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ABSTRACT

Topography-mediated microclimates give rise to opposing hillslope ecosystems in north facing and south facing slopes of a
semiarid basin in central New Mexico. It is hypothesized that large solar irradiance differences are a driving mechanism in the
observed vegetation patterns. Using a distributed solar radiation model, we explore the topography–vegetation controls on annual
and seasonal irradiance in the basin. Three digital elevation models (DEMs), ranging from 1m to 10m resolution, and a digital
surface model with tree canopies, from Light Detection and Ranging (LiDAR), are used to assess improvements in capturing
irradiance differences in the opposing slopes. Remarkably reduced irradiance is found in the north facing slope throughout the
year. This suggests that terrain aspect is a first-order control on the spatial distribution of irradiance, with terrain slope leading to
differences within each aspect. Tree cover and its spatial arrangement are important second-order controls on irradiance which
can overwhelm topographic effects in specific locations and times of year. For example, differences between north facing and
south facing slopes are maximized in the spring equinox, rather than the winter solstice, when tree shading and reflection are
accounted for. North facing trees also diminish intercanopy radiation, depending on tree cover and vegetation albedo, with
important ecological implications for the conifer–grass association. Solar irradiance analysis helps identify the underlying
topographic and vegetation controls on microclimate in the opposing hillslope ecosystems, suggesting a feedback mechanism
that helps reinforce the differences in vegetation establishment. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

Understanding the effects of terrain attributes on ecologic
and hydrologic properties of semiarid areas is highly
relevant for a wide range of disciplines (e.g. Holland and
Steyn, 1975; Kirkpatrick and Nunez, 1980; Guisan and
Zimmermann, 2000; Coblentz and Riitters, 2004; Bennie
et al., 2008a,2008b; Burnett et al., 2008; Ivanov et al.,
2008a,2008b; Rinehart et al., 2008). In mid-latitude
regions, semiarid landscapes are sensitive to the controls
imposed by topography on the distribution of light, water
and nutrients (Holland and Steyn, 1975; Holland et al.,
1977; Badano et al., 2005; Caylor et al., 2005). In these
water-limited environments, the relative abundance of
vegetation is dictated by terrain-mediated energy inputs,
the redistribution of available resources and by the
ecophysiological adaptations of the plants themselves
(Meentemeyer et al., 2001; Walton et al., 2005). Holland
and Steyn (1975) provided a first attempt to address the
effects of topographic and latitudinal variations of solar
irradiance on vegetation occurrence and response. A
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number of studies have also recognized the influence of
slope and aspect on the modification of the energy budget
for mid-latitude ecosystems and its effect on soil moisture
availability for plants (Ranzi and Rosso, 1995; Breshears
et al., 1998; Zou et al., 2007).

Systematic variations in the water and energy budgets at
different terrain locations can promote the establishment of
diverse plant functional types (e.g. grasses, shrubs, trees).
Strong variations in ecosystem properties can, in turn,
directly impact hydrologic processes, such as interception,
infiltration and evapotranspiration, which may promote a
self-reinforcing effect on the differential plant establish-
ment (e.g. Nieve and Abrahams, 2002; Wilcox et al., 2003;
Gutiérrez-Jurado et al., 2007). As a result, terrain controls
on irradiance may lead to the development of niches in
semiarid landscapes that enhance ecosystem diversity as a
function of aspect and slope (Kirkpatrick and Nunez, 1980;
Horsch, 2003; Walton et al., 2005). Contrasting ecosystem
properties in topographically complex semiarid basins can
also promote differences in hydrogeomorphic processes, as
discussed in Part I of this work (Gutiérrez-Jurado and
Vivoni, 2012). In Part II, we analyse the topographic and
vegetation effects on solar irradiance by using four
elevation datasets. We explore the effects of aspect, slope
and vegetation on the annual and seasonal radiation, with
an emphasis on differences between north facing and
south facing regions and the impact of tree shading in
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intercanopy areas. Our intent is to help elucidate the
controls on the microclimate in the opposing hillslope
ecosystems.

Vegetation–topography–radiation interactions

The effects of topography and vegetation properties on the
incident irradiance have been addressed primarily at the
hillslope scale (e.g. Breshears et al., 1998; Martens et al.,
2000; Zou et al., 2007). Notably, Zou et al. (2007), in a
systematic study of topography–vegetation cover interac-
tions, demonstrated the effect of plant canopies in reducing
near ground solar irradiance for north facing and south
facing slopes. Nevertheless, their analysis was performed
using precise north facing and south facing aspects and did
not account for variations in the aspect or slope occurring
naturally in a landscape. From an ecogeomorphic perspec-
tive, it is important to study the coupled effects of
vegetation and topography on solar irradiance in a complex
setting that provides a range of potential vegetation niches
(Wilkinson and Humphreys, 2006). Natural landscapes
obtained from digital elevation models (DEMs) provide the
opportunity to address vegetation–topography interactions
when other factors (e.g. geological substrates) can be
isolated (Yetemen et al., 2010). Investigating the controls
of vegetation and topography on irradiance represents a
first step in unravelling the complex interactions that lead
to aspect-controlled ecosystems in semiarid basins and
their effects on landscape morphology (Paola et al., 2006).
Vegetation–topography–radiation interactions are con-

sidered to lead to the development of microclimates by
imposing spatial heterogeneities in energy loads at canopy
and intercanopy locations (Breshears et al., 1997). As
discussed in Gutiérrez-Jurado and Vivoni (2012), terrain
features (slope, aspect, curvature) and vegetation obstruc-
tions can lead to strong variations in the amount of
irradiance reaching the surface. Topographic and vegeta-
tion controls may amplify the differences in the micro-
climate, leading to a wide range of site conditions in a
relatively small area (Kirkpatrick and Nunez, 1980). For
example, substantial differences in solar radiation within
short distances can promote soil thermal gradients that
produce varying evapotranspiration rates and affect the
soil moisture status (Breshears et al., 1997, 1998). These
topographically mediated differences can also be ampli-
fied or muted by the presence of vegetation itself, through
its role on radiation absorption (shading) and reflection
(albedo) on a sloping terrain surface. As a result,
vegetation–topography–radiation interactions in semiarid
basins may reinforce the microclimate conditions that
originally led to the vegetation patterns.

