-
ered, which represents the approximate sunset and sunrise
times during the SAVANT campaign. Note that local time is
used throughout this article instead of UTC, since stable
layers under consideration are highly related to local nightfall.
The selection of this time window is based on the downward
surface sensible heat flux measurements obtained near the
towers. The data were further filtered to remove periods of
down-gully cold-air drainage, as described below.

a. Derived variables

Several variables were derived using the 5-min-averaged val-
ues from each of the ISFS towers. From the absolute tempera-
tures T measured by SHT75 sensors and barometric pressure P,
the potential temperature was derived as u 5 T(1000/P)0.286.
Pressure values were linearly interpolated to the same heights
as the temperature measurements. The static stability at each
tower is then identified using the difference between u at 0.2-
and 10-m heights and classified as stable (Du . 0.1), neu-
tral (20.1 , Du , 0.1), and unstable (Du , 20.1). For each
5-min-average period, the turbulent fluxes were estimated

using the eddy-correlation method. Using these fluxes, turbu-
lent kinetic energy [TKE5 0:5(u′u′ 1 y ′y ′ 1 w′w′ )] and fric-

tion velocity [u* 5 (u′w′ 2 1 y ′w′ 2)0:25] were computed at
heights where 3D sonic anemometers were present. Using
TKE, a velocity scale VTKE 5 TKE0.5 (Sun et al. 2012) can be
obtained to compare the HOST as reported by Sun et al. (2012,
2016). We examine the correlation of this velocity scale (VTKE)
with bin-averaged wind speeds for pre- and postharvest periods.
The TKEmay contain nonturbulent components that can result
in VTKE having a finite value even as the wind speed approaches
zero (Sun et al. 2012).

b. Detection of drainage flow

For the present analysis, we removed the 5-min data re-
cords that indicate the presence of a cold-type drainage flow.
The occurrence of drainage flow was first identified from the
aerosol lidar and Doppler lidar backscatter during the intensive
observation periods (IOPs) and then corresponding tower data
during those time periods was used to develop a criterion that
can be applied to the non-IOP periods where lidar observations
were absent. The criteria used to identify the drainage-flow
time periods are listed in Table 1. The wind speed threshold of
2 m s21 and the wind direction threshold were tested for ob-
servations up to 4.5 m above ground. Wind speed and wind di-
rection criteria listed in Table 1 are similar to the drainage-flow
criteria during CASES-99 (Mahrt et al. 2001). While the 208 wind
direction restriction might seem narrower, there exists no strong
criteria of wind direction filtering for drainage flows in a similar
gully topography. To be consistent, data from all four towers

FIG. 5. Wind rose chart for winds up to 10 m during (top) preharvest and (bottom) postharvest periods.
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were removed if drainage was observed at any tower or height.
Approximately 18% of data points were excluded from analysis
to remove the effect of drainage flow on the TKE statistics.

c. Monin–Obukhov similarity relations

MOST states that the near-surface turbulence variables are
functions of a stability parameter (z 5 z/L), where z is the
measurement height and L is the Monin–Obukhov length
scale obtained using

L 5 2
u3*u

kgw′u′
, (1)

where k is the von Kármán constant. The nondimensional shear
from the mean wind speed was calculated from observations using

fm 5
kz
u*

­U
­z

: (2)

The widely used relation between fm and z is a linear one of
the form

fm 5 a 1 bz, (3)

where a (51) and b (≈5) are constants obtained by fitting the
observations from several field experiments under different

conditions (Businger et al. 1971; Dyer 1974; Garratt 1994;
Wyngaard 2010). While the simple linear relation works rea-
sonably well for most of the situations of SBL, especially for
z , 1, more complex forms are available in the literature. For
example, Chenge and Brutsaert (2005) using the CASES-99
dataset found that the linear relationship between fm and z is
valid up to z 5 0.8 and then levels off following

fm(z) 5 c 1 a
z 1 zb(1 1 zb)(12b)/b

z 1 (1 1 zb)1/b
[ ]

, (4)

with a 5 6.1, b 5 2.5 and c 5 1. Grachev et al. (2007) devel-
oped functional forms for fm using data from the Surface
Heat Budget of the Arctic Ocean (SHEBA) experiment, as

fm(z) 5 1 1
6:5z(1 1 z)1/3

1:3 1 z
: (5)

Later Sorbjan and Grachev (2010) examined the fm forms
using data from both SHEBA and CASES-99 and found that
fm follows a linear form, fm(z)5 1 1 4.7z, for “weakly stable”
conditions with z , 0.6 and follows a power-law form,
fm(z) 5 5.187z3/5z, for “very stable” conditions with z . 0.6.
All expressions for nondimensional shear are examined in this
study.

