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1. MOTIVATION turbations are more strongly correlated than aloft (Rau-
pach, 1981), implying more efficient momentum trans-

1.1 Turbulent exchange within and above tall vege- port than in the rest of the PBL. Observations have shown
tation that the turbulence here is highly intermittent and domi-

Turbulence in the planetary boundary layer (PBL) well nated in daytime by cool-air downbursts (sweeps) (Finni-

above the surface has been shown to be independent ggs 1979b; Shaw et al., 1983, Denmead and Bradley,

. . : ; Baldocchi and Meyers, 1988). Gao et al. (1989)
the details of the surface roughness. In this region well- . . .
e Lo . . documented the sloping sharp interface between the ris-
quantified similarity relationships work well when char-

acterizing turbulent fluxese(g.,Raupach, 1979). How- Ing warm air from the canopy (gJectlons) and sweeps,
) T ; and determined that these organized motions are respon-
ever, in the near-surface layer which is directly influ- ~.
. sible for 60-80% of the fluxes of momentum, energy
enced by roughness elemenig,, the roughness sub-

layer, turbulence exhibits dramatically varying proper- and scalars within and above the canopy. Raupach et al.

ties depending on the detailed structure of the roughnes(slg%) postulated that these structures might be roll vor-

elements (Shaw et al., 1974: Raupach, 1981; Raupactr'ﬁces generated by the shear induced by the drag of the
et al.,, 1996). Turbulence in the roughness sublayer 13 ant canopy.
largely responsible for transporting momentum, heat and
scalars between the surface and the flow aloft, and is di- The ground and the vegetation may serve as either a
rectly coupled with the overlying larger-scale turbulence scalar source or sink; sometimes one may be a source
Therefore, accurate characterization of fluxes within theand the other a sink. Species can also chemically re-
roughness sublayer is crucial for predicting larger-scaleact on time scales that affect their transport within and
atmospheric flow and scalar transport. above the canopy (Patton et al., 2001). The distribu-
Tall plant canopies cover about 30% of the Earth’stion of canopy sources/sinks depends on the amount and
land surface and are particularly complex roughnessstate of the canopy foliage, which varies throughout the
structures because of their seasonal variability, flexibil seasonal cycle for deciduous trees; from bare limbs in
ity, and porosity. Furthermore, leaves and branches oowinter (no photosynthesis and an open canopy) to rapid
cur in both random and organized distributions within thegrowth in spring (increasing photosynthesis and canopy
canopy. Spectra and co-spectra are more sharply peake@nsity), to maturity in summer (more constant photo-
for canopy flow than for flow over smooth walls (Shaw synthesis and canopy density), to senescence and leaf-
etal., 1974; Finnigan, 1979a; Raupach et al., 1986). Neadrop in fall (decreasing photosynthesis and canopy den-
the canopy top, longitudinal and vertical velocity per- sity). Thus, a broad spectrum of different conditions oc-
*Corresponding addressEdward G. Patton, National Center for curs through the. year, and both dynamical and S‘?alf.”
Atmospheric Research, P. O. Box 3000, Boulder, CO, 8030p:3g0  fluxes exhibit height dependence and seasonal variabil-
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1.2 Linking models and measurements the canopy elements, the spatially-distributed plantstru

. . . . tures intercept (and are heated by) solar radiation dur-
Large-eddy S|mulat|oq (L.ES) is one of the beSt avf"“l'ing daytime and radiatively cool faster than the surface

able tools qapable of "”"'F‘g turbulent motions with at night. As a result, in daytime (nighttime) they can cre-

scz_iles ranging from t_he micro scale to the mesogcaleate stable (unstable) conditions within and beneath the

Using a three-dimensional grid, LES solves the time-

. ) . . hen th lyi t here i tably (sta-
dependent filtered Navier-Stokes equations to predict algz/r)l?srt?/a\tli\;ieedn e overlying atmosphere is unstably (sta

resolved scales of motion as they evolve in space an
time while using a subfilter-scale (SFS) model to param-
eterize only the smallest scales. An important compo- To parameterize SFS fluxes, canopy-LES currently as-
nent of LES is that active, passive and reactive scalarsumes that the SFS motions occur within the inertial
can all be incorporated depending on the topic of intersubrange and that all wake-scale motions are at a small
est. As numerical techniques and computational capabilenough scale that they immediately dissipate to heat. Re-
ities have improved over the last thirty years, LES resultscently, Shaw and Patton (2003) attempted to improve
have become a direct counterpart to measurements.  SFS parameterizations for canopy-resolving LES by al-
An intriguing aspect of canopy-resolving LES is that lowing wake-scale motions to transport turbulence, but
because of the canopy-imposed length scake, the in this study the inertial range assumptions were still
canopy height) increased grid resolution can improve théequired. Finnigan (2000) presented an alternative to
accuracy of the simulation. Whereas increased resolukolmogorov’s inertial range theory describing the cas-
tion in simulations over bare ground continually reducescade of energy from large to small scales which includes

the scale of the peak in the vertical velocity energy specPressure and viscous drag effects of plants, but this the-
trum. ory has not been thoroughly tested. At this point, we

do not know the character of within-canopy SFS mo-

tions, nor the role played by eddies shed in the lee of

the plant elements, nor how these wake-scale motions
Despite its myriad contributions to understanding tur-affect scalar and momentum transport. We hypothesize

bulent flows, LES does have shortcomings and needs tthat spatial variations of the canopy elements modify

be validated and improved to deal with complex flows, SFS motions through canopy-induced stratification and

especially for surface layers where dependence on thecalar/momentum source/sink distributions.

