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a  b  s  t  r  a  c  t

Stable  stratification  of the nocturnal  lower  boundary  layer  inhibits  convective  turbulence,  such  that  tur-
bulent vertical  transfer  of ecosystem  carbon  dioxide  (CO2),  water  vapor  (H2O)  and  energy  is  driven  by
mechanically  forced  turbulence,  either  from  frictional  forces  near  the  ground  or  top  of  a  plant  canopy,
or  from  shear  generated  aloft.  The  significance  of  this  last  source  of  turbulence  on  canopy  flow  charac-
teristics  in  a closed  and open  forest  canopy  is  addressed  in  this  paper.  We  present  micrometeorological
observations  of  the  lower  boundary  layer  and  canopy  air  space  collected  on nearly  200  nights  using a
combination  of atmospheric  laser  detection  and  ranging  (lidar),  eddy  covariance  (EC),  and  tower  profiling
instrumentation.  Two  AmeriFlux/Fluxnet  sites  in mountain-valley  terrain  in  the  Western  U.S.  are  inves-
tigated:  Wind  River,  a  tall,  dense  conifer  canopy,  and  Tonzi  Ranch,  a  short, open  oak  canopy.  On  roughly
40%  of  nights  lidar  detected  down-valley  or downslope  flows  above  the  canopy  at  both  sites.  Nights  with
intermittent  strong  bursts  of “top-down”  forced  turbulence  were  also  observed  above  both  canopies.  The
strongest  of these  bursts  increased  sub-canopy  turbulence  and  reduced  canopy  virtual  potential  tem-
perature  (�v) gradient  at Tonzi,  but  did not  appear  to change  the  flow  characteristics  within  the  dense
Wind  River  canopy.  At  Tonzi  we  observed  other  times  when  high  turbulence  (via  friction  velocity,  u∗)
was  found  just  above  the  trees,  yet  CO2 and  �v gradients  remained  large  and  suggested  flow  decoupling.
These  events  were  triggered  by regional  downslope  flow.  Lastly,  a set  of turbulence  parameters  is evalu-
ated for  estimating  canopy  turbulence  mixing  strength.  The  relationship  between  turbulence  parameters

and  canopy  �v gradients  was  found  to be  complex,  although  better  agreement  between  the  canopy  �v

gradient  and  turbulence  was  found  for parameters  based  on  the standard  deviation  of  vertical  velocity,
or  ratios  of  3-D  turbulence  to mean  flow,  than  for u∗. These  findings  add evidence  that  the  relationship
between  canopy  turbulence,  static  stability,  and  canopy  mixing  is far  from  straightforward  even  within
an  open  canopy.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction
Observations of ecosystem CO2 source or sink magnitude (i.e.,
et ecosystem exchange of carbon, or NEE) come largely from sur-
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face flux towers which measure the turbulent vertical flux of CO2
(Fc) between the vegetated surface and atmosphere with the eddy
covariance (EC) technique. Nighttime Fc (i.e., ecosystem respira-
tion flux) is frequently quality-controlled using the friction velocity
(ustar or u∗) correction method, a procedure proposed by Goulden
et al. (1996) as a way  of reducing the systematic underestimation of
nighttime respiration. This method uses the momentum flux vari-
able u∗ as a proxy for the magnitude of canopy turbulent exchange.

This method assumes that each site has an identifiable u∗ value
(called the u∗critical threshold or u∗crit) beyond which the vertical
transport of turbulence is considered sufficient for the EC system

dx.doi.org/10.1016/j.agrformet.2017.01.020
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
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o accurately measure Fc . Nighttime Fc which are determined to be
ade during times of poor vertical turbulent transport (u∗ < u∗crit)

re flagged and routinely replaced with modeled values based on
n empirically-derived relationship between measured Fc and air
r soil temperature taken during high u∗ conditions, and at water-

imited sites also with soil moisture.
Although the u∗ correction method has been widely adopted

y the Fluxnet community limitations to it have been explored
nd debated over the last decade. Some researchers have proposed
lternative statistics to u∗ to assess the strength of turbulent mixing
ithin the canopy. Proposed metrics include the standard devia-

ion of vertical wind speed (�w) (e.g., Acevedo et al., 2009; Thomas
t al., 2013), ratio of �w to horizontal wind speed (U) (Thomas et al.,
013; Vickers and Thomas, 2013), ratio of a turbulent velocity scale
uTKE) to U (Wharton et al., 2009), and a turbulence isotropy ratio
e.g., velocity aspect ratio, VAR) (Vickers and Mahrt, 2006; Vickers
nd Thomas, 2013).

Acevedo et al. (2009), for example, found that nights with little
urbulent exchange can be misclassified as highly turbulent based
n u∗ if mesoscale transport is large in the atmosphere and cap-
ured in the averaging time window. This is due to the fact that
he horizontal velocity variances (�2

u, �2
v) are sensitive to the

hosen time-averaging scale. However, vertical velocity variance
�2
w) shows far less time dependence and may  be a more accurate

arameter under these conditions (Acevedo et al., 2009; Vickers
nd Thomas 2013). Likewise, Wharton et al. (2009) found a signif-
cant number of half-hours over small forest clear-cuts when u∗ is
igh and suggested highly turbulent conditions, yet the ratio of a
urbulent velocity scale to horizontal wind speed suggested that
he horizontal advective flux may  be significant in comparison to
he vertical CO2 exchange. Influences of mesoscale transport on
EE and on the calculation of u∗ suggest that alternatives to the u∗
orrection method should be examined more widely.

