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Abstract. Changes in large-scale vegetation structure triggered by processes such as deforestation, wild-
fires, and tree die-off alter surface structure, energy balance, and associated albedo—all critical for land
surface models. Characterizing these properties usually requires long-term data, precluding characteriza-
tion of rapid vegetation changes such as those increasingly occurring in the Anthropocene. Consequently,
the characterization of rapid events is limited and only possible in a few specific areas. We use a campaign
approach to characterize surface properties associated with vegetation structure. In our approach, a profil-
ing LiDAR and hemispherical image analyses quantify vegetation structure and a portable mast instru-
mented with a net radiometer, wind–humidity–temperature stations in a vertical profile, and soil
temperature–heat flux characterize surface properties. We illustrate the application of our approach in two
forest types (boreal and semiarid) with disturbance-induced tree loss. Our prototype characterizes major
structural changes associated with tree loss, changes in vertical wind profiles, surface roughness energy
balance partitioning, a proxy for NDVI (Normalized Differential Vegetation Index), and albedo. Multi-day
albedo estimates, which differed between control and disturbed areas, were similar to tower-based multi-
year characterizations, highlighting the utility and potential of the campaign approach. Our prototype pro-
vides general characterization of surface and boundary-layer properties relevant for land surface models,
strategically enabling preliminary characterization of rapid vegetation disturbance events.
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INTRODUCTION

Vegetative structure fundamentally affects the
exchange of energy and momentum between the
surface and the atmosphere as well as the parti-
tioning of energy flux between components of
the surface radiation budget. Vegetation change
can thus alter radiation balance partitioning via
surface properties such as albedo—the propor-
tion of incident shortwave (SW) radiation that is
reflected to the atmosphere. Along with poten-
tial modifications of SW energy balance, changes
in surface properties may also induce changes in
the longwave (LW) radiation balance (Liu et al.
2005, Baldocchi and Ma 2013). Large-scale vege-
tation structure change can, therefore, alter near-
surface energy availability (net radiation) and its
partitioning into latent and sensible heat compo-
nents. Latent and sensible heat flux partitioning
is also affected by the availability of soil mois-
ture and the ecophysiological characteristics of
vegetation, which are also altered by vegetation
change (Villegas et al. 2014). Additionally,
vegetation change alters surface turbulence by
changing the three-dimensional structure and
thus roughness of the canopy. Turbulence, in
turn, alters boundary-layer properties impacting
mass, energy, and momentum exchanges, partic-
ularly when tree-dominated landscapes are
replaced by more heterogeneous and/or herba-
ceous cover types leading to a more emissive
boundary layer (Bonan 2008, Davin and de
Noblet-Ducoudr�e 2010).

Land use and climate change are driving
extensive changes in vegetation. These drivers
include managed changes to the land surface
such as deforestation as well as climate-driven
changes such as tree loss from wildfire, drought-
induced die-off, invasive natural enemies, and
other factors (Allen et al. 2010, 2015, Williams
et al. 2013). The speed and extent at which
changes in vegetation are occurring, and their
wide geographic distribution pose a challenge
for modeling surface–atmosphere responses to
vegetation disturbance because, for many dis-
turbed ecosystems, we lack characterization of
key surface properties that represent the effects
of land surface changes, particularly with respect
to the changes in vegetation structural attributes
and energy balance partitioning (Running 2008).
Consequently, rapid assessment protocols such

as those implemented in the past for other pur-
poses (e.g., Anderson and Goulden 2009) are
needed to characterize the effects of these distur-
bances. They are especially needed to advance
understanding of ecoclimate teleconnections—
ecological changes in one area that influence
climate and produce ecological responses in
others—which are assessed with broad-scale sur-
face-atmosphere modeling (Stark et al. 2016,
Garcia et al. 2016). Characterizing the change in
surface properties associated with land surface
change usually requires months to years using
permanent flux towers (Liu et al. 2005), making
it difficult to rapidly assess the effects of abrupt
vegetation change. Additionally, such characteri-
zations require paired or gradient sampling—
from impacted to non-impacted sites—which is
challenging for permanent flux tower installa-
tions due to the high resource costs associated
with each tower, such that co-located disturbed
and undisturbed comparisons are uncommon
and hard to achieve (but see Liu et al. 2005, Liu
and Randerson 2008).
Additionally, a key dimension of quantifying

