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Determining the effectiveness of remote sensing
for studying boreal forest response to moisture
stress
Jessica Henderson, Joseph M. Piwowar
University of Regina

Abstract: This study examines the effect of moisture stress on northern
Saskatchewan’s forests, and determines if this impact can be monitored with the
use of remote sensing imagery. Meteorological data from northern Saskatchewan
over three years were analyzed to determine if there were any temperature and
precipitation anomalies in this area. Change detection analyses were performed
on satellite images acquired in 1997, 1998, and 1999 by the NOAA AVHRR and
Landsat-5 TM sensors. The results from these analyses were then examined using
several statistical tests to determine if the differences were significant.
Analysis of the climate record showed that 1998 was warmer and drier than
normal. The satellite image analyses highlighted large reductions in vegetation
growth in this year. We also found statistically significant differences in vegetation
productivity within the study area from 1997 to 1999. We conclude that the
northern Saskatchewan forests undergo climate-induced stresses large enough to
be detected by spaceborne sensors during periods of fluctuation in temperature
and precipitation.

Introduction
Remote sensing can provide us with a large amount of information
about any location on earth, regardless of how harsh the climate, or isolated
the area. In particular, monitoring the effects of changing climates on the
Earth’s vegetation with remote sensing has given us new insights to the
impacts of global warming (Lillesand et al., 2004). Remote sensing systems
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with a near-infrared band, such as Landsat’s Thematic Mapper (TM) sensor
and NOAA’s Advanced Very High Resolution Radiometer (AVHRR) sensor,
are ideal for studying climatic impacts on vegetation productivity as
healthy green vegetation reflects strongly in this part of the spectrum.
The purpose of this study was to determine if remotely sensed data
can be used to document an effect on anthropogenically undisturbed
vegetation in northern Saskatchewan that could be attributable to a
reduction in moisture levels, similar to what would occur during an El Niño
event. Our work was based on the hypothesis that fluctuations in moisture
levels in 1997 and 1998 would create a change in vegetation productivity
that was strong enough to be detectable by remote sensing.
The objectives of this study were:
1)
2)

To document temperature and precipitation anomalies over a
three-year period: 1997, 1998 and 1999.
To determine if these anomalies had an impact on forest
productivity that was large enough to be observable in remote
sensing imagery.

Drought and Climate Variability in the Boreal Forest
A reduction in moisture levels in a boreal forest ecosystem results in
a reduction of vegetation productivity. This ecosystem is sensitive to
climatic fluctuations. Drought is identified as a major factor affecting the
health of various tree species, such as trembling aspen, in the boreal
forests of the Canadian prairie provinces (Brandt et al., 2006). Long-term
dendrochronology studies show that over time, drought has had a
significant effect on boreal forest health in Canada (Bergeron et al., 2002).
Lower precipitation levels result in reduced forest productivity.
Temperature also has an effect on forest health. Initially, an increase
in temperature will result in an increase in photosynthetic activity (Kellomaki
and Vaisanen, 1997). However, this temperature increase will also result in
an increase in soil temperature, which will eventually cause a reduction in
soil moisture, therefore decreasing vegetation productivity (Kellomaki and
Vaisanen).

