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A small urban park in Yerevan, Armenia, was studied using biogechemical analysis
of the tree canopy, field spectral reflectance measurements of tree leaves, simulated
WorldView-2 multispectral data generated from the leaf spectra, and two summer
images of real WorldView-2 data. The tree canopy of the park is dominated by
two trees, Robinia pseudoacacia L. (locust) and Fraxinus excelsior L. (ash). The
Highest values of lead, nickel, molybdenum, copper and zinc were found in leaves
harvested from trees adjacent to the streets, whereas most of the lowest values for
those metals were found in the interior of the park. A t-test of the field spectral
measurements indicated that the green and red edge spectral reflectance of leaves
from trees near the streets was significantly higher than that of leaves of trees in
the interior (p < 0.05). However, in simulated WorldView-2 multispectral data, the
street and interior leaves were only statistically separable in band 6 (Red Edge)
raw data and hyperspherical direction cosine (HSDC) normalized band 6 data.
HSDC-normalized band 6 digital numbers from real WorldView-2 data of 16 June
and 9 August 2011 from trees adjacent to the streets were statistically higher than
the interior locations for both dates. Maps of anomalously high HSDC-normalized
band 6 values show a concentration on the park edges, suggesting vehicle pollution
may indeed be the cause of the observed patterns.

1. Background: urban pollution, plant stress and the potential for mapping stress with
WorldView-2 data

There is a long history of using remote sensing to map plant stress (e.g. Collins et al.
1983, Carter 1994, Lichtenthaler 1996, Evans et al. 2012), principally for water and
salinity stress (Elmetwalli et al. 2012), but also associated with other stresses such as
disease, high concentrations of sulfide minerals in the soil (Labovitz et al. 1983) and
even gas leaks (Smith et al. 2004). Most available satellite imagery has until recently
had limited applicability for mapping plant stress in urban environments for two main
reasons:
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Tree stress and WorldView-2 Red Edge band 201

Figure 1. WorldView-2 spectral bandpasses and example Robinia (locust) reflectance.
(WorldView-2 data courtesy of DigitalGlobe).

a. Low spatial resolution Urban plant canopy is typically heterogeneous and
highly fragmented, and the concentration of stressors may vary greatly over
short distances.

b. Low spectral resolution Plant stress can be manifested in narrow spectral fea-
tures (Smith et al. 2004), often not differentiated on broad-band multispectral
data. In particular, many vegetation stress studies have identified a shift in the
edge of the chlorophyll feature between red and near infrared wavelengths (the
so-called ‘red-edge’; Collins et al. 1983, Eitel et al. 2011). Red-edge wavelengths
have not until recently been typically included in multispectral sensor bands, or
if present were incorporated with adjacent wavelengths.

WorldView-2 (DigitalGlobe, Longmont, CO, USA) commercial satellite imagery
offers the potential to at least partially overcome both of these issues, with high spatial
resolution (approximately 2 m instantaneous field of view) multispectral data and,
crucially, eight spectral bands (figure 1) that offer far greater spectral differentiation
of narrow wavelength regions compared to four-band multispectral data. This study
investigated whether it is possible, using WorldView-2 data and in the context of an
urban park, to map canopy stress assumed to be associated with vehicle pollution.

2. Study site

Figure 2 shows the study site, a 0.8 ha, triangular urban park in Yerevan, the capital
of the Republic of Armenia. The park is bounded by two streets, Teryan Street to
the north, and Abovyan Street to the southeast. Teryan is the narrower of the two
streets, and has less traffic, but tends to have numerous idling taxis. Abovyan is a busy
multilane road, and is a major route for buses and minibuses. A traffic circle forms the
northeast apex of the park. Note that in the 16 June image (figure 2(a)), the off-nadir
view angle is relatively small (12.0◦), whereas in the 9 August image (figure 2(b)), the
24.8◦ view angle results in the multistory building to the southeast obscuring a small
part of the southwestern edge of the park. The park has a closed canopy tree cover,
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202 S. Asmaryan et al.

Figure 2. The study site, an urban park in Yerevan, Armenia. (a) WorldView-2 image of
16 June 2011 (12.0◦ off-nadir view angle). (b) WorldView-2 image of 9 August 2011 (24.8◦ off-
nadir view angle). Both images are non-standard false color composites of bands 5, 3 and 1
(Red Edge, Green and Coastal) displayed as RGB. (Projection: UTM Zone 38 N.)

with two species present: black locust (Robinia pseudoacacia L.) and European ash
(Fraxinus excelsior L.) (hereafter referred to as locust and ash, respectively). The trees
are mature, and relatively even aged.

