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Multiple data streams from a new flux tower located in complex and heterogeneous terrain at the
Coweeta Hydrologic Laboratory (North Carolina, USA) were integrated to identify periods of advective
flow regimes. Drainage flows were expected a priori, due to the location of the measurement site at the
base of a long, gently-sloping valley. Drainage flow was confirmed by examining vertical profile mea-
surements of wind direction and by estimating vertical advection fluxes. The vertical advection flux of
CO, was most significant in early morning (000-0600 h) during the growing season, when it averaged
~5 wmol m~2 s~1, Horizontal advection flux of CO, was not directly measured in this study; however, an
expected exponential relationship between nocturnal ecosystem respiration (RE) and air temperature
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Advection
Sap flux was recovered when horizontal advection of CO, was assumed to be negatively correlated to vertical
Carbon flux advection, or when data were limited to periods when measured vertical advection fluxes were small.

Taken together, these data imply the presence of a negative horizontal advection CO, flux during noc-
turnal periods characterized by positive vertical advection of CO,. Daytime periods were characterized
by consistent anabatic (up-valley) flows in mid- to late-morning (0500-1200 h) and consistent katabatic
(down-valley) flows in the afternoon. A combination of above-canopy flux profile measurements, energy
balance closure estimates, and flux footprint estimates suggest that during periods of up-valley wind
flow, the flux footprint frequently exceeds the ecosystem dimensions, and horizontal advection fluxes
related to landscape heterogeneity were a significant component of the total ecosystem flux of CO,. We
used sap flux from individual trees beneath the tower to explore diurnal patterns in stomatal conductance
in order to evaluate gapfilling approaches for the unreliable morning data. The relationship between sto-
matal conductance and vapor pressure deficit was similar in morning and afternoon periods, and we
conclude that gapfilling morning data with models driven by afternoon data is a reasonable approach
at this site. In general, results were consistent with other studies showing that the advection and wind
flow regimes in complex terrain are highly site specific; nonetheless, the site characterization strategy
developed here, when used together with independent estimates of components of the ecosystem carbon
flux, could be generally applied in other sites to better understand the contribution of advection to the
total ecosystem flux.

Energy balance

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The eddy covariance technique permits quasi-continuous mon-
itoring of biosphere-atmosphere scalar fluxes directly at the
ecosystem scale for long periods of time (Baldocchi, 2008; Friend
et al,, 2007). In most applications, the net ecosystem flux of the
scalar of interest is linked to the vertical turbulent flux measured
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above the canopy and a storage flux estimate derived from the tem-
poral change in within-canopy scalar concentration (Aubinet, 2008;
Baldocchi, 2003). Turbulent and storage fluxes may be observed
from a single measurement tower, promoting the development of
an extensive network of more than 400 flux monitoring towers
across a range of biomes (Baldocchi, 2008). Collectively, these data
have promoted significant knowledge advancements related to the
process-based controls on ecosystem carbon and water cycling and
dynamic interactions between the biosphere and the atmosphere
(Baldocchi, 2008; Falge et al., 2002; Friend et al., 2007; Krinner
et al., 2005; Law et al., 2002; Williams et al., 2009). However, due
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to methodological challenges that complicate the interpretation of
data collected from heterogeneous or complex terrain, the network
has historically been biased toward flat, homogeneous sites. Fol-
lowing a brief review of the theory governing the interpretation of
data from eddy covariance flux towers, we discuss these challenges
and outline an approach for characterizing fluxes in heteroge-
neous and complex terrain relying on data collected from a single
tower.

Following Feigenwinter et al. (2010a), and assuming negligi-
ble horizontal flux divergence, the total flux of a scalar from an
ecosystem (Fs) may be expressed as:
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where u, v, and w represent wind speeds in the x, y, and z direc-
tions, respectively, ps is the mass density of the scalar, and z; is
the flux measurement height and the height of a representative
control volume over which Fs is calculated. The variable L rep-
resents the length of the sides of the control volume, and h is
the canopy height. The first term on the right hand side (Term I)
represents the storage flux, or the change in concentration with
time, integrated from z=0 to z;. This storage flux is negligible over
daily and longer time-scales; at finer temporal resolutions, it may
be estimated from vertical profile measurements of CO,. Term II
represents the vertical turbulent flux, which may be measured
using the eddy covariance technique with a sonic anemometer and
fast-response gas analyzer co-located above the canopy. Term III
represents the vertical advection of the scalar into or out of the
control volume by a non-zero mean vertical wind velocity (w(z)). In
most cases, @ is assumed to be zero, such that vertical advection
of the scalar is also assumed to be zero; however, estimates of the
vertical advection flux occurring during periods of non-negligible
w(z) can be derived from scalar profile measurements and wind
profile measurements on a single tower (Lee, 1998; Leuning et al.,
2008). Term IV represents the horizontal advection of the scalar
into or out of the control volume, generated primarily by hori-
zontal gradients in scalar source intensity or surface roughness
(Baldocchi et al., 1999). Horizontal advection is difficult to measure
and requires an array of towers (Aubinet et al., 2010; Feigenwinter
et al., 2008). In most sites, the land surface around the tower is
usually assumed to be horizontally homogeneous, such that hori-
zontal advection fluxes are also negligible. With these assumptions,
Fs reduces to the sum of the vertical turbulent flux (Term II), which
may be augmented by storage flux estimates (Term ) at hourly time
scales.

The interpretation of the sum of vertical turbulent fluxes and
storage fluxes as representative of the total ecosystem flux is
challenged whenever the assumptions of negligible vertical and
horizontal advection (i.e., Terms IIl and IV), or negligible horizon-
tal flux divergence, are invalidated. The contribution of advection
fluxes to the total ecosystem flux is likely greatest in (a) heteroge-
neous sites where horizontal advection is driven by scalar gradients
associated with land cover transitions, and (b) sites characterized
by complex topography where vertical wind speed is often non-
negligible and elevation gradients produce horizontal gradients in
wind and scalar fields.