El Niño
El Niño is a meteorological event whose effects are felt in many areas
throughout the globe. It is a change in weather patterns over the Pacific
Ocean, which results in a reverse in the east-west flow of ocean currents
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(UNEP, 1992). This change is connected to many other changes in weather
patterns in areas far beyond the Pacific Ocean (D’Aleo and Grube, 2002).
In the 1970s scientists realized that there was a connection between
El Niño and world weather patterns (UNEP, 1992). These relationships
between the El Niño phenomenon and other weather patterns throughout
the world are called teleconnections. Anomalous weather associated with
an El Niño event is not restricted to equatorial regions. Teleconnections atmospheric pressure and circulation anomalies that extend between global
circulation patterns – bring El Niño-related weather changes to disparate
regions of the Earth. For example, scientists have noted reductions in
hurricane frequency in the western Atlantic with concomitant increases in
Southeast Asia during an El Niño event (UNEP, 1992). Floods and droughts
can bring famine and disease, especially to developing countries that
have limited coping capacities. Changes in weather can disrupt the balance
of ecosystems causing the death of animals, reduce soil quality due to
wind and water erosion, lower crop yields, and disrupt transportation and
communication networks (UNEP, 1992).
In the 1920s, Sir Gilbert Walker suggested that El Niño may have an
effect on western Canada. Although this idea was originally rejected, it
has since been shown that El Niño is correlated with dryness and drought
in western Canada and the northwestern and north central United States
(Garnet et al., 1998; D’Aleo and Grube, 2002). Ropelewski and Halpert
(1986) found that the Pacific northwestern United States, western Canada
and Alaska experienced warmer than normal temperatures in eighty-one
percent of El Niño years. Bonsal and Lawford (1999) looked at the years
1948 to 1991 and concluded that there were more extended dry spells in the
prairies following the mature stage of an El Niño event. D’Aleo and Grube
(1992) attributed this to a teleconnection change in the Pacific-North
American Oscillation where a high pressure ridge develops over
northwestern Canada and a low pressure trough sets up over the
southeastern United States. This pattern creates dry conditions in areas
under the ridge, and heavy precipitation downstream of the low pressure
trough. During an El Niño winter the jet stream is usually split over
western North America. In this situation, most of the energy runs through
the southern part of the flow. This split results in warmer and drier weather
in western and central Canada. This suggests that El Niño could have a
direct effect on the growth and productivity of vegetation in northern
Saskatchewan.
1997/98 El Niño:
A particularly strong El Niño occurred in the winter of 1997-98. Sea
surface temperature anomalies in the Pacific Ocean were larger than those
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seen during most El Niño events. The effects of this El Niño were
devastating to many nations. It has been estimated that this “Super El
Niño” killed 2,100 people and caused $33 billion (US) in damage (D’Aleo
and Grube, 2002). The El Niño was a significant contributor to the 1998 ice
storm that left millions of people in eastern Canada without power for
weeks.