SFS model increases. To address this issue, NCAR

in collaboration with several university groups recently

carried out two pioneering observational studies to im-

prove subfilter-scale parameterizations over flat terraiq:anopy had not been previously attempted, mostly be-

with sparse low-lying vegetation (Horizontal Array Tur- ; -
cause of the daunting technological challenges and the
bulence Study, HATS) and over the ocean (Ocean HATS; g g g

. interdisciplinary nature of the research. However, re-
OHATS) (e.g.,Sullivan et al., 2003, Horst et al., 2004). pinary

These studies applied a technique first proposed by Ton(éently’ Zhu etal. (2007) reported an attempt to measure
. FS momentum fluxes in a wind-tunnel model cano
et al. (1998) that uses horizontal arrays of 14 to 18 Py

: sing laser-Doppler velocimetry. Their results lend to the
sonic anemometers/thermometers deployed at two Ievei'I

. ) : . : portance of this work, but are lacking in the ability to
to measure spatially filtered variables and their gradlent%lssess the impact of vegetation on scalar transport and to
which appear in the equations of motion. These datasectg1

h ided b tional basis f idati aracterize the impact of the large atmospheric bound-
ave provided an observational basis for validating an ry layer scales of motion and thermal stratification.
developing closure approximations.

1.3 Previous SFS campaigns

When this experiment was originally proposed, mea-
suring arrays of subfilter-scale variables within the

Ultimately, CHATS aims to learn about SFS motions
within canopies and thereby improve the coupling be-

Vegetation dramatically complicates the effects oftween canopy-LES and PBL models. This is an impor-
SFS motions. Canopy elements are distributed spatant step in carrying out LES of scalar and momentum
tially, thereby spreading sources/sinks of momentum andransport in this complex regime, and thus in building
scalars throughout the canopy layer. The elements alsa unified model of surface-atmospheric exchange in the
tend to occur in clumps. Large-scale turbulence (largeframework of global and regional land, atmosphere, and
than the scale of the clumping) interacting with thesechemical models. We also wanted to collect as complete
clumped elements can rapidly break down into smallerand high-quality a dataset as necessary to be able to test,
wake-scale motions thereby short-circuiting the inertialevaluate and improve one-dimensional column models of
energy cascade. In addition, depending on the density afoupled land-surface/atmosphere exchange.

1.4 Canopy influence on SFS motions
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Figure 1: Images from Google Earth depicting the locatio€iter Orchards. Upper left image shows the location
of the orchard with respect to Vacaville and Davis, CalifarrBottom right image shows the location of the various
instrumentation with respect to Cilker Orchards.

2. THE EXPERIMENT The terrain in this part of California’s Central Valley
is flat; less than a 1 m elevation difference across the 1.6
km? orchard block. The elevation at the center of the
orchard is about 21 m above sea level.

With the help and equipment largely from NCAR's In- ~ Twenty-four years of data from the Davis Califor-
Situ Sensing Facility, CHATS took place in one of Cilker nia Irrigation Management Information System (CIMIS,
Orchard’s walnut blocks in Dixon, California (see Figure http://wwwcimis.water.ca.gov) showed the mean wind

1). We chose this location and orchard for many reasongdirection to be fairly consistent; 50% from the north and
with the main factors including the size, age, and man-50% from the south with a small westerly component.

agement practices of the orchard combined with consis\We chose to focus on winds from the south because the
tent wind direction and speed. Figure 1 shows four 800-CIMIS data also showed that winds from the south tend
m-square sections. As depicted, the CHATS instrumento be weaker in magnitude with smaller direction vari-
tation focused on the north-east section. In this section@bility, providing the potential for sampling a greater
the trees were all Chandler walnuts. To the south is a mixange of stability. For maximum fetch, the main towers
of slightly younger Chandler and Tulare walnuts. To thewere located near the northern-most border of the section
west is a section of mostly Howard walnuts with a small (see Figure 1).

section of Tulare in the very north-west corner. The sec- The campaign took place over twelve weeks which
tion to the south-west is a variety of almonds. was broken into three four-week periods. Intensive mea-

2.1 The site



the thirty meter tower were centered within the section
— in the W-E direction; the 30 m tower was located about
100 m south from the northern-most edge of the section,
and the horizontal array another 100 m south from the
tower.