A growing number of flux monitoring sites are situated in com-
plex or heterogeneous terrain (Baldocchi et al., 2000; Feigenwinter
et al., 2008; Gockede et al., 2004; Kutsch et al., 2008; Rebmann
et al., 2005; Yi et al., 2005). Furthermore, a growing body of work

suggests that advection may often be non-negligible even in rela-
tively ‘flat’ sites (Feigenwinter et al., 2010a; van Gorsel et al., 2009;
Loescher et al., 2006), where even a small vertical wind speed
superimposed over a large vertical scalar gradient can produce a
significant vertical advection flux. In some experiments, multiple
observation towers have been erected to quantify both horizontal
and vertical advection fluxes (Staebler and Fitzjarrald, 2004; Sun
et al., 2007); in general, results from these studies show that the
advection flux regime is highly site specific (Aubinet et al., 2010; Yi
et al., 2008), and that the advection flux estimates themselves are
characterized by a high level of uncertainty (Aubinet et al., 2010;
Loescher et al., 2006). Given these results, and that the cost of erect-
ing multiple above-canopy observation towers is often prohibitive,
amulti-tower experimental design may not be a practical approach
for accurately measuring advection fluxes. However, knowledge
gained from these advection studies, taken together with tech-
niques for estimating vertical advection from a single tower (Lee,
1998; Leuning et al., 2008) and an improved understanding of the
components of ecosystem energy balance (Foken, 2008; Lindroth
et al., 2010; Wilson et al., 2002) may permit the identification of
flux measurements collected during periods when advection is
significant (Loescher et al., 2006), even if the magnitude of the
advection fluxes is not known with certainty. These data could then
be removed from the datarecords and gapfilled according to a num-
ber of established approaches (Reichstein et al., 2005; van Gorsel
et al., 2009) that may be augmented with independent biometric
observations.

In this study, we applied such a framework in a new eddy covari-
ance site located in heterogeneous and complex terrain near the
Coweeta Hydrologic Laboratory in western NC, USA. We used a
comprehensive suite of observations collected from a single tower
to answer the following question: Can periods characterized by
significant horizontal and vertical advection be identified with obser-
vations from a single flux tower, even if the magnitude of their sum is
not known? Specifically, our analysis relied on the following obser-
vations and approaches:

(1) Characterization of within- and above-canopy wind flows
focused on the occurrence of non-negligible vertical wind
speed (a necessary condition for vertical advection) and within-
canopy divergence in wind direction (which could indicate a
decoupling between above- and below-canopy wind flows).

(2) Characterization of the flux footprint to identify periods when
the footprint exceeds the dimensions of the study system, or
when land cover heterogeneity near the edge of the footprint
may contribute to horizontal advection.

(3) Exploration of vertical advection fluxes determined from obser-
vations of the vertical profile of the scalars.

(4) Evaluation of the divergence between fluxes measured at two
heights above the canopy, noting that if fluxes measured at two
points in the constant flux layer agreed (after correction for
differences in storage), then the sum of horizontal and vertical
advection fluxes was likely near zero (Baldocchi et al., 2000, Yi
et al., 2000), unless horizontal advection was confined to the
lower canopy.

(5) Evaluation of the energy balance closure for various wind
regimes, noting that poor energy balance closure could indicate
significant advection fluxes of latent or sensible heat (Foken,
2008).

(6) Comparison of the carbon fluxes measured above the canopy
and in the sub-canopy. At night, the above-canopy fluxes should
be greater than sub-canopy fluxes reflecting the contribution of
above-ground autotrophic respiration to total ecosystem res-
piration; however, the ratio of above- to below-canopy carbon
fluxes may be decreased if much of the respiration flux is carried
away by horizontal advection in the canopy airspace.



K. Novick et al. / Agricultural and Forest Meteorology 185 (2014) 1-13 3

Sector 1 Sector 2 Sector 3 Sector 4 Sector 1
T - T - T T = T T - T
(@__: D — --.d » terrain :
o 02 T Gs - T
= N
S o .
wn
-0.2f E
1 Il 1 1 1 1 Il 1
Wb T T T T T T T
500 (b) 0— 0600 hours 1
250
0
- - T T T - T -
300(©@© - : 0600 — 1200 hours  : : 1
)
5
g
: 280 d = T = T T T T T T |
g @ : : 1200 — 1800 hours
&
e = T s T T T T T T ]
400 [(®) : : 1800 — 2400 hours
200
ou - -— -
0 50 100 150 200 250 300 350

Wind Direction (°from N)

Fig. 1. Wind flow characteristics in the vicinity of the flux tower. The wind angle of attack during both the growing and dormant season («gs and aps, respectively) was
closely aligned with the slope of the local terrain (panel a). The wind direction histograms in (b)-(e) show that wind direction was predominantly from the E-NE (i.e., Sector

2) in morning periods, and from the W-SW (i.e., Sector 4) otherwise.

(7) Exploration of the temperature dependencies of the noctur-
nal CO, fluxes, which represent ecosystem respiration (RE). A
failure to observe an exponential relationship between RE and
temperature, which has been widely reported for many ecosys-
tems (Reichstein et al., 2003; Reichstein and Beer, 2008; Vose
and Bolstad, 2006; Schmid et al., 2000), could indicate a sig-
nificant contribution from an unmeasured advection flux or
horizontal flux divergence.

2. Methods
2.1. Study site

The experiment was conducted in a ~80 year-old mixed hard-
wood forest (35.059N, 83.427W, 690m a.s.l.) in the Coweeta
Hydrologic Laboratory. Coweeta is located in the southern
Appalachian Mountains of western North Carolina and is a USDA
Forest Service Experimental Forest and National Science Founda-
tion Long-Term Ecological Research Site. The tower is situated in
complex, mountainous terrain characterized by a 30% slope within
the flux footprint in the SE direction, and local slopes of <10% to
the NE and SW (Fig. 1). Mean annual temperature is 12.9°C and
mean annual precipitation is 1795 mm. Dominant canopy species
near the tower are Liriodendron tulipifera L.(Magnoliaceae), Quercus
alba L. (Fagaceae), Betula lenta L. (Betulaceae), and Acer rubrum L.
(Aceraceae), which comprise 24%, 17%, 11% and 8% of the basal area,
respectively. The dominant sub canopy species is Rhododendron
maximum L. (Ericaceae), which comprises 13% of basal area. Peak
growing season leaf area, measured with a LAI-2000 plant canopy
analyzer (Li-COR Biosciences, Lincoln, NE), was ~5.8m?m™2.
Mean canopy height (h) was ~30m, and basal area was
28.9m?ha -

2.2. Turbulent eddy covariance flux measurement and processing

Long-term eddy covariance (EC) measurements were made with
an infrared gas analyzer (EC155, Campbell Scientific, Logan, Utah)
and a sonic anemometer (RM-Young 81000; RM Young, Traverse
City, MI, USA) co-located at a height of 37 m. The inlet of the EC155
was separated from the sonic at a lateral distance of approximately
10cm, and each instrument was supported with a dedicated pole
(seeFig.2).Raw data were collected and stored at 10 Hz on the same
CR-3000 datalogger (Campbell Scientific), with both the EC155
and RM-Young instruments sharing the same SDM communica-
tion channels. Data were post-processed into hourly averages after
adjusting the gas analyzer and sonic anemometer time series to