FIG. 6. Variation of bin-averaged postharvest night TKE for five levels on the Init tower
with (a) gradient Richardson number Ri and (b) flux Richardson number Rif. The shaded re-
gion in (a) and (b) respectively corresponds to 0.2 , Ri , 0.25 and 0.2 , Rif , 0.25, and the
vertical dashed line represents Ri 5 0.23 and Rif 5 0.23, respectively. The solid black line in
(a) represents a best-fit 0.02Ri23/4 relation (R2 5 0.94; significance level p , 0.001) between
TKE and Ri.
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Grachev et al. (2013) tested the applicability of the
MOST relationships [Eqs. (3) and (4)] based on the gradient
Richardson number,

Ri 5
g
u

( ) du
dz
dU
dz

( )2 , (6)

and flux Richardson number,

Rif 5 2
g
u

( )
w′u′

u2*
dU
dz

( ) : (7)

Using data from SHEBA, they found that the MOST is appli-
cable when Ri , 0.20–0.25 and Rif , 0.20–0.25 limitations are
applied to filter the data. Grachev et al. (2013) showed that
both Ri and Rif should be less than a critical value (0.2–0.25)
for the local similarity theory to be applicable in the SBL and
to ensure that the inertial subrange associated with the
Richardson–Kolmogorov energy cascade exists. Liang et al.
(2014) also used a critical Ri 5 0.3 to filter the data so they fol-
low MOST over complex topography. Howard (1961), using
linear stability analysis for steady, two-dimensional flows, esti-
mated that beyond a critical gradient Richardson number Ri of
0.25, turbulence completely decays. However, later field cam-
paigns observed turbulence at very high Ri values (Ri . 100)
and so the concept of a critical Richardson number is question-
able and became a controversial issue. Unlike Ri, flux Richardson
number Rif directly compares the buoyant destruction of turbu-
lence with its shear production component. Freire et al. (2019)
have used Rif to identify a critical value (Rif ≈ 0.21) beyond
which turbulence cannot be sustained in a tall canopy (Fuentes

et al. 2016). This critical flux Richardson number value varies
from 0.2 to 1.5 based on the surface properties such as surface
roughness or heterogeneity (Grachev et al. 2013; Babić and
Rotach 2018; Chamecki et al. 2018). We follow a similar ap-
proach to study the SAVANT data and define three regimes
using both Ri and Rif (see section 4b) where the turbulence
statistics (i) agree with MOST (regime 1), (ii) starts deviating
from MOST (regime 2), and (iii) do not agree with MOST
(regime 3).

4. Results and discussion

a. Overview of nighttime meteorological conditions
during SAVANT

Figure 3 gives the number of stable, neutral, and unstable
5-min periods observed during 1900–0700 CDT for preharvest
and postharvest days. After the filtering described above, a total
of 16474 five-minute periods were available prior to harvest and
22824 five-minute periods were available postharvest. The static
stability was estimated to be stable 75% of the time, unstable
15% of the time, and neutral 10% of the time for preharvest
periods, with only a slight increase in percentage of stable condi-
tions (to 80%) postharvest. For this study, only data with Du . 0
(stable and neutral) were considered.

Even though the distribution of stability values changed lit-
tle after harvest, the wind speed and potential temperature
profiles changed considerably. After harvesting of the crop,
the mean wind speed at all heights approximately doubled
(Fig. 4a), and the mean wind shear in the lower 10 m increased
from 0.14 to 0.23 s21. The mean potential temperature
dropped by 12 K postharvest, which could be the result of sea-
sonal change in the Midwest. Although the temperature
dropped by such a large extent, the vertical gradient of