Regional or mesoscale flows of relevance to EC tower
ites include, but are not limited to, internal gravity waves,
arge-amplitude pressure waves, nocturnal low-level jets (LLJ),

ountain/valley flow, and land/sea breezes. In addition, intermit-
ent bursts of “top-down” forced turbulence have been commonly
bserved in the nocturnal boundary layer (e.g., Businger, 1973;
ahrt, 1989, 1999; van de Wiel et al., 2002; Acevedo and Fitzjarrald,

003; Sun et al., 2012). These bursts can originate on clear, mod-
rately stable nights from a variety of physical causes, including
he breakdown of gravity waves (Acevedo and Fitzjarrald, 2003),
rom shear instability found underneath a LLJ (Karipot et al., 2008),
rom Kelvin-Helmholtz instabilities (Sun et al., 2012), from wind
usts aloft (Acevedo and Fitzjarrald, 2003), or from the interplay of
adiative cooling and turbulent mixing (van de Wiel et al., 2002).
urthermore, data quality methodologies based on u∗crit or alter-
ative turbulence parameters may  remove meaningful EC tower
easurements from the dataset if these turbulence bursts occur

nly sporadically, or if they occur at locations distant from the
ower measurement point (Acevedo and Fitzjarrald, 2003).

One way to observe flow features found well above the canopy is
o deploy a ground-based remote sensing instrument such as sound
etection and ranging (sodar) or laser detection and ranging (lidar).
emote sensing devices extend the maximum measurement height
y many hundreds of meters and the number of typical measure-
ent levels at a flux tower site by a factor of ten or more. These

nstruments provide vertical profile measurements of wind in the
ower atmosphere, including mean horizontal and vertical wind
peed and direction up to a few hundreds of meters or more above
round level (a.g.l.). This range should be sufficient to measure

ost, if not all, of the nocturnal boundary layer.

A handful of researchers have deployed sodar (Thomas et al.,
006; Karipot et al., 2008; El-Madany et al., 2014) or lidar (Mann
t al., 2008; Dellwik et al., 2010) at forest canopies. For exam-
st Meteorology 237 (2017) 18–29 19

ple, Karipot et al. (2008) used sodar to observe LLJs far above
(200–400 m a.g.l.) a Florida AmeriFlux pine canopy. Their obser-
vations showed a correlation between large nighttime Fc and LLJ
activity, such that dynamically-generated turbulence found under-
neath strong jets was  routinely transported downward into the
forest canopy. This led to induced canopy mixing and the venting
of large CO2 fluxes to the top of the canopy at night.

Our present study is one of a handful to co-locate a wind pro-
filing lidar and eddy covariance flux tower. Two locations were
chosen for lidar deployment based on site differences in vegetative
canopy structure, the likelihood of capturing non-local atmospheric
events, and the richness of available micrometeorological instru-
ments. We  note that the term non-local here refers to atmospheric
scales of interest on the order of hundreds of meters to tens of
kilometers, and from minutes to hours.

We chose the Wind River AmeriFlux site to study flow dynam-
ics and canopy exchange within and above a tall, high biomass,
needleleaf forest. The Tonzi AmeriFlux site provided a location to
study flow features within and above an open, oak-grass savannah.
Flow at both towers in the warmer months is influenced by strong
thermal gradients induced by synoptic weather patterns (e.g., the
summer-time North Pacific High) and regional mountain-valley
terrain. This study is motivated by the fact that micrometeorologi-
cal interactions between large-scale flow circulations, local terrain
slopes, and canopy density and roughness remain poorly under-
stood (e.g., Froelich and Schmid, 2006; Rotach et al., 2008; Wang
et al., 2015). We  address this uncertainty by including wind profiles
taken in the nocturnal boundary layer to identify non-local flow fea-
tures along with the more traditional above canopy and sub-canopy
EC datasets at two  sites with different canopy structures.

Specific goals were to: (1) identify and categorize dominant,
non-local, above-canopy, nocturnal atmospheric phenomena by
type and strength using the lidar wind profiles, (2) calculate wind
flow and turbulence (e.g., TKE, wind shear, u∗, �w) statistics accord-
ing to atmospheric phenomenon to look for any atmospheric or
canopy-related trends, (3) compare the utility of using various
nighttime turbulence filters (e.g., u∗, �w , etc.) to estimate verti-
cal canopy mixing under different atmospheric phenomena events
at an open and closed canopy, and (4) evaluate the overall util-
ity of co-locating a remote sensing device (here we  used lidar) at
woodland/forested flux tower sites.

2. Site description

Wind River AmeriFlux tower (45.8205, −121.9519, 371 m a.s.l.)
is located in a 500-ha, high biomass, evergreen needleleaf forest in
the southern Cascade Range of Washington State, USA. The stand
has never been managed and is thought to have originated after
a natural fire around the year 1500. Old-growth characteristics
include the presence of large, live old trees, a deep (50 m +) ver-
tically continuous canopy, large snags, and large amounts of coarse
woody debris on the forest floor (Harmon et al., 2004). The stand
has eight conifer species and is dominated by Douglas-fir (Pseu-
dotsuga menziesii (Mirbel) Franco) and western hemlock (Tsuga
heterophylla (Raf.) Sarg). Mean canopy height (hc) is approximately
50–55 m.  Stand density is approximately 427 trees per hectare, tree
ages range from 0 to ∼500 years (Shaw et al., 2004), and total leaf
area index (LAI) estimates range from 8.2 to 9.2 m2/m2 with little
seasonality (Thomas and Winner, 2000; Parker et al., 2002). The
understory has a LAI of 1.69 m2/m2 (Thomas and Winner, 2000)