0.8

0.6 2.2.1 The horizontal array

The towers The horizontal array consisted of five 12
m tall towers that were deployed in the W-E direction
(across the mean wind). The towers were situated such
that the three middle towers were each 1.72 m apart with
the middle tower situated immediately within the tree
row. The outer two towers were located due west or east
R I R TS in the adjacent tree rows, about 7 m away. Therefore, the
Normalized Leaf Area Density (a*h) entire array spanned three tree rows (two row middles).
On each of the four outermost towers, rails were at-
tached to allow a cart to move vertically on the tow-
Figure 2: Plant area density profiles measured duringrs. Two carts were designed and manufactured by the
CHATS. These profiles are averaged over measuremenf$§CAR Earth Observing Facility’s Design and Fabrica-
taken throughout each month of intensive operation andion Services. Each of these carts consisted basically of
are normalized by the canopy heigh).( The symbols end pieces connecting two horizontal tower sections that
represent the data, and the lines are parabolic-spline fitvere separated vertically by one meter. The carts were
No-leaves: red line with square symbols, With-leaves:attached to ropes and pulleys allowing the carts to be eas-
green line with triangles. ily raised or lowered to any location from the ground up
to the canopy-top or just above. This flexibility facili-

o . tated rapid modification of the instrument arrangement
surements occurred during first four-week period (Marci‘\Nith minimal impact on normal orchard operations.

15 - April 13) focusing on the walnut trees before leaf-

out. Measurements continued through the second four- o ) ) L

week period (April 14 - May 13), but the instruments The main instrumentation The instrumentation in the

were unattended while waiting for the leaves. Intensivel0rizontal array consisted largely of two rows of sensors

measurements then continued during the third four-weelertically separated by one meter. The bottom row in-

period (May 13 - June 12) focusing on the impact of theCluded nine CSAT-3 sonic anemometers and five Li-Cor

leaves on the fluid mechanics, stability, and source-sink 200 CQ/H20 sensors. The 7500's were co-located

distribution of the scalars. with the central five CSAT-3’s. The top row also in-
The trees in our section were planted in a near|y_cluded nine CSAT-3 sonic anemometers, but were com-

square pattern such that they were about 6.9 m apaﬂlemented by five Krypton hygrometers that were also
in the N-S direction. and 7.3 m in the W-E direction. collocated with the central five sonic anemometers . Also

The trees were all about 25 years old with an averag€®t Within the upper five central CSAT-3's were five
height () of about ten meters. The horizontal distribu- Dantek smgle-ere hot-film anemometers. These instru-
tion of the vegetation was nearly homogeneous with thdnents were all oriented toward the south on 1.5m booms.

exception of an occasional tree that had been lost and Pu€ to the difficulties in obtaining accurate mean
re-planted. The vertical plant area density distributionl€MPerature measurements from the sonic anemometers,

was measured regularly through the campaign using two NCAR.—VaisaIa Hygrothermometers_(TRH) cpll_ected
Li-Cor LAI-2000. Before leaf-out, the plant area index Mean aspirated temperature and relative humidity at 2

(PAI) was about 0.7, while following leaf-out the PAI in- Hz; one at each level of the array.

creased to about 2.5. Figure 2 shows the average vertical

profile of normalized plant area density both before andThe scientific plan During the experiment, the array

after leaf-out. was modified once every five to seven days. These tran-

sitions included cart height and horizontal sensor sepa-

ration variations. To properly characterize the impact of

leaves on the turbulent momentum and scalar fluxes, we
Within the orchard, the instrumentation was located inrepeated each arrangement during the two phases of the

two main arrangements. Both the horizontal array andexperimentice., no-leaves and with-leaves).

0.4

Normalized Height (z/h)

0.2

——=—— no-leaves
——a—— with-leaves

(2]

2.2 Characterizing the canopy-scales and smaller



4
[ 4
i

Figure 3: Pictures of the array in CHATS. Left: wide-higheaargement with-leaves; upper-right: narrow-high arrange-
ment with-leaves; middle-right: wide-high arrangemerdeaves, bottom-right: wide-low arrangement no-leaves.

The two horizontal sensor distributions included two each cart, and the middle sensors were located on the
separations, 0.5 m and 1.72 m. These spacing were chaentral tower.
sen such that when using a five-point filter, the filter-scale
separating resolved and sub-filter scale motions would
fall at 2 and 6.9 m respectively. The 2 m filter-width . .

RS . . For each of the intensive months, measurements were
was chosen because this width is typical of that used in : . . . T
. . aken with the instrumentation configured in six arrange-

canopy-resolving LES. The 6.9 m spacing was chosen : . .

I : ments (the narrow and wide horizontal separations at
for a number of reasons. The first is that this was the . ) : )
largest we could go given the constraints imposed b theeaCh of three heights; low - 2.5m , middle - 6m, high

9 99 b yhe 10.1m). The high location was chosen because it is

: . . Elae region of highest vertical shear of the streamwise ve-
sections. The second is that the canopy-imposed elevated . L .
ocity and where the majority of the momentum is ex-

velocity shear at the top of the vegetation imposes an im- . X
portant length scale on the flow and we wanted to maketraCted by the canopy. The middle height was chosen

sure to have at least one filter-width that fell well within as close as possible to the within-canopy streamwise ve-

Y locity minimum where we expect wake-scale motions to
the energy-containing range of the turbulence and theret—)e extremely important in momentum transport and the

fpre averaged much of the canopy-induced scales of rnogieak in the canopy-imposed scalar source/sink distribu-
tion. . i
tion to occur. The low height was chosen to be deep
In the “narrow” arrangement (0.5 m separation), all within the canopy at a height where the momentum trans-
the sensors were located on a single cart and thereforfer was expected to be largely a result of canopy-scale
the sensors spanned between two tree-rows or acrosscaherent structures and to be counter-gradieet, the
single row-middle. In the “wide” arrangement (1.72 m velocity gradient is positive upward, centered at about

separation), four sensors were located on each level &.5 m).
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Figure 4: Left: 30 m tower configuration. Numbers on grey toase in meters. Right: Pictures of the 30m tower
from below; above: no-leaves, below: with-leaves.