impacts of vegetation change on surface energy
balance is developing strong quantitative links to
specific ecological changes. Globally, tree die-off
and increased tree mortality range from land-
scape-scale tree die-off in southwestern North
America (Breshears et al. 2005) to moderate
increases in the mortality of large trees in the
Amazon (Phillips et al. 2009), and are emerging
as a climate change-related crisis (Allen et al.
2015). Similarly, wildfires are increasingly alter-
ing landscapes (Williams et al. 2013). Linking
ecological changes with energy balance impacts
is critical to upscale and understand the broad-
scale consequences of vegetation change (e.g.,
McDowell et al. 2016) elsewhere for the climate
and for vegetation (Stark et al. 2016).
Here, we describe a campaign approach proto-

type for characterizing surface attributes associ-
ated with vegetation structure and energy
balance partitioning that does not require a fully
instrumented flux tower and can achieve general
characterization of the surface with short-term
measurements. Our approach (initially proposed
by Stark et al. 2016) compares vegetation
impacted by recent disturbance with co-located
control vegetation to quantify ecological change
and link it with energy balance consequences.
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First, we characterize vegetation structure with
profiling LiDAR and hemispherical image anal-
yses and with traditional biometry measure-
ments. Next, employing a portable mast
instrumented with a four-component net
radiometer, a vertical profile of portable wind–
humidity–temperature stations, and soil temper-
ature–heat flux sensors, we simultaneously esti-
mate energy balance components, their
partitioning, and their response to vegetation
change. It focuses on a pair of sites—one of
which is more disturbed—precluding the need
for space for time substitution in comparing sites.
We illustrate the application of this method in
two forest types with disturbance-induced tree
loss: (1) a boreal forest in Alaska with tree die-off
and subsequent wildfire and (2) a semiarid forest
in northern Arizona, where tree die-off and selec-
tive forest thinning have affected forest structure.
We contrast our campaign assessment observa-
tions of albedo with long-term tower-based
albedo estimates, when applicable.

METHODS—RAPID ASSESSMENT PROTOTYPE

Vegetation structure characterization
Our proposed prototype provides a rapid bio-

metric characterization of all standing stems (both
dead and live trees) with diameter at breast
height > 1 cm in a 50 m diameter circular plot,
centered at the location of the microclimate array
(Fig. 1). This plot size was determined by the
observational footprint of the four-component net
radiometer, located at the center of the plot. Addi-
tionally, we established a 50 9 50 m grid (with
the microclimate array in the center), with 10-m
transects both in north–south and in east–west
directions, for LiDAR characterization (covering a
total of 12 transects, six in each direction) and
hemispherical photography on each transect inter-
section, for a total of 36 photographs per plot
(Fig. 1). Canopy structural attributes were charac-
terized using a profiling LiDAR system that uses a
narrow-beam rapidly pulsed first-return laser ran-
gefinder coupled with a data recording system to

Fig. 1. Campaign assessment experimental setup for assessing the effects of vegetation disturbance on key
ecosystem properties affecting ecoclimate teleconnections. Experimental setup includes the installation of a por-
table mast with microclimate and energy balance instrumentation, and the characterization of tree structural
attributes around the footprint of the mast via biometric characterization of vegetation combined with LiDAR
profiling and hemispherical photography.
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quantify vertical vegetation structure from the rate
of pulse transmission in 1-m vertical bins (mea-
surements along ~1 m wide transects with a 2-m
horizontal bin grain; Parker et al. 2004, Stark et al.
2012, 2016). Additionally, we linked vegetation
structure with near-ground solar radiation using
hemispherical photographs taken 1 m above the
ground with a digital camera with a 180° field-of-
view fish-eye lens. We used a standard radiation
simulation computational tool (Hemiview canopy
analysis software version 2.1; Rich et al. 1999) to
calculate the proportion of direct solar radiation
that reaches the surface relative to that for an
open-sky situation at the same location (direct site
factor, DSF) as well as to estimate leaf area index
(LAI) for each location (Rich et al. 1999, Royer
et al. 2010).