FIG. 7. Variation of bin-averaged velocity standard deviations scaled by the friction velocity with (top) Ri and (bottom) Rif at 4.5 m on
the Init tower for postharvest nights, showing (a),(b) u-velocity standard deviation; (c),(d) y-velocity standard deviation; and (e),(f) vertical
velocity standard deviation. The vertical dash line represents Ri5 0.1 (top panel) and Rif 5 0.1 (bottom panel).
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potential temperature (Fig. 4b) remained approximately the
same. Figure 4c gives the vertical profiles of TKE for pre- and
postharvest periods. A significant jump in the TKE could be
seen at 6 m on the Init tower, similar variation is observed for
mean winds as well. We hypothesize this as the result of an in-
ternal momentum boundary layer that developed above the
corn crop surrounding the Init tower for preharvest periods.
Another important change during postharvest was in the wind
direction up to and including 10 m above the ground. Figure 5
shows the wind-rose plot for the winds up to and including
10 m at all four towers during preharvest and postharvest peri-
ods. Prior to the crop harvest dominant winds were approxi-
mately aligned with the gully. While some influences of
changing synoptic conditions are likely, the abrupt changes in
low-level wind characteristics suggests a channeling effect by
the crops. The postharvest winds were more widely distrib-
uted, suggesting limited channeling.

b. Critical Richardson number for SAVANT observations

This study uses the turbulent kinetic energy observations from
the initiation tower during postharvest nights during SAVANT
to identify the critical values for both Ri and Rif. Figure 6
gives the variation of bin-averaged TKE with Ri and Rif at
five different levels on the Init tower for postharvest nights.
At each observation height, after Ri and Rif exceed the range
0.2–0.25, the bin-averaged TKE reduced sharply and remained
less than 5% of its maximum value. By taking the average of
cutoff Ri and Rif for 1.5–10 m, we use Ri ≈ Rif ≈ 0.23 as the
critical value for the rest of the analyses. Similar decay of bin-
averaged TKE up to Ri range of 0.2–0.25 was observed (shown
in inset plot of Fig. 6a) for stable nights during CASES-99
(Banta et al. 2007). For Ri, TKE varied with a best fit of
0.02Ri23/4 regardless of observation height (Fig. 6a). However,
for Rif, TKE decreased at different rates with height, with

maximum TKE observed at 10 m (Fig. 6b). Grachev et al.
(2013) observed similar trends for bin-averaged momentum
fluxes versus Ri and Rif for stable nights during the SHEBA
experiment.

Based on Fig. 6, we define a regime for all the time periods
when Ri and Rif were larger than 0.23 and the TKE stayed
minimum. This regime where Ri and Rif . 0.23 is often con-
sidered as strongly stable regime of SBL. Sorbjan (2010) using
the SHEBA data observed that the vertical velocity variance
scaled by the TKE reaches a maximum around Ri 5 0.1 and
decreases further as Ri increases. Similar trend was observed
for scaled vertical velocity variance for SAVANT initiation
tower data (not shown) at Ri 5 Rif ≈ 0.1, and it decreased as
Ri and Rif increased. Figures 7a and 7b shows the variation of
bin-averaged u-velocity standard deviation su scaled by the
friction velocity u* with Ri and Rif. The data suggest that
su/u* is constant up to Ri 5 Rif ≈ 0.1 and increases as Ri and
Rif increase. This constant value is found to be 2.25. Similar
behavior was found for the scaled y-velocity standard devia-
tion sy /u* (Figs. 7c,d) and the scaled vertical velocity standard
deviation sw/u* (Figs. 7e,f). Pahlow et al. (2001) observed sim-
ilar trends for the scaled velocity standard deviations but
against the stability parameter z based on the data from five
distinct experiments (see their Table 1). Pahlow et al. (2001)

FIG. 9. Variation of bin-averaged fm with z at 4.5 m on the Init
tower for postharvest nights. The thick solid gray line represents a
Businger–Dyer relationship [Eq. (3) with a 5 1 and b 5 5], and the
thick gray dashed line represents a fit using CASES-99 data [Eq. (4)]
(Chenge and Brutsaert 2005). The thick gray dotted line represents a
SHEBA function (Grachev et al. (2007). The black dashed line rep-
resents functional forms from Sorbjan and Grachev (2010) [their
Eqs. (26a) and (27a)]. The solid black line represents Eq. (3) with
a5 1 and b5 1/0.23.

