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A B S T R A C T

Turbulence governs many atmospheric processes including mixing, transport, and energy transfer. Consequently,
there is a strong need for the examination and validation of existing turbulence theories. The HOckey-Stick
Transition (HOST) hypothesis was proposed to challenge traditional understanding of near-surface turbulence
processes derived from Monin-Obukhov Similarity Theory (MOST). Within the MOST framework, the momentum
flux entirely depends upon ∂U/∂z (i.e., the change in mean wind speed (U) with height (z)), but this relationship
is not as straightforward under HOST. Because HOST was developed using observations over relatively uniform,
homogeneous terrain, questions arise regarding HOST’s applicability within and above heterogeneous forest
canopies where multi-level turbulence measurements are somewhat rare but are essential for developing a
unified similarity scaling applicable over complex surfaces. To this end, we used one year (1 January 2016
through 31 December 2016) of turbulence measurements sampled at eight heights along a 60-m tower within
and above a mixed deciduous forest at Chestnut Ridge in eastern Tennessee in the southeastern U.S. We
examined the diurnal and seasonal variability of selected turbulence parameters (i.e., friction velocity (u*) and
turbulence velocity scale (VTKE)) to detail the micrometeorological characteristics of the site during the study
period. We then used these turbulence measurements to evaluate HOST by determining their relationship with U
and to assess the dependencies of this relationship on time of day, season, wind direction, and atmospheric
stability. We found that HOST is most applicable under very stable regimes, whereas the relationships between u*
and U, and between VTKE and U, were more linear above the forest canopy than within the forest canopy and
when the canopy was not foliated. Overall, this work builds upon previous studies that have described limitations
in MOST and identifies scenarios when the HOST hypothesis may be more applicable than MOST for representing
near-surface turbulence processes.

1. Introduction

Describing and predicting the exchanges of energy, mass, and mo-
mentum within and above forest canopies remains a challenging task for
numerical weather prediction (NWP) models. Consequently, atmo-
spheric boundary layer (ABL) interactions with canopies control multi-
ple processes including, for example, mechanical diffusion, horizontal
transport, vertical mixing, and changes in particle eddy diffusivity
(Brunet, 2020). Cumulatively, it is well known that the parameteriza-
tions based on assumptions for horizontally homogeneous and flat

terrain have difficulties simulating surface and ABL processes over
complex terrain and complex land cover types (e.g., Wulfmeyer et al.,
2011; Fernando et al., 2015). One of the most widely used approaches
for representing surface-layer (SL) processes is Monin-Obukhov Simi-
larity Theory (MOST) (Monin and Obukhov, 1954), even though its
limitations have been well-documented (e.g., Businger et al., 1971;
Andreas and Hicks, 2002; Salesky and Chamecki, 2012; Sun et al.,
2020). MOST’s limitations include errors in the stability variable
employed (i.e., stability parameter, z/L, where L is the Obukhov length
scale, and z is the height of interest (Salesky and Chamecki, 2012));
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self-correlation (e.g., Hicks, 1978; Hicks, 1981; Andreas and Hicks,
2002); MOST’s performance over mountainous terrain (e.g., Sfyri et al.,
2018), within the nocturnal boundary layer (NBL; e.g., Mahrt, 1998;
Optis et al., 2014) and, consistent with other conventional paradigms
(e.g., Ansorge and Mellado, 2016), within highly-stable atmospheric
regimes (e.g., Ansorge and Mellado, 2014; Allouche et al., 2022). These
deficiencies have motivated the exploration of alternatives to MOST
(e.g., Foken, 2006; Wilson, 2008; Sun et al., 2012; Pal et al., 2013; Lee
and Buban, 2020; Lee et al., 2021; Lee and Meyers, 2023; Lee et al.,
2023a). One alternative is the HOckey-Stick Transition (HOST) hy-
pothesis, which has been proposed over the past 10–15 years to explain
near-surface turbulence regimes (Sun et al., 2012; Van de Wiel et al.,
2012; Sun et al., 2015; Sun et al., 2016; Sun et al., 2020; Grisogono et al.,
2020; Bhimireddy et al., 2024). HOST challenges classical understand-
ing of turbulence derived from MOST. Under neutral regimes in MOST,
the momentum flux entirely depends on ∂U/∂z (i.e., the change in mean
wind speed (U) with height (z)) which is mainly driven by friction ve-
locity as suggested by the Businger-Dyer relationship (Stull, 1988). As
noted by Sun et al. (2020), the HOST hypothesis states that the most
energetic coherent turbulence eddies near the surface are large and
non-local, and energy conservation governs turbulence intensity. Thus,
within the HOST framework, there exists little dependence of turbulence
parameters, i.e., friction velocity (u*), vertical velocity variance (σ2w),
turbulent kinetic energy (TKE), turbulence velocity scale (VTKE, which is
the square root of TKE), on the mean wind speed when wind speeds are
low. Instead, turbulence is generated solely by local instabilities within
low wind speed regimes (e.g., Bhimireddy et al., 2022). Above a certain
wind speed threshold, HOST describes turbulence as being generated by
the bulk shear, with an approximately linear relationship between tur-
bulence intensity and wind speed which is consistent with MOST
(e.g., Sun et al., 2020). Because of these two unique turbulence regimes,
the relationship between turbulence intensity and wind speed is shaped
like a hockey stick (e.g., Sun et al., 2012; Sun et al., 2015; Sun et al.,
2016; Sun et al., 2020; Yus-Díez et al., 2019; Grisogono et al., 2020).