Remote Sensing
Much of northern Saskatchewan is sparsely populated and vegetation
maps of this area are not routinely updated. Remote sensing is a valuable
tool for studying changes in remote areas and can provide timely data that
would otherwise not be available.
Landsat Thematic Mapper:
In the 1960s, NASA began a program whose purpose was to launch a
series of earth observing satellites (Lillesand et al., 2004). The first of
these satellites was put into orbit on July 23, 1972, and was called ERTS-1
(Earth Resources Technology Satellite - 1), later to be renamed as Landsat
1 (Lillesand et al., 2004). To date, there have been six successful Landsat
satellites: Landsat 1-5, and Landsat 7.
In this study, data from Landsat 5 were used since this was the only
Landsat system operational from 1997 to 1999. This satellite was launched
on March 1, 1984 and is still in orbit. Its primary sensor is called the
Thematic Mapper (TM), which records seven spectral bands of data (in
the blue, green, red, near IR, mid IR, thermal IR and mid IR spectral regions)
and it has a 30 meter spatial resolution (Lillesand et al., 2004).
There are many applications for Landsat data, including classifications
of land use, map updating, urban growth monitoring, recognition of rock
types, glacial monitoring, tracing sediment patterns, and vegetation
monitoring (Jensen, 2000).
NOAA AVHRR:
The U.S. National Oceanic and Atmospheric Administration (NOAA)
has several satellites in orbit that were originally designed to aid in weather
prediction. These satellites, however, have also proven to be very useful
in the monitoring of natural resources because they provide a high temporal
resolution over a large area (Lillesand et al., 2004). In particular the NOAA
-6 through NOAA -17 satellites have all carried the Advanced Very High
Resolution Radiometer (AVHRR) sensor. The AVHRR records data in five
bands: visible red, near infrared and three thermal infrared, and has a
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nominal spatial resolution of 1.1 km at nadir. AVHRR data have been used
for snow cover mapping, flood monitoring, soil moisture analysis and
vegetation mapping (Lillesand et al., 2004).
Vegetation Monitoring with Remote Sensing:
The spectral reflectance characteristics of vegetation facilitate the
monitoring of vegetation cover and productivity. Radiation in the red part
of the visible electromagnetic spectrum is absorbed by plant pigments,
while near-infrared radiation is strongly reflected (Ustin, 2004). The ratio
of these two wavelengths is related to the photosynthetic activity of the
plants and responds to changes in their chlorophyll contents and green
biomass (Jensen, 2000).
Vegetation indices - the ratio of the red and near-infrared data from
remote sensing instruments - have been developed to determine the relative
abundance and state of vegetation in an area. Of the more than twenty
vegetation indices that have been developed, the most robust is the
Normalized Difference Vegetation Index (NDVI) (Ustin, 2004). The NDVI is
a measure of vegetative quality and vigor (photosynthetic activity) (CCRS,
2005). The NDVI is calculated as:
NDVI = (Near IR – Red) / (Near IR + Red)
Where:
Near IR - near-infrared sensor band (e.g. TM 4 or AVHRR 2)
Red - red sensor band (e.g. TM 3 or AVHRR 1)
NDVI values range from -1 to +1. Features such as cloud, water and
snow reflect more in the visible part of the spectrum than they do in nearinfrared wavelengths so they usually have negative NDVI values. Bare
soil or rock typically have NDVI values of around zero. Healthy green
vegetation has stronger near-infrared reflectance than red thereby
producing NDVI values close to +1 (Lillesand et al., 2004).
The NDVI can be used for many types of vegetation monitoring, such
as forest clear cutting, biomass estimation, and deriving approximations
of photosynthetically active radiation (Aronoff, 2005). In particular,
changes in annual NDVI measurements of vegetation taken over the same
region can be related to differences in growing conditions and has been
successfully applied for studying vegetation responses to climate change
(Ustin, 2004). There is, however, a lack of information on the use of remote
sensing for monitoring the effects of El Niño on sensitive boreal
environments, such as northern Saskatchewan forests.
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Study Area
We examined the sensitivity of the northern Saskatchewan boreal
forest to climate at two scales. The “overall” study area extends from 55º
N to 60° N and from 104°W to 108º W (Figure 1). The AVHRR data cover
the overall study area (Figure 2a). The majority of the vegetation in the
study area is Northern Boreal Forest with a small portion of the southwest
corner covered by Southern Boreal Forest (University of Saskatchewan,
1999). Black spruce and jack pines are the most common tree types in the
Northern Forest, although some birch is also present. The Southern Boreal
Forest has many different vegetation types, such as poplar, spruce and
alder (University of Saskatchewan, 1999).
A southern section of the overall study area was selected for more
detailed analysis with TM data. The “detailed” study area is bounded by
54° 59’ 18" N, 104° 35’ 40"W (southeast corner) and 56° 48’ 11"N, 106° 35’
05"W (northwest corner) (Figures 1 and 2b). Due to persistent cloud
cover in some years, a smaller Landsat subarea was chosen within the
detailed area to minimize cloud contamination (Figures 1 and 2c). The
detailed study area includes many lakes and rivers, such as Upper and
Lower Foster Lake, Foster River, a portion of Smooth Stone River, Besnard
Lake, Daly Lake and the Morin Lake Indian Reserve. This is a highly
vegetated area that contains a large amount of forest with some marshy
sections. The area was chosen because it is sparsely populated and the
vegetation here is relatively undisturbed.

Data
Remote Sensing Data:
In order to study the effects of the El Niño we acquired data that were
collected before, during, and after the event. For the overall study area
AVHRR images were obtained from 1997, 1998, and 1999. For each year,
two AVHRR images were acquired: one from near the beginning of the
growing season (June 1) and one from the end (September 1). The
AVHRR images are cloud-free NDVI composites that include only the best
data from a 10-day window around the image date.
Landsat TM images were acquired for the detailed study area from
the summer months of 1997, 1998 and 1999. Summer images were selected
because that is the time of maximum vegetation productivity. Every effort
was made to obtain images that were acquired as close to the same date as
possible in order to accurately compare vegetation. In spite of this, there
was some variance in the image dates due to persistent cloud cover in
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Figure 1: Study areas.

some years. The first image was acquired on September 1, 1997, the second
on September 20, 1998 and the third on July 7, 1999.
Cloud-free subareas from the TM images were taken along the western
edge of the scene in order to maximize the cloud-free coverage between
dates as much as possible.
Climate Data:
Climate data were retrieved for the La Ronge weather station (55°
09’N, 105° 16’ W), which is the closest weather station to the detailed
study area with available data. The data included the average temperature
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Figure 2: Satellite images of the study areas.

and total precipitation for each month in 1997, 1998, and 1999 (Figure 3).
For comparison purposes the 1961-1990 climate normal for these parameters
was also obtained.