FIG. 8. Variation of bin-averaged TKE plotted against the Monin–
Obukhov stability parameter z at 4.5 m on the Init tower for all
nights. Shown are regime 1 (0, Ri# 0.1 and 0, Rif # 0.1), regime
2 (0.1 , Ri # 0.23 and 0.1 , Rif # 0.23), and regime 3 (Ri . 0.23
and Rif . 0.23).
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argued that the increased scaled velocity standard deviations
is due to dampening of turbulent motions for strongly stable
stratification, and MOST becomes inapplicable as the size of
turbulent eddies depends on the stability rather than the
height above the surface. Note that u* is a common variable
for the scaled velocity standard deviations and Rif, and so the
trend obtained in Figs. 7b, 7d, and 7f could be affected by self-
correlation (Klipp and Mahrt 2004; Anderson 2009). Following
Sorbjan (2010) and the behavior of scaled velocity standard
deviations, we use Ri 5 Rif ≈ 0.1 as another limiting value.
The regime where 0.1 , Ri # 0.23 and 0.1 , Rif # 0.23 is
comparable to the transition regime from weakly stable to
strongly stable conditions as observed from the SHEBA ex-
periment (Sorbjan 2010). The Ri threshold values considered
to categorize the above regimes are comparable to those used
by Liang et al. (2014).

c. Turbulent velocity scale profile for postharvest periods

To better understand the effect of stability on the TKE
growth, another stability defining metric z was used. Figure 8
gives the variation of TKE with the Monin–Obukhov stability

parameter z for data collected at 4.5 m on the Init tower, which
is at the top of the gully (“Init” in Fig. 1). Data at other heights
have a similar pattern and so were excluded from Fig. 8. The
data were categorized on the basis of the Ri and Rif limits. For
the 0, Ri# 0.1 and 0, Rif # 0.1 regime, the TKE magnitude
maximized in the weakly stable regime with z , 0.7. For the
0.1 , Ri # 0.23 and 0.1 , Rif # 0.23 regime, the TKE magni-
tude decreased as the stability changed from weak to strong,
that is, 0.5 , z , 1.3. For the Ri and Rif . 0.23 regime, the
TKE was at its minimum, with an average value of 0.06 m2 s22,
and did not vary with stability.

For upper convergence and lower convergence towers,
higher turbulence magnitudes were observed for both Ri and
Rif . 0.23 during weakly stable conditions (z , 0.5). The dif-
ference of TKE between the initial/release towers and the
upper/lower convergence towers could be due to their location
in the gulley. The initial and release towers were at the top of
the gully and were thought to be affected more by background
(mesoscale or larger) flows, whereas the lower and upper con-
vergence towers were at the bottom of the gully and would be
expected to have a greater influence from in-gully flow.

FIG. 10. Variation of bin-averaged fm with local stability parameter for postharvest nights for five levels on the Init
tower (a) without imposing any Ri restrictions on the data and (b) filtering out data points when Ri. Ricr 5 0.23 and
Rif . Ricr 5 0.23.
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Next, to test the data against MOST relations, we study the var-
iation of fm with stability parameter as shown in Fig. 9. The data
with 0 , Ri # 0.1 and 0 , Rif # 0.1 criteria (regime 1) agreed
well with the widely used Businger–Dyer relationship. Also, the
standard deviation of fm observed in the 0.1 , Ri # 0.23 and
0.1, Rif # 0.23 regime, 1.56, was more than (almost 3 times) the
standard deviation in the 0, Ri# 0.1 and 0, Rif # 0.1 regime,
0.45. The standard deviation of fm is highest (4.55) in the
Ri . 0.23 and Rif . 0.23 regime. The fm varied largely when
z . 1. From Fig. 9, the data in regime 3 do not follow the
MOST relationship. For comparison, the relationship between
fm and z obtained by Chenge and Brutsaert (2005) from
CASES-99 data was also plotted in Fig. 9. As mentioned in
Chenge and Brutsaert (2005), the levelling of fm for z . 1 in
CASES-99 is due to the presence of turbulence nonstationar-
ity under strong stable conditions during CASES-99, which is
not the case for our dataset [Following Liang et al. (2014), the
turbulence nonstationary motions were not found in our data-
set by comparing the 60-min-averaged TKE values with the
5-min averages]. No leveling off of fm for z . 1 was observed
for 5-min-averaged observations at the Init tower during
SAVANT.