3. Methods

3.1 Biogeochemical measurements

Biogeochemical sampling of the tree canopy leaves was carried out on 19 November
2011. The park was divided into three sampling sites: trees adjacent to Teryan Street,
trees adjacent to Abovyan Street and trees in the interior of the park. For each of
the three sites, two samples were collected, one of locust and one of ash, resulting in
a total of six samples (3 locust and 3 ash). The samples were analysed using atomic
absorption spectroscopy (ISO-8288) with graphite atomization for lead (Pb), nickel
(Ni), molybdenum (Mo), manganese (Mn) and copper (Cu). Flame atomization was
used for the zinc (Zn) analysis. All the elements analysed, except lead, are micronutri-
ents required in small quantities for plant growth, but as with any nutrient can be toxic
in excess (Prasad 2004, Peralta-Videa et al. 2009). All statistical analyses were carried
out with Microsoft Excel (Redmond, Washington, DC, USA). Student’s t-tests were
used to determine significance of the difference between the different locations.

3.2 Field spectral measurements

Field spectra were collected on 15 July 2011. As with the biogeochemical data, the
park was divided into three parts: trees adjacent to the two streets and the interior of
the park. Multiple leaves from the sunlit portion of the canopy were collected from
each of 15 trees, 10 from adjacent to the two streets (5 locust, 5 ash) and 5 from the
interior location (3 locust and 2 ash). Reflectance factor spectra were acquired with a
a FieldSpec-2, a portable, 400–2500 nm, field spectrometer (ASD Inc., Boulder, CO,
USA). A specially adapted portable, rechargeable lamp was used for illumination, and
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spectra were normalized to a Labsphere (North Sutton, NH, USA) Sprectralon bar-
ium sulphate reflectance standard. Three spectra were acquired from each set of leaves
clipped from each sampled tree. On subsequent examination in the laboratory, some
spectra showed anomalies in the crossover region between the different spectral detec-
tors, and were consequently eliminated from further analysis. This left a minimum of
one and maximum of three spectra per tree, resulting in a total of 32 spectra used.

3.3 Simulated WorldView-2 data

A simulation study of WorldView-2 data using the field measurements was carried in
order to determine the optimal methods for analyzing the satellite-acquired data. The
field spectra had a nominal spectral resolution of 3 nm in the interval 400–1000 nm
(Burkholder et al. 2011), whereas the WorldView-2 data comprise 8 broad spectral
bands. Therefore, the field spectra were resampled from a 3 nm interval to the 8 spec-
tral bandwidths of the satellite sensor by convolving the field data with the spectral
response of the sensor (DigitalGlobe, personal communication, 2012) following the
procedure of Trigg and Flasse (2000). Although the satellite radiance data can be
converted to an estimate of reflectance for comparison with the field spectra, it is
challenging to normalize for local incidence angle variations and the spatially varying
occurrence of shadows. Therefore, we chose to normalize the simulated WorldView-
2 data using hysperspherical direction cosines (HSDC) (Pouch and Campagna 1990,
Warner 2005), which suppresses illumination effects as well as the average brightness
of the pixel. In this method, each spectral band is divided by the pixels’ albedo, defined
as the square root of the sum of the squares of the eight bands. This approach forms
the basis of the classification method known as spectral angle mapping (Kruse et al.
1993).

3.4 WorldView-2 data

All image analysis was undertaken using Erdas Imagine 2011 (Intergraph, Huntsville,
AL, USA). The two WorldView-2 images (16 June 2011 and 9 August 2011, see
figure 2) were imported into Imagine, and converted to top of the atmosphere
reflectance, using the image metadata (Updike and Comp 2010). Haze was estimated
and removed, using a dark-object subtraction method (Chavez 1996). The imagery
was then clipped to the study area, and HSDC-normalized values calculated. The
next step was to select pixels to represent canopy areas adjacent to the two roads, and
interior pixels (figure 3), using the procedure described below, applied separately to
each image:

First, canopy pixels were identified by setting a threshold Normalized Difference
Vegetation Index (NDVI) value (using Near Infrared band 1) of 0.25. Because of a
concern of mixed pixels on the edge of the canopy, the region that passed the NDVI
threshold was eroded by one pixel. Teryan Street canopy edge pixels were defined as
those that simultaneously met the two criteria of being within 6 m (3 pixels) of the
edge of this eroded canopy map and also within 10 m (5 pixels) of the road. Because
Abovyan Street has an approximately 4 m wide paved area between the park and the
trees, the rules for the Abovyan edge pixels were relaxed to allow pixels to be within
14 m (7 pixels) of the road. The two street edges were then combined to form a single
class, representing canopy adjacent to street. Interior pixels were defined as being more
than 18 m (9 pixels) from the edge of the eroded canopy map.
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204 S. Asmaryan et al.