and is dominated by vine maple (Acer circinatum) salal (Gautheria
shallon), Oregon grape (Berberis nervosa), and bracken fern (Pterid-
ium aquilinum).  Mean annual air temperature is 8.8◦C and total
water-year precipitation is 2325 mm.
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Tonzi Ranch AmeriFlux tower (38.4318, −120.9668) is located in
he lower foothills of the Sierra Nevada, California, USA, at an eleva-
ion of 177 m a.s.l. The study area is dominated by an open canopy
f deciduous blue oak (Quercus douglasii), which cover roughly
0% of the landscape, and interspersed gray pine (Pinus sabineana).
verage LAI for the tree canopy is 0.71 ± 0.41 m2/m2, mean hc is
.41 ± 4.33 m,  and average tree diameter at breast height (dbh) is
.22 m (Baldocchi et al., 2010; Ryu et al., 2010). The understory and
pen meadows are dominated by cool-season C3 grasses (Brachy-
odium distachyon, Hypochaeris glabra, Bromus madritensis) which
re grazed by cows in the winter and spring. The oak savannah
s a two-layered system: grasses dominate NEE in the wet winter,
rees and grasses dominate NEE in the spring following bud break
typically in March), and trees dominate NEE in the summer when

oisture limitations cause the grasses to senesce. Mean annual
emperature is 16.5 ◦C; mean annual precipitation is 562 mm.

Both sites are in locations subject to terrain-influenced,
ountain-valley flow. Wind River is located towards the north end

f a 23 km long valley which emerges into the Columbia River Gorge
bout 15 km south of the tower (Fig. 1a). While the local slope in
he immediate tower footprint is less than 4%, steeper slopes rise
pproximately 1500 m above the valley floor on both sides. The
ower is located between two major topographical features: Bunker
ill (730 m elevation) to the southeast and Trout Creek Hill (895 m
levation) to the northwest. Strong differential heating between
he Cascade Mountains and Wind River Valley creates along-axis,
iel flow in the valley in warmer months. These mountain-valley
inds are characterized by a diel wind reversal: stronger up-valley,

outheasterly flow occurs during the day and weaker down-valley,
orthwesterly flow occurs at night (Fig. 1b).

The local fetch at Tonzi Ranch is relatively flat; however,
he terrain becomes increasingly complex in the easterly direc-
ion towards the Sierra Nevada Range (Fig. 1c). Regionally strong
ifferential heating between the Sacramento Valley and nearby
ountains creates cross-axis, diel flow (Morgan and Slusser, 1978).

hese mountain-valley flows include upslope winds from the
esterly-northwesterly direction during the day and downslope
inds from the easterly-southeasterly direction overnight (Fig. 1d).

. Materials and methods

.1. Flux towers

The eddy covariance datasets contained measurements of mass,
nergy, velocity and momentum averaged over 30-min. The data
ere screened by wind direction to remove times when the tower
ake may  have influenced turbulence measurements or times
hen the tower footprint extended beyond the ecosystem of inter-

st. The latter was a concern only for Wind River where younger
ouglas-fir stands are found to the north and east. Both sites have

ong records of continuous EC measurements: Wind River since
998 (Paw U et al., 2004; Falk et al., 2005, 2008; Wharton et al.,
012) and Tonzi since 2001 (Xu and Baldocchi, 2003; Baldocchi
t al., 2006; Ma  et al., 2007). Full instrumentation and data process-
ng details are found in the above citations and are briefly described
ere.

Tonzi Ranch has two EC flux towers instrumented each with
n open path gas analyzer (LI-7500, LI-COR, Lincoln, NE, USA) and
-D sonic anemometer (Gill WMP  1352, Gill Instruments Limited,
ampshire, UK). The understory tower has instruments at 2 m a.g.l.
r 0.2 hc; the overstory tower’s instruments are placed above the

ak canopy at a height of 23 m a.g.l or 2.5 hc . The understory tower
easures vertical flux exchanges over the grasses and soil, while

he overstory tower measures over the entire ecosystem including
he tree canopy. The site also has a vertical profile of mean CO2
st Meteorology 237 (2017) 18–29

concentration ([CO2], ppm) mounted along the overstory tower.
[CO2] is measured at 0.35 m,  1.8 m,  6.0 m,  and 23.5 m a.g.l., at a 30-
min  interval per height using a H2O/CO2 gas analyzer (LI-820, LI-
COR).

At Wind River, EC measurements are taken approximately 15 m
above the conifer canopy at a height of 67 m a.g.l. or 1.2 hc using a
3-D sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT,
USA) and closed path infrared gas analyzer (LI-7000, LI-COR). Wind
River also has a profiling system installed along the flux tower and
[CO2] is measured using a CO2 isotope analyzer (G2131-i analyzer,
Picarro, Santa Clara, CA, USA) once to twice an hour at three heights:
just above the forest floor (z = 0.5 m),  near the bottom of the canopy
crown (z = 10 m),  and above the canopy (z = 67 m).  At 2 m a forest
floor meteorological station also measures horizontal wind speed
(U, m/s), wind direction (◦), air temperature (Ta, ◦C), and relative
humidity (RH, %).

3.2. Wind lidar campaigns

The Wind Cube v2 (Leosphere, Orsay, France) is a pulsed lidar
and uses regularly spaced emissions of light for a specified pulse
length to measure the radial wind component using a Doppler
Beam Swinging (DBS) technique (Strauch et al., 1984). The DBS scan
alternately uses consecutive beams off-zenith (cone half-angle of
28◦) in the north, east, south and west directions, followed by a
vertically pointing beam, with a constant range gate size of 20 m
(Cariou and Boquet, 2011). Measurements are taken at a sampling
rate of approximately 0.25 Hz (4 s) to complete a full DBS scan,
however the Wind Cube v2 actually calculates u, v, and w at a
faster frequency (1 Hz) using the current radial velocity and the
radial velocity from the previous four beam locations. The lidar has
an accuracy of ± 0.1 m/s  for U and 1.5◦ for wind direction in ideal
conditions (e.g., stationarity, flat terrain, horizontally homogenous
flow). Accuracy in complex terrain is reduced but still estimated
to be within 3–5% based on extensive testing (Krishnamurthy and
Boquet, 2014).