Figure 10 gives the variation of bin-averaged fm at different
heights at the Init tower. For the entire dataset without impos-
ing any Ri and Rif restrictions, the bin-averaged fm values
seem to follow the MOST similarity relations for z # 0.1

(except for observations at 10 m) and deviate thereafter, albeit
with the data having very high standard deviations. The devia-
tion from the similarity relations and the high standard devia-
tion increased with increasing stability, also observed from
SHEBA dataset (Grachev et al. 2013). After imposing Ri and
Rif restrictions, data from regimes 1 and 2 were combined for
simplicity, and their combined bin-averaged fm (Fig. 10b) was
observed to follow the MOST similarity and to agree with the
findings from SHEBA dataset (Grachev et al. 2013). Also, the
data from the present study matched closely with the analytical
forms given by Sorbjan and Grachev (2010) using data from
SHEBA and CASES-99 and Eq. (5). The relationship between
the dimensionless shear fm and z is influenced by the possible
self-correlation because u* exists as a common variable in esti-
mating fm and z. Previous studies (Baas et al. 2006; Klipp and
Mahrt 2004; Anderson 2009) highlighted that the effect of self-
correlation becomes significant for stronger stability conditions.
Baas et al. (2006) developed an alternative way of plotting
fm against z independent from self-correlation, in which they
use the linear relationship [Eq. (3), with a 5 1] and study the
variation of u2*dU/dz2 u3*/(kz) versus (2g/u) w′u′ , whose slope
provides an estimate of the slope b in Eq. (3). This approach is
limited because the linear relationship breaks down beyond
z value of 1.5. We tested the SAVANT Init tower data for
postharvest periods to estimate the slope by following Baas
et al. (2006) and found it to be 4.15 (correlation coefficient

FIG. 11. Variation of VTKE with (a) wind speed observed at 4.5 m and (b) potential temperature gradient between 4.5 and 0.2 m for
postharvest nights classified into regimes on the basis of Ri and Rif criteria. The vertical dashed line in (a) represents the threshold wind
speed at 4.5 m. Bins with fewer than 20 observations were not included in estimating the mean and standard deviation.
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squared R2 5 0.74), which matches closely with the value of
4.35, plotted as a dark solid line in Fig. 8.

To understand the stable boundary layer conditions that fa-
vor the enhancement of TKE, we studied the variation of
VTKE with respect to the mean wind speed U. Sun et al. (2012)
defined a threshold wind speed Vs below which VTKE stays in-
dependent of mean wind speed, and, for wind speeds that are
greater than Vs, VTKE increases linearly at a rate of 0.25.
Figure 11a illustrates the variation of 5-min-averaged VTKE

with wind speed at 4.5 m on the Init tower after harvest, sepa-
rated into the three regimes. For the trends, VTKE remained
approximately constant below a wind speed of 2.20 m s21 for
regimes 1 and 2. Beyond this wind speed value, as represented
by vertical dashed lines in Fig. 11a, VTKE increased linearly
with wind speed, making Vs 5 2.20 m s21 for 4.5 m at the Init
tower. No such threshold values were observed for regime 3.
The spread of VTKE in each of the regimes with respect to local
potential temperature gradient between 4.5 and 0.2 m on the
Init tower is shown in Fig. 11b. In regime 1, the bin-averaged
VTKE decreased with increasing stability (Fig. 11b). In regimes
2 and 3, while the overall bin-averaged and individual VTKE

values did not appear to depend on the local stability, their
variation was greater in regime 2 than in regime 3 as seen from
the error bars in Fig. 11b.

The variation of bin-averaged VTKE with wind speed at all
the observation levels after harvest is shown in Fig. 12a. As in
Fig. 11a, VTKE varied linearly with wind speed beyond a
threshold value, and this threshold value increased with the
observation height. We followed a similar approach as in Sun
et al. (2012) in identifying the threshold wind speed, that is, at
Vs the slope with which VTKE varies with respect toU changes.
For SAVANT data at the Init tower, the threshold wind speed
values at each observation height were identified as 1.05 m s21