Impact of terrain resolution on simulated irradiance

The spatial resolution of the DEM used to analyse the
vegetation–topography–radiation interactions directly
affects the definition of surface landforms and terrain
properties (e.g. Zhang and Montgomery, 1994; Deng et al.,
2007). For instance, high-resolution DEMs (1m) increase
the range of slope and aspect values, as compared to
Copyright © 2012 John Wiley & Sons, Ltd.
coarser products (Kienzle, 2004; Gutiérrez-Jurado and
Vivoni, 2012). Terrain parameters (slope, aspect and sky
view) interact directly with calculations of solar irradiance
because the size, shape and orientation of obstructions
modify the exposure to solar beam (Suri and Hofierka,
2004). Prior studies have typically used coarse resolution
DEMs (~25 to 100m) (Rich et al., 1995; McKenney et al.,
1999; Dymond and Johnson, 2002; Fu and Rich, 2002;
Zaksek et al., 2005; Piedallu and Gégout, 2008), though
Burnett et al. (2008) obtained insolation estimates with a
3m DEM. Radiation estimates with coarse DEMs have
been used to obtain proxies for vegetation productivity and
evapotranspiration, among other ecological variables (e.g.
Horsch, 2003; Lassueur et al., 2006; Astrom et al., 2007;
Bennie et al., 2008a). However, an increasing number of
technologies provide high-resolution DEMs (Slatton et al.,
2007; Tarolli et al., 2009) which can be used to study
radiation variability at fine resolutions. To our knowledge,
however, there are no prior studies addressing the effect of
spatial resolution on solar irradiance modelling in areas of
complex terrain. Montero et al. (2009) used adaptive
triangular meshes for improved solar radiation modelling
but did not address the resolution issue. Assessing the
impact of spatial resolution on irradiance can help
determine the level of detail required to capture microcli-
matic variations that lead to ecogeomorphic differences.
SOLAR RADIATION MODELLING AND
OBSERVATIONS

Topographic effects on solar radiation of the ~0.1 km2

study basin within the Sevilleta National Wildlife Refuge,
New Mexico, were studied using the three DEMs
introduced in Part I: IFSAR (10m), dGPS (4m) and the
bare earth LiDAR (1m). In addition, a digital surface
model extracted from the LiDAR data was used to capture
the effects of conifer trees (one-seed junipers, Juniperus
monosperma) on the north facing slope (referred to as
‘vegetated LiDAR’). The four products were used as inputs
to compute the shortwave irradiance by using the solar
radiation (SRAD) model of Wilson and Gallant (2000), as
described next. The reader is referred to Gutiérrez-Jurado
and Vivoni (2012) for a description of the study site and
products.

SRAD model

SRAD is a distributed model for complex terrain, which takes
into account the interactions of solar radiation fluxes with
atmospheric and land surface characteristics (Moore et al.,
1991). Figure 1 presents a schematic of the SRADmodel. The
amount of solar irradiance reaching the ground at a location
depends on a series of factors that operate over a range of
scales (McKenney et al., 1999) spanning from global to
microscale conditions. Global factors account for the solar
beam angle of incidence and the distance travelled from the
Sun to the Earth, which is dictated by latitude and time of the
year. At the regional scale, several factors affect irradiance,
including: (1) atmospheric attenuation (t) resulting from the
Ecohydrol. 6, 24–37 (2013)



Figure 1. Schematic illustrating the incoming shortwave irradiance components and its attenuation: isotropic diffuse and circumsolar diffuse (Circ)
irradiance, direct beam and reflected irradiance, atmospheric attenuation (t), cloud attenuation (b) and topographic and tree shading.
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reflection, absorption and scattering of the solar beam by
gases, water vapour and aerosols; (2) reemission of the
absorbed and scattered irradiance in the atmosphere as isotropic
diffuse radiation; (3) circumsolar radiation (Circ) emanating
fromwithin 5� of the solar disc; and (4) cloud attenuation (b) of
the direct solar beam and diffuse irradiance. At the local scale,
terrain conditions, such as slope and aspect, can alter the total
irradiance (i.e. direct and diffuse) through reflection from the
ground or through shading. Finally, tree canopies can reflect or
absorb radiation, thus, controlling the amount of irradiance
received by understory vegetation and intercanopy spaces
(McKenney et al., 1999; Martens et al., 2000).
To compute the potential incoming shortwave radiation

(SWR) for sloping terrain, SRAD requires calibrating the
model to local site conditions (e.g. McKenney et al., 1999;
Wilson and Gallant, 2000). Model calculations are
performed on 12-min intervals and summed to daily fluxes
for the majority of the direct, diffuse and reflected radiation
fluxes (Figure 1). In order to obtain realistic values, SRAD
requires mean monthly values of five radiation parameters
that can be calculated using nearby data. In this work,
incoming direct and diffuse shortwave radiation data were
obtained from the Sevilleta Long Term Ecological
Research (LTER) Red Tank weather station, located
<1 km from the study basin. Table 1 presents the input
variables and parameters necessary for SRAD. In the
following, we provide a brief description of each input.
The circumsolar irradiance is the SWR originating 5�

around the solar disc from which a coefficient (Circ) is
derived to allow the calculation of the total incident
irradiance. The coefficient Circ is calculated as (Wilson
and Gallant, 2000):

Circ ¼ Rmth

24�I (1)
Copyright © 2012 John Wiley & Sons, Ltd.
where Rmth is the mean daily observed irradiance for each
month, averaged over a series of years, and I is the solar
constant of 4.871MJm�2 h�1.