Analysis Procedure
Our first objective was to determine if there were temperature and
precipitation extremes contemporaneous with the 1997/1998 El Niño event.
To answer this question we computed monthly anomalies for the three
years studied by calculating the differences between the monthly values
and the long-term normal. These are plotted in Figure 3.
In order to determine if these climate anomalies had an impact on
forest productivity that was large enough to be observable in remote
sensing imagery (our second objective), we established a multi-stage
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Figure 3: Temperature and precipitation climate data for La Ronge.

remote sensing image change analysis procedure that included change
composite analysis, image classification, and image differencing. Not
every change technique was applicable to both the TM and AVHRR data.
In particular, we could only create image change composites and image
classifications from the TM data because our AVHRR images were lacking
their original spectral bands (since we obtained them as NDVI composites).
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The first step in any change analysis is to co-register the images so
that the data can be compared on a pixel-by-pixel basis. We did not have
to process the AVHRR images since they had been previously co-registered
by NOAA. The three TM images were registered to one another using
ground control points. The overall RMS registration error was 0.16 pixels
(approximately 5m on the ground).
Change Composite Analysis:
Once all three images were registered, visual analyses were performed
using the change composite method outlined by Howarth and Boasson
(1983). This method relies on colour mixing theory to highlight areas of
change between two images. It is applied by displaying an image band
from the first date in red and the corresponding image band from the
second date in both blue and green. In the resulting colour composite
image areas that appear red had a stronger spectral reflectance on the first
date than on the second. Cyan (blue-green) areas, however, had a stronger
reflectance on the second date. Those areas experiencing little change
between the two dates will be displayed in shades of grey.
We applied the change composite method to the near-infrared (TM 4)
bands from the Landsat sensor since this band has the strongest
vegetation signal. We did not use the technique on the AVHRR data
because we didn’t have the near-infrared data from this sensor.
Image Classification:
All three Landsat TM images were classified individually, and a post
classification change analysis was performed, following the method
described by Lunetta and Elvidge (1998). In this method, images from
different dates are classified and labeled independently from one another,
and the results of the independent classifications are then compared. This
allows changes in classes to be detected. The disadvantage to this method
is that it relies on the accuracy of each classification. An unsupervised
classification was used because little was known about the type of
vegetation in the area. The images were classified using a K-means
algorithm was used with a maximum of seven classes.
We did not attempt to classify the AVHRR data because we didn’t
have the original spectral data from this sensor.
Image Differencing:
The third change analysis method we implemented was image
differencing. We applied this procedure to the AVHRR NDVI data by
subtracting one image from another on a pixel-by-pixel basis. The
procedure creates a new image that represents the change in pixel values
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between the two data sets (Lunetta and Elvidge, 1998). The difference
images were colour-coded to show areas of increase in vegetation
productivity in red, and areas of decrease in cyan. Grey was used to
represent areas of little or no change.
We wanted to examine the broader spatial and temporal context beyond
the extents of the Landsat TM imagery so we only applied image
differencing to the NOAA AVHRR data.

Results
Analysis of Climate Data:
Figure 3 highlights the temperature and precipitation anomalies –
those values that differ from the long-term normal – for the three-year
period from 1997 to 1999. The normal annual temperature at La Ronge is 0.1C (Environment Canada, 2005). The temperature data show that while
all three years were warmer than normal, 1998 was the warmest in the threeyear period. The average annual temperature at La Ronge peaked in 1998
at 1.9C, while it was 1.6C in 1999 and only 1.0C in 1997.
The year 1998 was also drier than the other years. The total
precipitation for 1997 was 557mm and 426mm for 1999 while the total for
1998 was only 321mm. Normal precipitation amounts are 349 mm
(Environment Canada, 2005).
These data show that there was a difference in meteorological
conditions in 1997, 1998 and 1999, with 1998 being warmer and drier than
normal. This agrees with the findings of Ropelewski and Halpert (1986),
D’Aleo and Grube (1992) and Garnet et al. (1998) discussed earlier, which
also suggest that an El Niño event is correlated with warmer and drier
conditions in Saskatchewan.
Change Composite Analysis:
We applied the change composite method to the near-infrared (TM 4)
bands from the Landsat sensor since this band has the strongest
vegetation signal. We evaluated colour composites between 1997 and
1998 (Figure 4a), and 1998 and 1999 (Figure 4b).
Red dominates the image tones in the 1997-1998 composite indicating
a decrease in near-infrared reflectance between these years. We interpret
this as a decrease in vegetation productivity in 1988.
The two very large bright red areas are the scars of recent fires. The
Canadian Forest Service forest fire data shows that there were two large
forest fires in the study area in 1998 (Canadian Forest Service, 2005). Both
fires burned before the 1998 Landsat image was acquired (September 20).
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(a)
1997 vs 1998
1997 (red) and 1998 (green &blue)