In one campaign we also used a ZephIR 300 (ZephIR Ltd., North
Ledbury, UK). The ZephIR is a continuous wave lidar and uses a
multi-beam circular scan (also called a velocity-azimuth display
scan or VAD) to deduce properties of the wind field (Slinger and
Harris, 2012). One scan is taken every second with 50 measure-
ments per scan at a cone half-angle of 30◦. Each measurement
height is taken in sequence such that it takes ∼15 s to resample any
given height. The range gate varies from 1.4 m at 10 m to 15.4 m at
100 m a.g.l. In ideal conditions, measurement error is <0.5% for U
and <0.5◦ for wind direction.

While a measure of turbulence can be extracted from high fre-
quency lidar data it is important to note that these measurements
differ slightly from those collected with a 3-D sonic anemometer.
Lidar’s larger sample volume, slower sampling frequency, and for
the DBS and VAD techniques, possible cross-contamination by the
wind components can lead to differences in the u, v and w variances
(e.g., Sathe and Mann, 2013; Newman et al., 2016). However, while
3-D turbulence from a lidar is not exactly the same as measured
by a 3-D sonic anemometer, the spectral energy captured by lidar
appears to be approximately the same as that measured by a 3-
D sonic at low wave numbers (k < 0.005 m−1) before the effects of
spatial averaging begin to dominate (Sathe and Mann, 2012). Accu-
racy for energy scales at the highest frequency range (e.g., >0.25 Hz)
is less certain (Cañadillas et al., 2010; Sathe and Mann, 2012), but
appears to be most prone to error during unstable conditions due
to velocity cross-contamination (Newman et al., 2016).
The Windcube v2 was  used in four of five field campaigns: Wind
River in May  2012 and July-October 2013, and Tonzi in April 2012
and August-November 2012. The ZephIR 300 was  used at Tonzi in
April-May 2013. From the high frequency u, v and w data (1 Hz for
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Fig 1. Topographical relief map  of the region surrounding (a) Wind River AmeriFlux tower in southern Washington and (c) Tonzi Ranch AmeriFlux tower in northern
California. Tower locations are shown with a star. Overstory wind direction and wind speed is shown for (b) Wind River and (d) Tonzi by time of day. Both sites experience
diel  valley-mountain flow.

Table 1
Lidar field campaign details.

Site Campaign
dates

Lidar Measurement
heights

Dominant
vegetation

Ecosystem
characteristics

Tonzi Ranch April 5–26,
2012

Wind Cube v2 40–200 m at 20 m
intervals

Deciduous oak, grass
understory

Oak  bud-break in late
March,
photosynthesizing
grass canopy.

Tonzi  Ranch Aug. 24-Nov. 2,
2012

Wind Cube v2 40–150 m at 10 m
intervals

Deciduous oak, grass
understory

Summer drought stress
on oaks,
non-photosynthesizing
grass canopy.

Tonzi  Ranch April 3-May 28,
2013

ZephIR 300 10–100 m at 10 m
intervals

Deciduous oak, grass
understory

Oak  bud-break in late
March,
photosynthesizing
grass canopy.

Wind  River May  1–11,
2012

Wind Cube v2 40–200 m at 20 m
intervals

Evergreen conifer Period of high net
carbon uptake.

Wind  River July 11-Oct. 29,
2013

Wind Cube v2 40–100 m at 10 m
intervals, 120–200 m at

nterva

Evergreen conifer Period of summer
drought stress on tall

W
U
t

20 m i
ind Cube v2, every ∼15 s for ZephIR 300), 30-min averages of
, w, direction, and TKE were calculated. A carrier-to-noise ratio

hreshold of −23 was used to compute the half-hourly averages
ls conifers and
attenuated carbon
uptake.
for the Wind Cube v2. This removed half-hourly data points with
high noise signals. Nights with recorded precipitation were also
removed from the analysis. This left a total of 80 nights at Wind
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iver and 113 nights at Tonzi. We  intended to deploy the lidar on the
orest floor at Wind River; however, we were unable to find a gap
arge enough in the dense, tall forest to prevent obstruction of the
aser beams to retrieve an unperturbed measurement. Therefore,
he lidar was placed in a clearing just outside the stand approxi-

ately 450 m south of the flux tower. At Tonzi large gaps between
he trees allowed us to place the lidar directly within the canopy
00 m northwest of the flux tower. Complete lidar campaign details
re listed in Table 1.

.3. Turbulence parameters

Four parameters were evaluated for estimating the magnitude
f canopy turbulence mixing strength. Each is based on 3-D sonic
nemometer data. The set included friction velocity (u∗), the stan-
ard deviation of vertical wind speed (�w), a TKE velocity-scaled

ntensity (ITKE), and the gradient Richardson number (Rigr). u∗ (m/s)
s defined in Eq. (1),

∗ = (u′w′
2

+ v′w′
2
)
1/4

(1)

here u′w′ and v′w′ are the stream-wise and cross-wise momen-
um fluxes (m2/s2). For reference, site-specific u∗ critical thresholds
re 0.2 m/s  and 0.1 m/s, respectively, at Wind River (Falk et al., 2005)
nd Tonzi (Ma  et al., 2007). �w (m/s) is defined in Eq. (2),

w = (w′w′)
1/2

(2)

here w′w′ is variance of vertical wind speed (m2/s2). Because
onzi has two flux towers we were also able to calculate the ratio
f �w measured at the understory station to �w measured above
he canopy, (�wunderstory/�woverstory).