Atmospheric transmittance (t) accounts for the attenua-
tion of extraterrestrial irradiance and is calculated as the
fraction of extraterrestrial irradiance observed at the ground
on clear sky days minus a transmissivity lapse rate due to
the thinning of the atmosphere with elevation, as:

t ¼ Ret

Rthcs

� �
� 0:00008�z (2)

where Ret is the extraterrestrial irradiance from the sun
incident on a horizontal plane at the top of the atmosphere,
0.00008 is the transmissivity lapse rate and z is elevation
above mean sea level (z is ~1700m at the study site). Ret

was calculated using the solar constant (I) and a series of
geometric relations of the Sun distance and angles for each
day of the year (Dingman, 2000).

Sunshine fraction (S) is the daily proportion of sunshine
calculated by dividing the hours of clear sky insolation by
the hours with cloudy conditions. This parameter is
difficult to obtain as few weather stations directly report
cloudiness on a consistent basis. As a result, monthly
variations of S were obtained from the Albuquerque
International Airport station located ~60 miles northeast
of the study basin. The cloud transmittance coefficient (b)
is a monthly fraction of attenuation of the direct and diffuse
irradiance by clouds. b can be calculated as:

b ¼ Rth

Rthcs
� S

� �
� 1� Sð Þ�1 (3)

where Rth and Rthcs are the mean monthly observed and
clear sky irradiances, respectively; each averaged over
several years. Clear sky irradiance is the flux of incoming
Ecohydrol. 6, 24–37 (2013)



Table I. Solar radiation calibration parameters.

Month
Rth*

[MJm�2]
Rmth**
[MJm�2]

Rthcs***
[MJm�2]

Ret
†

[MJm�2]
[Rthcs/Ret]

[�]
Circ {

[�]
Albedo
[�]

b††

[�]
S*†
[�]

t�

[�]

January 390.1 12.8 14.2 18.7 0.76 0.11 0.2 0.62 70.1 0.62
February 449.5 16.2 19.3 23.7 0.82 0.14 0.2 0.67 69.1 0.68
March 673.3 21.7 25.0 30.1 0.83 0.19 0.2 0.64 73.3 0.70
April 779.9 26.0 30.1 36.0 0.83 0.22 0.2 0.68 80.1 0.70
May 887.7 29.0 33.3 39.9 0.83 0.25 0.2 0.68 80.1 0.70
June 886.1 29.4 34.3 41.5 0.83 0.25 0.2 0.70 83.9 0.69
July 841.4 27.1 33.2 40.7 0.82 0.23 0.15 0.68 77.1 0.68
August 758.1 24.5 30.1 37.5 0.80 0.21 0.15 0.67 75.1 0.67
September 656.5 21.9 25.9 32.4 0.80 0.19 0.17 0.69 78.5 0.66
October 561.9 17.9 21.2 26.0 0.81 0.15 0.2 0.67 78.0 0.68
November 413.9 13.9 16.8 20.2 0.83 0.12 0.2 0.67 73.9 0.69
December 364.1 11.6 13.5 17.3 0.78 0.10 0.2 0.62 69.6 0.64

*Rth is the total observed irradiance for a given month averaged over a series of years.
**Rmth is the mean daily observed irradiance for a given month averaged over a series of years.
***Rthcs is the mean monthly clear sky irradiance.
† Ret is the mean monthly extraterrestrial irradiance on a horizontal plane.
{ Circ is the mean monthly value for the circumsolar coefficient.
†† b is the monthly cloudy irradiance transmittance value.
*†S is the mean monthly sunshine fraction.
� t is the monthly value for atmospheric transmittance.

Figure 2. Comparison of mean monthly radiation estimates from
pyranometer observations from study site (34.41�N, 106.97�W, 1706m)
and the solar radiation (SRAD) model. Error bars depict� 1 standard
deviation. The observed values were calculated over the period 2007–2008.
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radiation when the sky is completely unobstructed by clouds
or dust. The calculation of Rthcs is somewhat problematic
when there is no cloud cover data associated directly to
the radiation observations. We computed Rthcs following
McKenney et al. (1999) by: (1) obtaining the maximum
radiation values for eachmonth for all years; (2) verifying that
these maximum values correspond to the day of maximum
insolation hours; (3) plotting the maximum daily irradiance
for each month against the day of the year; (4) fitting a
polynomial to the data from which clear sky radiation was
calculated; and (5) obtaining the mean monthly clear sky
irradiance (Rthcs) from the polynomial interpolation.
Albedo is the fraction of the incident radiation reflected

by the land surface. This value can be measured in the field
from SWR observations, or alternatively, values for albedo
can be found in tables for different surfaces. In this study,
the albedo was implemented uniformly across the basin
with seasonal changes in the summer months because of
vegetation greening. We explored the sensitivity of
irradiance to changes in albedo because of differences in
the land cover (north facing trees vs south facing shrubs)
and their effects through increased or decreased reflection.

