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1 Introduction

Over the past few decades many micrometeorological
studies have focused on the contribution of advective
components to the energy and mass budgets to quan-
tify land surface-atmosphere exchange, particularly for
carbon dioxide, sensible, and latent heat. Most stud-
ies were conducted in tall canopies, where the above-
canopy flow is often decoupled from the flow inside the
canopy (e.g. Thomas and Foken, 2007), and that are
often located in complex terrain. In general, results
were ambiguous with regard to the hypothesis that in-
cluding terms other than the turbulent vertical flux and
the change in storage term may yield better budget
closures. However, some studies demonstrated that
the inclusion of advective fluxes improves budgets at
night when radiative cooling often leads to stable strat-
ification suppressing turbulent diffusion. Patterns in
daytime advection were less consistent and showed
large scatter. Despite these advances, little attention
has been given to the space-time variability of the wind
field, scalar gradients, and resulting advective compo-
nents in plant canopies. The lack of knowledge of the
space-time variability of scalar gradients in the canopy
has been identified as one of the most likely causes
hindering significant progress in the discussion of ad-
vective fluxes (Aubinet et al., 2010).

In this study, the analysis of spatial observations from
a sensor network operated over a period of several
months in the subcanopy of a forest with a very dense
overstory was directed toward the following objectives:

e Analyze the variability of the space-time structure
of the subcanopy wind and temperature fields, as
well as the resulting horizontal advection of sen-
sible heat.

e Evaluate the impact of sensor network geome-
try and method of analysis on the magnitude and
variability of horizontal advective components.
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Figure 1: Configuration of the sensor network consist-
ing of ten stations (S01 to S12) and sampling domain
(dotted lines). Also shown is the average (64 min
mode) structure of the air temperature (isolines) and
the wind field (vectors) sampled at 1 m agl. Spatially
discrete sampled winds and air temperatures were in-
terpolated using the inverse square weighting method.
The filled rectangle represents an example of the sub-
domain of the station pair S01-S06 when determining
the variability of spatial gradients and horizontal ad-
vection.

2 Data and methods

Data were collected with a sensor network in a 33-
year-old mature Douglas-Fir forest located in the coast
range of western Oregon, U.S.A. (44.646N latitude,
123.551W longitude, 310 m elevation; Thomas et al.,
2008) during the period from 28 Aug (DOY 241)
through 17 Dec (DOY 352) 2008. The overstory is very
homogeneous and has an average height of 26 m; the
plant area index (PAl) is 9.4 m?m~2. The closure of
the overstory is very high creating only small gaps that
permit sunlight to enter the subcanopy space. Con-
current observations of shortwave radiation in the sub-
canopy next to the network stations yielded that irradi-
ances were typically < 100 Wm~2 even under clear-
sky conditions during the summer months.

The sensor network consisted of ten stations each
comprised of one 2-D sonic anemometer (Model
WASA425A, Vaisala Inc.) and one naturally ventilated



air temperature sensor (external thermistor, Model
HOBO H8 Pro, Onset Computer) in a radiation shield
mounted at 1 m agl on a guyed tripod. Running 10s-
averages of the raw measurements of the horizontal
wind speed components (u,v) internally sampled at
1 Hz were interrogated and stored by a single data
logger (Model CR1000, Campbell Sci.) using the SDI-
12 interface for the entire network. Temperature data
(T) were recorded and stored in the onboard mem-
ory of each sensor at a sampling interval of 2 min.
As the calculation of spatial gradients is sensitive to
systematic and random instrument-specific errors, all
sensors were carefully cross-calibrated in a laboratory
environment and field tests prior to field deployment.
The precision of the wind speed measurements was
determined to be £0.10 ms~2, that of the thermistors
+0.05 K, and that of the thermistors in the naturally
ventilated radiation shields +0.10 K.