Portable microclimate characterization
At the center of each plot, we installed an 18-m

portable mast instrumented with a net radiometer
at the top (CNR4 net radiometer, Delft, The Neth-
erlands), collecting five-minute averages of all
four components of net radiation (long- and SW
upwelling and downwelling components) for a
period of 72 h. To complete the radiation balance
measurements, a soil heat flux plate was installed
at a depth of 10 cm and located 3 m away on the
north side of the mast (HFP01 Soil heat flux plate;
Campbell Scientific, Logan, Utah, USA). Our esti-
mates from the heat flux plate are affected by soil
settling, and the short-term nature of our cam-
paign precludes longer-term soil settling occur-
ring during the measurement interval; however,
G is a relatively small component of the energy
budget (both specifically in our data and more
generally in most site energy balances), so we do
not expect this term to have a large effect on our
estimate of net radiation. For redundancy, a soil
temperature gradient measurement system was
co-located with the soil heat flux plate, with two
soil thermocouples (107-L temperature probe;
Campbell Scientific) installed at 5 and 10 cm
depths. An array of portable weather stations
(Kestrel weather meter 4500; Nielsen Kellerman,
Boothwyn, Pennsylvania, USA. Kestrel 4500 is no
longer produced and was replaced by a newer
model Kestrel 550 as of 2015) were installed on
horizontal arms extending 1 m out of the mast at
six heights (1, 3, 5, 10, 15, and 17 m) to character-
ize wind–humidity–temperature profiles in the

near surface, which were later used to estimate
Bowen ratio (Fig. 1). This approach is intended
for a field campaign that includes a pair of sites—
one of which has more disturbance and poten-
tially limited vehicular access—and is inherently
less comprehensive than long-term flux measure-
ments, but nonetheless provides a general
approximation of structural attributes and energy
balance partitioning, such that overall differences
between undisturbed and disturbed ecosystems
can be estimated.
Energy balance partitioning into sensible and

latent heat components was estimated through
the combination of net radiation, soil heat flux,
and temperature–relative humidity vertical pro-
files (assuming canopy heat storage is small
compared to other fluxes over the campaign
timeframe), using the Bowen ratio/energy budget
method which assumes that the vertical flows of
sensible and latent heat are proportional to verti-
cal gradients of temperature and humidity in the
atmosphere in the scale of meters to tens of
meters (b—the ratio of sensible to latent heat
flux; Shuttleworth 2012). More specifically, we
calculate available energy (Rn-G) as the differ-
ence between net radiation (Rn—derived from
net LW to SW radiation components in the net
radiometer) and ground heat flux (G—compara-
tively small). We then use the Bowen ratio esti-
mate (b—calculated from the measured vertical
gradients of virtual potential temperature and
vapor pressure) to partition available energy into
sensible and latent heat components. We also
estimated a proxy for NDVI based on data from
the four-component net radiometer, similar to
approaches others have used (Huemmrich et al.
1999, Doughty and Goulden 2008):

NDVI ¼ Albedo NIR�Albedo PAR
Albedo NIRþAlbedo PAR

where NIR and PAR correspond to the near
infrared and photosynthetically active radiation
portions of the spectrum and are estimated as
the SW and LW measurements in the four-
component net radiometer, such that:

NDVI proxy ¼ Albedo LW�Albedo SW
Albedo LWþAlbedo SW

.

Through a combination of canopy structural
and radiative properties described above, we esti-
mate the fraction of absorbed photosynthetically
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active radiation (FAPAR; similar to the approach
used by Wu et al. 2016):

FAPAR ¼ ð1� q1Þ � ð1� q2Þ � exp
a� LAI
cosðSZAÞ

� �

where q1 is the canopy reflectivity at the top (for
which we use our albedo estimate), q2 is the
canopy reflectivity at the bottom (for which we
use a value of 0.1, based on conifer estimates by
Gates et al. 1965), a is the light transmission coef-
ficient (for which we use our DSF values), LAI is
the leaf area index (for which we use or hemi-
spherical photography estimates), and SZA is the
solar zenith angle (for which we use a value of 0
in both cases).

