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Abstract

MODIS, the Moderate Resolution Imaging Spectroradiometer, will be launched
in 1998 as part of the first Earth Observing System (EOS) platform. Global maps of
land surface properties, including snow cover, will be created from MODIS imagery.
The MODIS snow-cover-mapping algorithm that will be used to produce daily maps
of global snow-cover extent at 500 m resolution is currently under development.

With the exception of cloud cover, the largest limitation to producing a global
daily snow-cover product using MODIS is the presence of a forest canopy.

A Landsat Thematic Mapper (TM) time series of the southern Boreal
Ecosystem-Atmosphere Study (BOREAS) study area in Prince Albert National
Park, Saskatchewan, was used to evaluate the performance of the current MODIS
snow-cover mapping algorithm in varying forest types. A snow reflectance model
was used in conjunction with a canopy reflectance model (GeoSAIL) to model the
reflectance of a snow-covered forest stand. Using these coupled models, the effects
of varying forest type, canopy density, snow grain size, and solar illumination
geometry on the performance of the MODIS snow-cover-mapping algorithm were
investigated.

Using both the TM images and the reflectance models, two changes to the
current MODIS snow-cover-mapping algorithm are proposed that will improve the
algorithm 3 classification accuracy in forested areas. The improvements include
using the Normalized Difference Snow Index and Normalized Difference Vegetation
Index in combination to better discriminate between snow-covered and snow-free
forests. A minimum albedo threshold of 10% in the visible wavelengths is also
proposed. This will prevent dense forests with very low visible albedos from

incorrectly being classified as snow. These two changes increase the amount of



snow mapped in forests on snow-covered TM scenes, and decrease the area

incorrectly identified as snow on non-snow covered TM scenes.
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Introduction

Snow is an important component of the Earth 3 surface. Compared to other
land covers, its areal extent varies dramatically on very short time scales (hours -
months). Its presence affects physical, chemical and biological processes at many
spatial scales and has important societal impacts. At the global scale, its high
albedo strongly influences the Earth 3 radiation budget (Foster and Chang, 1993).

Snowmelt is an important water resource in many areas of the world (Carroll
et al., 1989) and heavy late season snowfalls can cause serious flooding or less than
average yearly snowfalls can lead to water deficits in areas where snowmelt is a
significant water resource (Hall, 1988). Because of its importance from both a
scientific and resource management standpoint, accurate monitoring of snow cover
extent is an important research goal in the science of Earth systems.

Fortunately, snow is amenable to monitoring using satellite remote sensing
and there is a long record of Northern Hemisphere snow cover extent from satellite
observations. Since 1966, the extent of continental snow cover has been monitored
on a weekly basis using NOAA satellites (Matson et al. 1986; Matson, 1991). Global
estimates of snow depth and area have been provided by the Scanning Multi-
channel Microwave Radiometer aboard the Nimbus-7 satellite (Foster and Chang,
1993). Currently, snow cover is monitored operationally for the United States on a
weekly basis using NOAA AVHRR 1-km data by NOHRSC, the National
Operational Hydrologic Remote Sensing Center (Carroll et al. 1989). Snow cover

extent for the Northern Hemisphere is produced at much coarser resolution from



digitization of the NOAA snow charts using the National Meteorological Center3
standard-analysis grid in a polar-stereographic projection (Robinson et al. 1993).

The Moderate Resolution Imaging Spectroradiometer (MODIS), scheduled for
launch in 1998 aboard the first NASA Earth Observing System (EOS) platform, is
designed to provide quantitative estimates of numerous geophysical parameters on
a global basis (Salomonson et al., 1992). The high spatial resolution and numerous
MODIS spectral bands in the 0.4 to 2.5 um wavelength region will allow more
accurate monitoring of snow cover extent on a global basis than is possible with
currently operational satellites. A prototype MODIS snow-cover mapping algorithm
has been developed to map the areal extent of snow on a global basis (Hall et al.,
1995).

Development and validation of the MODIS snow-mapping algorithm is difficult
since the MODIS sensor is not yet in orbit. In addition, difficulty in obtaining
independent measures of snow-cover extents for large areas makes validating any
satellite-based snow-mapping algorithm problematic. Despite these difficulties,
preliminary validation efforts using Landsat Thematic Mapper (TM) and MODIS
Airborne Simulator (MAS) images have been performed. These validation efforts
indicate that classification accuracy of the current MODIS snow-cover mapping
algorithm is very high for cover types with low stature or sparse vegetation (e.g.
grassland, agricultural lands, tundra).