2.2.2 The thirty meter tower directed to the west. To minimize their influence on the
turbulence measurements, the TRH’s were deployed on
Velocity, temperature and moisture The thirty me-  similar booms pointing to the east.
ter tower included thirteen main measurement levels. To Mounted to the center of the sonic anemometers and
accurately capture the turbulence in the high velocitypointed to the south, we installed a Dantek constant
shear region near the canopy top, the instruments wer@mperature triple-wire hot film anemometer at each of
tightly focused about this height and growing in separa-three levels (mid canopy 6m, canopy top 10m, and above
tion distance away from this focal point. Six of these canopy 14m) which were sampling at 2 KHz. These sen-
thirteen levels were located below the canopy-top angors will provide direct dissipation measurements as in-
six above (see Figure 4 for the actual heights). Each ofluenced by vegetation.
the thirteen primary measurement levels consisted of a
Campbell Scientific CSAT-3 sonic anemometer measur-
ing all three wind components and virtual temperaturePressure fluctuations Measurements of turbulent
at 60 Hz, and 2) an NCAR-Vaisala Hygrothermometerpressure fluctuations jowere made during CHATS.
(TRH) measuring mean aspirated temperature and rel&Quad-disk probes (Nishiyama and Bedard, Jr., 1991)
tive humidity at 2 Hz. At six levels (deployed at every- were used to avoid dynamic pressure errors (Figure 5.
other level), we sampled specific humidity fluctuationsPorts made by NOAA/ETL were chosen based on wind
using a Campbell Scientific Krypton hygrometer operat-tunnel testing of three versions of this design. Even
ing at 20 Hz. To maximize the acceptable wind direc-these ports have errors that change from below 5% to
tions, we deployed the sonic anemometers and the Krypabove 50% as the pitch angle changes from 20 to 30 de-
ton hygrometers on booms that were 1.5m in length andjrees. Therefore, use of the ports in the canopy (where



transport of TKE at the different heights within and near
the canopy and to investigate the pressure destruction
term in the filtered scalar flux equation that is modeled
in LES.

Radiation For the entire campaign, a two long- and
short-wave Kipp & Zonen radiometers were deployed
at 16m to characterize the down-welling and up-welling
full-spectrum above-canopy radiation. A similar set of
instruments manufactured by Eppley was deployed two
tree rows to the west at a height of 2 m to capture the sub-
canopy radiational forcing. A Micromet Systems Q7 net
radiometer was also installed at this location to comple-
ment the Eppley sub-canopy four-component radiation
measurements. All radiation measurements were sam-
pled at 1 Hz. Two meters from the sub-canopy radiation
measurements, soil moisture, temperature and heat flux
were measured at 5¢cm depth at a rate of 1 Hz.

During the second intensive phase of the experiment,
photosynthetically active radiation (PAR) measurements
were taken at four heights (2, 5, 8, and 12 m). The upper-

) . most height was a Li-Cor LI-190 Quantum sensor, while
Figure 5: Photograph of the quad-disk pressure porine other three levels were Li-Cor LI-191 Line Sensors.
when the second pressure port was vertically centered

within the array. Also to note in this photograph are theReactive chemistry Most previous studies have as-

Sgrggé\%[g 28.2{2r:minrﬁ?n?gge;nrgciﬁgff V\:gg'?]thfol:npé_sumed negligible chemical effects (either losses or pro-
Fer located behind yp Y9 duction) upon the measured eddy fluxes of ozone above
’ canopies (for example, see Mikkelsen et al., 2000). How-

ever, a recent study implied that up to 50% of the ozone
Eeposition observed may be explained by fast chem-
IStry near or within the canopy between ozone and reac-
. . . . five volatile organic species that are not easily measured
used with caution. One port location was placed in the : )
. . . (Kurpius and Goldstein, 2003). The large amount of ver-
horizontal array and thus is expected to suffer from this;.
. tical turbulence and flux measurements at CHATS pro-

Yided an excellent opportunity to study ozone behavior

and chemistry through-out a plant canopy.

turbulence intensity and thus instantaneous wind attac

1.1h, where Fitzmaurice et al. (2004) found that turbu-
lence intensity has diminished from that found just inside We combined gradients from vertical profiles of key

the canopy. trace gas specieg.g.,03, NO, NO,) measured at (1.5,
Two types of sensors were used, one similar to thaly 5 9 11, 14, 23)m with disjunct eddy covariance flux
described by Wilczak and Bedard, Jr. (2004) that usegneasurements of ozone at two levels above the canopy
an analog transducer and a reference volume with a cat—14 and 23 m) to see if chemistry could be affecting the