RESULTS AND DISCUSSION

Example applications of prototype from
disturbance-induced tree loss

We identified key sites recently impacted by
large-scale vegetation disturbance in two domi-
nant North American vegetation types: a white
spruce (Picea glauca)/Lutz spruce (Picea 9 Lutzii)-
and paper birch (Betula neoalaskana)-dominated
boreal system on the Kenai Peninsula in south
central Alaska (60.10� N, 151.18� W), where a
control forest plot (unimpacted for at least 15 yr)
was located adjacent to a recently disturbed for-
est plot, impacted by tree mortality and wildfire.
In this location, disturbance was associated with
tree die-off caused by a combination of an exten-
sive spruce bark beetle outbreak (Berg et al.
2006) and changing wildfire regime (Berg and
Anderson 2006, Morton et al. 2006). Similarly,
we established an experimental contrast in two
semiarid conifer forest plots dominated by pon-
derosa pine (Pinus ponderosa) with occurrence of
other conifer species, as well as Gambel’s oak
(Quercus gambelii), northern Arizona (35.14� N,
111.73� W). In this area, tree cover was lost due
to a combination of die-off occurring within the
last decade, combined with management prac-
tices aimed at fire management (thinning).

The biometric observations in areas of contrast-
ing tree disturbance showmajor structural changes
from ecological change, reflected by differences in
tree size distributions (Fig. 2A, B). The disturbed
boreal forest plot shows (Fig. 2A) a similar relative
shape of the size distribution histogram, yet with

frequency of trees at all sizes decreased relative to
the control. By contrast, in the semiarid forest, the
relative size distribution shows a loss of relatively
large trees in the disturbed plot where disturbance
was associated with die-off (Fig. 2B). Vertical
canopy profiles obtained from LiDAR scans reflect
these patterns in both forests (Fig. 2C, D). More
specifically, there was a general reduction in foliar
density in the boreal forest, yet the vertical struc-
ture of the forest was maintained (Fig. 2C). In con-
trast, the change in tree size distribution was
related to an overall change in vertical vegetation
structure in the semiarid forest, where the loss of
large trees shifts the peak in foliar density to a
lower height in the canopy (Fig. 2D).
Vegetation disturbance is also illustrated by

increased values of the DSF derived from hemi-
spherical photography for both impacted plots
when compared to their controls (Mann–Whitney
rank sum test P < 0.001; Fig. 3A, B). Notably, this
effect is more pronounced in the semiarid forest
where the type of disturbance leads to a much
lower proportion of remaining standing vegeta-
tion in the plot, as highlighted by the structural
change after disturbance (Fig. 2B). In contrast, for
the lower-density boreal system, a greater pro-
portion of standing dead trees was present,
potentially contributing to increased radiation
interception, which led to less pronounced differ-
ences between the control and disturbed plots
(Fig. 3B). Similarly, LAI estimates from hemi-
spherical photography reflected the effect of veg-
etation disturbance with significant decreases in
both the boreal (Fig. 3C) and semiarid forests
(Fig. 3D). Fraction of absorbed photosynthetically
active radiation estimates (Fig. 3E, F) reflect the
open nature of both systems, characterized by
high values of canopy transmittance (indicated
by DSF) and low values of LAI, resulting in low
values of FAPAR that drop to almost zero in the
disturbed plots. These values reflect the condition
of the tree canopy and not the entire ecosystem,
including the understory (hemispherical photo-
graphy estimates used in the calculation do not
account for herbaceous or small statured vegeta-
tion near the ground), highlighting the potentially
significant alterations in ecosystem dynamics
immediately after tree disturbance, when under-
story vegetation has not responded.
Tree cover loss induces a change in vertical

wind profiles (Fig. 4A, B), decreasing surface
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roughness and affecting surface character-
istics that determine the potential for surface–
atmosphere exchange of mass and energy.
Decreased roughness is more evident in the boreal
forest, compared with the semiarid forest, and is
associated with a more extensive disturbance
impact and a more disperse canopy after distur-
bance (as highlighted by canopy structural attri-
butes, Fig. 2). Additionally, as canopy density and
height are generally greater in the semiarid forest
(Fig. 2D), roughness length is also generally
greater, even in disturbed locations. This leads to
more pronounced canopy effects on wind speed
and results in smaller differences between control
and disturbed locations. Further application of
our proposed prototype would allow derivation
of structure–roughness relationships useful for