Fig. 2. The EC155 and RM Young 81000 sonic anemometer, positioned at a height
of z=37 m above the canopy.
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account for a 0.2's lag between the two data records. Coordinate
axes of the wind data were rotated using a sector-wise planar-fit
(Wilczak et al., 2001) approach, with sectors delineated as fol-
lows: (1) Sector 1, wind direction (WD) <40° or >310° clockwise
from N, (2) Sector 2, WD between 40° and 85° from N, (3) Sec-
tor 3, WD between 86° and 229° from N, and (4) Sector 4, WD
between 230° and 310° from N (Fig. 1). These sectors were informed
by the relationship between the local topographic slope and the
wind angle of attack determined from the sonic anemometer data
after a 1-D coordinate rotation to align horizontal wind speed with
the mean wind direction. For wind Sectors 2 and 4, the angle of
attack was closely aligned with the topography (Fig. 1a); thus,
a planar fit rotation should produce effective streamline coordi-
nates when wind originates from Sectors 2 and 4. When wind
originates from Sectors 1 and 3, the angle of attack and the slope
angle diverged considerably for Sectors 1 and 3 (Fig. 1a); thus,
fluxes are expected to be unreliable a priori when wind originates
from these directions, which we note represent a small fraction
of the flux measurements (Fig. 1b-e). Hourly-averaged horizontal
and vertical wind speed components after the planar fit rotation
are denoted as u(z) and w(z), respectively. The sonic was oriented
to 220° from N, and the analyzer inlet is located northeast of the
sonic.

All variables were detrended before calculation of means and
turbulent fluxes, and fluxes were calculated for hourly averag-
ing periods. As described in Novick et al. (2013), carbon and
water vapor fluxes were calculated directly from the mixing
ratio measured with the EC155. Sensible heat flux (H) was cal-
culated using virtual temperature measurements from the sonic
anemometer corrected for water vapor concentration to an esti-
mate of actual air temperature. An analytical spectral correction
(Massman, 2000, 2001) was applied to the flux data as described
in Novick et al. (2013). Latent heat flux (LE) was determined
from water vapor fluxes using the temperature-dependent latent
heat of vaporization. The turbulent fluxes are denoted as Fcgc,
LEgc, and Hgc for carbon, latent heat, and sensible heat fluxes,
respectively

For some portions of this analysis, data were limited to
those collected when friction velocity (u*) was relatively high
(u*>0.25ms~1) to determine to what extent features of the flux
data were related to low or insufficient turbulence. Similarly, some
analysis was limited to data collected when u* was low (<0.1 ms~1)
to better elucidate patterns in vertical advection and storage fluxes,
which are greatest when turbulent mixing is low. When these fil-
ters have been applied, a note will be made in the text. Turbulent
flux data were collected for almost a full year (January to December,
2011).

2.3. Storage & vertical advection fluxes

Storage fluxes (i.e., Term I of Eq. (1)) were estimated by inte-
grating temporal changes in CO,, H,0, and air temperature (T,) in
the vertical direction, using profile measurements of the scalars
at heights of 4, 9, 16, 24, 30, and 37 m. The vertical CO, and H,0
profiles were measured using a closed-path infrared gas analyzer
(LI-840; Li-COR, Lincoln, NE, USA) that switched between mea-
surement heights once every minute using a multiplexer and data
acquisition system designed by Campbell Scientific; the system is
a prototype for the AP200 CO,/H,0 Atmospheric Profile System
(Campbell Scientific). Tube lengths were roughly the same as the
inlet location heights, as the analyzer and datalogger were housed
in an enclosure mounted to the base of the tower. Sample flow rate-
was set to ~110 mL/min, and sample pressure was held constant at
50 kPa. Data were collected at 5 Hz and post-processed into hourly
averages. The vertical temperature gradients were measured with a
profile of aspirated thermocouples. The storage fluxes are denoted

as Fcstor, LEstor, and Hstor for carbon, latent heat, and sensible
heat fluxes, respectively.

Vertical advection fluxes were calculated after Leuning et al.
(2008) as:

(2)

Zr cro
0 S(z)dz

where S(z) is the normalized horizontal wind speed (i.e., u(z)/u(z:))
and the vertical scalar profiles (i.e., ps(z)) are measured with the
profile systems described above. The vertical advection fluxes are
denoted as Fcya, LEya, and Hya for carbon, latent heat, and sensi-
ble heat fluxes, respectively. Relatedly, the total ecosystem fluxes
of carbon, latent heat, and sensible heat are denoted as F, LE, and
H. These total fluxes are equivalent to the sum of measured tur-
bulent fluxes, storage fluxes, vertical advection flux, and horizontal
advection flux and flux divergence; Again, the horizontal advection
and flux divergence were not directly measured in this study. The
sum of turbulent, storage, and vertical advection fluxes are denoted
as Fc', LE", and H'; these fluxes should be interpreted as the total
ecosystem flux less the contribution from horizontal advection and
horizontal flux divergence.

2.4. Vertical flux profile

From August 2011 to December 2011, a temporary flux pro-
file comprised of two open-path EC systems was installed above
the canopy (at heights of 33 and 37 m). These systems were com-
prised of an open-path infrared gas analyzer (LI-7500) and a sonic
anemometer (RM-Young 81000). Similar to the permanent EC
system, data were collected at 10-Hz and processed into hourly
averages. Wind measurements were rotated using the same sector-
wise, planar-fit approach described in Section 2.2. Variables were
de-trended and CO, and H,O fluxes were calculated from mass
density concentration measurements. Terms accounting for fluc-
tuations in air density (Webb et al., 1980) were added to the
fluxes, and the Massman (2000, 2001) spectral correction were
also applied to the open-path data records. More details about the
processing of data from these open path systems are given in Novick
etal, 2013.

2.5. Footprint

The flux footprint was determined for some portions of the study
period at a 5m spatial resolution using the 2-D footprint model of
Detto et al. (2006), which is an adaptation of the analytical foot-
print model of Hsieh et al. (2000) to include lateral dispersion.
Specifically, the flux footprint was calculated for 100 daytime mea-
surement periods during the growing season when wind was from
Sector 2, for 100 daytime measurement periods during the grow-
ing season when wind was from Sector 4, and for 100 nocturnal
measurement periods during the growing season when the wind
was from Sector 4. In each case, the footprints were summed and
normalized by 100 such that a value of 1.0 for a particular grid cell
indicates that 100% of the footprint estimates overlaid the cell. The
normalized frequency distributions were then superimposed on
high-resolution aerial photography images (USGS 1:24000 Digital
orthophoto quadrangles).