(z 5 1.5 m), 1.65 m s21 (z 5 3 m), 2.20 m s21 (z 5 4.5 m),
2.87 m s21 (z 5 6 m), and 3.65 m s21 (z 5 10 m). The linear
increase of VTKE with U had a slope of approximately 0.26 as
shown in Fig. 12b. This linear trend was also observed for
CASES-99 data, which led to the HOST theory (Sun et al.
2012). For CASES-99, the linear increase of VTKE had an ob-
served slope of 0.25 and the threshold wind speed values in-
creased with height. The deviation of a linear trend for 1.5 m
in Fig. 12b is due to fewer observations with wind speeds
stronger than 5 m s21 at that level. For 1.5 m on the initiation
tower, the number of observations with wind speed less than
and including 5 m s21 is 4339, whereas it is 121 for winds
stronger than 5 m s21. The threshold wind speed values ob-
served during SAVANT were comparable to those observed
during CASES-99. A significant difference between CASES-99
and SAVANT data at the Init tower is the absence of
events where turbulence was interpreted to have originated at
greater altitudes and intermittently coupled to the surface,
observed as downward bursts of turbulence as reported in
Sun et al. (2012). A downward transport of turbulence could
be characterized by a decrease in wind speed and increased
vertical velocity variance with height (Blumen et al. 2001;
Mahrt and Vickers 2002; Sun et al. 2012). Using the time se-
ries variation of TKE, vertical velocity, and vertical velocity
variance, the elevated turbulence and its possible downward

transport could not be identified at the Init tower during
SAVANT.

d. Turbulent velocity scale profile during preharvest

To quantify the effect of crop roughness on the observed tur-
bulence statistics, we estimated the roughness length using the
flux method as outlined in Sun (1999). We give the summary of
this method here. For detailed description, see Sun (1999).
The flux method uses the momentum bulk formula from
MOST such that the friction velocity is related to the mean
wind speed through the roughness and stability parameters
(Garratt 1994),

ln
z 2 d
z0

( )
5

Uk

u*
1 cm

z 2 d
L

( )
, (8)

where z0 is the roughness height, k (50.41) is the von Kármán
constant, d is the displacement height, and cm is the integral
form of stability function fm that depends on z. For estimating
the displacement height, the momentum bulk formula at two
different heights was used during neutral conditions because
cm 5 0 and z0 could be eliminated through simple subtraction.
As such, 30-min time averages were estimated and later aver-
aged for all preharvest days to get the diurnal variations. We
used these averaged quantities at 4.5 and 10 m on the Init
tower during neutral conditions (Du ∼ 0) and estimated the
displacement height d at the Init tower to be 1.7 m. By obtain-
ing the displacement height, the only unknown left in the

FIG. 12. (a) Profile variation of bin-averaged VTKE with wind
speed at the Init tower for data after the crop harvest and Ri and
Rif . 0 and Ri and Rif # Ricr 5 0.23 criteria applied; (b) VTKE as
a function of “wind speed 2 Vs (threshold wind speed)” at five
levels on the Init tower. Bins with fewer than 20 samples were
excluded.
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momentum bulk formula [Eq. (8)] is z0. Using fluxes and
mean observations at all observation levels, the average rough-
ness height estimated near the initiation tower is 0.41 m. As
expected, the wind speed profile averaged for all of the pre-
harvest nights at the Init tower was found to have different
slope for heights 1.5–4.5 m when compared with the slope for
observations above 6 m (Fig. 4a). The observations at 1.5 and
3 m were below the crop layer and were most affected. Note
that the observations at 6 and 10 m might still be affected by
roughness sublayer formed as a result of the crop underneath
(Cionco 1972). Similarly, using Eq. (8), the roughness height
during postharvest period is estimated as 0.05 m.

Prior to the crop harvest, at 4.5 m, higher turbulence was
observed at lower wind speeds. This was observed at other
tower locations as well (not shown), but the difference be-
tween the turbulence at 10 m before and after the harvest was
highest at the Init tower. We hypothesize this is primarily due
to the Init tower being surrounded by corn crop, whereas
other towers have corn crop to the south and soybean crop to
the north. Also, other towers are located along the gully
where the slope changed gradually. These lead to different

roughness heights at towers (except the Init tower) that de-
pends on the wind direction. Further, wind direction analysis
revealed that the higher turbulence observed at lower wind
speeds during preharvest occurred when the winds are from
west-northwest (W-NW) or aligned along the gully. From the
wind rose chart for winds up to 10 m, the predominant wind
direction during preharvest is from W-NW (Fig. 5). The relief
within a 1-km radius from the Init tower was about 20 m with
elevated hills located toward west and north of the Init tower.
In addition to the presence of hills, the crop line starts within
100 m west of the Init tower; this makes the estimation of a
single roughness height based on the crop difficult.