(b)
1998 vs 1999
1998 (red) and 1999 (green &blue)

(c)
1997 vs 1999
1997 (red) and 1999 (green &blue)

Figure 4: Change composite images.
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One fire was located at 56° 49’N and 106°36’W, which corresponds with
the fire scar in the northern portion of the images. This fire was started on
August 4, 1998 and its final size was 120,000 hectares. Another fire was
located at 55°44’N and 105°45W, which corresponds with the fire scar in
the centre of the image. This fire was started on July 8, 1998, and its final
size was 36,400 hectares.
Many of the water bodies visible in the change image are ringed with
cyan suggesting a vegetation increase in 1998. A review of the precipitation
data for 1997 (Figure 3b) shows a large rainfall anomaly in June. This
suggests that the 1997 flooding, and 1998 re-emergence, of lake-fringe
riparian areas.
There is an overall cyan tone in the 1998-1999 change composite
indicating a general increase in near-infrared reflectance across the scene
in the second year. We interpret this as an increase in vegetation
productivity in 1999. The bright red area in the northeast quadrant of the
scene is a by-product of cloud cover in 1998. The 1997-1999 change
composite is dominated by grey tones (except for the fire burn scars)
suggesting that the vegetation productivity was about the same in both
these years.
The change composite analyses between the three years highlights
1998 as a period of a marked reduction in vegetation productivity.
Image Classification:
The three Landsat TM images were individually classified using an
unsupervised k-means algorithm and labels were interactively assigned to
the resulting classes. The classification is summarized in Table 1 with the
individual classified images shown in Figure 5.
Table 1: Unsupervised classification summary.
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Figure 5: Classified images.
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The 1998 image had the fewest number of pixels classified as water of
all three years. The water percentage in 1997 was 13.28%, which dropped
to 11.60% in 1998, and increased again slightly in 1999 to 12.22%. This
suggests the presence of a moisture deficit in 1998.
There was a significant reduction in healthy green vegetation from
1997 to 1998 (from 29% to 18%) largely due to the 1998 forest fires.
Importantly, this class saw an increase in 1999, thereby isolating 1998 as
the year with the lowest percentage of healthy green vegetation.
The dry vegetation class showed a steady increase across all three
years, perhaps indicating a “drying out” after the 1997 precipitation
anomaly.
An analysis of the remaining classes produced inconsistent results.
For example, the bare land class fluctuates significantly over all three
years. In 1997 it has a percentage of 9.69%, which drops to 1.13% in 1998,
and increases to 5.76% in 1999. This is probably an indication of some of
the limitations inherent in the change analysis of classifications, particularly
when site specific accuracy assessments are not possible.
Overall, however, there seemed to be drier conditions in 1998 and
1999 than those that were experienced in 1997.
Image differencing:
To examine our observed changes in a broader spatial and temporal
context we analyzed the inter-annual differences in the NOAA AVHRR
NDVI data. These data cover the overall study area (most of northern
Saskatchewan) and represent the vegetation productivity in both early
(June 1) and late (September 1) summer. The difference images, shown in
Figure 6, were colour coded to show areas with a significant NDVI increase
in red, significant decreases in cyan, and areas of little or no change in
grey.
Grey tones dominate the difference image for June 1997 to 1998 (Figure
6a) indicating that there was little change between these dates. Notable
exceptions are the red areas of NDVI increase near Lake Athabasca in the
north and in the Churchill River basin in the south-central section of the
image. This was likely due to the warm spring in 1998 (Figure 3a). In
contrast, the cyan tones spread across the September difference for the
same years reflect significant decreases in vegetation productivity (Figure
6d). The two fire scars that dominated the detailed Landsat TM change
composite image (Figure 4a) are clearly visible as deep blue patches in this
overall image. The hot, dry summer of 1998 is clearly illustrated by this
image.
The effects from the anomalous weather of the summer of 1998 appears
to have been carried forward through the spring of 1999 where cyan tones
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Figure 6: NDVI image differences for NOAA AVHRR data.
Red: significant NDVI increase
Cyan: significant NDVI decrease
Grey: no significant change