Data from all sensors and stations were orthogo-
nally decomposed into the local multiresolution ba-
sis set (e.g. Howell and Mahrt, 1997) which decom-
poses a signal into unweighted averages over sub-
records of dyadic width (2™). The resulting multires-
olution time scales were 64, 32, 16, 8, 4, 2, and
1 min. Temperature data were analyzed only for
time scales > 4 min because of the large time con-
stant of the thermistor low-pass filtering the signal.
In a first step, the stochastic analysis of the net-
work data was performed using various measures
of time and space variability applied separately to
each multiresolution time scale (m) including the two-
point correlation coefficients (1) following Mahrt et al.
(2009). In a second step, the sampled variable fields
Um (2, y), vm(x,y), Tm(z,y) containing all stations
were then non-linearly interpolated using the inverse
square weighting method to a resolution of 0.5 m in
both longitudinal (y) and latitudinal (x) directions while
recognizing that only motions on horizontal scales
greater than the minimum station spacing were re-
solved. The horizontal temperature gradients between
two stations (I';, I') were calculated by fitting a plane
to the interpolated values of the subdomain defined by
the stations’ locations (see the filled rectangle in Fig.
1 for an example). Subsequently, the temporal aver-
age T AG, the time-dependent variance TV G of the
temperature gradients were computed. The horizon-
tal advection ¥,;(r) between two stations indexed ¢
and j for each subrecord was computed by combing
the spatial temperature gradients with the interpolated
wind components averaged over the subdomain lead-
ing to

W(r) = / / ((i5) T 5 () + {033y (r)) ddly,
(1)

where r is the separation distance. In a last step, the
temporal average T AA;;(r) of the horizontal advec-
tion was computed in a fashion analogous to those of
the temperature gradients.

3 Results & Discussion

Results were generally partitioned into diurnal periods
differentiating between night, transition period, and
daytime based on geometrically calculated azimuth
and zenith angles at the site’s location. Transition pe-
riod was defined as the 64 min subrecord in which sun-
rise or sunset occurred.

3.1 Wind and temperature fields

The correlation of the flow R, ;; was a function of
separation distance between stations independent of
time scale (Fig. 2). The fast decay of R, ;; with
separation distance, which was particularly visible for
short time scales, demonstrates that the underlying
motions are short-lived and small in spatial extent. In
contrast, larger-scale transient motions moving at high
velocities would maintain a high spatial correlation at
the shorter time scales. The scatter of the correlation
Ry.,i; Tor a specific separation distance was largest
for the longest time scale (64 min mode containing the
time-averaged mean), which suggests that each sta-
tion has a location-specific wind microclimate. This
wind microclimate is likely to depend on the presence
of individual flow obstacles such as individual bushes,
tree boles, and local topography leading to systematic
deviations from the domain-averged flow field.

The analysis of the space-time structure of the
temperatures revealed some similarities, but also im-
portant differences compared to that of the velocities.
The two-point temporal correlation of the temperature
Rr,;; behaved similarly to that of the velocity field
with the exception of the largest 64-min mode, which
showed no decorrelation even for the largest spatial
scales (Fig. 2). This independence of spatial scale
can be explained by the diurnal cycle of air temper-
ature forced by the solar heating during the daylight
hours and the radiative cooling at night. The perfect
correlation independent of location indicates that all
stations were consistently participating in this diurnal
oscillation, while effects of systematic decoupling, e.g.
through the presence of cold air pools, were negligible
or absent at this site. The increased scatter in corre-
lation of temperature signals detected for the shortest
scales (4 min) at night was caused by data collected
at station SO1. The temperature records at this station
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Figure 2: Two-point correlation of the wind (Ry.,i;)
and temperature (Rr ;) versus separation distance
between stations as a function of time scale (multi-
resolution mode) for all 45 station pairs over the entire
dataset.

were often decoupled from the spatial average of the
rest of the domain.

3.2 Temperature gradients and horizon-
tal advection

The spatial temperature gradients were more system-
atic at night than during the day, and decreased with
increasing station spacing (Fig. 3). This result is in
agreement with the findings of the higher daytime vari-
ability of the bulk stochastic measures in the previous
subsection. For the nighttime case, the time-averaged
gradients T'AG;; were found to become independent
of spatial scale only for separation distances exceed-
ing 100 to 150 m. Gradients during the day showed a
large scatter with frequent changes in sign and only a
weak dependence on separation distance, and did not
converge to a consistent value, even for the largest
spatial scales of the domain. Differences between
time scales were much smaller than those found be-
tween different paired stations, confirming the impor-
tance of stations’ position and spatial variability within
the domain. The time-dependent variability of the
spatial temperature gradients 7'V G;; decayed with in-
creasing station spacing in a non-linear fashion, but
also failed to converge to a constant value on the spa-
tial scales of the domain.