ibrated leak, and another that used a digital transducemeasured ozone flux.
and a fixed reference volume with a large thermal time  These trace gas fluxes were taken at similar heights to
constant. (A third, slower response, sensor also was dgyater vapor fluxes. Because no chemical effects upon
ployed to verify the psensor operation at low frequen- H,0 are expected, O fluxes serve as a control mea-
cies.) Before being placed in their final locations, thesyrement for deducing vertical divergences in the flux
systems were connected to the same pressure port agghe to factors other than chemistry. For example, dur-
determined to be operating properly. Preliminary result§ng southerly flow across the orchard, we would expect
indicate that the psensors were responding appropri- only small vertical divergences in the fluxes of®land
ately. O3. However, during periods of northerly winds there
For the entire second phase of the experiment, one df inadequate homogeneous fetch and bai® ldnd Q
these pressure ports was shifted into the array. FuturBuxes should exhibit vertical divergences due to differ-
work will be to compare these measurements to canopyng contributions from the two vegetation types within
flow models and to describe the variation of pressurehe flux footprints.



these trace gases. To this end, we also measured ver,
cal concentration profiles of CCand HO in order to &
ascertain the exchange of these passive scalars. The
species have similar surface flux contrale.( stomata
and soil processes) to the more reactive species such
O3 and NQ,. We hope that this study serves as a mode
for our future instrument deployments, integrating fastf
eddy covariance measurements with canopy profiling i
order to better understand within-canopy processes a
their impact on measured fluxes.
Gradient measurements of volatile organic com-g
pounds (VOC) were performed using a Proton-Transferi
Reaction Mass Spectrometer (PTR-N.SDn 3 days fast
measurements of selected VOCs were performed on pg
levels (4.5m, 9m, 11m). The PTR-MS instrument has g
time responseg(g.,10 Hz) suitable for eddy covariance E
measurement®(g.,10 Hz, see Karl et al., 2000), and has g&
been used extensively for disjunct eddy covariance med
surements (Rinne et al., 2001; Karl et al., 2002; Ammanris
et al., 2004; Spirig et al., 2005; Lee et al., 2005). Differ-
ent in-canopy dispersion schemes for various VOCs will§
be assessed and compared with forward LES model rurf
to evaluate the emission strength of VOCs emitted by the
vegetation. Figure 6: A photograph of leaf-level measurements be-
Surprisingly, and for the first time, high levels (up ing taken with a Li-Cor 6400 system. A cherry-picker
to 120 pptv) of methyl salicylate [§H4(HO)COOCH;]  allowed for vertical variations of sunlit- and shaded-leaf
were detected in ambient air. PTR-MS mass scans werexchanges to be documented.
confirmed by gas chromatograph mass spectrometer
(GC-MS) analysis. Profile measurements showed a dis-
tinct source of methyl salicylate from the canopy. Methyl ) )
salicylate activates specific defense genes through th§nt aerosol number fluxes will be calculated by direct
salicylic acid pathway and is thought to act as a volatile®ddy covariance, and by simulated relaxed eddy accu-

signaling molecule, when plants are under stress or heffulation (REA) after investigating the scalar similarity
bivorous attack. In conjunction with detail dispersion PEtWeen aerosol particles, sonic temperature, water va-
analysis available during CHATS these measurementB°h and trace gases. If these quantities are transported

will put constraints on the biological significance of plant PY eddies similarly efficient throughout the scalar spec-
to plant communication in the real atmosphere. tra, easily accessible quantities such as sonic temperatur

may be used as proxy scalars for turbulence parameteri-
zations in future aerosol REA systems, thereby extending
Aerosol measurements - turbulent fluxes and particle  current aerosol flux measurement capabilities.
size distribution Particle number concentrations were

measured with a condensation particle counter (CPC For additional physical characterization (e.g. identifi-
3772, TSI Inc., St. Paul, MN) installed on the 30 m cation of particle formation events, general aerosol bur-

tower. The inlet was mounted adjacent to the 14mden), particle size distributions were measured in the di-

sonic anemometer. Aerosol data were sampled at 1§meter range from 10 nm tojn using a scanning mo-

; : : ility particle sizer (SMPS TSI Inc., St. Paul, MN), a
Hz with an instrument time constant of 0.43 s. Turbu-"" . .
condensation particle counter (CPC 3760 TSI Inc., St.

*PTR-MS employs a soft ionization technique which presemesi Paul, MN) and an optical particle counter (LASAIR, Par-
portant information of the measured compound reflected in theco  ticle Measuring Systems, Boulder, CO), sampling below

sponding molecular ion. PTR-MS allows for the quantitativelioe : _
detection of VOCs down to pptv-level concentrations (Livgér et al., the canopy at 2 m AGL. During the day’ aerosol con

1998; Hansel et al., 1995; de Gouw et al., 2003) without asgeuing ~ CeNtrations reached 12,000 particles éntecreasing to
sample treatment. 3,000 particles cm? at nighttime.




2.2.3 Leaf-level measurements

Enclosure systems are used to identify the ecosys
tem components that control gas and aerosol exchanc
and develop quantitative parameterizations that can b
used in canopy-scale flux models. VOC, £and HO
fluxes from various walnut tree tissues (walnuts, leaves
and stems) were characterized during CHATS using en
closure measurement systems. The systems included
LICOR 6400 leaf cuvette, a 500 ml glass enclosure and
5 L Teflon bag enclosure. Fluxes of g@nd HO were
guantified using an infrared gas analyzer. VOC were an
alyzed using three complementary approaches: 1) th-
PTR-MS quantified a large range of biogenic VOC, 2)
an in-situ GC-MS quantified and identified most of the
important biogenic VOC, and 3) samples were collectec
on solid adsorbent tubes and transported to a highly ser
sitive laboratory Gas Chromatograph Flame lonization
Detector (GC-FID) system to quantify trace constituents.