2.6. Energy balance measurements

Consideration of thermodynamic principles requires that the
sum of latent and sensible heat fluxes (LE and H, respectively)
should be equivalent to the difference between net radiation (Ry)
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and the sum of ground heat flux (G) and all other energy sources
and sinks (Q) (Wilson et al., 2002):

LE+H=R,-G-Q. (3)

The Q term, which incorporates biomass heat storage and bio-
chemical energy storage, is generally expected to be small, though
some work shows that these fluxes may represent a significant frac-
tion of the ecosystem energy balance (Gu et al., 2007; Lindroth
et al,, 2010; Moderow et al., 2009; Oncley et al., 2007). Here, Q
was neglected, though the potential contribution of biomass heat
storage and biochemical energy storage is discussed. R, was mea-
sured at the top of the canopy using a 4-component net radiometer
(CNR 4, Kipp & Zonen, Delft, the Netherlands), with data saved as
hourly averages. G was measured by averaging the output from
four soil heat flux plates (HPFO1, Hukseflux, Delft, the Netherlands)
deployed at a distance of 10 m in the four cardinal directions from
the center of the tower. Energy balance closure was determined
from the energy balance ratio (EBR, Wilson et al., 2002), which
is defined as the sum of turbulent, vertical advection, and storage
fluxes of latent and sensible heat normalized by available radiation:

LEgc + LEstor + Hec + Hstor
Ry—G

Since the unmeasured horizontal advection fluxes are not
included in the calculation of the EBR, an EBR that is far from 1.0
could indicate significant horizontal advection.

EBR = (4)

2.7. Eddy covariance measurements in the sub-canopy

For a portion of the study period (August-December, 2011),
scalar fluxes were measured in the sub-canopy using an eddy
covariance system comprised of an open-path infrared gas analyzer
(LI-7500) and a sonic anemometer (RM-Young 81000) positioned
at a height of 2 m and a lateral distance of 30 m from the tower. The
2-m sonic was oriented in the same direction as the 46-m sonic (i.e.,
220° from N). Wind and scalar concentration data were collected
and stored at 10 Hz, and fluxes were processed after applying a pla-
nar fit coordinate rotation (Wilczak et al., 2001) and appropriate
spectral and air density corrections (Massman, 2000, 2001; Webb
et al., 1980). Carbon fluxes measured by the sub-canopy system
included forest-floor efflux as well as some fraction of vegetative
carbon exchange from understory vegetation and the base of tree
stems.

2.8. The temperature dependency of nocturnal carbon fluxes

The dependence of ecosystem respiration (i.e., RE) on air tem-
perature (T;) was assumed to take the form (Vose and Bolstad,
2006):

RE = b, exp(b1Ta) (5)

where b, is the reference respiration rate, and b is a temperature
sensitivity parameter. This relationship was assessed using four
estimates of RE. First, RE was estimated from nocturnal F:~ data
collected when Fc gc was near zero (|Fcgc| <2 pmolm=2s1), such
that Fc” was dominated by Fcya and Fcstor (REq). Then, a revised
RE (RE;) was estimated by assuming that the unmeasured hori-
zontal advection flux (Fcpa) was positively correlated with Fcya
with a slope of 0.5, such that RE; =F¢" +0.5Fcya. RE was again esti-
mated by assuming Fc ya was negatively correlated with Fcya with
aslope of —0.5, such that RE3 =F¢ — 0.5Fcya. These assumed values
of Fcpa reflect results from previous studies showing that hori-
zontal and vertical advection are often correlated and may be of
similar magnitude (Aubinetetal.,2010; Yietal.,2008; Feigenwinter
et al., 2004). Because the slopes (i.e., 0.5 and —0.5) were arbitrary,

the analysis was not intended to give an accurate estimate of the
magnitude of RE; however, analyzing the relationship between RE
and temperature under different assumptions for Fc y4 may give at
least an indication of the nature of the relationship between Fcya
and Fcya. Finally, the parameters of Eq. (5) were evaluated again,
this time limiting data to those collected from sunset to midnight
when |Fcya| <2 wmolm—2s1 (RE4). These conditions are analo-
gous to those proposed by van Gorsel et al. (2009) for a data filtering
and gapfilling approach designed to minimize the contribution of
advection. Under these conditions, RE4 should be dominated by
Fc e and Festor- In all cases, the parameters of Eq. (5) were deter-
mined using binned averages of T, and RE.

2.9. Sap flux measurements

Temporal trends in stomatal conductance derived from sap flux
measurements were used in this study to inform an assessment
of how advection regimes will affect future efforts to gapfill and
partition measured fluxes. We installed constant heat thermal dis-
sipation sensors (Granier, 1985) in the vicinity of the tower to
determine sap flux density (Js, g H,O m~2 sapwood s~1) in the outer
1-3 cm of active xylem of 41 trees and shrubs, with two probes per
tree. Species (number probed) were A. rubrum (n=4),B. lenta(n=8),
L. tulipifera (n=4), Nyssa sylvatica Marshall (Cornaceae) (n =4), Oxy-
dendrum arboreum DC. (Ericaceae) (n=5), Q. alba (n=3), and R.
maximum (n=13). These species together represented 87% of total
stand basal area (S. Brantley, unpublished data). Probe length (1,
2, or 3cm) was selected to permit sampling of at least 30% of the
sapwood depth in all trees.

We monitored Js from April 2011 to November 2011. Sap
flux density was determined hourly from temperature differences
(AT) between the upper and lower probes using a Granier-type
power equation (Granier, 1985) with species-specific calibration
coefficients derived on-site (Miniat et al. unpublished data). Maxi-
mum temperature differences were identified from the highest AT
recorded during the previous week. Js measurements were scaled to
total sap flow (g H,0 s~!) using known radial profiles for A. rubrum,
B. lenta, L. tulipifera and Q. alba and a general radial profile for
all other species (Ford and Vose, 2007). Js was scaled to leaf-level
transpiration (E, mmh~1) using estimates of leaf area from each
tree/shrub derived from species-specific allometric relationships
between over-bark diameter at breast height (DBH) and leaf area
(Martin et al., 1998; Santee, 1978; Santee and Monk, 1981).