In the presence of roughness elements, the variation of bin-
averaged fm at different heights (other than 1.5 and 3 m) at
the Init tower, without imposing any Ri and Rif restrictions,
followed the MOST similarity relations for z # 0.5 (Fig. 13a)
(similar to the trend observed for postharvest periods; Fig. 10a).
Because the observations at 1.5 and 3 m were most affected
by the presence of the crop layer, their fm variation deviated
from the rest of the observations. After imposing Ri and Rif
limits, however, observations at all heights followed the

FIG. 13. Variation of bin-averaged fm with local stability parameter for preharvest nights for five levels on the Init
tower (a) without imposing any Ri restrictions on the data and (b) filtering out data points when Ri. Ricr 5 0.23 and
Rif . Ricr 5 0.23.
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MOST relation trend (Fig. 13b) and agreed with the findings
from SHEBA dataset (Grachev et al. 2013) like postharvest ob-
servations. Fig. 14a gives the variation of at 10 m for preharvest
periods. Because the observed wind speeds during preharvest
periods were weaker, finer wind speed bins had to be used to
identify the threshold wind speeds. The VTKE is approximately
constant below a wind speed of 1.45 m s21 for regimes 1 and 2.
Beyond this wind speed value, as represented by vertical dashed
lines in Fig. 14a, VTKE increases linearly with wind speed, mak-
ing Vs 5 1.45 m s21 for 10 m at the Init tower for preharvest.
Similar to the postharvest observations, the bin-averaged VTKE

at 10 m decreased with increasing stability (Fig. 14b). In regimes
2 and 3, although the overall VTKE values did not depend on
the local stability, their variation was greater in regime 2 than in
regime 3, again matching the trend observed for postharvest
observations. Similar to postharvest periods, the variation of fm

with z matched closely the analytical form given by Sorbjan and
Grachev (2010) and agrees well with Eq. (5).

Unlike fm trends similar to the postharvest observations,
the variation of bin-averaged VTKE with mean wind speed
(Fig. 15) does not match the observed trends as in Fig. 12a.
High TKE values (≈0.5 m2 s22) were observed close to the
surface at low wind speeds (U , 1.5 m s21), and no threshold
wind speed were observed for z # 3 m. Obviously, the differ-
ence may be caused by the roughness change before and after
harvest. The bin-averaged VTKE at all heights on the Init

tower varied with mean wind speed with a slope of 0.245. Al-
though HOST relations for complex terrain were studied in
the past, such as during the BLLAST campaign (Yus-Dı́ez
et al. 2019), the conditions present during SAVANT were
unique and represent a first-of-a-kind complexity in terms of
crop and terrain relief. The presence of higher TKE values at
wind speeds less than 1.5 m s21 should not be treated as a re-
sult of top-down turbulence events as reported in Sun et al.
(2012) or Yus-Dı́ez et al. (2019). We hypothesize that an addi-
tional momentum boundary layer forms because of the pres-
ence of a crop layer ∼100 m west (upwind) of the Init tower
and that this boundary layer may be responsible for higher tur-
bulence observed at the lower wind speeds. Further analysis is
needed to test this hypothesis, and such work would be beyond
the scope of this study. For z . 3 m, the bin-averaged VTKE

profiles versus U showed a subtle variation in slope when finer
bin widths were used. This can be seen from the zoomed-in
plots of VTKE versus U in Fig. 15. The threshold wind speed
values identified for preharvest periods were: 0.55 m s21

(z 5 4.5 m), 0.85 m s21 (z 5 6 m), and 1.45 m s21 (z 5 10 m).
Increased roughness length reduces the threshold wind speed
(Mahrt et al. 2013). From the present dataset, the threshold
wind speed reduced from 2.20 to 0.55 m s21 at z 5 4.5 m for
the higher roughness length. Figure 16 compares the thresh-
old wind speed profiles for pre- and postharvest data for
SAVANT. Also, data from other field campaigns were

FIG. 14. Variation of VTKE with (a) wind speed observed at 10 m and (b) potential temperature gradient between 10 and 0.2 m for pre-
harvest nights classified into regimes on the basis of Ri and Rif criteria. The vertical dashed line in (a) represents the threshold wind speed
at 10 m. Bins with fewer than 20 observations were not included in estimating the mean and standard deviation.
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included for reference. The postharvest roughness length of
0.05 m estimated for the SAVANT Init tower was still higher
than the CASES-99 value of 0.027 m. The roughness length
for the BLLAST campaign was approximated to be 0.1 m, as
based on the topography and land coverage. At any given
height, the threshold wind speed reduced with increased
roughness length, except for SHEBA whose threshold wind
speed at 5.1 m was 2.3 m s21, which is less than the threshold
wind speed at a similar height for CASES-99.