The Li-Cor 6400 system, with temperature and light
control, was used to investigate the response of VOC
COand HO fluxes to variations in temperature and
light. Individual leaves investigated with this system in-
cluded shade and sun leaves as well as young and matu
leaves (see Figure 6). The glass enclosure was used
examine emissions from undisturbed and wounded wal i i diss oosa mE  orod
nuts. The Teflon bag enclosure was used to investigat
emissions from stems and leaves, including both undis-
turbed and wounded tissues. Relatively low terpenoidFigure 7: Top: Nighttime IR image on June 8. Bottom:
and green leaf volatiles (e.g., hexenol, hexenal) emisPixels on the tree trunk (brown) and leaves (green) and
sions were observed from undisturbed leaves, stems argbil (blue) as identified. Bottom-right: Time series plot
walnuts. Substantial emissions of green leaf volatilesof average leaves and trunk temperature for June 8 - June
and dimethyl-nonatriene (DMNT) were observed from 9, 2007.
wounded leaves. A large number of monoterpenes and
sesquiterpenes were emitted from both leaves and wal-

MyeganddT are mass of the vegetation per unit area and

change in representative canopy air temperature (Moore
and Fisch, 1986). The constant ¢ accounts for the dif-
To measure heat storage in biomass and to determirference in the amplitude of the diurnal temperature cycle
the boundary conditions for heat exchange between vegsetween air and canopy and is typically chosea=6.8.
etation and soil surfaces and atmosphere a FLIR Therfhis crude approach produces significant error for energy
maCAM SC3000 IR camera was also deployed at thébudgets on short time scales, since canopy temperature
CHATS field site. The camera was mounted atop the horlags air temperature by several hours and the different
izontal array structure at at a height of 12 m looking SSEmasses and temperatures of trunk, branches, biomass are
from to May 12 - June 7, 2007 (not shown). From Junenot considered.
8-10, 2007, it was mounted on a tripod located 5 m South The IR camera measures radiance ph8wvavelength
of the center of the array on the ground (this figure) at aand was equipped with a wide-angle lens with a field of
height of 167 cm AGL from June 8th to June 10th. view of 45> x 60° and 240« 320 pixels. The accuracy of
The total heat storage (S) in the control volume be-the camera is 1%. Images were acquired every two min-
tween soil surface and eddy covariance sensors can hees. Figure 7 shows an IR image and the pixels associ-
expressed as the sum of heat storage in biomass (trurd¢ed with trunk and leaves as determined using an image
and leaves) and air respectively. S may be a significanprocessing algorithm. From the images, the diurnal cycle
component of the hourly averaged energy balance. In thef trunk and leaf surface temperature was obtained (see
absence of direct measurements, heat storage in biomaBgure 7 for an example time series of June 8).

2.2.4 |Infrared Imagery



2.2.5 Turbulent diffusion measurements; Trace Gas & | 4 ' A |

Automated Profiling System (T-GAPS) N

r . |

To improve our understanding and predictive capabil-

L b
, I ,. 1= =
ity of diffusion in canopy turbulence, a dispersion exper- : .
iment took place during CHATS. The experiment con- %I &I ml
sisted of a line-source of gRocated 40 m upstream of o sz pezivepie
the thirty-meter tower and a meter above the ground, ori- - A ' " | a
!

ented in the E-W direction. Nine syringe samplers placec
strategically map out the along-wind surface concentra
i

tions. To capture the vertical dispersion, the Washingtor

State University Trace-Gas Automated Profiling Systerr

(T-GAPS) continuously sampled from lines on the thirty-

2.3.1 High-resolution aerosol backscatter LIDAR Figure 8: Near-horizontal PPI scans depicting the pas-
The NCAR Raman-shifted Eye-safe Aerosol LIDAR ;;que?_cg zaus'?é :Jrezeszg;r; g tUQF"CSS'ngzgy'; he.l g:)c(??a rdﬂ:mm

(REAL) collected data from March 15 to June 11 from ~ ="~ 0 2351 on pri - 1he

meter tower. The T-GAPS system automatically collects

and analyzes five-minute averaged whole air samples ot

a site 1.6 km directly north of the 30 m tall tower elevation angle of the scans is 0.2-degrees above hori-
: " zontal. Range rings and grid lines are drawn at 500 m

tained simultaneously through seven long sample lines
See Benner and Lamb (1985) for additional information

about this type of detector system.