Good estimates of snow-covered area have been determined for the Sierra
Nevada, California, by Rosenthal (1993) and Rosenthal and Dozier (1996) from
Landsat TM data. For a Landsat TM scene acquired over the Sierra Nevada on 10
May 1992, Hall et al. (1995) demonstrated that the MODIS snow-cover mapping
algorithm correctly classified 98% of the pixels identified by Rosenthal (1993) as
containing at least 60% snow cover. Figure 1 extends this comparison using the

modified algorithm presented by Rosenthal and Dozier (1996) and the May 10, 1992



Landsat TM scene. The current MODIS snow-cover algorithm correctly classifies
the majority of pixels containing at least 50% snow-cover as estimated by the
Rosenthal and Dozier (1996) algorithm and the agreement is better for Landsat TM
spatially degraded to the 500 meter resolution of MODIS than the full resolution
Landsat TM data. Thus the performance of the MODIS snow-mapping algorithm
for this test case shows the desired behavior of a binary classifier in that pixels over
50% are classified as being snow-covered while those containing less than 50%
snow cover are classified as non-snow covered.

Using MAS images acquired in central Alaska in 1995, Hall et al. (in press)
estimated forested densities using a method developed by Robinson and Kukla
(1985) relating forest density to albedo. In forested areas where the vegetation
density was under 50%, the classification accuracy of the current MODIS snow-
cover-mapping algorithm was found to be greater than 96%. However, in areas
where the vegetation density exceeded 50%, the classification accuracy of the
current snow-mapping algorithm was found to be lower with 71% of snow-covered
forests being mapped as snow.

Accurate mapping of snow in forested areas is a serious problem as forests
cover much of the seasonally snow-covered portion of the world. In North America
(Figure 2) approximately 40% of the area north of the continental snowline is
covered by forests (Table 1). Improving classification accuracy in forested areas
and, especially in the abundant coniferous forests, represents a key area of
improvement in the evolution of MODIS snow-cover mapping algorithm.

This paper presents an integrated remote sensing and modeling case study
that investigates the reflectance changes forests undergo in the visible to short
wave- infrared wavelengths (0.4 to 2.5 pm) due to the presence of snow on the forest
floor. In particular, the effects of snow grain size, solar illumination angle and

canopy density on the reflectance of different forest stands are examined and



modifications to the prototype MODIS snow-cover mapping algorithm are proposed

in order to improve snow-mapping accuracy in forests.

STUDY SITE

The southern study area (SSA) of the Boreal Ecosystem-Atmosphere Study
(BOREAS) project was selected this investigation. The excellent characterization of
the vegetation from both field and remote sensing studies conducted as part of
BOREAS (Sellers et al., 1995) make the area well-suited for assessing the effects of
vegetation differences on classification accuracy of the MODIS snow-cover-mapping
algorithm. The SSA (Figure 3) is an approximately 130 x 90 km area situated
north of Prince Albert, Saskatchewan, and is located near the southern limit of the
boreal forest (approximately 54° N, 105.25° W). The SSA is characterized by gentle
relief and is composed of glacial till plains and rolling or hilly moraines. The SSA
contains agricultural lands and boreal forest. Vegetation within Prince Albert
National Park, in the western portion of the SSA, is generally characterized by
aspen and spruce uplands, black spruce and tamarack bogs, jack pine ridges, sedge
meadows and fescue grasslands. In addition, there are uniform stands of aspen and
smaller stands of jack pine and black spruce as well as large tracts of land that
have been clear-cut. To the east of the park, the vegetation is mixed boreal forest.
On well-drained or sandy sites, jack pine dominates while black spruce dominates
poorly drained sites. Mixed stands of aspen and white spruce occur on well-
drained glacial deposits. A forest cover map has been developed from the August 6,
1990 Landsat TM scene (shown in Figure 3) by F.G. Hall of NASA/Goddard Space
Flight Center. This map serves as the basis for evaluating the performance of the

MODIS snow-cover-mapping algorithm by forest type.



MODIS Instrument characteristics

MODIS is an imaging radiometer with 36 spectral bands in the visible,
reflective-infrared and thermal-infrared wavelengths (0.4 to 14.0 um). MODIS is
designed to provide key measurements of the land surface, ocean and atmosphere
at regional to global scales on a daily basis. To provide coverage of a large area,
MODIS has a large swath width of 2330 km (x 55° view angle). However, to
minimize distortions in pixel geometry and anisotropic reflectance effects, only data
from the portion of MODIS swath covering view angles £45° from nadir will be used
in the snow-mapping processes. However, most seasonally snow-covered areas will
be imaged daily within the narrower swath (Hall et al., 1995).