Like many theories that form the groundwork for SL similarity for-
mulations in boundary-layer meteorology, HOST was developed using
measurements obtained from relatively flat terrain, namely from the
Cooperative Atmosphere–Surface Exchange Study-1999 (CASES-99)
that was conducted in Kansas in 1999 (Poulos et al., 2002). Conse-
quently, there is a strong need to evaluate the applicability of HOST over
inhomogeneous land surfaces, for example regions with complex terrain
(e.g., Yus-Díez et al., 2019), forest canopies, or areas with fine-scale
variations in land cover or land use. To this end, past work evaluating
HOST over different land cover types has so far found that the theory is
generally applicable to areas with gently-sloping terrain (e.g., Bhimir-
eddy et al., 2022), urban areas (e.g., Liang et al., 2018), polar regions

(e.g., Vignon et al., 2017; Chechin, 2021), ocean surfaces (e.g., Andreas
et al., 2012), boreal pine forests (e.g., Peltola et al., 2021), and moun-
tainous terrain (e.g., Acevedo et al., 2016; Russell et al., 2016).

Adopting a framework that overcomes MOST’s limitations will
improve the SL parameterizations used within operational NWP models
and in turn help produce better NWP models. Doing so, however, re-
quires that MOST alternatives, including HOST, are rigorously evaluated
over a full suite of land cover and land use types, variable stability re-
gimes (i.e., ranging from very stable regimes conditions with L≫0 to
strongly-convective conditions yielding L≪0), and climatic types
(e.g., humid, sub-humid, and arid). Although there has been extensive
work evaluating HOST over different land cover types as noted previ-
ously (e.g., (Acevedo et al., 2016; Russell et al., 2016; Vignon et al.,
2017; Liang et al., 2018)), HOST has not been evaluated within and
above forested canopies. Because previous work has indicated that
traditional SL parameterizations struggle under weak wind regimes
(e.g., Zhang and Zheng, 2004; Lee et al., 2021; Lee and Meyers, 2023),
and low wind speeds are prevalent in the Southeast U.S. (e.g., Klink,
1999), this region is uniquely well suited for testing SL parameteriza-
tions (e.g., Lee et al., 2021).

In this work, we evaluate the applicability of the HOST hypothesis
within and above a forested canopy across different seasons and atmo-
spheric regimes using one year (1 January 2016 through 31 December
2016) of observations of turbulence parameters and meteorological
variables obtained from Chestnut Ridge in eastern Tennessee in the
Southeast U.S. In Sections 2 and 3, we discuss the measurements from
Chestnut Ridge and our data processing techniques, respectively. In
Section 4, we describe the on-site meteorological characteristics during
the one-year study period as well as how wind and turbulence charac-
teristics varied as a function of height within and above the forest can-
opy throughout the year. We then use the meteorological and
micrometeorological measurements to evaluate the applicability of the
HOST hypothesis and examine its appropriateness as a function of ABL
regime (i.e., the daytime convective boundary layer (CBL) versus the
NBL), season (i.e., summer versus winter), different wind directions, and
atmospheric stability regimes (i.e., very unstable regimes and very sta-
ble regimes that we define using SL stability parameters).

2. Site description and datasets

2.1. Site description

We used observations obtained from a 60-m flux tower located near
Oak Ridge, Tennessee, U.S. to evaluate the applicability of HOST within
and above the forest canopy (Fig. 1a). This region of the Tennessee
Valley is characterized by mountain ridges oriented southwest to
northeast with a relief of a couple of hundred meters above the valley

Fig. 1. (a) Location of Chestnut Ridge (black circle) in eastern Tennessee and relative to other states in the Southeast U.S. The box in (a) indicates the location of the
map shown in (b). The black circle in panel (b) indicates the location of the Chestnut Ridge tower, pictured in (c) during the growing season. Note the elevation is
contoured every 50 m and 25 m in panel (a) and (b), respectively, to highlight the fine-scale elevation variability near the tower. These topography data were
obtained from the Parameter-elevation Regressions on Independent Slopes Model (PRISM) climate group.
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floor (Fig. 1b). The Cumberland Plateau, with ridgetops up to around
1000 m MSL, is about 20 km to the west and north of Chestnut Ridge.
The taller Smoky Mountains are located to the south and east of the
Chestnut Ridge, and the tallest peaks of the SmokyMountains, which are
over 2000 m MSL, are about 80 km southeast of Chestnut Ridge .

The tower (35.9311◦N, 84.3323◦W, 371 m above mean sea level
(MSL); Fig. 1c) at Chestnut Ridge was installed in 2005 and is part of the
NOAA Air Resources Laboratory Atmospheric Turbulence and Diffusion
Division’s Surface Energy Budget Network (SEBN) and is also included
in the AmeriFlux network (site identification: US-ChR; e.g., Meyers,
2016). The tower is on the reservation of the Department of Energy’s
Oak Ridge National Laboratory, and the tower is located within a mixed
hardwood deciduous forest, consisting of oak, hickory, tulip poplar, and
maple trees. The mean height of the canopy, hc, in the immediate vi-
cinity of the tower is 25 ± 3 m (Wilson et al., 2012). We refer the reader
to Hanson and Wullschleger (2003); Wilson and Meyers (2007) and
Wilson et al. (2012) for more details about the site.

2.2. Turbulent flux profiles

Turbulence quantities were sampled at Chestnut Ridge using RM
Young sonic anemometers (model number 81000VRE). These ane-
mometers were installed on a 2 m boom extending outward from the
northwest corner of the tower at eight different sampling heights.
Measurements were made both within (i.e., 5 m, 10 m, and 15 m above
ground level (AGL)) and above (i.e., 25 m, 30 m, 35 m, 40 m, and 45 m
AGL) the forest canopy at a frequency of 10 Hz. To better place our
results into the context of previous studies, we normalized each of these
heights by hc to obtain z/hc. Prior to computing the turbulence statistics
at 15 min intervals at each of the sampling heights, we applied standard
coordinate rotations and corrections to the datasets. These corrections
have been previously documented in, for example Meyers (2001);
Meyers and Baldocchi (2005); Lee et al. (2019).