Comparison between simulated and observed irradiance

The performance of SRAD was verified by comparing mean
monthly radiation estimates of 2 years against independent
observations from a pyranometer located at the flat headslope
of the basin. Figure 2 shows the comparison of the observed
and simulated mean monthly radiation. Observed error bars
represent� 1 standard deviation of the temporal variation in
eachmonth, whereas the simulated error bars are� 1 standard
deviation of the spatial variations at pixels in close proximity
to the measurement site. In general, the simulated irradiance
agrees well with the observed radiation for winter, but
differences between the two increase during summer months.
These summer differences are likely due to poor sunshine
Copyright © 2012 John Wiley & Sons, Ltd.
fraction parameterization of the model. Note that sunshine
fraction parameters were derived from available data at
Albuquerque which may not capture local cloudiness given
the small convective storm scale during the summer.
Nevertheless, the SRAD estimates represent a potential
maximum irradiance during the summer months and matches
well with the clear sky radiation during this period, providing
confidence in the simulated irradiance for the purposes of this
study.
SOLAR RADIATION ANALYSES

Topographic and vegetation controls on annual irradiance

Annual irradiance estimates provide a first indication of the
topographic controls in the opposing hillslope ecosystems.
Figure 3 shows the spatial distributions of the total annual
irradiance for each product: (a) IFSAR, (b) dGPS, (c) bare
Ecohydrol. 6, 24–37 (2013)



Figure 3. Spatial distributions of the total annual irradiance (MJm�2 year�1) for (a) IFSAR, (b) dGPS, (c) bare earth LiDAR and (d) vegetated LiDAR
products.
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earth LiDAR and (d) vegetated LiDAR. In all products, the
contrast in total irradiance between the south and north
facing slopes is evident. This contrast is even more
pronounced for the vegetated LiDAR where annual
differences between north facing and south facing slopes
can reach 8000MJm�2 year�1. This represents an 87%
reduction in the irradiance for some north facing sites as
compared to values on the south facing slope. In addition,
there is a notable increase in the complexity of the
irradiance field as fine scale topographic and vegetation
details are included in the products. Also, note that the
vegetated LiDAR indicates sharp contrasts between the
shaded intercanopy areas and the exposed treetops. A
common feature observed in all estimates is the influence
of the slope in modifying the control of aspect on the
irradiance. For example, the improved terrain definition in
the LiDAR products indicates (1) low irradiance in very
steep slopes (>25�) of north facing and west facing aspect
and (2) high irradiance on steep to moderately steep slopes
of south and southeast aspect.
To provide an assessment of the effects of aspect and slope,

we plotted themean annual irradiance for eachmajor orientation
[north (315–45�), east (45–135�), south (135–225�) and
west (225–315�)] against slopes at 1� intervals in Figure 4.
The general trends in this analysis include (1) irradiance for
south facing areas increases non-linearly with steeper
slopes, reaching a maximum at around 20�; (2) north
facing and east facing areas show decreasing irradiance
with increasing slope that is more marked and linear for
north facing sites; and (3) west facing locations do not
exhibit a strong irradiance trend with the slope. The impact
of spatial resolution on annual irradiance is closely tied to
the range of slope and aspect values in each product (see
Gutiérrez-Jurado and Vivoni, 2012). In the study basin, this
effect is more notorious for north facing locations. For
instance, for each increase in resolution and quality
(Figure 4a–c), there was an increase in the slope range
Copyright © 2012 John Wiley & Sons, Ltd.
(~7� for every product) and a corresponding ~1000MJ
m�2 year�1 decrease in minimum irradiance. As a result,
annual irradiance in north facing areas linearly decreases at
a rate of ~140MJm�2 year�1 per degree of slope for the
IFSAR, dGPS and bare earth LiDAR products.

The effect of tree canopies on modulating the control of
topographic slope and aspect on irradiance is particularly
interesting. Note the rate of decrease in the irradiance on
the north facing slope for the vegetated LiDAR (Figure 4d)
is not monotonic as in the other products. Three regions are
apparent: (a) Region I from 0 to 15� with a similar
behaviour as the other products; (b) Region II from 15 to
25� with a steeper rate than in the other products (and than
in Region I); and (c) Region III with slopes >25� that show
no irradiance trend with the slope and exhibit very high
variability. In addition, the irradiance values for the north
facing slope have increasing dispersion (indicated by� 1
standard deviation bars) with increasing slope. We interpret
this variability to be a result of the complex effects of tree
canopies on the north facing slope, including increasing
their exposure on treetops and shading their surrounding
intercanopy spaces. Although the shade and reflected
irradiance produced by tree canopies should vary according
to season, their impact is strong enough to alter the slope
control on annual irradiance in north facing areas. These
results agree well with Zou et al. (2007), who observed that
the annual amount of near ground solar irradiance on north
facing and south facing slopes is highly dependent on
canopy cover.

Figure 5 presents the variation of annual irradiance
across all aspects in each product. Bin-averaged annual
irradiance, calculated for bin widths of 10� in aspect
(denoted by the symbols), is similar among all products,
although the variability in each aspect bin is different
(dashed lines are �1 standard deviation). Coarse resolution
DEMs (IFSAR and dGPS) have a more restricted range of
aspect values and may miss entire east facing and west
Ecohydrol. 6, 24–37 (2013)
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facing areas. Note that irradiance varies considerably within
the north–northeast facing areas (larger spread) but is more
Figure 4. Total annual irradiance (MJm�2 year�1) for (a) IFSAR, (b) dGPS,
slope and

Figure 5. Total annual irradiance plotted as a function of aspect for each DE
The grey dots represent all the data; black circles show the mean irradia

Copyright © 2012 John Wiley & Sons, Ltd.
uniform in the south facing regions, for all products.
Clearly, north facing sites receive lower irradiance, with as
(c) bare earth LiDAR and (d) vegetated LiDAR products as a function of
aspect.

M: (a) IFSAR, (b) dGPS, (c) bare earth LiDAR and (d) vegetated LiDAR.
nce for each aspect bin, and dashed lines are� 1 standard deviation.