improving prediction of surface processes associ-
ated with energy and mass exchange (Menenti
and Ritchie 1994, Lefsky et al. 2002).
The mean daily cycle of available energy (as

quantified by “Rn-G”—net radiation Rn minus
ground heat flux G) did not vary significantly
between disturbed and undisturbed plots in the
boreal forest (Fig. 4C), potentially due to similar
amounts of open understory with similar cover
in both locations, as well as the influence of dead
standing trees on vegetation structure. In con-
trast, the mean daily cycle of available energy in
the semiarid forest showed lower available
energy in the disturbed plot, compared to the
control, during the daytime hours. This is due to
higher values of outgoing radiation (in both
short- and LW portions of the spectrum) and

Fig. 2. Detailed structural characterization of vegetation via biometric measurements for (A) boreal forest con-
trast and (B) semiarid conifer forest contrast, including diameter at breast height (dbh) metrics in contrast to con-
trol and tree loss plots; LiDAR characterization (C, boreal, D, semiarid).
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greater heat dissipation to the ground in the dis-
turbed plot (Fig. 4D). The trend is reversed dur-
ing the night hours, when the emission of LW
radiation is greater in the more open-disturbed
site compared to the control.

Despite the contrast in total available energy,
vegetation activity does not significantly vary
between control and disturbed plots for both

forest types, as highlighted by our NDVI proxy.
There is a slight decrease in NDVI_proxy values
after disturbance for the semiarid forest, whereas
in the boreal system a slight increase in this met-
ric was recorded (Fig. 4E, F). Likely most vegeta-
tion activity is associated with understory
vegetation as canopy FAPAR values (Fig. 3E, F)
were considerably low. Consequently, there were

Fig. 3. Estimation of canopy effects on incoming solar radiation as illustrated by direct site factor (DSF; propor-
tion of annual direct solar radiation that reaches the surface relative to that for an open-sky situation at the same
location) in (A) boreal and (B) semiarid; leaf area index (LAI) for boreal (C) and semiarid (D) forest contrasts; and
fraction of absorbed photosynthetically active radiation (FAPAR) for boreal (E) and semiarid (F) forest contrasts.
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Fig. 4. Characterization of forest disturbance effects on surface properties as illustrated by changes in wind
speed profiles for (A) boreal forest contrast and (B) semiarid forest contrast; daily cycle of available net radiation
(difference between net radiation and ground heat flux) for (C) boreal and (D) semiarid forest contrast;
NDVI_proxy for boreal (E) and (F) semiarid; and energy balance partitioning as illustrated by Bowen ratio for (G)
boreal and (H) semiarid forest.
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no significant differences in the partitioning of
available energy into sensible and latent heat
components between control and disturbed
plots. This was particularly evident in the boreal
forest, as illustrated by the distribution of values
in the Bowen ratio (Fig. 4G, H). In both the bor-
eal and semiarid systems, however, there is
higher variability in Bowen ratio values in dis-
turbed locations, compared to the control sites,
which is related to higher spatial variability in
vegetation cover and associated meteorological
changes in the height profiles noted previously.

To further illustrate the utility of our proposed
approach to characterize model-relevant land-
scape properties, we compared our multi-day
estimates of albedo against multi-year characteri-
zations from Ameriflux sites. Albedo is a surface
property that defines key components of surface–
atmosphere interactions at these locations, and has
particularly important implications for defining
ecoclimate teleconnections (Randerson et al. 2006,
Swann et al. 2012, Stark et al. 2016). For the boreal
forest, we extracted daytime albedo values (8:00–
18:00) for a climatically comparable period (June,
July, August) in a three-year record for a fire
chronosequence (2002–2004), with characteristics
like those in our study sites (Delta Junction 1920
burn Alaska, USA, 63.89� N, 145.74� W; Delta