We used the turbulence measurements from Chestnut Ridge to
compute u* and VTKE. The friction velocity was calculated as

u* =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(uʹwʹ)2 + (vʹwʹ)24
√

(1)

where uʹwʹ and v́ wʹ are the covariances between the vertical wind (w)
and the horizontal (u) and meridional (v) wind, respectively.

Furthermore, we computed the turbulence velocity scale, VTKE, as

VTKE =
̅̅̅̅̅̅̅̅̅
TKE

√
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

0.5(uʹ2 + vʹ2 + wʹ2)
√

(2)

In Eq. (2), uʹ2, v́ 2, and wʹ2 are the variances of the u, v, and w wind
components, respectively.

After computing the turbulence parameters and, using the same
criteria as was used by, for example Lee et al. (2023b), we removed
physically-unrealistic values, which we defined as U > 30 m s− 1, u* > 2
m s− 1, and TKE > 10 m2 s− 2. Because previous studies have well docu-
mented the impact of tower-induced impacts on in situ turbulence

Table 1
Percent data completion of horizontal wind speed (U), friction velocity (u*), and
turbulent kinetic energy (TKE) at each sampling height (in m AGL and as a
function of canopy height, i.e. z/hc, where hc is the average canopy height of 25
m AGL) at the Chestnut Ridge tower in 2016, following the removal of time
periods containing missing or physically-unrealistic values, as well as instances
when 90◦ ≤ WD ≤ 135◦ when the tower impacted the measurements.

Sampling Height
(m AGL)

z/hc % Complete U % Complete u* % Complete TKE

5 0.2 75.3 61.0 69.2
10 0.4 75.8 65.0 69.7
15 0.6 74.5 68.3 69.4
25 1.0 76.7 75.3 75.8
30 1.2 76.7 75.5 76.0
35 1.4 64.2 57.9 60.3
40 1.6 76.0 74.0 74.7
45 2.0 70.2 68.3 68.8

Fig. 2. Flowchart summarizing the observations, meteorological, and micrometeorological features explored, approach, and conceptual framework employed in this
study to evaluate HOST for different ABL, WD, and atmospheric stability regimes.
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measurements, (e.g., McCaffrey et al., 2017), we also removed periods
when the wind direction (WD) was between 90◦ and 135◦ because, as
noted earlier in this section, the sonic anemometers used to measure the
turbulence quantities were installed on the northwest corner of the
tower. On average, 73.7 %, 68.1 %, and 70.5 % of the U, u*, and TKE
data, respectively, were available at the different sampling heights
following the removal of physically-unrealistic values and times when
WD was between 90◦ and 135◦ Measurements from 35 m AGL had the
least complete data record due to data gaps in the measurement record;
64.2 %, 57.9 %, and 60.3 % of the data 35 m AGL were available for U,
u*, and TKE, respectively (Table 1). To compute the means across select
time periods, we only considered the data for a given time period and
sampling height if at least 75 % of the data were available for that given
variable and time period following previous work (e.g., Lee et al., 2023a,
2024).

2.3. Ancillary measurements

Along with the vertical profile of turbulence measurements at
Chestnut Ridge in 2016, three collocated platinum resistance ther-
mometers (PRTs) were used to measure temperature at each of the
sampling heights referenced in Section 2.2. The PRTs were enclosed
within the same fan-aspirated shield at each sampling height, and 15-
min means of these values were calculated at each sampling height for
consistency with the averaging timescale for the wind and turbulence
measurements introduced in Section 2.2.

Other measurements at the tower included radiation and flux mea-
surements that are part of the SEBN and that were used to characterize
the near-surface atmospheric conditions during the study period. These
measurements included air temperature and relative humidity measured
at 43 m AGL using a Thermometrics Corp PRT and Vaisala 50Y,
respectively, and incoming and outgoing shortwave and longwave ra-
diation measured at 36 m AGL using a Kipp&Zonen CNR1. The eddy
covariance system, which includes an RM Young 81000 V sonic
anemometer and a LI-COR 7500 infrared gas analyzer for measuring CO2
and H2O mixing ratios, was installed at 43 m AGL and sampled at 10 Hz
to compute 30-min sensible heat flux (H) and latent heat flux (LE).

3. Methods

3.1. Approach to evaluate the HOST hypothesis

After implementing the data quality assurance and data quality
control procedures for each of the datasets discussed in Section 2, we
used the suite of turbulence and meteorological measurements to eval-
uate the applicability of HOST at the site under varying near-surface
atmospheric conditions. To this end, we determined the relationship
between u* and U, as well as between VTKE and U, and quantified this
relationship by computing the Pearson correlation coefficient (r). As
summarized in Fig. 2, we performed this evaluation for three different
classifications: ABL regimes, WD regimes, and atmospheric stability
regimes.

3.2. Evaluation of HOST for different ABL regimes and seasons

To distinguish among different ABL regimes, we contrasted daytime
ABLs with nighttime ABLs by differentiating two regimes:

1. Daytime ABLs, whereby we used observations obtained during the
afternoon when the ABL is typically quasi-stationary, i.e. between
1200 and 1600 LST (LST = UTC – 5)

2. Nighttime ABL (i.e., NBL), during which the ABL is typically stable,
whereby we used observations between 0000 and 0400 LST.