continue to dominate the June 1998 to 1999 difference image (Figure 6b).
Interestingly, this effect is not pronounced in the region of the detailed
study area, where we see more of a balance between NDVI increases and
decreases. In contrast to the June image, the September 1998 to 1999
difference image documents strong vegetation productivity increases
across the entire overall study area (Figure 6e). The summer of 1999 saw
a return to near-normal temperature and precipitation (Figure 3) allowing
the forests to recover from their climatically-induced stresses of the
previous year.
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Across the three years there was a general increase in vegetation
productivity, particularly in the late summer (Figures 6c and 6f). The scars
of burned forests stand out particularly clearly in the June difference
image.
Statistical Analysis:
We were interested to know if the observed changes in vegetation
productivity between 1997 and 1999 were statistically significant. We
used the Kruskal-Wallis test (H) to determine if there were any differences
between the AVHRR NDVI values for the month of September in the years
1994, 1997 and 1998, and for the month of June for the years 1994, 1998 and
1999. Our null hypothesis was that there was no difference among the
NDVI values for the three years being studied. With two degrees of
freedom, the critical value for the test statistic at a confidence interval of
0.05 was 5.99. In both cases our calculated values for H were less than the
critical value so the null hypothesis could not be rejected. Therefore,
there was not enough evidence to suggest that there is a difference among
the measured NDVI values across the years tested.
We also used the Kolmogorov-Smirnov test (D) to determine if there
was any difference in the NDVI values by comparing just two years at a
time. The test was performed on the years 1997 and 1998, 1998 and 1999
and 1997 and 1999 for both the June and the September data. The null
hypothesis for these tests was that there was no difference among the
NDVI values for the two years. In all of our tests, the calculated value of D
was greater than the critical value, which means that the null hypothesis
can be rejected. Thus, there is enough evidence to suggest that the NDVI
values are significantly different among the three years. Further, the
calculated D value was higher for the September NDVI values, signifying
that in September, the differences among NDVI values were more significant.
We think that this was a result of higher vegetation productivities in
September than in June.
We attribute the different results from the Kruskal-Wallis and
Kolmogorov-Smirnov tests to the way in which the years were grouped
by each method. Although there was a change from 1997 to 1998 and from
1998 to 1999, the NDVI values for the years 1997 and 1999 were quite
similar. For this reason, when comparing all three years using the the
Kruskal-Wallis test there was not enough of a difference in the 1997 and
1999 values for the results to be significant. However, when comparing
just two years at a time with the Kolmogorov-Smirnov test, significant
differences were observed.
When we applied the same statistical analyses to NDVI values
calculated from the Landsat TM images we obtained similar results.
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Summary and Conclusions
The purpose of this study was to assess the capability of remotely
sensed data for identifying impacts on anthropogenically undisturbed
vegetation in northern Saskatchewan that could be attributable to
fluctuations in temperature and precipitation. We focused our work on:
1)
2)

Determine if there were any temperature and precipitation
anomalies from 1997 to 1999; and
Establish if these anomalies had an impact on forest productivity
that was large enough to be observable in remote sensing imagery.

An examination of the meteorological data from 1997, 1998 and 1999
showed that 1998 was an anomalously hot, dry year, particularly during
the summer months. The annual average temperature in 1998 was 1.8C
warmer than normal and precipitation amounts were 8% lower than the
long-term average.
An examination of medium- and small-scale satellite imagery acquired
during the summer months of 1997, 1998, and 1999 has also highlighted
1998 as a year of reduced vegetation productivity. Digital change analyses
of Landsat TM and NOAA AVHRR images identified strong decreases in
near-infrared reflectance in 1998. We conclude that the weather anomalies
of 1998 did have an impact on forest productivity. Further support to this
conclusion comes from the presence of two prominent burn scars evident
in the detailed study area were produced by forest fires ignited in the
summer of 1998.
A statistical analysis of the remotely sensed data showed that, while
there was no difference among the NDVI values when all three years were
compared to one another, there was a significant difference in NDVI values
when just two years were compared. We conclude that the changes in
forest productivity arising from temperature and precipitation anomalies
from 1997 to1999 were large enough to be observable in medium- and
small-scale remote sensing imagery.
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