ITKE is defined in Eq. (3):

TKE = uTKE

U
, (3)

where U is mean horizontal wind speed (m/s) and a turbulence
elocity scale (uTKE) (m/s) is defined in Eq. (4):

TKE = (0.5(�2
u + �2

v + �2
w))

1/2

= (TKE)1/2 (4)

TKE is a modified form of the turbulence intensity parameter (IU)
resented in Wharton et al. (2009). ITKE is used to determine con-
itions when mass transport by mean horizontal flow may  be
ignificant compared to the transport of mass through turbulent
ddy flow. This parameter assumes that the efficiency of turbulence
o transport mass and energy can be represented by the magnitude
f TKE. As shown in Wharton et al. (2009) ITKE is a well suited turbu-

ence parameter for landscapes where horizontal advection of CO2
ay  be a significant or non-negligible portion of NEE, e.g., sites in

omplex terrain or ones with abrupt canopy roughness changes.
Rigr is defined in Eq. (5),

igr =

g

�v

∂�v
∂z

[( ∂U
∂z

)
2

+ ( ∂v
∂z

)
2

]

(5)

here g is the acceleration due to gravity (m/s2), �v is mean vir-
ual potential air temperature (K), z is measurement height (m),
nd u and v are the stream-wise and cross-wise wind velocities

m/s). Gradients of wind speed and temperature were calculated
rom measurements taken at the overstory and understory EC
owers at Tonzi, and at Wind River using the overstory EC and for-
st floor meteorological stations. Rigr is often used to determine
st Meteorology 237 (2017) 18–29

dynamic stability in a statically stable atmosphere. An atmosphere
is described as dynamically stable if Rigr is greater than a turbulence
threshold (RT ). This represents conditions when turbulent flow
becomes largely non-turbulent due to the enhancement of stable
stratification following surface cooling. Dynamically unstable con-
ditions occur as non-turbulent flow becomes turbulent, possibly
due to the buildup of wind shear and resultant Kelvin-Helmholtz
instability. When Rigr is less than a critical threshold (Rc) the onset of
turbulence is predicted to occur. Following Stull (1988) thresholds
of RT = 1.0 and Rc = 0.25 were used.

3.4. Atmospheric phenomena

Dominant, nighttime, non-local atmospheric phenomena
events were identified from the lidar wind profiles and separated
into two  groups. The first group included topography-induced,
mountain-valley flows: downslope winds at Tonzi and down-
valley winds at Wind River. The second group was defined by the
presence of intermittent, sporadic bursts of “top-down” forced
turbulence originating far above the canopy. Here we differentiate
between intermittent, non-local turbulence generated aloft, from
intermittent, local, high-frequency random turbulence motions
and identify the first.

The intensity of the downslope/down-valley flow was deter-
mined by the magnitude of wind shear found between the nose
of the wind jet (zjet) and a height aloft (zaloft) (here, we used
zaloft = 120 m as it was  the highest height from the lidar with nearly
100% available wind speed data). A downslope/down-valley flow
was classified as strong if the shear ratio was greater than 1.5.
Strong top-down turbulence events were identified when the ratio
between TKE measured during turbulence bursts to alternating
calm periods during the course of a night was greater than 1.5 at
z = 2 hc . Half-hours that met  these criteria because of very weak
winds or very low TKE levels were screened and removed from the
analysis.

4. Results and discussion

4.1. Mountain-valley flow characteristics

On nights with down-valley flows, a diel reversal of the wind
direction (SE-NW) was observed above the Wind River forest
canopy commencing after dusk. These events occurred on 43% of
the lidar campaign nights. Of these, 34% were classified as strong
events. Sky conditions on these nights were clear and followed
strong daytime differential heating between the valley floor and
surrounding mountain slopes. A weak jet with a maximum veloc-
ity of 1.5–3.0 m/s  (Ujet) was observed at heights of 70–100 m a.g.l.
(zjet), or 1.2–1.8 times the canopy height (Fig. 2, Table 2) during
strong down-valley flow events. For comparison, these character-
istics are similar to those observed (zjet = 2.3 hc, Ujet = 1–3 m/s) over
a forested mountain valley in Northeast China (Wang et al., 2015).

Downslope flows at Tonzi were observed on 37% of the field
campaign nights. These flows were almost exclusively from the
east-southeast and of these 35% were classified as strong events.
Strong downslope flows were observed farther above the oak
canopy (zjet = 30–70 m a.g.l. or 3–7 hc) and contained stronger jet
velocities (Ujet = 4.0-7.5 m/s) than the down-valley flows observed
at Wind River (Fig. 2, Table 2). Other studies have measured downs-
lope flows much closer to the ground (zjet = 5–15 m a.g.l.), but those
observations were made at sites with greater slopes than found at

Tonzi (e.g., Pyles et al., 2004; Yi et al., 2005; Whiteman and Zhong,
2008; Choi et al., 2011; Smith and Porté-Agel, 2014). For example,
downslope flows at the Niwot Ridge AmeriFlux site (slope = 5-7%)
are typically observed in the forest sub-canopy (zjet = 4 m a.g.l.), well



S. Wharton et al. / Agricultural and Forest Meteorology 237 (2017) 18–29 23

Table  2
Characteristics of downslope or down-valley flow circulations.

Site Type zjet range Ujet range Strong shearing stress
observed below jet

Percentage of lidar
campaign nights

Tonzi Ranch Cross-axis, downslope 30–70 m or 3–7 hc
Wind  River Along-axis, down-valley 70–100 m or 1–2 hc

Fig. 2. Mean vertical profiles of horizontal wind speed (U) normalized by canopy
height (hc) during strong nighttime down-slope or downvalley flow events during
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he lidar campaign period. Note the strength of the mean downslope jet at Tonzi.
easurements were taken with sonic anemometry and lidar. The dotted line is

rawn at mean canopy height. Error bars are ± one standard deviation.

elow the overstory EC station (Yi et al., 2008). Given the gen-
ler slope at Tonzi and farther distance from the mountains, our
ownslope jet height measurements agree better with field study
bservations that show that jet height increases with increasing
ownslope distance (Stull 1988).