We performed these analyses using observations obtained from two

contrasting seasons and thus used observations obtained from January
and July 2016 (i.e., representative winter and summer months for the
northern hemisphere). Sensitivity tests (not shown) with other months
in the winter and summer indicated that our results were not sensitive to
our choice of month in these respective seasons. At the site in January,
the leaf area index (LAI) is around 1 m2 m− 2, following the approach
discussed in Wilson and Meyers (2007). In July, the LAI is typically
around 5 m2 m− 2, but can be as large as 6 m2 m− 2 during other years.
Normalized Difference Vegetation Index (NDVI), derived from the
Moderate Resolution Imaging Spectroradiometer (MODIS), ranged from
~ 0.45 in January 2016 to ~ 0.9 in July 2016.

Fig. 3. (a) Annual cycle of the mean afternoon (1200–1600 LST) incoming
shortwave radiation (SWin; red line), outgoing shortwave radiation (SWout ; or-
ange line), incoming longwave radiation (LWin; green line), outgoing longwave
radiation (LWout ; blue line), and net radiation (Rnet ; black line) at Chestnut
Ridge in 2016. Same for panel (b), but for H (red line) and LE (blue line), and
for panel (c), but for air temperature (T; red line) and specific humidity (q; blue
line). Note that the radiation and flux measurements are missing during the
latter half of December and during the first half of April, respectively.
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3.3. Evaluation of HOST under different wind directions

Because different wind directions over both valleys and ridges have
been found to be critical for ABL and turbulence regimes and tracer
mixing over complex terrain (e.g., Pal et al., 2014; Pal et al., 2017) and
adjacent plains (e.g., Pal and Lee, 2019; Anand and Pal, 2023), we

evaluated HOST under the following subsets of prevailing wind regimes:

1. Northeast (NE) winds (i.e., 0◦ ≤ WD < 90◦)
2. Southwest (SW) winds (i.e., 180◦ ≤ WD < 270◦)
3. Northwest (NW) winds (i.e., 270◦ ≤ WD < 360)

Fig. 4. Wind rose for (a) 1200–1600 LST and (b) 0000–0400 LST for 1 January through 31 December 2016, using observations from 45 m AGL (i.e., 1.8hc).
Turquoise, light green, orange, and red correspond with U < 2 m s− 1, 2 – 4 m s− 1, 4 – 6 m s− 1, and > 6 m s− 1, respectively. A WD bin size of 20◦ is used in each of
the plots.

Fig. 5. Mean diurnal cycle of (a) U , (b) u*, (c) and VTKE as a function of local time of day for January 2016. Same for panels (d) – (f), but for July 2016. The colors of
the different lines represent the different heights (see figure legend). Not all data are shown because of < 75 % data completion at certain times of day in the mean
diurnal u* cycles.
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Note that we excluded southeast (SE) winds, defined as wind di-
rections between 90◦ and 180◦, to remove any impacts of the tower, and
we conducted these analyses irrespective of time of day or season.

3.4. Evaluation of HOST for different atmospheric stability regimes

We distinguished among different near-surface atmospheric stability
regimes by computing temperature gradients (e.g., Sedefian and Bennet,
1980; Mohan and Siddiqui, 1998). Different stability regimes were
determined by calculating the temperature gradient, dT

dz (e.g., Stull,
1988), which we did by determining the slope of the best-fit line be-
tween all temperature measurements available at a given timestep and
height. Sensitivity tests (not shown) for computing dT

dz as a function of
different heights within and above the forest canopy indicated that our
results were independent to the metric used to compute dT

dz . Over the
entire year, dT

dz ranged from − 0.100 K m− 1 to 0.086 K m− 1; in January
(July) dT

dz ranged from − 0.047 K m− 1 (− 0.059 K m− 1) to 0.080 K m− 1

(0.070 K m− 1). To evaluate HOST under different stability conditions,
we contrasted two stability extremes:

1. Highly-unstable regimes, in which dT
dz was below the 10th percentile

of all values of dT
dz (i.e., dTdz < − 0.038 K m− 1)

2. Highly-stable regimes, in which dT
dz exceeded the 90th percentile of

all values of dT
dz (i.e., dTdz > 0.019 K m− 1).

4. Results and discussion

4.1. Meteorological characteristics at Chestnut Ridge in 2016

During the study period, mean afternoon (i.e., 1200–1600 LST)
incoming shortwave radiation ranged from ~ 500 W m− 2 in January to
~ 950W m− 2 in June, and net radiation, which is defined as the sum of
the difference between incoming and outgoing shortwave radiation and
longwave radiation, peaked near 700 W m− 2 in June (Fig. 3a). Mean
afternoon H exceeded LE during the cool season, but from about late
April through early September, LEwas a larger component of the surface
energy balance thanH (Fig. 3b). Larger LE thanH during the summer is a
pattern that is consistent with previously-reported findings from within
the immediate study region (e.g., Wilson and Baldocchi, 2000; Wilson

Fig. 6. Mean diurnal cycle of (a) U , (b) u*, and (c) VTKE as a function of local time of day on days with NE winds (i.e., 0◦ ≤ WD < 90◦). Same for panels (d) – (f), but
on days with SW winds (i.e., 180◦ ≤ WD < 270◦). The colors of the different lines represent the different heights (see figure legend).
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et al., 2000), as well as with findings from other forested monitoring
sites located in the Southeast U.S. (e.g., Lee et al., 2012; Lee et al., 2015)
and elsewhere in the continental U.S. (e.g., Greco and Baldocchi, 1996;
Yi et al., 2001; Wilson et al., 2002). Due to the comparatively large
on-site LE during the summer, mean daily specific humidity reached a
maximum of about 15 g kg− 1 during this time (Fig. 3c). During the study
period, mean daily temperatures ranged from around 2 ◦C in January to
30 ◦C during the summer (Fig. 3c).