Ecohydrol. 6, 24–37 (2013)
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much as a 2000MJm�2 year�1 difference as compared to
south facing areas. Differences between the bare earth and
vegetated LiDAR are evident in the north–northeast facing
region but are not reflected in the bin-averaged values. The
individual sites lying outside the� 1 standard deviation in
the north–northeast facing region are particularly affected
by tree shading and have reductions of irradiance as
high as 5000MJm�2 year�1. This suggests that vegetation–
radiation interactions in north facing areas can be substantial
at the annual scale and, thus, merit closer inspection.
Another method used to depict irradiance differences in

the basin is via the use of probability density functions
(PDFs) of the annual irradiance for north facing and south
Figure 6. Probability density functions (PDFs) of the total annual
irradiance for (a) IFSAR, (b) dGPS and (c) LiDAR products of south
facing (black line) and north facing (grey line) slopes. Dashed lines in (c)

illustrate the effects of tree shading and reflection.

Copyright © 2012 John Wiley & Sons, Ltd.
facing locations, as shown in Figure 6. Interestingly, the
annual irradiance distribution for south facing locations is
remarkably similar for all products, suggesting that coarser
terrain products are adequate in regions with high radiation
fluxes. Conversely, irradiance PDFs for north facing sites
exhibit clear differences near 6500–7000 and 7500–
8000MJm�2 year�1 among the products. For example,
north facing PDFs of the LiDAR products show a strong
bimodality, reflecting the slope distribution, as shown in
Gutiérrez-Jurado and Vivoni (2012). This bimodality is
muted in the dGPS product and nearly identical in the
IFSAR DEM. The effect of tree canopies in the vegetated
LiDAR (Figure 6c) is limited to north facing areas and
results in an overall dispersion of irradiance, with higher
and lower values near the tails of the distribution, and a
decrease in the bimodality. This suggests that the tree
canopies increase the spatial variability in the north facing
irradiance. Lower irradiance values (<6000MJm�2

year�1) are due to tree shading effects on intercanopy
spaces, whereas the higher irradiances (>8000MJm�2

year�1) result from the exposure of south facing treetops
(Figure 3d).
Seasonal variability of topographic and vegetation controls

Because aspect-derived contrasts in irradiance are known
to vary with the seasons (e.g. Walton et al., 2005; Zou
et al., 2007), we assessed differences in daily irradiance in
Figure 7 for the spring equinox (DOY 80), summer solstice
(DOY 172) and winter solstice (DOY 355), where DOY is
the day of year. In the northern hemisphere during the
summer (winter) solstice, the Earth is tilted towards (away
from) the Sun, leading to more (less) intense and longer
(shorter) irradiance. During the spring equinox, the angle of
the direct sun beam is intermediate, and irradiance values
fall between the summer and winter solstices. Visually, the
largest differences between north facing and south facing
areas for the unvegetated DEMs (IFSAR, dGPS, bare earth
LiDAR) occur during the winter solstice, and the smallest
variations during the summer solstice. However, this
contrast is not observed for the vegetated LiDAR,
where the largest differences take place during the spring
equinox. Note the dramatic impact of the trees during the
various seasons, generally leading to lower irradiance in
the north facing slope and increasing its spatial variability
considerably. Although the increase in spatial resolution
and accuracy improves seasonal irradiance estimates, the
effect of the tree canopies overwhelms this improvement,
leading to a more pronounced impact on the irradiance
field. This suggests that tree height and cover information
is essential in assessing microclimate conditions in
semiarid basins with differences in vegetation patterns.

Figure 8 presents the combined effect of aspect and
slope on the daily irradiance for three products (IFSAR,
dGPS and vegetated LiDAR). We omit the bare earth
LiDAR because the vegetated version best exhibits
irradiance differences among the slopes. Clear aspect
controls are observed for the spring equinox and winter
solstice, increasing (decreasing) in irradiance with the slope
Ecohydrol. 6, 24–37 (2013)



Figure 7. Spatial distributions of the daily irradiance for each DEM [top to bottom: (a-c) IFSAR, (d-f) dGPS, (g-i) bare earth LiDAR and (j-l) vegetated
LiDAR], for the spring equinox (right column), summer solstice (middle column) and winter solstice (left column). Note that for each day of year

(DOY), the four product maps were adjusted to the maximum range of values observed among the products for comparison purposes.
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for the south facing (north facing) locations. These results
closely parallel the annual irradiance dependence on slope
and aspect but yield greater slope and aspect differences
during the winter solstice. The controlling effects of aspect
and slope on irradiance nearly disappear during the
summer solstice in the IFSAR and dGPS DEMs and are
greatly reduced in the vegetated LiDAR. Nevertheless, tree
canopies influence the irradiance during the summer
solstice, particularly for the steeper slopes, by reducing
irradiance in the north facing and west facing locations
(Figure 8h). The largest impact of the tree canopies occurs,
however, during the spring equinox (Figure 8g), instead of
the winter solstice. This is primarily due to the pronounced
decrease in irradiance with the slope in north facing
locations and suggests that the spring tree shading is more
important at reducing the irradiance than in the winter time,
when most of the shade is due to topographic effects. This
has important ecological implications as the spring
irradiance is closely related to the first pulse of grass
productivity in intercanopy areas (Pennington and Collins,
2007; Ivanov et al. 2008b). Clearly, the availability of
unvegetated and vegetated terrain products allows distin-
guishing tree versus topographic (slope and aspect)
controls on the seasonal irradiance in the study basin.