Figs. 3 and 4 show a 24-h period at Wind River and Tonzi with
ypical strong down-valley and downslope flow events. Down-
alley winds at Wind River are associated with weak downward
ertical wind velocities, a weak horizontal jet near the top of the
anopy, and very low values of nocturnal boundary layer TKE and
verstory u∗ (Fig. 3). Elevated values of TKE produced by a shear
tress found underneath the jet were not observed at Wind River
nd u∗ (mean = 0.11 m/s) remained well below the site’s u∗ critical
alue (u∗ < 0.2 m/s) on these nights. The virtual potential temper-
ture gradient (��v/�z  = (�v67–�v2)/(z67–z2)) indicated that the
ense canopy was less statically stable during the nighttime hours
han during the daytime, even though u∗ and TKE show higher val-
es at the top of the canopy during daylight hours, suggesting a
otential mechanism for daytime canopy mixing. Strong daytime
anopy inversions have been observed before in dense, high LAI for-
st stands including Wind River (Pyles et al., 2004) and others in
he Pacific Northwest (Thomas et al., 2013). Thomas et al. (2013)
ttribute this to daytime radiative heating in the upper canopy
hich results in a large thermal gradient between the overstory

nd understory. This gradient may  produce a weak stably strati-
ed canopy which acts to suppress turbulence. At night, however,
adiative cooling in the upper canopy reduces the temperature gra-
ient (Thomas et al., 2013). However, it must be stressed that since
ur potential temperature gradient was based only on two  heights,

e may  have missed the measurement of temperature inflection

oints found within the canopy, such as those observed in Pyles
t al. (2004) when the tower was more robustly equipped with a
rofile of multiple temperature sensors.
4.0–7.5 m/s  Yes 37%
1.5–3.0 m/s  No 43%

In contrast to Wind River, nighttime ��v/�z at Tonzi is
enhanced indicating a more stable nocturnal boundary layer or
stronger surface temperature inversion (Fig. 4). In open canopies
this occurs when the sub-canopy air space is strongly stratified,
partially due to strong radiative cooling of the ground between the
trees (van de Wiel et al., 2002). Differences at Tonzi also included
stronger downward vertical wind velocities, a stronger horizontal
wind jet, larger TKE values found underneath the jet, and elevated
overstory u∗ during downslope flows. Enhanced wind shear under-
neath a downslope jet can create a significant shear stress. At Tonzi
this shear stress appears to develop at the height of the over-
story EC station and is observed as elevated u∗ at the overstory
3-D sonic anemometer. Mean overstory u∗ during strong downs-
lope flows (n = 15 nights) was 0.23 m/s  and well above the site’s
threshold for determining times of adequate turbulence conditions
(u∗crit = 0.1 m/s).

4.2. Top-down forced turbulence characteristics

Top-down forced turbulence nights were characterized as hav-
ing strong intermittent bursts of turbulence, generally occurring
one to three times a night and each lasting 30 min to 3 h, during
an otherwise calm, stable night. At both Tonzi and Wind River the
turbulence bursts appear to be produced by enhanced wind shear
caused by strong intermittent wind gusts originating far above
the canopy and beyond the maximum height range of our lidars.
Nights with strong top-down forced turbulence are shown in Fig. 5
for Wind River and Fig. 6 for Tonzi. The top-down forced turbu-
lence events were detected in the overstory u∗ data record at both
sites. Peaks in overstory u∗ coincided directly in time with elevated
values of lidar TKE and wind shear found well above the canopy
(z = 2 hc), and in many cases, also with strong downward vertical
wind velocities in the lower boundary layer.

At Wind River enhanced values of u∗ and �w , measured just
above the canopy during turbulent bursts, did not coincide in time
with any observable changes in canopy ��v/�z  (Fig. 5), or with
understory wind speed. Furthermore, [CO2] profile measurements
taken at 0.5, 10 and 67 m along the tower showed no indica-
tion that turbulent bursts reached depths down to 10 m,  as there
were no discernable differences in the sub-canopy (z = 10–0.5m) or
canopy (z = 67–10 m)  [CO2] gradients during half hours containing
turbulence bursts compared to nonevent half-hours. Any gradi-
ent changes that occurred in the mid-canopy were unfortunately
missed by our 3-point sampling setup. Due to the lack of high res-
olution canopy measurements at Wind River the remainder of the
paper will focus on canopy flows at the open canopy Tonzi site.

At Tonzi a reduction in canopy ��v/�z was  observed dur-
ing turbulence burst events (Fig. 6) and was likely caused by the
downward transport of warmer air from aloft reaching the under-
story (2 m)  station. This observation is similar to that reported
by Acevedo and Fitzjarrald (2003) who  found that strong wind
gusts promote surface layer mixing with the upper boundary layer,
warming the surface layer from aloft. Evidence for these bursts
reaching the understory station was also found in the half-hourly

wind data as we  measured greater values of u∗ and �w at 2 m during
these events. For example, understory u∗ often exceeded the crite-
ria threshold set for u∗ at the overstory station during top-down
forced turbulent burst events.
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Fig. 3. A typical nocturnal down-valley flow event at Wind River shown for the night of 18–19 October 2013. Note that time is plotted starting at midday (12:00 local time) to
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.3. Turbulence parameters for estimating flow
oupling/decoupling

In Fig. 7 we evaluate the magnitudes of the four turbulence
arameters by wind direction at Tonzi. This plot reveals that tur-
ulence parameter values are largely dependent by whether or not
hey were measured during a narrow wind direction range corre-
ponding to 90◦ to 135◦ or ESE. While the use of lidar during our field
ampaigns determined that these winds corresponded to downs-
ope events, this observation is significant because it indicates that
ownslope events can largely be identified by wind direction alone

rom the EC tower. We  also use this plot to identify thresholds
or two of our turbulence parameters, �wunderstory/�woverstory and
TKE . For both parameters the median value was chosen to be the
hreshold, as this value appeared to segregate the two nighttime
tmospheric events. U∗ and Rigr thresholds are based on published
alues as described in Section 3.3.