We used long-term climatological observations from the city of Oak
Ridge, Tennessee, located about 12 km northeast of the site, to provide
climatological context for the meteorological observations obtained
from 2016 at Chestnut Ridge. Based on 20-year means obtained between
2000 and 2019, the mean annual temperature was 15.5 ◦C, and the
mean annual precipitation was 143 cm. 2016 was slightly warmer and
drier than the 20-year mean, as the mean annual temperature and total
precipitation was 16.6 ◦C and 122 cm, respectively.

4.2. Wind and turbulence characteristics at Chestnut Ridge in 2016

4.2.1. Diurnal variability in wind direction
Throughout 2016, the wind direction measured at the uppermost

sampling height (i.e., 1.8hc, or 45mAGL) during the afternoon showed a
bimodal distribution, with NE and SW winds being the most prevalent
directions. During the nighttime, however, NE winds were most domi-
nant (Fig. 4b). To investigate whether this diurnal wind shift has sea-
sonal dependence, we performed the same analyses separately for
January and July but found no clear evidence of seasonal variations in
wind direction during these periods (results not shown). The absence of
a diurnal wind shift is perhaps not surprising and suggests that any
locally-generated slope flows are typically overwhelmed by larger-scale
(i.e., mesoscale- to synoptic-scale) flows within the region. In other
words, the synoptic forcing here often outweighs localized thermally-
driven or local, terrain-induced flows.

Fig. 7. Mean vertical profiles (a) U, (b) u*, and (c) VTKE as a function of month and averaged between 1200 and 1600 LST. Same for panels (d) – (f) but for 0000–0400
LST. Note that not all data are shown for all sampling heights for all variables because of <75 % data completion within several of these time periods (cf. Section 2)
including, for example afternoon U, u*, and VTKE at 1.4hc.
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4.2.2. Mean diurnal cycles of wind speed and turbulence
When we considered the seasonal mean diurnal cycles of U, u*, and

VTKE as a function of different seasons, we found that the mean wind
speeds were about 0.5 m s− 1 larger in winter (January in this example,
Fig. 5a) and roughly 0.5 m s− 1 smaller in summer (July in this example,
Fig. 5d) than the mean diurnal cycle averaged across the entire year.
Furthermore, the diurnal Uminimum occurred a couple of hours later in
January than the mean diurnal cycle over the entire year. Similarly,
January values for u* and VTKE were larger during the winter (Fig. 5b and
c, respectively) than during the summer (Fig. 5e and 5f, respectively).
There were also large differences in U, u*, and VTKE at the different
sampling heights in January and July, with three distinctive regimes
present in both of these months:

1. 0.0hc – ~ 0.6hc
2. ~ 1.0hc
3. ~ 1.2hc – 1.8hc

These three regimes confirm the large impacts of the canopy on the ki-
nematic and turbulence measurements at the site.

We further analyzed the mean diurnal cycles of U, u*, and VTKE as a
function of time of day when the wind direction was from a given sector,
which we defined as NE winds (i.e., 0◦ ≤ WD < 90◦), SW winds (i.e.,
180◦ ≤ WD < 270◦), and NW winds (i.e., 270◦ ≤ WD < 360). Note that
we did not investigate the role of SE winds because of the tower’s in-
fluence on the turbulence characteristics when the winds were from this
particular wind direction (cf. Section 2.2). In order for a day to be

Fig. 8. (a) Mean u* as a function of U for 1200–1600 LST between 1 January 2016 and 31 December 2016. Same for (b) but for VTKE. Panels (c) and (d) show the
relationship between u* and U and between VTKE and U, respectively, but for 0000–0400 LST. The colors of the different symbols represent the different heights (see
figure legend). A bin size of 0.25 m s− 1 is used in all panels.
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Fig. 9. Pearson correlation coefficient (r) as a function of z/hc between (a) u* and U and between (b) VTKE and U for 1200–1600 LST (red circles) and 0000–0400 LST
(blue circles). All values shown are statistically significant at the 0.01 confidence level (i.e., p < 0.01).

Fig. 10. (a) Mean u* as a function of U for 1200–1600 LST in January 2016. Same for (b) but for VTKE. Panels (c) and (d) show the relationship between u* and U and
between VTKE and U, respectively, but for 0000–0400 LST. The colors of the different symbols represent the different heights (see figure legend). A bin size of 0.25 m
s− 1 is used in all panels.
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considered as having winds from these respective directions, at least 90
% of the observations had to align with the given direction, although our
results were not strongly sensitive to our choice of these thresholds. Over
the one-year study period, there were 17 (20) days with constant NW
(SW) winds throughout the day. Only one day had constant NW winds
and, due to the small sample size, this day was not shown in the com-
posite mean diurnal cycles of U, u*, and VTKE shown in Fig. 6. We found
that Uwas generally larger on days with NE winds than on days with SW
winds. Consequently, u* and VTKE were larger, and these quantities
showed a sharper daytime maximum on the subset of days with NE
winds than the composites of days with SW winds.

When placing the results presented here into the context of findings
from previous studies, we found that the magnitude of the wind speeds
and turbulence quantities (i.e., u* and VTKE) were generally smaller than
those reported at other study locations, although we caution here that
other physical factors, for example land-surface heterogeneities and
seasonality, can affect how our observations compare with findings

presented in other studies. Rigden et al. (2018) used observations from
different land cover types within the AmeriFlux network and found that,
when averaged over 11 deciduous forests sites, u* varied from about 0.3
m s− 1 in the morning to about 0.5 m s− 1 during the afternoon. Lee et al.
(2015), using four years of observations obtained from a mixed decid-
uous ridgetop in central Virginia located about 600 km northeast of
Chestnut Ridge, found that U sampled approximately 3 m above the
canopy top was lower in the summer than in the winter which is
consistent with findings from Chestnut Ridge. In contrast, though, Lee
et al. (2015) found that U was typically around 5 m s− 1 and 2.5 m s− 1 in
the winter and summer, respectively, andUwas oftentimes lower during
the daytime than during the nighttime.