The instrument is described in detail in a series of pa- X X

pers (Mayor and Spuler, 2004; Spuler and Mayor, 20051ntervals. The maximum range s_hown IS 5.8 k_m. For

Mayor et al., 2007b). The deployment of REAL at reference, the noticeable streak in the figures is due to

CHATS was aimed to achieve multiple goals includ- blockage of the laser beam by a tall tree located at a farm

ing (1) exploration and advancement of the potentiallyhouse at the northern most edge in the center of the or-

unique ability of the instrument to create time-lapse vi—Chard'

sualizations of turbulent coherent structures; (2) collec

a data set that would allow one to relate changes in thend horizontal scans were collected. During periods of

LIDAR aerosol backscatter to several in situ measuresoutherly winds, the scan strategy was programmed to

ments and explore the use of the backscatter data for theollect higher angular resolution data around the towers.

remote measurement of 2-point turbulence statistics oAt other times, wider angle scans were collected. The

scalars; and (3) to characterize the local meso-gammBaIDAR routinely observed good signal to noise aerosol

scale structure of the atmosphere in which the CHATS irbackscatter data to ranges beyond 5 km.

situ measurements were made. This includes monitoring The REAL data set from CHATS contains a number of

boundary layer depthz( and deriving the vector flow interesting phenomena including wave propagation and

field via the correlation technique as done previously byturbulent episodes during stable nocturnal conditions,

Mayor and Eloranta (2001). Kelvin-Helmholtz billow-like structures, dispersion of
REAL is an elastic backscatter LIDAR that operatespoint sources of particulate matter and area sources of

at a wavelength of 1.5-microns in order to safely trans-pollen, very shallow mixed layers, and several cases

mit high energy laser pulses. This allows it to scan at aof sea-breeze frontal passages (Figure 8, Mayor et al.,

sufficient rate to create time-lapse animations of aerosa?007a).

backscatter that often enable flow visualizations. The

LIDAR operated ata pulse rate of 1Q Hz and recorde?d2.3.2 Coherent Doppler LIDAR

backscatter data in 1.5 meter range intervals. From its

location, REAL was able to scan just meters above the Arizona State University (ASU) deployed its coherent

canopy. Over 2800 hours of data were collected durDoppler LIDAR on the second phase of the experiment.

ing its deployment in CHATS. A satellite link allowed The primary motivations of the ASU LIDAR deployment

scientists to control it operation remotely. Both vertical were: 1) to illuminate the connection between the larger-

2.3 Characterizing the canopy-scale, orchard-scales
and larger o L



2.3.3 Helicopter observation platform (HOP)

The Duke University helicopter observation platform
(HOP) also participated in CHATS. HOP consists of a
Bell206 Jet Ranger helicopter, which has been equipped
with a three-dimensional, high frequency positioning and
attitude recording system, a data acquisition and real-
time visualization system, and with high-frequency sen-
sors to measure turbulence, temperature, moisture and
COoconcentration. Thus, it can collect the variables
needed to compute the turbulent heat and scalar fluxes
(using the eddy-correlation technique) at low altitudes
and low airspeeds that are not feasible with airplanes,
yet are essential for studying the exchanges between the
Earth surface and the atmosphere (Avissar et al., 2008).
Figure 9: Propagation of a gust during CHATS on 0.58 During CHATS, HOP flew during four different day
degree PPI series from the ASU coherent Doppler LI-time periods. To characterize the large-scale PBL struc-
DAR, June 5, 2007. The arrow points to the organizecture, the flight strategy for HOP involved profiling from
structure. just above the canopy-top to above the PBL depth in ap-
proximately fifty meter increments. At each elevation,

samples were taken for about 3km distance. Interspersed

scales and th_e canopy flows, 2) to 9?““‘” Doppler I‘ID'_AR\Nith these PBL profiles, HOP flew five W-E horizontal
data appropriate for 4ADVAR analysis, 3) to characterlzeI gs sampling at five different N-S locations (one up-

small-scale winds anq turbulence above the canopy, ar@ind three over the orchard, and one downwind leg)
4) to measure properties of boundary layer developmentacross the orchard at an elevation of approximately fif-

sucf;} as, the evolution of IABL height aE? aerosol Ievils. teen meters (about five meters above the tree-top). These
The ASU LIDAR was located 2.05 kilometers to the e jegs will provide a mapping of the spatial structure
east of the orchard with a clear line of sight (see Figure,,q the eyolution across the orchard. Each complete set

1). With an azimuthal angle 279 degrees and an elevatiogg samples (PBL profile plus canopy-top mapping) took
angle of 0.75 degrees, the ASU LIDAR pointed at the top, jiijje more than an hour. Without refueling, HOP could

of the 30 m tower. _ ~ complete three sets of horizontal passes over the orchard

Generally, the instrument operated well with only lim- 514 two PBL profiles. In total, HOP sampled approxi-
ited down periods during the entire second phase of th‘?nately 25 flight hours during CHATS. This data should
experiment. Data quality was high and the planned scangrovide unique insight into the PBL-canopy scale cou-
for supporting the experiment were executed Successsling.

fully. Acceptable quality was typically obtained for the
LIDAR signal to a range of approximately 4 kilome- -
ters, though this varied significantly depending on daily2'3'4 Mini-SODAR/RASS

aerosol and humidity levels. Examples of scanning meth- To characterize the mean thermal structure and wind
ods were: mixed PPI/RHIs, low-level PPIs for gust track-field of the PBL during CHATS, NCAR'’s Metek mini-

ing, and fast volumetric scans in anticipation of 4ADVAR SODAR/RASS system was deployed about two kilome-
analysis. Some of the latter scans were timed to correters to the east of the orchard (see Figure 1). This sys-

spond with a helicopter deployment which took placetem operated continuously during the entire three month
toward the beginning of the second phase of the expelcHATS campaign.

iment.