In Fig. 7a, 73% of the half-hours measured during downslope
ow had u∗ values greater than u∗crit (>0.1 m/s), and 21% of those
alf-hours had u∗ > 0.3 m/s. For comparison, u∗ values greater than
.3 m/s  occurred less than 5% of the time during strong top-down
orced turbulence events. Downslope flows were generally associ-
ted with smaller values of �wunderstory/�woverstory (Fig. 7b). Smaller
atios indicate half-hours when understory �w is much smaller
n magnitude than values measured in the overstory, suggesting
tronger canopy decoupling. Higher �w ratios suggest either ele-
ated � at the bottom of the canopy (such that values approach
w

verstory �w), or conditions when weak vertical variance is found
n both the top and bottom layers of the canopy. Elevated under-
tory �w appears to be driving the Tonzi �w ratios during top-down
urs of measured vertical wind speed (w), horizontal wind speed (U), and turbulence
 of virtual potential temperature (��v/�z) between the overstory and forest floor.
he height of the EC overstory measurement. The dotted line in (d) indicates u∗crit .

forced turbulence events. This is similar to findings by Thomas et al.
(2013) who discuss the utility of using sub-canopy �w for predicting
the canopy coupling/decoupling regime.

ITKE values were generally lower during downslope flows than
during top-down forced turbulence events (Fig. 7c). This indicates
that during downslope flow, 3-D turbulence is relatively small
compared to the mean horizontal wind speed. If a horizontal CO2
gradient is present, these conditions may  create a possible viola-
tion of one of the major assumptions in the simplified 1-D EC mass
balance equation for NEE. This is the assumption that the horizon-
tal advection flux can be considered negligible compared to the
vertical turbulent transport of carbon.

The gradient Richardson number at Tonzi shows that the night-
time half-hours are always statically stable (Rigr > 0) in the open
canopy regardless of atmospheric phenomena (Fig. 7d). Further-
more, Rigr was always above the critical value (Rc = 0.25) during
downslope flows, suggesting that the nocturnal boundary layer was
not dynamically unstable during these events. In fact, nearly 50%
of the downslope flow half-hours were determined to be dynami-
cally stable (Rigr > RT ), while dynamically unstable conditions were
frequently observed during top-down forced turbulence events.

During downslope flows, the canopy is both more dynamically
stable (as shown by Rigr in Fig. 7d) and more strongly stratified
(as suggested by �v gradients, mean ��v/�z = 0.24 K/m) than dur-
ing top-down forced turbulence events (mean ��v/�z = 0.11 K/m)
(Fig. 8). We  make the assumption here that a larger potential
temperature gradient in the open canopy suggests increasing

static stability, and the possibility of flow decoupling between the
sub-canopy and above-canopy air space when ��v/�z is above
0.15 K/m. This threshold is equal to the value of the 1st Quartile
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Fig. 4. Same as Fig. 3 except a typical nighttime downslope flow event is shown at Tonzi on the night of 22–23 April 2012.

Fig. 5. A typical strong top-down forced turbulence event at Wind River. The night of 22–23 August 2013 is plotted.
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Fig. 6. A typical strong top-down forced turbulence

nd 3rd Quartile for downslope and “top-down” forced turbu-
ence events, respectively. Moreover, the ratios of canopy �w < 0.2
bserved during downslope flows (driven by smaller values of
nderstory �w) also confirm this finding of canopy decoupling
Fig. 7b). Furthermore, [CO2] profile measurements taken along the
ower indicated larger gradients on downslope nights (not shown),
articularly between the heights of 1.8–6 m,  suggesting that the
ub-canopy air space is largely decoupled from the air above during
hese events.

To look more closely at how static stability is related to each
f the turbulence parameters, we plotted them against ��v/�z in
ig. 9. The panels are separated into four quadrants based on the
anopy coupling threshold for ��v/�z (y-axis) and the turbulence
hreshold for the four turbulence parameters (x-axis). Half-hours
hat have both a weak canopy temperature gradient (i.e., ��v/�z
0.15) and high turbulence parameter are found in quadrant iv.
ikewise, half-hours that have both a large ��v/�z and a low tur-
ulence parameter value are found in quadrant ii. Fig. 9 shows that
he majority of half-hours taken during top-down forced turbu-
ence nights fall into quadrant iv, implying a relationship between

eaker canopy stability and higher turbulence. However, this rela-
ionship falters during downslope flow events. For example, Fig. 9a
hows a potential error that may  arise from using overstory u∗ as

 proxy for the magnitude of canopy turbulent exchange during
ownslope flow. A strong discrepancy was found on these nights
etween ��v/�z, which was large and intuitively suggests that
he nighttime canopy air is poorly mixed, and overstory u∗, which
as enhanced and intuitively suggests high turbulent mixing in the

pen canopy. During downslope flow u was greater than u 73%
∗ ∗crit
f the time (points in quadrant iii and iv in Fig. 9a) suggesting condi-
ions favorable for high turbulent transfer, yet 97% of the half hours
lso saw conditions when the canopy potential temperature gradi-
t at Tonzi. The night of 17–18 April 2012 is plotted.

ent was  strong and larger than our prescribed threshold (0.15 K/m).
In contrast, during top-down forced turbulence events u∗ had sim-
ilar values (u∗ > u∗crit 73% of the time) as during downslope flows,
yet ��v/�z was  much weaker and the number of half hours which
exceeded the ��v/�z threshold (0.15 K/m) dropped to 28%.