4.2.3. Variability in wind and turbulence profiles as a function of time of
year

The typical observed vertical variability in the turbulence parame-
ters and mean wind exhibited similar features during daytime and

Fig. 11. (a) Mean u* as a function of U for 1200–1600 LST in July 2016. Same for (b) but for VTKE. Panels (c) and (d) show the relationship between u* and U and
between VTKE and U, respectively, but for 0000–0400 LST. The colors of the different symbols represent the different heights (see figure legend). A bin size of 0.25 m
s− 1 is used in all panels.
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nighttime (i.e., lower (higher) values within (above) the canopy, and an
inflection point near hc). Additionally, when considering the evolution
of the vertical profiles of U, u*, and VTKE as a function of time of day and
time of year, we found negligible differences between in-canopy after-
noon values (i.e., between 1200 and 1600 LST) of U, when the ABL is
typically quasi-stationary (Fig. 7a), and in-canopy nighttime values (i.e.,
between 0000 and 0400 LST), when the ABL is typically stable (Fig. 7d).
These findings were consistent with the mean diurnal cycle shown in
Fig. 4. Above-canopy values of U were about 0.5 m s− 1 larger during the
nighttime hours than afternoon hours, and the largest differences be-
tween nighttime and afternoon occurred during the late fall and early
winter at the site. Afternoon values of u* were considerably larger than
nighttime u* (Fig. 7b, 7e); in-canopy differences varied little as a func-
tion of time of year and were generally 0.05–0.10m s− 1 lower during the
nighttime than afternoon. Above the canopy, the mean differences were

as large as 0.3 m s− 1 which typically occurred during the spring and fall.
The profiles of VTKE showed similar characteristics to u*; the largest in-
canopy differences between the afternoon and nighttime generally
happened in the spring when VTKE was on average 0.3 m s− 1 larger than
the nighttime values. In the summer, mean differences were about half
this value (Fig. 7c, 7f).

4.3. Relationship between turbulence and wind speed as a function of time
of day

When examining the dependence of u* and VTKE on U at different
heights during different times of the day, we found a strong linear
relationship between u* and U (Fig. 8a) and between VTKE and U during
the afternoon (Fig. 8b). When considering only nighttime values, we
found a linear relationship between u* and U (Fig. 8c) and VTKE and U

Fig. 12. Pearson correlation coefficient (r) as a function of z/hc between (a) u* and U and between (b) VTKE and U for 1200–1600 LST (red circles) and 0000–0400
LST (blue circles) in January 2016. Same for panels (c) and (d), respectively, but for July 2016. All values shown are statistically significant at the 0.01 confidence
level (i.e., p < 0.01).
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Fig. 13. (a) Mean u* as a function of U for cases when 0◦ ≤ WD < 90◦ Same for (b) but for VTKE. Same for (c) and (d) and for (e) and (f), but for instances in which
180◦ ≤ WD < 270◦ and 270◦ ≤ WD < 360◦, respectively. The colors of the different symbols represent the different heights (see figure legend). A bin size of 0.25 m
s− 1 is used in all panels.
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(Fig. 8d) up to about 1.2hc. Above this height, these relationships were
non-linear. For example, at 1.8hc there was only a small increase in VTKE

with increasing wind speeds up to about 4 m s− 1. Above the ~ 4 m s− 1 U
threshold, the relationship between VTKE and U became approximately
linear, and larger VTKE corresponded with larger U.

Another important feature that was revealed by the analyses (Fig. 9)
includes larger u* for the same U at hc compared to any other tower
levels (i.e., the orange circles in Fig. 9) across all wind speeds. These
results suggest the presence of maximum turbulence exchanges at hc,
which is the interface between the within-canopy and above-canopy
layers, and is analogous to turbulence exchanges occurring at the
entrainment zone located at the interface between the turbulent ABL
and overlying laminar free atmosphere.

To better elucidate the linear relationship that exists between the
different turbulence quantities and wind speed, we computed r for the
afternoon and nighttime. We found that in-canopy nighttime values of r

were consistently larger than afternoon r values, both for the relation-
ship between u* and U (Fig. 9a) and the relationship between VTKE and U
(Fig. 9b). Above the canopy, the opposite pattern was present, as the
relationship between afternoon u* and U, as well as between afternoon
VTKE and U, was more linear than within the canopy, with r > 0.7 (p <

0.01) and r> 0.8 (p< 0.01), respectively. In contrast, r values during the
nighttime hours were much lower at all above-canopy sampling heights,
indicative of a less-linear relationship, both for u* versus U and for VTKE

versus U. Also apparent from these analyses is that the strongest linear
relationships between u* and U, and between VTKE and U, occur at the
top of the canopy during both the afternoon and the nighttime where
turbulence changes appear maximized (cf. Fig. 8).

4.4. Relationship between turbulence and wind speed as a function of
season

As discussed in the previous sections, we found there were consid-
erable differences in how U, u*, and VTKE varied as a function of height
within the different months during the study period. Therefore, in this
section, we evaluate how the relationships between u* and U, and be-
tween VTKE and U, varied between two contrasting seasons. As we noted
in Section 3, we contrast these relationships between when the canopy is
not foliated versus when the canopy is fully foliated (based on LAI and
NDVI estimates and phenological observations from the site) using ob-
servations obtained from Chestnut Ridge in January and July,
respectively.