Canopy stomatal conductance (Gs, molm~2s-1) was derived
from E; according to Gs=KE_ /D, where D is vapor pressure
deficit and K is a temperature dependent constant (Phillips &
Oren, 1998). Conductance data were then filtered to remove data
collected under limiting light (photosynthetically active radia-
tion< 1400 pmolm~2s~1) and during low D (D<0.7kPa) when
empirical relationships between Gs and D are not well constrained
(Oren et al., 1999). The relationship between Gs and D was then
examined independently for morning (<1200 EST) and afternoon
(>1200 EST) data using a boundary line analysis (Dye and Olbrich,
1993). The boundary line analysis was performed separately for the
morning and afternoon data, and a simple regression between Gg
and In(D) was performed for each group.

3. Results
3.1. Wind regimes & the flux footprint

Wind predominantly flowed down-valley, originating from the
SW (i.e., Sector 4, 230-310° from N, Fig. 1). However, the distribu-
tion of wind direction depended on the time of day. In early morning
(midnight to 0500 h), wind was almost exclusively from Sector



6 K. Novick et al. / Agricultural and Forest Meteorology 185 (2014) 1-13

growing season

(a) wind direction (° from north)

dormant season

(b)wind direction (° from north)

4 (Fig. 1b); then, shortly before daybreak, wind direction often
switched by ~180° to originate from Sector 2 (i.e., 40-85° from N,
Figs. 1b and 3a,b). These up-valley winds originating from Sector
2 typically persisted until around noon, whereupon wind direction
again switched to originate from Sector 4 (Figs. 1¢,d and 3a,b). These
patterns were observed in both the growing and dormant seasons
(Fig. 3a and b).

Wind direction was usually uniform within and above the
canopy, indicating coupling between above- and below-canopy
flows; however, vertical gradients in wind direction occasionally
developed and coincided with the occurrence of wind direction
shifts between Sectors 2 and 4. Within-canopy gradients in hor-
izontal wind speed were small, with u(z) varying by less than
0.1ms~!, on average, for z=0 to h (Fig. 3¢ and d). The magnitude
of u(z) was lower in the canopy air space relative to the above-
canopy measurements in both the dormant and growing season
(Fig. 3c and d), indicating that tree stems and branches function as
momentum sinks even during leaf-off periods. The absolute magni-
tude of rotated vertical wind speed at z=37 m was small, but tended
to be positive during the daytime (<w(z)> =0.007m s~!, where
(.) denotes the average of all available runs) and negative at night

(w(z2)) = —0.004m s~1). Both positive and negative gradients in

w(z) were observed (Fig. 3e and f).

When wind was from Sector 4, the flux footprint was contained
within forested land representative of the study ecosystem with
very rare exceptions (Fig. 4a and b). During morning periods when
wind originated from Sector 2, the footprint frequently (>80% of the
time) included some areas of developed land located to the NE of
the tower (Fig. 4d).

—
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Fig. 3. Vertical within-canopy gradients of wind variables and scalar concentrations for four days during the growing season (left columns) and four days during the dormant
season (right columns). Patterns observed during these time periods are typical of those observed throughout the study periods. Wind direction is shown in (a) and (b), the
mean horizontal wind speed (u) and vertical wind speed (w) are shown in (c)-(f), and concentrations of CO,, H,0, and air temperature (T,) are shown in panels (g)-(1). The
horizontal dashed line indicates maximum canopy height.

3.2. Scalar profiles, and storage and advection fluxes

Large nocturnal build-ups of CO, in the canopy airspace were
observed during both the dormant and growing season (Fig. 3g
and h). Nocturnal CO, concentrations were highest in the sub-
canopy, promoting steep negative vertical gradients of CO, at night
and in particular during early morning hours (i.e., 2400-0500,
Fig. 3g and h). Throughout the canopy, CO, concentrations showed
the fastest rate of increase early in the evening shortly before
sunset (Fig. 3g and h); consequently, Fcoystor Was positive in
early evening ((Fcstor) ~2 pmolm=—2s~!and 5 pmol m~2 s~ ! in the
dormant and growing seasons, respectively, Fig. 5a and c). The
temporal change in CO, concentration was most negative around
sunrise (Fig. 3g and h), and consequently Fcoy stor Was negative in
early morning((Fc stor) ~ —2 pmolm=2s~!and —5 umolm~2s~1in
the dormant and growing seasons, respectively, Fig. 5a-d).

Above-canopy vertical wind speed tended to be negative at
night in all seasons (Fig. 3e and f). Because vertical advection fluxes
were determined by the product of vertical wind speed and the
scalar concentration gradient, Fcya tended to be strongly positive
in early morning (i.e., 2400-0500, Fig. 5a and c) when w(z;) was
<0ms~! and vertical gradients in CO, concentration were sharply
negative. When a friction velocity filter (i.e., u">0.25ms™1) was
applied, the contribution Fcya to the total ecosystem flux was min-
imized, though storage fluxes remained high (Fig. 5b and d).

The concentration of H,O generally decreased in late evening
and then increased in early morning (Fig. 3i and j), contribut-
ing to negative LEstor in early evening and positive LEstor in
early morning. During the daytime, H,O concentration reached a
peak in early- to mid-afternoon, when LEsyor was again positive
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(a) Elevation

(b) Daytime, Sector 4
[ 2033m 4 s oA
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Fig. 4. Elevation in the vicinity of the flux tower is shown in (a). During daytime and nighttime periods when wind was from Sector 4 (i.e., 230-310° from north), the typical
flux footprint overlaid forest areas within 0.5-1 km of the tower (panels b and d). During daytime periods when wind was from Sector 2 (i.e., 40-85° from north), the typical
flux footprint frequently exceeded the dimensions of the study ecosystem (panel d). The colormaps in panels b-d show the frequency (expressed as a %) with which the
footprint overlaid each parcel.
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Fig. 5. The diurnal course of carbon fluxes, including turbulent fluxes (solid line), storage fluxes (solid squares), vertical advection fluxes (open squares) and their sum (dashed
line). Data are shown separately for the dormant season (DS, a and b) and growing season (GS, c and d). The binned averages were calculated separately using all data (left
column) and data collected when friction velocity (u") was greater than 0.25ms~! (right column).
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Fig. 6. Same as Fig. 5 but for latent heat fluxes.

and of similar magnitude as the early morning storage fluxes.
However, the ratio of LEstor to the total ecosystem LE flux was
small during daytime periods (Fig. 6) as compared to nighttime
periods. Because temperature usually reached a local minimum
shortly before sunrise and a maximum in the afternoon (Fig. 3k and
1), Hstor Was typically positive from sunrise to about 1400 hours
(Fig. 7), and negative or near zero otherwise. Vertical gradi-
ents in H»O and air temperature were small relative to the
gradients in CO, (Fig. 3g-1); consequently Fyig and Fyy were
a small component of the total ecosystem flux of latent and
sensible heat (Figs. 5 and 6), respectively. Applying a friction
velocity filter produced little change in the magnitudes of stor-
age fluxes or vertical advection fluxes of latent or sensible heat
(Figs. 5 and 6).