Vegetation–irradiance interactions as a function of tree
cover and albedo

An important question is the potential of vegetation
feedbacks to the local radiation field as a function of tree
Copyright © 2012 John Wiley & Sons, Ltd.
cover (Breshears et al., 1998; Gutiérrez-Jurado et al.,
2006). We explore this by inspecting mean irradiance
differences (MID) during the year in two sampling areas
(SA) with distinct tree cover percentages: (1) SA1 with
28% tree cover and (2) SA2 with 12% tree cover. Figure 9a
shows the two SA in the north facing slope selected for this
analysis. We evaluate the effect of tree radiation sheltering
by subtracting the bare earth LiDAR radiation from the
vegetated LiDAR radiation for each day in the year and for
each SA as:

MID ¼ Rveg � Rbare (4)

where Rveg and Rbare are the irradiances averaged over all
intercanopy spaces in each SA after masking out the tree
cells determined using an algorithm by Forzieri et al.
(2009). Figure 9b shows the MID calculated for each day
of the year for the two SA. A negative MID indicates that
the SA experiences a reduction in radiation because tree
shading overwhelms any potential increases in the
reflection to the ground because of the tree albedo. For
this analysis, the albedo values in Table 1 were assumed. In
both SA, the trees reduce the amount of irradiance
throughout the year, leading to a net loss of radiation that
is greater during the summer season than the winter. The
sampling area with higher tree cover (SA1) receives
consistently less irradiance during the year, with SA1 and
SA2 losing ~310 and ~220MJm�2 year�1, respectively.
This implies that a 16% increase in the canopy cover from
Ecohydrol. 6, 24–37 (2013)



Figure 8. Daily irradiance as a function of slope for each DEM product [top to bottom: (a–c) IFSAR, (d–f) dGPS and (g–i) vegetated LiDAR], for spring
equinox (right column), summer solstice (middle column), and winter solstice (left column). Irradiance values are grouped by aspect with different

symbols.
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SA2 to SA1 leads to a 40% decrease in annual irradiance.
These results indicate that the trees affect the total amount
of irradiance received by intercanopy spaces, depending on
the tree cover and the day of the year. Overall, the denser
tree cover in SA1 was more efficient in reducing the
irradiance as compared to the sparser SA2 area.
To evaluate the combined effects of terrain attributes and

tree cover, we subtracted the mean irradiance from the two
SA for each product (vegetated and bare earth LiDAR) as:

MIDveg;bare ¼ R SA1ð Þv;b � R SA2ð Þv;b (5)

where R(SA1) and R(SA2) represent the areally averaged
irradiance for the intercanopy areas in each SA, and v and b
depict the vegetated and bare earth products (note that
MIDveg is related to R(SA1)v and R(SA2)v only, similarly
for MIDbare). MIDveg and MIDbare are the solid and dotted
lines in Figure 9c, respectively. Temporal differences
between MIDveg and MIDbare (depicted as the area between
the solid and dotted lines) capture explicitly the role played
by tree canopies on the irradiance, independent of
variations in topographic conditions among the two SA.
Note that the combined effects of changes in topographic
conditions among the two SA and a 16% increase in tree
Copyright © 2012 John Wiley & Sons, Ltd.
cover from SA1 to SA2 produce a net loss of radiation of
~300MJm�2 year�1 (MIDveg). By removing the effect of
the trees (MIDbare), a net annual irradiance loss of
~220MJm�2 year�1 is observed, which is a 26.6%
increase in irradiance as compared to the MIDveg. It is
interesting to note that the temporal variations in MIDveg

and MIDbare reveal that the effect of the tree canopies on
the irradiance is greatest during the summer period.
Furthermore, the effect of topographic shading is largest
during spring and fall seasons, suggesting that the impacts
of terrain attributes and vegetation cover on irradiance are
asynchronous during the year.

The impact of tree reflection was further assessed by
performing a sensitivity analysis of the surface albedo.
Prior results assumed a spatially uniform albedo with
temporal fluctuations during the summer season (Table 1).
For this analysis, a spatially variable albedo was used on
the basis of vegetation differences (trees vs grasses/shrubs).
Tree albedo was held constant at a value of 0.15 because of
its evergreen nature, whereas the grass and shrub albedos
were varied according to seasonal phenology (Table 1).
Figure 10a and b illustrates the impact of the spatially
variable albedo (dotted lines) with respect to the uniform
albedo (solid lines). Results indicate a slight decrease in
Ecohydrol. 6, 24–37 (2013)



Figure 9. (a) Digital surface model depicting two sampling areas (SA) with different tree cover percentages: SA1= 28% and SA2= 12%; (b) mean
irradiance difference between vegetated and bare earth sample areas; and (c) mean irradiance difference between SA1 and SA2 for vegetated (solid line)

and bare earth LiDAR (dotted line).

Figure 10. Sensitivity analyses for a spatially uniform albedo (solid lines) and a variable albedo (dotted lines). (a) Mean irradiance difference between
vegetated and bare earth sample areas and (b) mean irradiance difference between SA1 and SA2 for vegetated (solid line) and bare earth LiDAR (dotted

line).
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irradiance when using a spatially variable albedo for both
SA1 and SA2, especially during the summer (Figure 10a),
but indicate a small irradiance gain in SA1 during winter.
The decrease in irradiance in the summer is due to the
lower albedo of trees (reduced from ~0.2 to 0.15), resulting
in less radiation reflected back to the intercanopy spaces.
The small increase in the winter for SA1 is likely due to the
higher cover, suggesting slightly higher tree reflection to
the intercanopy space at this tree density for this sun beam
angle. The impact of the albedo on the tree effect (i.e. the
difference between MIDveg and MIDbare, Figure 10b) is
minimal but exhibits the trends described for summer and
winter seasons. This suggests that using a spatially variable
Copyright © 2012 John Wiley & Sons, Ltd.
albedo amplifies the observed differences in radiation in the
opposing slopes.
Individual tree locations and canopy radiation