When we compared the relationships between u* and U and between
VTKE and U in January versus July, we found that the relationship was
linear during the afternoon, and there was less scatter present in this
relationship in January (Figs. 10a, and b) than was present in July

Fig. 14. Pearson correlation coefficient (r) as a function of z/hc between (a) u* and U and between (b) VTKE and U for cases when 0◦ ≤ WD < 90◦ (green circles), 90◦

≤ WD < 180◦ (blue circles), 180◦ ≤ WD < 270◦ (red circles) and 270◦ ≤ WD < 360◦ (orange circles). All values shown are statistically significant at the 0.01
confidence level (i.e., p < 0.01).

Table 2
Slope between u* vs. U for stable regimes, u* vs. U for unstable regimes, VTKE vs.
U for stable regimes, and VTKE vs. U for unstable regimes for different z/hc.

z/hc u* vs. U,
Stable
Regimes

u* vs. U,
Unstable
Regimes

VTKE vs.U,
Stable
Regimes

VTKE vs. U,
Unstable
Regimes

0.2 0.02 0.05 0.10 0.26
0.4 0.02 0.05 0.13 0.27
0.6 0.05 0.08 0.18 0.31
1.0 0.13 0.21 0.24 0.40
1.2 0.10 0.20 0.15 0.37
1.4 0.06 0.16 0.11 0.30
1.6 0.03 0.12 0.06 0.27
2.0 0.02 0.10 0.05 0.23
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(Fig. 11a and b). We also quantified the relationship present in Figs. 10
and 11 by determining the variation of r as a function of height within
and above the forest canopy. In January, within-canopy values of r for u*
versus U were < 0.5 but exhibited a marked increase above 1.0hc, with
all heights except for 1.8hc having r > 0.8 (Fig. 12a). In July, the rela-
tionship was less discernable than in January, as within-canopy values
of r were around 0.5 but exhibited larger variability above the canopy
than in January. Values of r reached a maximum of about 0.9 directly
above the top of the forest canopy and have amarked decrease above the
canopy (Fig. 12c).

We observed similar behavior when we quantified the relationship
between VTKE and U in January and July as we did when we considered

the relationship between u* and U. Consistent with findings over the
entire year, we found that r between VTKE and U was larger than r be-
tween u* and U, and there were marked differences for within-canopy r
versus above canopy r, and these were lower in July (Fig. 12d) than in
January (Fig. 12b).

Consistent with our findings from Section 4.3, for each U bin, both u*
and VTKE were typically largest at hc than at any other sampling height.
This phenomenon was observed during the afternoon and nighttime in
both January and July and is indicative of maximum turbulence ex-
changes at this sampling height resulting in the largest r at this sampling
height (cf. Fig. 12).

Fig. 15. (a) Mean u* as a function of U for unstable cases (i.e., when dT
dz < 10th percentile). Same for (b) but for VTKE. Same for (c) and (d), respectively, but for stable

cases (i.e., when dT
dz > 90th percentile). The colors of the different symbols represent the different heights (see figure legend). A bin size of 0.25 m s− 1 is used in

all panels.
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Fig. 16. Pearson correlation coefficient (r) as a function of z/hc between (a) u* and U and between (b) VTKE and U for unstable regimes (i.e., when dT
dz < 10th

percentile; red circles) and for stable regimes (i.e., when dT
dz > 90th percentile; blue circles). All values shown are statistically significant at the 0.01 confidence level (i.

e., p < 0.01),.

Fig. 17. Pearson correlation coefficient (r) between u* and U as a function of varying U thresholds for (a) 1200–1600 LST in January 2016, (b) 0000–0400 LST in
January 2016, (c) 1200–1600 LST in July 2016, and (d) 0000–0400 LST in July 2016. Here, the r-values (shading) indicate the relationship between u* and U, but
only for the subset of cases with U above the threshold specified on the x-axis.
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4.5. Relationship between turbulence and wind speed as a function of
wind direction

So far, we have focused on how the relationship between u* and U,
and between VTKE and U vary as a function of time of day and season but
have yet to consider how these relationships change with different wind
directions. Thus in this section, we evaluate HOST for three different
wind direction regimes, i.e. NE winds, SW winds, and NW winds, and
conduct this analysis irrespective of time of day and irrespective of
season. We found that the relationship between u* and U and between
VTKE and U showed a similar pattern for the different wind directions
(Fig. 13). In general, results indicated that linear dependencies of u* on
both U and VTKE became more prominent above a threshold wind speed
of about 2 m s− 1 for hc < 1 (i.e., with the canopy), whereas at the up-
permost sampling heights (i.e., 1.6hc and 1.8hc) the linearity occurred at
a threshold wind speed of about 4m s− 1. For the interim altitudes near hc
(i.e., 1.0hc and 1.2hc), there was clear evidence of linearity whereas at
1.4hc there were mixed results with variable wind speed thresholds.

We further quantified the above dependencies by determining the
vertical variability of r (as was performed for the aforementioned ana-
lyses) and found that NE winds had the largest within-canopy r values,

both for u* versus U and VTKE versus U. Consistent with analyses pre-
sented earlier, r was larger for VTKE versus U than for u* versus U
(Fig. 14). The smallest within-canopy r values occurred for SW and NW
winds. Above the canopy, r values were larger than within the canopy,
which is also consistent with findings presented earlier in this study.
However, we emphasize that the findings on the relationship in VTKE

versus U and u* versus U were similar for all wind directions, and there
was a hockey-stick type relationship present for all wind directions.
Furthermore, for a given U, u* and VTKE were largest at and immediately
above 1.0hc for all wind directions, resulting in an r maximum at 1.0hc
and 1.2hc (cf. Fig. 14), suggesting that maximum turbulence exchanges
occur at 1.0hc irrespective of wind direction.