3.3. Temperature sensitivity of ecosystem respiration

The temperature sensitivity of RE;, representing F-~ measure-
ments when Fc gc was near zero, did not agree well with the model
of Eq. (5) (r2=0.26, Fig. 8); the rate of increase in RE; with T,
under these conditions was not monotonic, with a local maximum
occurring around T, =20 °C. Agreement between the model and RE,
(which assumes a positive relationship between Fc ya and Fcya, see
methods for details) was worse (r2=0.12, Fig. 8). However, when
RE was augmented with an assumed Fcya=—-0.5Fcya (i.e., RE3),
agreement with the model improved considerably (2 =0.67, Fig. 8).
Furthermore, RE3 was similar in magnitude to RE4, which was esti-
mated using the measured sum of Fcgc+Fcstor when Fcya was
near zero. RE, also agreed well with the model (r2 =0.81). The close
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Fig. 7. Same as Fig. 5 but for sensible heat fluxes.
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Fig. 8. The relationship between nocturnal ecosystem respiration (RE) and air
temperature (T,) estimated from binned averages of T, using four approaches to esti-
mating the respiration fluxes: (1) RE estimated from F¢" collected when measured
Fcec was near zero (RE1); (2) RE estimated as the sum of RE1 +0.5Fcya, reflecting
an assumed positive correlation between horizontal and vertical advection fluxes
(RE2), (3) RE estimated as the sum of RE1 - 0.5Fcya, reflecting an assumed negative
correlation between horizontal and vertical advection fluxes (RE3), and (4) RE esti-
mated from F¢" collected when measured Fcys was near zero (RE4). The lines show
the model of Eq. (5) fitted to each dataset.

agreement between RE3, RE4, and the model of Eq. (5) suggest that
during nocturnal periods, Fc ya and Fcya are negatively related, and
that minimizing data to those collected when Fc v is near zero will
also minimize the contribution of Fcya to Fc,

3.4. Flux profiles

Agreement between growing season fluxes measured by the two
above-canopy, open-path systems was best when wind originated
from Sector 4 (Fig. 9). This was true for carbon, latent heat, and sen-
sible heat fluxes regardless of time of day. Correcting the flux profile
records for changes in storage and vertical advection between
the two measurement heights improved carbon flux agreement

Sector 1 Sector 2

Sector 3

0.8

0.75-

0.7

0.65

0.6/

energy balance closure

0.5

0'450 50 100 150 200 250 300 350

wind direction (°from N)

Fig. 10. Energy balance closure as a function of wind direction. Daytime data are
represented with closed symbols, and nighttime data are represented with open
symbols. The numbers at the top indicate the wind sector.

slightly (Fig. 9a); but, had little effect on LE and H agreement (Fig. 9b
and c¢). When wind was from Sector 4, corrected carbon fluxes
agreed to within 1 wmolm~—2s-1 on average (corresponding to a
relative error of <10%); latent heat fluxes agreed to within 10 W m~2
on average (corresponding to a relative error of <7%); and sensible
heat fluxes agreed to within 4W m~2 on average (corresponding
to a relative error of <3%). When wind was from Sector 2, the dif-
ference in carbon flux between the two profile systems (AF.) was
large for daytime periods (2-3 wmol m~2s—1, Fig. 8a). For all fluxes,
agreement between the two systems was poor when wind origi-
nated from Sectors 1 or 3, as expected.

3.5. Energy balance
Energy balance closure was highest when wind originated from
Sector 4 (Fig. 10). In this case, the EBR metric approached 0.8. EBR

was lowest when wind originated from Sector 3 (EBR~ 0.55); and,
EBR was relatively low when wind originated from Sectors 1 and
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Fig. 9. The difference in CO, fluxes (a), latent heat fluxes (b), and sensible heat fluxes (c) measured by the two flux profile systems located at 33 and 37m from
August-December, 2011. Data are shown separately for differences in turbulent fluxes only (closed symbols), and differences in turbulent + vertical advection + storage
fluxes (open symbols). Daytime data are shown with squares, and nighttime data are shown with circles. The vertical dashed lines delineate the four wind sectors.
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Fcsug or Fc* (nmol m? s7Y)
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Fig. 11. The sub-canopy CO; flux (Fcsug solid bars) and the sum of turbulent, vertical
advection, and storage fluxes measured at the top of the canopy (Fc', open bars) for
evening (sunset-2400) and morning (000-0500) periods using all available data,
and data when friction velocity (u”) is greater than 0.25ms™'.

2 (EBR=0.55-0.65). Overall, even when wind originated from Sec-
tor 4, energy balance ratio was low when compared to other flux
sites (see Wilson et al., 2002), where energy balance closure often
exceeds 80%.

3.6. Comparison between above- and below-canopy CO, fluxes

When all available data were considered, the nocturnal CO, flux
measured with the sub-canopy EC (i.e., Fcsyg) system was lower
than F¢" measured above the canopy (Fig. 11). The ratio of Fcsyp
to Fc" was larger in early morning (Fc syg:Fc" =0.42, 000-0500 h) as
compared to late evening (Fcsup:Fc =0.34, sunset-2400 h). When
data were filtered to remove measurements collected during low
turbulence (i.e., when u" measured above the canopy exceeded
0.25ms~2), Fcsup and F¢” were similar during evening periods and
early morning (Fcsyg:Fc' =0.67 and 0.62, respectively, Fig. 11).

3.7. Sap flux in morning as compared to afternoon periods

We found that the relationship between Gg and D
(Gs=mIn(D)+b) determined from a boundary line analysis
during high light conditions was statistically indistinguishable for
morning and afternoon periods (Fig. 12). The ratio m/b was 0.55
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Fig. 12. The relationship between canopy stomatal conductance (Gs) and vapor
pressure deficit (D) determined from sap flux data. The relationships developed
for morning data (open circles, dashed line) and afternoon data (closed circles, solid
line) are statistically indistinguishable (p=0.91).

and 0.52 for morning and afternoon data, respectively, consistent
with previous work (Oren et al, 1999) and predictions from
ecological theory (Katul et al., 2009).