Of the 36 MODIS spectral bands, only seven are designed for land surface
remote sensing. Some of these bands have the spectral and spatial characteristic
suitable for use in the MODIS snow-mapping algorithm (Figure 4). The spatial
resolution of MODIS Bands 1 and 2 is 250 m, while MODIS Bands 3 to 7 have 500
meter resolution.

In order to develop and validate the MODIS snow-cover-mapping algorithm
prior to launch, Landsat TM has been employed as a MODIS surrogate. With the
exception of MODIS band 5 (1.23-1.25 nm), all bands used in the current MODIS
snow-cover mapping algorithm have corresponding Landsat TM bands, albeit with
wider bandpasses (Figure 4). The nadir view of Landsat is a limitation, as off
nadir effects are known to affect the accuracy of the MODIS snow-cover-mapping

algorithm, but cannot be simulated using TM data (Hall et al., unpublished data).

MODIS Snow-Cover Mapping Algorithm
As currently designed, the MODIS snow-mapping algorithm is a fully-
automated, computationally-frugal algorithm that will be ready to implement by

the launch of the EOS AM-1 spacecraft in 1998 (Hall et al., 1995). It builds on



nearly on two decades of remote sensing research. The algorithm represents a
significant improvement over existing operational products because of the ability of
MODIS to better discriminate between snow and clouds. Cloud screening will be
performed using the MODIS cloud product (Ackerman et al., 1996) prior to snow
classification.

The MODIS snow-cover-mapping algorithm uses at-satellite reflectances in the
0.4 to 2.5 pym wavelength range to determine if a pixel is snow-covered using two
classification criteria. The first is a Normalized Difference Snow Index (NDSI)

value of greater than 0.40. The NDSI value is calculated as:

_MODIS4- MODIS6  TM2- TM5

NDS = »
MODIS4+ MODIS6 TM2+TM5

)

The high reflectance of snow in the visible compared to the mid-infrared portion of
the spectrum (see Figure 4), yields high NDSI values for snow compared to other
surface materials. Clouds also tend to have high reflectances in both the visible
and mid-infrared wavelengths so the NDSI also serves as a snow/cloud
discriminator. The combination of visible and mid-infrared wavelengths has a long
history of use in snow classification (Kyle et al., 1978; Bunting and d Entremont,
1982; Dozier 1989). Additionally, only pixels with a reflectance at about 0.9 pm,
(MODIS band 2 or TM band 4) of greater than 11% are considered snow. This
effectively excludes liquid water that also may have high NDSI values. A complete
description of the prototype MODIS snow-cover-mapping algorithm is given in

Riggs et al. (1994) and Hall et al. (1995).

M ethodol ogy

In this study, remote sensing observations, a snow reflectance model and a

canopy reflectance model are used to examine how the reflectance of snow-covered



and snow-free forests differs in the visible to mid-infrared (0.4 to 2.5 um)
wavelengths. In addition, the snow reflectance model and canopy model are used in
concert to examine how the reflectance of a snow-covered forest changes as a
function of incidence angle, snow grain size, canopy type and percent canopy cover.
The aim of the modeling is to provide a semi-quantitative estimate of how the
presence of snow on the forest floor would be expected to alter the reflectance of a
forest stand. The modeling is used as an aid in interpretation of Landsat TM
images and in developing enhancements to the current MODIS global snow-
mapping algorithm. Because of the generalizations required to develop a global
algorithm, the goal of the modeling was not to produce exact reproductions of the

spectral reflectance measured for a particular stand in the BOREAS study area.

Landsat TM

Prior to analysis, the at-satellite radiances of the five BOREAS Landsat TM
scenes (Table 2) were converted to at-satellite reflectances following the procedure
described in Markham and Barker (1986). No atmospheric correction was
performed, as it is not planned for the at-launch MODIS Snow-mapping algorithm
because an atmospheric correction appropriate for bright targets has not yet been
developed. The TM scenes were georegistered into a UTM projection using ground
control points and a 2nd order polynomial warp and the area corresponding to the

BOREAS southern study area was extracted for analysis.

Basic Model of the reflectance of a forest ssand

If it is assumed that a satellite observation (pixel) of a forest stand is larger
than the size of individual trees but smaller than the stand, then the reflectance of
the stand can be modeled as a linear combination of four elements and their areal

proportions:



r stand = Cs,lnr Csun + Bs,lnr Bsun + Cmadowr Cshadow + Bmadowr Bshadow (2)

where r stand 1S the total stand reflectance, r csun, I Bsun, I Cshadow: I Bshadow are the
reflectances of sunlit crown, sunlit background, shadowed crown, and shadowed
background, respectively, and Csyn, Bsun, Cshadow, and Bshadow are the areal
proportions of the four components (Li and Strahler, 1986; Woodcock et al., 1997;
Huemmrich, submitted).