4.6. Relationship between turbulence and wind speed as a function of
atmospheric stability

To explicitly quantify the impacts of stability on the relationship
between turbulence characteristics andwind speed within and above the
canopy top as a function of atmospheric stability, we used the obser-
vations of dT

dz to distinguish between different two extreme atmospheric
stability regimes (i.e., very unstable and very stable) by computing dT

dz

Fig. 18. Same as Fig. 17 but for VTKE.
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percentiles following the approach discussed in Section 3.
Results indicate a larger dependence of both u* and VTKE on U for

unstable regimes than for the stable regimes. For instance, we found
that, for all sampling heights, the u* versus U slopes were larger for
unstable regimes than for stable regimes, and the largest slopes in all
instances occurred near hc (Table 2). We also found that unstable re-
gimes exhibited a linear relationship between both u* and U (Fig. 15a),
as well as between VTKE andU (Fig. 15b). The relationship between these
variables was stronger above the top of the forest canopy, where the
value for r between u* andUwas around 0.8 (p< 0.01, Fig. 16a), and the
value for r between VTKE and U was around 0.9 (p < 0.01, Fig. 16b). We
further noted large differences in the relationship between turbulence
and wind speed when we consider only stable regimes as compared with
unstable regimes. When we considered only stable regimes, we found
marked differences between within the canopy and above the forest
canopy. Within the canopy, r between u* and U (Fig. 16a) and VTKE and
U (Fig. 16b) increased with height to around 0.5 and 0.6, respectively, at
hc, whereas above hc, r decreased. The decrease in r above hc is due, at
least in part, to an inverse relationship between u* and U (cf. Fig 15c)
and between VTKE and U (cf. Fig. 14d) for low values of U (i.e., < ~ 2 m
s− 1).

The findings here suggest the need for alternative parameterizations
to MOST, including for example non-local parameterizations or using
Richardson-based scaling approaches (e.g., Dyer, 1974; Sorbjan 2010;
Sorbjan and Grachev, 2010; Lee and Buban, 2020; Greene et al., 2022)
which may better suited for stable conditions (e.g., Sorbjan 2010).
Additionally, u* and VTKE at a given U are maximized at the canopy top,
with the most apparent differences occurring under stable atmospheric
regimes than under unstable regimes (cf. Fig. 15) and resulting in an r
maximum at hc (cf. Fig. 16).

5. Summary, conclusions, and outlook

Overall, our findings were generally consistent with previous studies,
as we found a nonlinear relationship between turbulence parameters (i.
e., u* and VTKE) and the mean horizontal wind speed, which was a
finding documented in previous work (e.g., Russell et al., 2016; Sun
et al., 2020; Bhimireddy et al., 2022). For instance, Russell et al., 2016
used observations from within a mixed coniferous forest in northern
Idaho, U.S., and found a linear relationship between σw and wind speed
during the daytime and under unstable atmospheric regimes. Russell
et al., 2016 also observed a non-linear relationship during the nighttime
that resembled HOST-type relationships. Bhimireddy et al., 2022, using
observations obtained from the Stable Atmospheric Variability and
Transport (SAVANT) campaign in central Illinois, U.S., found that the
relationship between VTKE and wind speed varied significantly as a
function of surface roughness (i.e., preharvest versus postharvest) and as
a function of atmospheric stability, with the largest deviations from
MOST occurring under weak wind speeds.

Unique to our study, though, is that our work was the first of its kind
to use multi-level turbulence measurements to evaluate HOST both
within and above a forest canopy. This work further illustrates how the
HOST relationships varied by time of day, across contrasting seasons,
under changing wind directions, and varying atmospheric stability re-
gimes. Whereas the relationships were fairly similar for different wind
directions, atmospheric stability had a much larger influence on these
relationships, with large (small) r-values occurring under highly unsta-
ble (stable) stability regimes. Furthermore, the largest r-values occurred
at the canopy top at the interface between the within-canopy and above-
canopy layers. To further corroborate the aforementioned findings, we
explored the vertical (i.e., within and above the canopy) and temporal (i.
e., afternoon versus nighttime) variability in both turbulence-related
correlations (u* and VTKE across diverse U regimes) in January
(Fig. 17) and July (Fig. 18). These correlations provide a holistic

summary of our findings and underscore the largest r values present at
and above the canopy top.

Overall, the relationships between u* and U and between VTKE and U
were found consistent with each other, indicating that our results are not
strongly sensitive to our choice of turbulence parameter. Furthermore,
these relationships are typically nonlinear within the forest canopy and
are larger during the summer than during the winter. This finding im-
plies turbulence is typically generated by local instabilities rather than
being generated via bulk shear (e.g., Sun et al., 2020). Independent of
season, however, there is a peak in the correlation at and above the
canopy height that is suggestive of maximum turbulence exchanges
here. Above the forest canopy, the relationships are more linear during
the afternoon than during the nighttime and are stronger during the
winter when the canopy is non-foliated than during the summer when
the canopy is foliated which is suggestive of turbulence generation
through bulk shear under these instances.

Moving forward, it is our intent that the findings from the present
study will help to further motivate the need for alternatives to MOST for
potential use in SL parameterizations within NWPmodels, as the present
work builds upon many previous studies that have described limitations
and weaknesses of MOST by noting scenarios when its performance is
insufficient. We anticipate that the implementation of modifications to
MOST-derived parameterizations, or even entirely new SL parameteri-
zations, into operational NWP models will help lead to improvements of
weather forecasts.
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