4. Discussion

The new flux monitoring tower at the Coweeta Hydrologic Lab-
oratory is located in complex and heterogeneous terrain (Fig. 4),
and a significant contribution of horizontal and vertical advection
to total ecosystem fluxes of mass and energy was anticipated. Given
the cost and difficulties in measuring horizontal advection flux in
particular (Aubinet, 2008; Feigenwinter et al., 2010a), our principal
objective was to interpret data collected from the singe flux moni-
toring tower to characterize the advection flux regime, so that data
collected when advection fluxes are significant may be removed
from the data record and gapfilled. While the flux regime observed
here is likely to be highly site specific, the general approach may
nonetheless be extended to other sites where advection is sus-
pected to represent a significant contribution to total ecosystem
fluxes.

Our results suggest that positive vertical advection of CO; is a
prominent feature of this study site from approximately midnight
to sunrise (Fig. 5), when wind was predominantly from the SW (i.e.,
downslope). The topographical slope in this direction is mild (<10%)
and the wind tends to follow the topography (Fig. 1a). Nonetheless
the persistent occurrence of negative vertical wind speed (after
the planar-fit coordinate rotation was applied) in early morning
periods (Fig. 3e-h) is indicative of subsidence of air into the canopy
airspace - a hallmark of drainage flow regimes (Feigenwinter et al.,
2010b; Lee, 1998; Turnipseed et al., 2003). The development of
positive vertical advection fluxes of CO, (i.e., Fcya) is consistent
with the development of drainage flows and indicates a conver-
gence situation (using the classification scheme of Aubinet, 2008).
Horizontal advection of CO;, (i.e., Fcya) was not directly mea-
sured at the site; however, an exponential relationship between
ecosystem respiration and temperature was only recovered when
Fcua was negatively related to Fcya, or when data were filtered
to remove significant contributions from Fcya (Fig. 8). We note
that a pattern of positive Fcya coupled with negative Fcya is not
without precedent (Aubinet, 2008; Feigenwinter et al., 2004), and
this conclusion is further supported by comparing the magnitude
of sub-canopy CO, flux (i.e., Fcsyg) to the sum of turbulent, stor-
age, and vertical advection carbon fluxes (i.e., Fc') measured with
the tower. The average difference between Fc* and Fc sup decreases
(Fig. 11) when data are filtered to remove the contribution of Fcya
to Fc', which suggests the existence of a negative Fcya in the unfil-
tered data. A pattern of Fcya >0, Fcya <0, and |Fcyal <|Fcval at
night would suggest a decrease in source intensity (i.e., respira-
tion) along the streamline (Aubinet, 2008). In this site, a decrease
in source intensity could be realized if drainage flows lead to the
accumulation of cool air near the valley base where the tower is
located.

We note that this analysis cannot rule out the existing of some
component of Fcya that is not related to Fcya. However, if the
models for RE3 and RE4 are applied to estimate RE for the entire
year, the resulting annual fluxes (1858 and 1942 g Cm~2) are within
the range of annual RE estimates derived from eddy covariance
measurements, which rarely exceed 2000gCm~2 in temperate
forest ecosystems (Lasslop et al., 2010; Falge et al., 2001). By con-
trast, annual RE fluxes derived from models RE; and RE; are 2756
and 3645gCm2 are considerably higher than those previously
reported for other temperate forests. Thus, the existence of a large
and persistent Fcya is unlikely at this site. In any event, confir-
mation that Fcya >0, Fcpya <0, and |Fcyal < |Fcyal could come from
a detailed comparison of eddy covariance carbon fluxes to those
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estimated by scaling plot- and tree-level measurements to the
ecosystem, which is an ongoing effort at the study site.

From approximately sunrise to noon, wind direction switched to
originate from the NE; this pattern is also characteristic of drainage
mountain flows, as shallow up-valley and anabatic winds may
develop in morning periods concurrent with the break-cup of cap-
ping inversions and the development of a convective mixed layer
(Stull, 1988). When wind originates from the NE, the flux footprint
exceeds the dimensions of the study ecosystem (Fig. 4), and agree-
ment between Fc* measured at different points about the canopy
was poor (Fig. 9), reflecting the existence of horizontal advection or
horizontal flux divergence. The energy balance ratio was also poor
when wind originated from the NE (Fig. 10), which could reflect the
influence of advection fluxes as well as a mis-match between the
flux footprint and the footprint of the net radiometer. In any event,
data collected when wind originated from the NE are unlikely to be
representative of scalar fluxes from the forest ecosystem surround-
ing the tower.

A small amount of data was collected when wind originated
from Sectors 1 and 3, in which case the angle of attack was large
and diverged considerably from the local slope (Fig. 1). Previous
work has shown that vertical wind speed is a difficult variable to
measure and a source of large uncertainty in the determination of
turbulent and vertical advection flux estimates, particularly when
wis large (Gash and Dolman, 2003; Kochendorfer et al., 2012; Nakai
et al., 2006). Thus, a priori, we expected uncertain flux measure-
ments collected when wind originated from Sectors 1 and 3. This
expectation was confirmed by poor agreement in fluxes measured
at two points above the canopy and poor energy balance closure
when wind originated from Sectors 1 and 3.

In summary, data from our single tower showed that the con-
tribution of advection to the net ecosystem exchange of mass and
energy at this site are minimized from noon to midnight provided
wind originated from the SW (i.e., Sector 4), and that reliable annual
estimates of ecosystem exchange will require the gapfilling of other
data (representing roughly 50% of the data record). The need to
gapfill the majority of nocturnal flux data is a frequently occur-
ring challenge at existing flux sites, including sites on relatively flat
terrain (Reichstein et al., 2005; van Gorsel et al., 2009). The need
to gapfill the majority of morning (i.e., sunrise to noon) data is,
to our knowledge, a challenge specific to our site, though results
from sap flux data show that physiological functioning is similar in
morning and afternoon approaches, supporting the use of a day-
time gapfilling approach that relies largely on afternoon data. The
gapfilling approach is discussed in more detail below, following an
examination of sources of error in the datasets.