Despite their close proximity, the hillslope ecosystems show
irradiance differences at seasonal and annual scales. As a
result, tree locations within the study basin should be con-
trolled by aspect and, to a lesser extent, by slope. Figure 11a
graphically shows the tree locations, with respect to aspect
and slope in polar coordinates, with the distance from the
origin representing the surface slope (0 to 40�). The majority
of the trees are clustered in the north–northeast region
Ecohydrol. 6, 24–37 (2013)



Figure 11. (a) Location of each individual tree as a function of aspect and
slope and (b) Bin-averaged total annual irradiance for each tree aspect,
separated into south (circles), west (diamonds), east (triangles) and north
facing (squares) sites. Error bars depict� 1 standard deviation in each bin.
The magnitude of irradiance [MJm�2 year�1] increases radially outwards.
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between 0 and 50� in aspect and along slopes between 15 and
25�. This suggests a preferential location (or topographic
niche) for conifer trees related to the irradiance received at a
site. This observation supports the analysis of Ivanov et al.
(2008b) which indicated that grass species in this climate had
preferential locations depending on radiation amounts. The
range of slopes with trees also coincides with Region II in
Figure 4d, indicating that the steepening of the irradiance
Figure 12. Probability density functions (PDFs) of tree height and location w
trees with heights of 1m or less, the dashed lines is for trees between 1 and 2

curvatures indicate concave terrain, wherea

Copyright © 2012 John Wiley & Sons, Ltd.
trend with the slope in the north facing areas is due to tree
sheltering.

Tree canopies at specific locations constitute a protu-
berance in the terrain with defined canopy aspects and
slopes. Figure 11b shows the mean annual irradiance
received by tree canopies in the basin as a function of
aspect. Distance from the origin indicates the amount of
irradiance on the trees themselves for each aspect bin (10�

bin width). In general, the portions of the canopies facing
north receive the least radiation (~4000MJm�2 year�1),
and the parts facing south receive the highest irradiance
(~9000MJm�2 year�1). Similarly, the spatial variability
(�1 standard deviation within each aspect bin as bars) is
greater for north facing sides, and it decreases when
approaching the south facing parts. As a result, we would
expect that intercanopy areas on the north facing slope,
looking directly towards the south facing sides of a tree
canopy, experience higher amounts of canopy reflectance.
This effect can combine with lower shading in certain
intercanopy areas of the north facing hillslope to result in a
net increase of radiation throughout the year. This
behaviour would contradict the general trend of decreased
irradiance in the north facing hillslope and is only likely to
occur under very special circumstances. For example, this
may explain the small increase in irradiance in SA1 (higher
tree density) during the winter season (Figure 10a).

Finally, we used the vegetated LiDAR to explore the
relation of tree canopy height with three terrrain attributes:
aspect, slope and curvature. We used tree height, extracted
using an algorithm by Forzieri et al. (2009), to classify
canopies into three sizes: small (<1m), medium (1 to
2.5m) and tall (>2.5m). For each category, we calculated
the probability of tree occurrence as a function of aspect,
slope and curvature in Figure 12. Clearly, there are no
differences in the tree height distribution with aspect as
trees are located on north–northeast slopes. Nevertheless,
the range of aspect values in which trees occur slightly
increases with tree height. Slope appears to have an effect
on the distribution of tree height with smaller trees (<1m)
located in a more restricted range of slopes (15 to 21�) as
compared to medium-size trees (13 to 26�) and tall trees (5
to 30�). Note that small and medium trees have normal
ith respect to (a) aspect, (b) slope and (c) curvature. The solid line is for
.5m height, and the dotted line is for trees taller than 2.5m. In (c), negative
s positive values indicate convex terrain.
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distributions of tree occurrence with slope, whereas tall
trees exhibit a bimodal distribution such that they are
located either on gently sloping terrain (5 to 12�) or steeper
slopes (15 to 30�), with the majority located around 20�.
With respect to curvature, we find that (1) the majority of
small-size and medium-size trees are found on planar
terrain and have almost equal chances of finding a tree on
convex and concave locations, and (2) a few tall trees are
located in concave areas (negative curvature), where soil
water tends to concentrate, whereas the rest are found in
more convex locations (positive curvature), associated with
a diverging hillslope (Gutiérrez-Jurado and Vivoni, 2012).
Although we would expect that tall trees be found in
concave areas with water accumulation, this may not occur
for all tall trees if they grow to a size that depends less on
the local conditions of the terrain (concave or convex) by
reaching out farther with a larger root system. Further
exploration of this topic is warranted through the use of
high-resolution topography–vegetation datasets.
CONCLUSIONS

Opposing hillslope ecosystems in mid-latitude, semiarid
regions exhibit clear differences in vegetation composition
and hydrogeomorphic properties. These differences are
driven by variations in the energy budget in which solar
irradiance plays an important role. Quantifying irradiance
contrasts between the north facing and south facing
hillslopes is a first approximation to unravelling the
complex interactions leading to the observed ecogeo-
morphic patterns. In this work, we used a distributed solar
radiation model and a set of sequentially improved
elevation datasets to explore the vegetation–topography–
radiation interactions at a basin in the Sevilleta National
Wildlife Refuge. Previous studies addressing the effects of
slope and aspect on annual irradiance found that polar-
facing (equator) areas with steeper slopes receive less
(more) radiation (Rich et al., 1995; Breshears et al., 1998;
Zou et al., 2007). Our analysis on the effects of topography
on irradiance supports prior studies and demonstrates that
the slope–aspect effect on irradiance in the study basin is
more prominent for the north facing areas, leading to a
linear decrease rate of ~140MJm�2 year�1 per degree
increment of slope. In addition, the pronounced effect of
the slope on north facing areas is augmented when the
effect of the tree canopies is considered, leading to large
reductions in total annual irradiance because of tree
sheltering. Our analyses indicate that conifer trees
effectively reduce annual and seasonal irradiance with
important influences on their local microclimate in ways
that can self-reinforce their occupation of the north facing
slope. For example, we would expect that lower energy
loads on the north facing slope would lead to lower
evapotranspiration rates for intercanopy grasses, allowing
higher soil moisture fluxes in the soil profile that sustain the
deeper-rooted conifer trees (Gutiérrez-Jurado et al., 2006).
Assessing the performance of the various products on