The effect of roughness is more evident in HOST formula-
tion in terms of reduced Vs for observation heights above the
crop layer and absence of Vs for heights within the crop layer.
On the other hand, the regime classification worked well for
identifying the time periods that agree well with the MOST
flux–gradient relationships. Also, for regime 3, the very stable
regime, the VTKE magnitude remained low and wind speeds
observed were weak. It can be debated whether VTKE varia-
tion in regime 3 could be considered as HOST because a
threshold wind speed is not identifiable for such weak winds.

5. Summary

Stable boundary layer observations during the SAVANT field
campaign were used to test and better understand the HOST

and MOST relationships identified in previous studies. The
SAVANT campaign resulted in a dataset containing turbulence
observations up to 10–20 m along a shallow gully during pre- and
postharvest periods. The nondimensional shear fm followed the
MOST similarity relation when Ri , Ricr and Rif , Ricr, with
Ricr 5 0.23. Two additional regimes were identified in the range
Ri , Ricr and Rif , Ricr, in which the TKE variation with
stability parameter differed. When 0, Ri# 0.1 and 0, Rif# 0.1,
TKE decreased sharply with increasing stability and z varied from
near-neutral to weakly stable. At Ri5 Rif 5 0.1, the vertical veloc-
ity variance scaled by the TKE reached a maximum value and
thereafter decreased for higher Ri and Rif values. The velocity stan-
dard deviations scaled by the friction velocity followed a constant
value up to Ri 5 0.1 and Rif 5 0.1 and increased when Ri . 0.1
and Rif. 0.1. For 0.1, Ri# Ricr and 0.1, Rif# Ricr, the rate of
change of TKE with stability decreased and the TKE reached a
quasi-steady value and the stability in this regime varied from
weakly stable to stable. When Ri and Rif . Ricr the TKE did not
relate to the stability and z in this regime varied between near-
neutral to strongly stable.

The bin-averaged turbulence intensity (VTKE) relation with
mean wind speed at different heights on the initiation tower
was tested against the HOST theory (Sun et al. 2012). For
postharvest nights, and for stable periods that Ri and Rif are

FIG. 15. Variation of bin-averaged VTKE with wind speed when 0 , Ri # Ricr and 0 , Rif # Ricr, where Ricr 5 0.23, observed on the Init
tower for preharvest nights. Bins with fewer than 20 observations were excluded.
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less than the critical Richardson number (Ricr 5 0.23), two
distinctive turbulence intensity regimes were observed that
can be separated based on a threshold wind speed Vs. When
the winds were lower than this threshold wind speed, the tur-
bulence intensity remained approximately constant. Once the
winds were stronger than Vs, turbulence intensity increased
linearly with the wind speed. The threshold wind speed value
increased with height in a way that is similar to that reported
using the CASES-99 dataset. The magnitude of the threshold
wind speed at all the heights on the initiation tower were
lower than those reported for CASES-99 in Sun et al. (2012).
For periods with Ri and Rif . 0.23, the turbulence remained
low over a range of very weak to weak wind speeds. No signif-
icant top-down turbulence events were observed at initiation
tower during SAVANT. This could be due to the absence of
elevated turbulence caused by gravity waves, low-level jets,
Kelvin–Helmholtz instabilities, or such. Another possibility
could be the top-down turbulence transport is not strong
enough to reach lower levels close to the ground (z , 10 m),
one such event was identified during BLLAST campaign
(Yus-Dı́ez et al. 2019, see their Fig. 12). For preharvest nights,

to investigate the effect of roughness, we used the daytime
near-neutral periods to estimate the zero displacement and
roughness heights near the initiation tower, which were found
to be 1.7 and 0.41 m, respectively. The fm followed the
MOST similarity relation for preharvest periods when Ri , Ricr
and Rif , Ricr. For observations above the crop layer, addi-
tional roughness during preharvest periods reduced the thresh-
old wind speed required to enhance the TKE. The roughness
characteristics present at SAVANT site pose a unique chal-
lenge. The terrain relief within 1-km radius was about 20 m,
and, more important, the crop layer started approximately
100 m west of the observation tower. The dominant winds dur-
ing preharvest period were from west. The roughness charac-
teristics of corn and soybean crop presented in this study are
more common in the agricultural fields across the midwestern
part of the United States.
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