Figure 3. Areas selected for statistical separability analysis. (a) 16 June 2011. (b) 9 August
2011. Background image is the WorldView-2 B6 (Red Edge) image for each date.

4. Results

4.1 Biogeochemical measurements

Table 1 shows the highest values for five of the six elements analysed that were found
from the trees adjacent to Teryan street: in ash trees for Pb and Ni, and locust for Mo,
Cu and Zn. The lowest values for Pb and Mn were observed in ash interior sites, and
Ni and Zn for locust interior sites. Mo was anomalous in that both the highest and
lowest values were observed in interior sites, in locust and ash, respectively. Cu was
also somewhat unusual, in that it was the one element for which the lowest value was
observed adjacent to Abovyan Street, in this case for locust. Otherwise, Abovyan was
generally associated with intermediate concentrations. With ash and locust pooled,
interior sites were generally associated with lower values than the street locations for
Pb and Zn (p < 0.10), but were not significant for other elements. A summary measure
of metal accumulation, S, was calculated, by summing the values for Pb, Ni and Mo.
Pb has no known biological function in plants (Peralta-Videa et al. 2009) and Ni and

Table 1. Biogeochemical analytical results.

Concentration (mg kg−1)

Location Sample Species Pb Ni Mo Mn Cu Zn S

Teryan street T1 Ash 0.270 2.65 1.03 48.5 12.50 25.00 3.95
T2 Locust 0.245 1.43 1.79 35.5 17.51 27.36 3.47

Interior Int. 1 Ash 0.153 1.54 1.15 33.00 10.57 21.64 3.38
Int. 2 Locust 0.218 1.43 1.42 84.00 10.10 20.89 3.21

Abovyan
street

Ab1 Ash 0.215 1.66 1.50 35.55 10.58 25.01 2.84
Ab2 Locust 0.201 1.92 1.09 50.50 8.25 21.64 3.07

Notes: S represents the sum of Pb, Ni and Mo, and is an index of metal accumulation. For each
element, the highest values are printed in italics.
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Mo were included because the concentrations of these elements were an order of mag-
nitude higher than typical micronutrient concentrations required for growth (Epstein
1965, Jonnalagadda and Nenzou 1997). The highest S was found adjacent to Teryan
street, intermediate values from Abovyan and the lowest values from the interior loca-
tion. Interior S values (with ash and locust samples from both street locations pooled)
were statistically higher than the street values (p < 0.05).

The most likely origin of the anomalously high heavy metals is through airborne
transport of vehicle emissions deposited on the tree leaves. Clearly, such emissions
would tend to be concentrated along the street edges, but transport patterns may be
complex, especially for taller interior trees that might intercept pollution passing over
the park. The high levels of Pb seem surprising, given that Armenia stopped adding
Pb to petrol in 2001–2002. Nevertheless, it is possible vehicle pollution contaminated
the soil in the past, resulting in Pb being taken up by the roots of the current trees, and
transferred to the leaves.

4.2 Field spectral measurements

Figure 4(a) shows the mean spectral reflectance factor measurements for the three
locations, for the wavelengths relevant to WorldView-2 images. Leaves from interior
trees have slightly higher green (515–596 nm) and near infrared (>698 nm) reflectance
than leaves from adjacent to the streets. In the near-infrared, leaves from adjacent
to Teryan Street have notably lower reflectance factors than leaves from adjacent to
Abovyan Street.

Figure 4(b) shows p-values for the null hypothesis that spectra of leaves adjacent
to the streets are from the same population as those from the interior. In two nar-
row spectral regions, 530–565 nm and 700–742 nm, the p-values are below 0.05, and
therefore only these regions are candidates for spectrally separating the two locations.
In comparison, the WorldView-2 spectral bandpasses (50% response) are: 511–581 nm
for the Green band and 704 to 744 nm for the Red Edge band (figure 1). It is apparent
that the spectral region of high separability in green is smaller than the WorldView-2
Green band pass, and in addition, the signal to noise is likely to be low, given the low

Figure 4. (a) Mean field spectra of tree leaves. (b) Statistical separability of leaf spectra for
street and interior locations (low p-value indicates high separability) (n = 32).
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reflectance of the leaves at this wavelength (about 10%) due to chlorophyll absorp-
tion. In comparison, the red edge zone of high spectral separability almost matches
the WorldView-2 Red Edge band pass perfectly, and in addition, signal to noise
should be higher in this region than in the red. A recent study using Red Edge data
(Band 4, 690–730 nm) from the RapidEye satellite (RapidEye AG, Brandenburg an
der Havel, Germany) (Eitel et al. 2011) indicated this region was particularly effective
for identifying girdling-induced stress in junipers (Juniperus monosperma).