A preliminary example of the processing of the gath- ;
ered LIDAR data can be seen in Figure 9 which capture32 4 Education and outreach
the propagation of a higher momentum wind gust in a About ten undergraduate students and fifteen graduate
sequence of low level PPIs (0.58 degrees). The approxstudents from SUNY Stonybrook, U. C. San Diego, U. C.
imate wind direction is from the west towards the eastDavis, Arizona State University, and Washington State
with a small northerly component. The darker blue patchUniversity were involved in deploying and maintaining
of radial velocity indicated by the black arrows moves tosome of the instrumentation during CHATS. Three or
the east a distance of 900 meters over 120 seconds, cdiour groups of graduate students and their advisers from
responding to an advection velocity of 7.5 m/s, whichU. C. Berkeley, U. C. Davis, and Sacramento State Uni-
is consistent with the measured radial velocity. versity visited the site during the experiment. Two un-




dergraduate students from the Atmospheric Science de- e Evaluate, test and improve simple models repre-
partment at U. C. Davis used the CHATS experimentas  senting coupled canopy-soil-atmosphere exchange
the subject of a presentation to peers in their turbulence  inlarge-scale modeling systems that can not resolve
class. A question and answer session took place on site  the influence of canopy-induced processes.
for about thirty third-grade students from an elementary
school in Davis, California (and their parents) who vis-
ited the site.

An important emphasis of CHATS includes the future ocknowledgements
availability of the data for the community. The data will
be made available via NCAR'’s Earth Observing Labora- _. . .

First and foremost, we would like to express our sin-

tory web site (Currently, http://www.eol.ucar.edu). Con—Cere gratitude to both the Cilker family and Antonio

certed effort went into designing as complete a prograny, .
. . aredes. All parties were extremely generous, tolerant
as feasible. We anticipate and hope that many gradu-

ate students will be able to utilize the CHATS data in and accommodating QUrlng _CHATS;.We real[y appreci-
. . S . . ate that they took a sincere interest in the scientific out-
their studies and that the scientific community will find

. ; . come. Their friendly support and cooperation during the
the data useful for improving understanding of canopy- . »
the experiment was a critical component of the success
atmosphere exchange.

of the experiment. We look forward to turning the sci-
o ence into practical information for them and the rest of
3. Anticipated outcomes the agricultural community.

Secondly, we would like to acknowledge the ex-
tremely skillful, timely, and understanding effort putfor
ward by the NCAR Earth Observing Laboratory field and
{fabrication staff. The entire crew were a fantastic group
to work with and were always willing to put the science

first.

e Determine the impact of vegetation on sub-filter
scale momentum/scalar fluxes and dissipation fo
LES, where the impact of canopy-induced stability
is a key aspect. Characterize the pressure destru
tion term in the scalar flux equation and evaluate
subfilter-scale models of this term that is the key
sink of scalar flux. We thank Joe Grant from the University of California,

Cooperative Extension in Stockton, CA, for his essential

role during our search for an appropriate orchard and for

ultimately connecting us with the Cilkers.

e Establish the vertical profile of dissipation as influ-
enced by the canopy elements and stability. Deter:
mine the impact of vegetation on the relationship

between LIDAR-derived turbulence dissipation and We thank Jan Hendrickx, New Mexico Tech for
that measured directly using the hot-film anemom-loaning the FLIR infrared camera, and Mekonnen Ge-

bremichael, University of Connecticut for loan of one

Scintec BLS900. Michael Sankur, Yoichi Shiga, Man-

e Establish whether pressure correlates with canopydana Farhadieh, Anirban Garai, Dawit Zeweldi, and
scale coherent structures like we think; InvestigateErich Uher from U. C. San Diego assisted in the field.

the linkages between PBL-scale and canopy-scale We appreciate Craig Gnos and Roy Gill for allowing
structure. us to place research equipment on their property. Both

e Investigate the components of heat storage withifMario Moratorio and Paul Lum helped establish contact
the canopy and the time-evolution and vertical vari- With these farmers and provided advice on instrument lo-

etry.

ation of within-canopy stability cation.
) i We would also like to acknowledge our funding

. Establlsh horizontal Iength.scales at the canopy-t0pg rces that came together to make this program hap-
Comparisons between helicopter, LIDAR and array ,o, The majority of the support came from two factions
data. of the National Science Foundation; 1) Office of Facil-

o Investigate canopy and stability influence on turbu-1ti€s and Programs and 2) the National Center for At-
lent diffusion: validate models. mospheric Research (NCAR) / Earth Sun Systems Lab-

oratory (ESSL) / The Institute for Integrative Multidis-

e Investigate sub-canopy processing and transport ofiplinary Earth System Studies (TIIMES) / Biosphere
biogenic reactive species (relate leaf-level to aboveEcosystem Atmosphere Carbon Hydrology Organics and
canopy fluxes). Test chemical influences on in-Nitrogen (BEACHON) program. Other essential support
version models relating concentration to canopycame from the Army Research Office, Arizona State Uni-
source/sink distribution. versity, Duke University and the University of California.
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