4.1. Difficulties in measuring w and the relevance of these
challenges to this analysis

Turbulent and vertical flux estimates are sensitive to errors in
vertical wind speed. Errors in w may be related to (a) static offsets
representing persistent instrument biases related to the electronic
functioning of anemometers (Heinesch et al., 2007; Wilczak et al.,
2001), (b) dynamic offsets representing flow distortions around
anemometer struts or the tower itself (Heinesch et al.,, 2007;
Kochendorfer et al., 2012), (c) tilt-angles related to sonic orienta-
tions that are not precisely vertical with respect to gravitational
potential (Paw U et al.,2000; Wilczaketal.,2001), and (d) the choice
and application of the coordinate rotation scheme (Paw U et al.,
2000; Wilczak et al., 2001). In general, errors and uncertainties
increase when the wind angle of attack approach the large values
observed in this study (Kochendorfer et al., 2012), and the verti-
cal velocity measurements presented here are acknowledged to be
uncertain estimates. By adopting a data screening approach that
relies on the removal of data collected when the total ecosystem

scalar fluxes were not well represented by the sum of turbulent and
storage fluxes, we may avoid correcting an already uncertain turbu-
lent flux measurement with imprecise measurements of advection
fluxes. Thus, errors in w are limited to affecting the turbulent flux
terms. In a previous study, we show that errors in w related to
static and dynamic instrument offsets and tilt-angles contribute to
minimal biases in measured scalar fluxes provided conditions are
sufficiently well mixed (Novick et al.,2013). The effect of systematic
biases in w related to the coordinate rotation scheme on mea-
sured fluxes could be identified by comparisons of tower-based flux
measurements of CO, and LE to those derived from independent
biometric measurements, which we stress is the focus of ongoing
work at the site.

4.2. Energy balance closure

In most eddy covariance applications, the energy balance is not
fully closed. In a synthesis relying on 50 site-years of data from
22 sites representing a range of climate and vegetation charac-
teristics, Wilson et al. (2002) found that energy balance closure
estimated using the EBR approach ranged from 0.34 to 1.69, with
a mean of 0.84. In this context, EBR at our study site is relatively
low (Fig. 10). Even when wind originated from Sector 4 (i.e., the
most favorable regime) during the daytime (when advection fluxes
are expected to be low), daytime energy balance closure was on
the order of 0.7-0.8. This imbalance could reflect a contribution to
the total ecosystem water or heat flux from horizontal advection,
or uncertainty in the vertical advection flux estimates. This imbal-
ance could also reflect uncertainties in the energy budget variables
that are unrelated to advection fluxes. For example, heat storage in
above-ground biomass has been shown to be a significant contri-
bution to the total ecosystem energy budget (Lindroth et al., 2010),
and could be high in this dense forest ecosystem where basal area
is close to 30 m2 ha~!. Additionally, our study site is characterized
by a spatially heterogeneous understory of Rhododendron (R. max-
imum), which forms a dense, evergreen sub-canopy 2-4 m tall. It
is possible that heat storage fluxes within Rhododendron canopies
differs from those in open areas of the sub-canopy due to differ-
ences in aerodynamic conductance and micro-climate. Testing this
hypothesis is a focus of ongoing research in the study site.

4.3. Implications for gapfilling strategies

Vertical advection fluxes appeared close to midnight and per-
sisted through much of the early morning (Fig. 5). The onset of
vertical advection fluxes a few hours after sunset, as was observed
here, isa common problem at many eddy covariance sites, and stan-
dardized procedures exist to filter and gapfill nocturnal flux data
collected in the presence of vertical and horizontal advection (van
Gorsel et al., 2009). Indeed, when data were screened in a man-
ner suggested by the van Gorsel study (i.e., RE4, or data collected
within a few hours after sunset, when vertical advection fluxes are
low), agreement between nocturnal RE and air temperature closely
matched predictions from a model (Fig. 8), and preliminary esti-
mates of annual RE using this approach (~1950gCm~2) are well
within the range of those estimated in other temperature deciduous
forests.

The need to reject much of the data collected from sunrise -
noon, when wind originated from Sector 2, is a more novel prob-
lem. Established approach for gapfilling eddy covariance flux data
include look-up tables and similar methodologies that rely on
averages of acceptable data collected under similar meteorological
conditions (Falge et al., 2001; Novick et al., 2013; Reichstein et al.,
2005) or the application of simple models that relate acceptable
measured fluxes to meteorological drivers (Lasslop et al.,2010; Stoy
et al., 2006). Both of these approaches are reasonable approaches
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for gapfilling the missing morning data at our site, but their success
will require that physiological functioning is similar in the morn-
ing and afternoon, or that diel differences in the driving variables
controlling mass and energy exchange are well represented in the
model or look-up table. One variable that is an important control on
both carbon and water vapor exchange is canopy stomatal conduc-
tance (i.e., Gs). Our analysis using sap flux data collected within the
vicinity of the tower showed that the relationship between Gs and
vapor pressure deficit was statistically indistinguishable between
morning and afternoon periods (Fig. 12). In other forest ecosys-
tems, hysteresis in the relationship between Gg and VPD has been
observed that is linked to soil moisture and VPD limitations to plant
functioning (Ford etal., 2004; Phillips et al.,2003; Tuzetetal.,2003).
As our study site receives nearly 2 m of rainfall a year, soil moisture
will not often be limiting and VPD is not often high. Thus, for this
site, using afternoon flux data to create look-up tables or simple
models could be a reasonable strategy to gapfill the large amount
of missing carbon and water vapor flux data in the morning.

5. Conclusions

Our analysis revealed that approximately 50% of data were
collected during periods when vertical advection fluxes were
observed, or when horizontal advection fluxes were inferred. Dur-
ing nocturnal periods in the early morning (2400-0600), large
positive vertical advection fluxes were observed, which were likely
driven by drainage flows and accompanied by negative horizontal
advection fluxes. During morning daylight periods (0600-1200),
flux footprint analyses coupled with observations of vertical flux
divergence suggest the presence of horizontal advection fluxes
driven by anabatic flows over heterogeneous terrain. Broadly
speaking, results from this analysis agree with other studies show-
ing that wind regime patterns and their associated advection
fluxes are highly site-specific (Aubinet et al., 2010; Yi et al., 2005).
Nonetheless, the approach outlined here, which relies on observa-
tion streams that may be collected from a single flux tower (i.e.,
vertical advection flux measurements, vertical flux profile mea-
surements, wind profile measurements, flux footprint estimates,
and energy balance closure) could be generally applied to other
sites where the advection flux regime needs to be characterized.
Taken together, these observations are sufficient to characterize
patterns of vertical advection, and to infer the likely magnitude
and direction of horizontal advection, with the exception of hor-
izontal advection fluxes in the sub-canopy that are decoupled
from above-canopy advection regimes. The presence of such a de-
coupled sub-canopy horizontal advection flux may be detected by
comparing eddy covariance CO, fluxes to independent estimates
of the components of ecosystem carbon fluxes (i.e., chamber-based
soil respiration fluxes, stem respiration measurements, etc.), which
is an ongoing effort at this site. In summary, the flux measurement
approach described here is well suited to capture mid-day (noon) to
late-evening fluxes (midnight) in this complex and heterogeneous
environment. Our analysis highlight the additional need of future
work at this and similar sites to incorporate gapfilling strategies to
specifically account for fluxes during nighttime and morning hours.
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