In order to evaluate the impact of the network config-
uration and method of analysis as one of the study’s
objectives, the computation of spatial gradients was
repeated based on a subset of the full domain. This
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Figure 3: Time average (I'AG;;) and time-dependent
variability (I'VG;;) of spatial temperature gradients
for the 32 min time scale (multiresolution mode) as
a function of station spacing over the entire length of
the dataset. Measures were evaluated for two differ-
ent network configurations (see Fig. 1): all ten sta-
tions (S01-S12, filled symbols), and outer stations only
(S08, S05, S09, S10, S11, open symbols).

subset used observations from the outer stations only
(S08, S05, S09, S10, S11, see Fig. 1) and allowed
for testing the common assumption of linear gradients
within a domain (e.g. Moderow et al., 2007). In gen-
eral, the temporal averages and the variability of the
temperature gradients computed from this subset ex-
ceeded those derived from the full domain indicating
that at least for this site, it is insufficient to approximate
spatial gradients linearly (Fig. 3).

In contrast to the temporal variability of spatial
gradients, the scatter of the resulting time-averaged
horizontal advection of sensible heat (T"AA,, ;) was
smallest for the smallest spatial scales, then increased
until approximately the 100 m scale, and then re-
mained large for all lager scales (Fig. 4). This find-
ing suggests a high degree of spatial non-linearity in
the observed horizontal advection that may result from
the fundamental differences in space-time structure
of the wind and temperature fields. The variability of
the advective fluxes with spatial scales was similar for
day- and nighttime data, while the daytime estimates
showed a more consistent, negative sign. Generally,
the smallest spatial scales yielded horizontal advec-
tive fluxes approximately equal to zero, and the magni-
tude increased with increasing spatial scale. T AA;, ;;
was found to be systematically negative only for spatial
scales exceeding approximately 150 to 180 m, which
is close to the upper limit of scales resolved by the net-
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Figure 4: Total resultant (I"’AA,, ;;, bottom) temporal
average of the horizontal advection of sensible heat
for the 32 min mode as a function of station separation
distance. Measures were evaluated for two different
configurations: all ten stations (S01-S12), and outer
stations only (S08, S05, S09, S10, S11).

work. Based on these findings, the horizontal size of
the control volume used for an evaluation of the en-
ergy balance must not be smaller than 180 m to yield
results with a systematic sign for the contribution of
horizontal advection, at least for this site.

4 Conclusions

One arrives at the following conclusions with regard to
the two objectives of this study:

e The computation of the horizontal advection of
sensible heat is inherently aggravated by this mis-
match in space-time structure and suffers from
a strong spatial non-linearity. This finding may
provide an explanation for the ambiguous results
on the contribution of horizontal advection to the
canopy budgets of energy and mass reported in
the literature. The variability of the horizontal ad-
vection with spatial scale was particularly large for
domain sizes between 70 and 150 m, commonly
used in the literature. At least at this site, the ad-
vective fluxes became more systematic in sign
only for sizes of the control volume exceeding
180 m, while the variability of horizontal advec-
tion in magnitude remained large even at these
large spatial scales.

e The placement of stations within a domain, as
well as the overall density (number) of stations of
a network profoundly impact the calculated spa-
tial gradients and the estimates of horizontal ad-
vection. A larger number of stations facilitates
a better resolution of the non-linear spatial gra-
dients of the wind and temperature fields, while
no recommendation can be made for an optimal

number of stations based on the existing data. In-
corporating elements of the canopy and the ter-
rain that contribute to within-domain heterogene-
ity at least provides a framework to interpret spa-
tial gradients and advective fluxes in the context
of the site’s heterogeneity and space-time vari-
ability. Spatial temperature gradients and advec-
tive fluxes were also sensitive to the spatial inter-
polation algorithm of the velocity and temperature
fields, which may provide perspective for an alter-
nate interpretation of existing studies.
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