4.3 Simulated WorldView-2 data

The simulated WorldView-2 data (table 2) indicate that the spectra from the street
locations were only separable from the interior locations in band 6, the Red Edge
band, for both the raw reflectance and HSDC-normalized values, based on a t-test
and a p-value threshold of 0.05 (table 2). Notably the two NDVI ratios, calculated
with band 5 (Red) and bands 7 and 8 (Near Infrared 1 and 2, respectively) were not
statistically different between the street and interior locations. The results of the simu-
lated data therefore suggest that the Red Edge band should be the focus of analysis of
the real data, and that the HSDC normalization is potentially an appropriate way to
suppress illumination variation in this data, and still differentiate the sites.

4.4 WorldView-2 data

For both dates of WorldView-2 data, the street-edge pixels had a significantly higher
average HSDC-normalized B6 value than the interior locations (p-value = 0.00),
thus confirming the field-measured leaf spectral anomalies could be observed by
the satellite-borne sensor. As a final step, the canopy locations with particularly
high B6 values were mapped for each of the two dates. Anomalously high HSDC-
normalized B6 values were identified by flagging pixels with values that were higher
than one and two standard deviations, respectively, above the mean of the canopy pix-
els (figure 5). The patterns are not identical between the two dates, but do show similar
patterns of high values near the traffic circle at the northeast end of the park, a fairly
broad swath along Abovyan Street, and a narrower swath on Teryan street. Note that

Table 2. Simulated study of WorldView-2 data separability of the street versus interior locations
using field spectra convolved to WorldView-2 band passes.

Separability (p-value)

Band or band combination Raw reflectance data HSDC-normalized data

Coastal (B1) 0.81 0.75
Blue (B2) 0.94 0.60
Green (B3) 0.08 0.17
Yellow (B4) 0.57 0.98
Red (B5) 0.85 0.48
Red Edge (B6) 0.02∗ 0.04∗
NIR 1 (B7) 0.13 0.15
NIR 2 (B8) 0.14 0.14
NDVI 1 (B7 − B5)/(B7 + B5) 0.54 –
NDVI 2 (B8 − B5)/(B8 + B5) 0.52 –

Notes: HSDC stands for hyperspherical direction cosines. ∗Indicates the values significant at a
0.05 threshold.
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Tree stress and WorldView-2 Red Edge band 207

Figure 5. Areas within the park with anomalously high HSDC band 6 values as defined by
the average values of the street edge canopy locations. (a) 16 June 2011. (b) 9 August 2011.
Background image is the WorldView-2 B6 (Red Edge) HSDC-normalized image for each date.

9 August 2011 imaging geometry resulted in the southwestern edge of the park being
obscured, and this may be in part why the two maps differ in this region. For both
dates, some pixels within the interior of the park had anomalously high values. If the
anomalous spectral values are caused by airborne pollution, this would suggest that
the pollution does extend into the interior of the park, most likely where taller trees
intersect air travelling from the street above the canopy.

5. Conclusions

Field biogeochemical data of canopy leaves from a small urban park indicate relatively
high levels of heavy metals, including Pb and Zn, concentrated in locations adjacent to
the streets. Leaf spectra from near the streets show significantly higher reflectance in
the green and red edge. Simulated WorldView-2 data show, however, that only the Red
Edge band has the potential to differentiate these anomalously high values because
the WorldView-2 Green band is broader than the anomalous spectral region.

An important consideration in extrapolating from field spectral reflectance data to
satellite data is that generally it is not possible to estimate at-surface reflectance, espe-
cially in complex environments such as in urban areas. The simulated data suggested
that the HSDC normalization might be a useful approximation in suppressing illu-
mination variation in field and laboratory and spectra for comparison with remote
measurements.

The WorldView-2 data confirm that the HSDC-normalized Red Edge data (B6) are
statistically higher along the street edges than in the interior. Maps of the regions of
particularly high HSDC-normalized B6 data confirm that the trees indicating high
Red Edge values tend to be located adjacent to the streets, where vehicle emissions
are likely to be highest. Although not identical between the two dates, the pattern is
relatively consistent over the 2 month period of this study (16 June to 9 August) in that
higher values are mostly found on the edge of the park. This consistency is important,
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208 S. Asmaryan et al.

because if the anomalies have a short phenological duration or are only apparent inter-
mittently (for example, associated with certain weather events), this limits the general
value of the method for mapping stress remotely.

The park studied is dominated by two species, ash and locust. The fact that the
anomalies could be mapped in the presence of a mixture of two species suggests that
the method might be relatively robust. This would be crucial for extrapolating the
method across a wider region. However, further work is clearly needed to test the
method over a wider geographic extent, and in more heterogeneous canopies. If found
to be useful, this method could potentially be used to monitor urban pollution and
mitigate pollution stress associated in urban forests.
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