irradiance allowed us to elucidate the impact of spatial
Copyright © 2012 John Wiley & Sons, Ltd.
resolution on the vegetation–topography–radiation interac-
tions at the basin scale. In general, improving the definition
of terrain features (i.e. aspect, slope and curvature) by
increasing the spatial resolution and quality leads to the
amplification of the irradiance contrasts in the basin.
However, annual irradiance estimates for south facing areas
are remarkably similar for all products, suggesting that
coarser terrain products are adequate in regions with high
radiation fluxes. On the other hand, radiation fluxes on
north facing locations are significantly improved with each
increase in resolution (i.e. IFSAR to dGPS, dGPS to
LiDAR). Moreover, adding the tree effects as obstructions
in the irradiance estimates results in an increase of the
spatial variability of radiation on the north facing hillslope
and a significantly lower irradiance in the intercanopy
spaces occupied by grasses. As a result, high-resolution
data with tree cover information is essential in properly
assessing microclimatic conditions in semiarid basins with
opposing slopes. The varying energy loads between the
mesic, north facing slope (juniper–grass ecosystem) and
the more xeric, south facing slope (desert shrubland)
support the hypothesis that the ecosystem patterns are
primarily a result of the influence of aspect-controlled
irradiance on local microclimate and its effects on water
and energy fluxes on each hillslope (Gutiérrez-Jurado and
Vivoni, 2012), whereas the terrain slope and the tree
arrangements play secondary roles.

Seasonality in irradiance for water-limited ecosystems in
areas of complex terrain is important in explaining the
vegetation contrasts between opposing slopes (Dymond
and Johnson, 2002; Badano et al., 2005; Walton et al.,
2005). The fundamental premise is that the amount of
radiation incident on the slopes varies through the seasons,
providing more or less energy input for evapotranspiration
demands (Breshears et al., 1998). For a basin in the
northern hemisphere, we would expect to observe greater
differences in irradiance between the north facing and
south facing slopes in the winter and smaller differences
during the summer. This behaviour in seasonal irradiance
occurs in all products except the vegetated LiDAR product,
where the largest irradiance differences between north
facing and south facing slopes are found in the spring. The
deviation from the expected results shows the impact of
tree canopies in reducing the irradiance of their surround-
ing intercanopy areas. Given the grass community
established between the conifer trees (Gutiérrez-Jurado
et al., 2007), this finding has important implications on the
radiation and thermal regime experienced during the spring
growing season for the grasses (Pennington and Collins,
2007; Ivanov et al., 2008b). For instance, the cooler con-
ditions and lower radiation created by tree shading may
help conserve soil moisture in the intercanopy areas of the
north facing slope through reduced evapotranspiration. In
addition, the lower temperature and higher soil moisture
created by differences in irradiance from tree shading could
promote greater vertical fluxes in the soil profile that can
sustain the deeper-rooted conifer trees.

The conifer trees (J. monosperma) are the only plant
species fully captured by the LiDAR dataset in our study
Ecohydrol. 6, 24–37 (2013)
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basin. Thus, the modelling of irradiance with tree canopy
effects allowed us to examine in detail the potential
feedback of conifers on irradiance. For two selected SA
with varying tree cover percentage, we found that
irradiance in intercanopy areas is reduced depending on
the density of tree cover and the time of the year. We
limited our analysis to the actual tree distribution on the
north facing slope of the study basin. However, further
investigation on the effect of spatial distribution of the
canopies in adjacent basins of the region (Yetemen et al.,
2010) may be required to clarify vegetation–radiation
interactions in a broader setting, experiencing a wider
variety of slope and aspects (Martens et al., 2000). Another
issue regarding the effect of the trees on irradiance would
be the proportion of radiation reflected from the different
aspects of the canopy surface. For example, we observed
that, on average, a conifer tree can receive twice as much
radiation on the canopy surface facing south as compared
to the canopy areas facing north. This explains why we
observed greater variability in irradiance on the north
facing slope of the vegetated LiDAR product.
An analysis of the spatial distribution of trees in relation

to three topographic attributes (aspect, slope, curvature)
showed that (1) tree locations are restricted to north facing
areas and are normally distributed within the north–
northeast region regardless of size, (2) small trees occur
at restricted ranges of slopes (15–21�), whereas taller trees
can be located either on steep or gentle slopes, and (3) the
majority of the trees are located on slightly convex
locations, whereas a few tall trees take advantage of the
concave locations where water can accumulate in the
landscape. The analysis of the spatial occurrence of conifer
trees, with respect to terrain attributes, merits further
investigation through a larger dataset (sample size) in the
study region. Given the larger range of terrain and
vegetation conditions in the broader region (Istanbulluoglu
et al., 2008), this analysis is more likely to obtain
generalized trends between tree establishment and terrain
properties in this aspect-controlled ecosystem. In particular,
a fruitful avenue for investigation is to link this
observational dataset with numerical ecohydrological
modelling (Ivanov et al., 2008a,2008b) in order to identify
the underlying mechanisms (for example, lateral soil
moisture redistribution through run-on or subsurface
transport) that are responsible for the observed vegetation
patterns.
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