When Rigr is less than Rc (0.25), the canopy layer is traditionally
described as dynamically unstable. These conditions occurred 26%
of the time for top-down forced turbulence events but less than 1%
of the time during downslope flows (Fig. 9d). On the other hand, a
larger number of half-hours were classified as dynamically stable
during downslope flows. This partially explains the weak correla-
tion between overstory u∗ and the canopy temperature gradient
in Fig. 9a. For half hours when 0.25 < Rigr < 1 (i.e., Rc< Rigr< RT ), the
data points are clearly segregated according to atmospheric regime
in a similar manner as they are for u∗. Such that for any given Rigr
value within this range, ��v/�z is largely above the canopy cou-
pling threshold during downslope flows (implying decoupled flow)
and largely below on top-down forced turbulence nights (imply-
ing coupled flow). A different relationship between turbulence and
��v/�z on downslope nights is seen from using the alternative tur-
bulence parameters based on variance, �wunderstory/�woverstory and
ITKE . In contrast to u∗, smaller values of these turbulence parameters
correspond to times with larger temperature gradients. In compari-
son to Fig. 9a, in b and c a greater proportion of the downslope data
points have now shifted from quadrant iii to ii where conditions
show both weak turbulence and higher static stability.

There is an increasing amount of evidence that suggests that
canopy stratification and turbulence intensity is far more compli-
cated in the nocturnal boundary layer than originally thought (e.g.,

Sun et al., 2012; Hicks et al., 2014, Liang et al., 2014, Mahrt and
Thomas, 2016). For example, Vickers and Mahrt (2007) and Acevedo
et al. (2009) found that mesoscale motions show little relationship
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Fig. 7. The four turbulence parameters plotted as a function of overstory wind direction
values  for u∗ and Rigr and the median value of understory �w/overstory �w and ITKE . The half
events.

Fig. 8. Half-hourly values of canopy virtual potential temperature gradient plotted
by overstory wind direction at Tonzi. Canopy mixing strength was assumed to be
proportional to ��v/�z such that gradients >0.15 K/m approach canopy flow decou-
p
h

t
t
e
f
r

sub-canopy. One of the most important insights from the lidar field
ling and <0.15 K/m approach canopy flow coupling. The dotted line indicates the
ypothetical canopy coupling threshold.

o local scaling variables including friction velocity, and significant
emperature gradients have been observed despite the presence of

nhanced turbulence (Mahrt and Thomas, 2016). The lack of uni-
ormity between our turbulence parameters and ��v/�z during
egional downslope flow appears to corroborate the theory that
 at Tonzi. The dotted lines are thresholds for each parameter based on published
-hourly data points are segregated into downslope and top-down forced turbulence

the relationship between turbulence and stable stratification is less
systematic than once assumed.

5. Conclusions

At Tonzi and Wind River two  regional nighttime flow events
were measured above the canopy: down-valley or downslope flow
and top-down forced turbulence. At Wind River, down-valley flows
were associated with very low values of turbulence above the
canopy. Shear and turbulence values were greatest during top-
down forced turbulence events. While the overstory station at
Wind River measured discernable differences in wind flow and
turbulence statistics on nights with down-valley flow versus top-
down forced turbulence events, a lack of observational change in
the potential temperature and [CO2] gradients was present. We
suggest two  possible reasons: (1) the tall, high biomass canopy acts
as a strong mechanical barrier to downward momentum, resulting
in strong flow decoupling between the sub-canopy, canopy, and
air above even during the strongest turbulent burst events, or (2)
changes in mid-canopy or sub-canopy gradients did occur but were
not observable given our limited number of instruments within the
canopy.

At Tonzi, bursts of top-down forced turbulence appeared to pen-
etrate the oak-savannah canopy down to significant depths (down
to 2 m a.g.l. or more) as we  observed weaker vertical gradients of
�v and [CO2] within the canopy, and elevated turbulence in the
campaigns was the observation that there are a significant number
of times at Tonzi when nighttime u∗ is high and well above the site’s
critical threshold for determining sufficient turbulence, yet tem-
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Fig. 9. Half-hourly canopy virtual potential temperature gradients plotted against the set of turbulence parameters according to nighttime flow event. Each panel is divided
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nto  four quadrants (i–iv) such that data in quadrant ii fail both the turbulence param
hresholds. For example, half-hours that have a u∗ value above u∗crit (>0.1 m/s), an
ossible  canopy coupling (<0.15 K/m) are found in panel a quadrant iv.

erature and scaler gradients suggest that the canopy may  strongly
ecoupled. These conditions were a distinct feature of downslope
ow events and although this non-local flow was hypothesized to
ccur at the site, it had not been detected prior the lidar deploy-
ents and its impacts on canopy gradients and canopy mixing were

nknown.
During downslope flows turbulence parameters based on over-

tory u∗ and wind shear (i.e., Rigr) proved to be inaccurate metrics
or estimating turbulence found within the canopy. This suggests
hat the u∗ correction method is inappropriate during these strong
onlocal flow events. This finding adds further corroboration to
tudies pointing out the limitations of using overstory u∗ as a
anopy turbulence threshold (Gu et al., 2005; Acevedo et al., 2009;

harton et al., 2009; Thomas et al., 2013; Vickers and Thomas,
013). Alternative statistics based on variance in the form of ver-
ical velocity variance or ratio of 3-D turbulence to mean flow
ppeared to better estimate canopy flow conditions at the open
anopy. However, after examining all four turbulence parameters
t is apparent that the relationship between turbulence strength
nd canopy stability is far from straightforward. This topic deserves
urther attention at Tonzi, and at other open and closed canopies,
nd would require profile measurements with greater resolution
nd precision than found here.
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