Junction 1999 burn, Alaska, USA, 63.92� N,
145.75� W; Liu et al. 2005). In the semiarid forest,
we extracted daytime albedo records (8:00–17:00)
for August-October 2005–2010 at the “Flagstaff
unmanaged forest” site (35.09� N, 111.76� W), cor-
responding to the base condition, and the “Flag-
staff managed forest” corresponding to the
disturbed location (35.14� N, 111.73� W). Overall,
our observed albedo values did not differ signifi-
cantly from the long-term values (Fig. 5), except
for the disturbed semiarid forest. In this case,
albedo was lower at the long-term flux site, where
tree density was lowered due to thinning as
opposed to die-off, making it a less direct proxy to
our campaign site where tree die-off was the pri-
mary driver of lowered tree density. To further
assess the potential for using short-term measure-
ments of albedo as an estimate of longer-term esti-
mates, we calculated 72-h average daytime albedo
values from the long-term data set at all four tower
locations and compared themwith three-day aver-
ages from the same data set. The mean albedo val-
ues for these two periods collected from the same
flux tower did not significantly different from each
other (Fig. 5). Collectively, these results highlight
the utility of our proposed rapid approach for
characterization of vegetation disturbance effects
on landscape properties.

Fig. 5. Comparison of albedo values derived from campaign assessment prototype (rapid) with long-term obser-
vations from eddy covariance measurements (long term) and three-day running averages from the long-term data
(3-day avg) for (A) boreal forest and (B) semiarid forest. Campaign assessment estimates are not significantly differ-
ent from long-term estimates (Mann–Whitney rank sum test with significance at ≤0.1), except in the case of tree loss
observations for semiarid forest, where long-term estimates were derived from a reference site with different char-
acteristics. Three-day running means are not significantly different from long-term mean values.
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Potential campaign approach application
We have prototyped a previously proposed

campaign approach for assessing the effect of veg-
etation disturbance on general processes linking
surface–atmosphere dynamics that are particu-
larly relevant to regional-to-global ecoclimatic
dynamics (Stark et al. 2016). Notably, our cam-
paign approach provides a general characteriza-
tion of surface and boundary-layer properties
relevant for models of vegetation-mediated sur-
face–atmosphere exchange at a relatively low cost
and without the requirement of multi-year observa-
tions. This approach is intended to complement—
rather than to replace—characterization of
surface–atmosphere properties by enabling
timely sampling of more vegetation types and
disturbance regimes in otherwise unsuitable con-
ditions. More specifically, it complements perma-
nent tower locations, enabling less logistically
constrained characterization of multiple vegeta-
tion states, including gradients of vegetation dis-
turbance and/or the effects of disturbance on
surface properties for different seasons. In con-
trast to previous campaign approaches (e.g.,
Anderson and Goulden 2009), our approach has
continuous measurements as opposed to individ-
ual measurements at different times; this allows
us direct estimation of disturbance effects rather
than space for time substitutions. We were able to
document changes from tree die-off alone or with
wildfire following some vegetation recovery; we
expect the approach would readily detect even
larger changes such as those immediately after
wildfire. Further development of our proposed
approach is expected to lead to a more robust,
generally applicable, and cost- and time-efficient
approach for general characterization of the
effects of vegetation transformation. Our
approach can potentially be further enhanced as
needed by including additional instrumentation
such as water vapor analyzers and 3D sonic
anemometers, as well as a more refined measure-
ment of ground heat fluxes. Importantly, our
approach provides empirical estimates of input
parameters critical to land surface models, includ-
ing albedo and LAI, and provides proxy metrics
for characterizing disturbance impacts such as
NDVI and FAPAR. These can be useful for con-
sidering how to scale from points up to the larger-
scale resolution of land surface models. Our
results can be scaled up to the grid cells of land

surface models by using ratios of disturbed/
undisturbed as applied to the proportion of dis-
turbed areas (like the approach used in the
MODIS Disturbance Index; Mildrexler et al. 2009;
e.g., for the semiarid forest example: DSF: 1.48;
LAI: 0.46; NDVI: 0.91; Albedo: 1.38; FAPAR: 0.41;
for the boreal forest example: DSF: 1.23; LAI: 0.29;
NDVI: 1.04; Albedo: 1.71; FAPAR: 0.52). More
generally, approaches like the one we propose
here are needed to address ecological applica-
tions related to ongoing and future rapid vegeta-
tion changes and their consequences for site
microclimates, land surface–atmospheric feed-
backs and ecoclimate teleconnections, and related
estimates and management of biogeochemical
processes, including carbon accounting.
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