In this framework, the contribution of a snow cover lying on the forest floor to
the stand reflectance is represented by the sum of the two background terms in
Equation 2. The contribution of snow to the stand reflectance depends on the
reflectance of the snow itself, the fraction of canopy cover, and the solar
illumination angle, which determines the proportion of sunlit to shadowed snow
within the stand.

GeoSAIL, a relatively simple reflectance model for discontinuous canopies, was
used to determine the crown reflectances, the fraction of each of the four
components within the stand and the transmittance through the canopy.
Reflectances for the sunlit snow are calculated using the Wiscombe and Warren
(1980) model, while reflectances of other backgrounds are taken from direct
measurements.

In many areas, a Landsat TM pixel or in the future the much larger MODIS
pixel will not contain only a pure forest stand. To investigate how well the MODIS
snow-mapping algorithm performs on these mixed pixels, simple linear mixing of

individual components was used to synthesize the spectra of these mixed pixels.

Snow Reflectance Models

The reflectance of snow in the visible to mid-infrared wavelengths depends on

the bulk optical properties and geometry of the ice crystals comprising the
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snowpack and optical properties of any impurities or liquid water found within the
snowpack (Dozier, 1989). Using radiative transfer theory, the reflectance of a
snowpack has been successfully modeled (e.g. Bohren and Barkstrom, 1974;
Warren, 1982). Snowpacks comprised of both pure snow (Wiscombe and Warren,
1980) and snow with impurities (Warren and Wiscombe, 1980) have been
successfully modeled.

In this study, a deep snowpack composed of pure snow is assumed. Snow
reflectances for wavelengths ranging from 0.25 to 2.5 pym are calculated for a
variety of grain sizes (modeled as the grain radius for the optically-equivalent
sphere) and illumination angles using the Wiscombe and Warren (1980) model and
the Meador-Weaver (1980) hybrid approximation to the two-stream radiative
transfer equations. These models calculate a directional-hemispherical reflectance
(spectral albedo) which differs from the Landsat TM bidirectional reflectance
measurements. Despite the failure of these models to account for the anisotropic
effects known to affect snow reflectance (Dozier et al. 1989), they do generally
match measured spectra (e.g., O Brien and Munis, 1975). Because the current
MODIS snow-mapping algorithm does not correct the measured-at satellite
radiances for atmospheric or topographic effects, the use of a more complex discrete-
ordinate radiative transfer model to calculate snow bi-directional reflectances (e.qg.
Fily et al., 1997) was considered unnecessary. The two-stream models accurately
produce the major features of snow reflectance (high visible and low mid-infrared
reflectances) most likely to enable snow-covered and snow-free forests to be
distinguished on a global basis.

In addition to pure snow, backgrounds composed of pure snow and leaf litter
were considered. A snow-litter background was created by linearly mixing pure

snow spectra with leaf litter spectra (Hall et al., 1992).
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The GeoSAIL Model

The GeoSAIL model was used to model the three major species found in the
BOREAS SSA: black spruce (Picea glauca), jack pine (Pinus banksiana), and aspen
(Populus tremuloides). The parameterizations used for each species are shown in
Table 3 and were determined from field measurements conducted in the Superior
National Forest (Hall et al., 1992) which is similar in species composition to the
SSA. The reflectances of the leaf litter background where also measured (Hall et
al., 1992). Snow reflectances that served as the sunlit background were calculated
for snow grains with radii ranging from 50-2500 pum as described above.

The GeoSAIL model was designed to be an easily parameterized and
computationally simple canopy model. It has been successfully used to simulate the
spectral reflectance and absorption of photosynthetically active radiation in
discontinuous canopies (Huemmrich, submitted). GeoSAIL utilizes the Scattering
from Arbitrarily Inclined Leaves (SAIL) model (Alexander, 1983; Verhoef, 1984) to
calculate the radiative transfer within a tree canopy and the Jasinski geometric
model (Jasinksi and Eagleson, 1989; 1990) to combine the SAIL calculations into a
stand reflectance.

The Jasinski model calculates the areal proportions in Equation 2 for the
limiting case where the shadows cast by vegetation are small relative to the size of
the area observed. In the model, a forest stand is composed of geometric solids
(trees) scattered over a plane with a Poisson distribution. These solids all have the
same size and shape and are small compared to the size of the pixel. They cast
shadows on the background but not on each other. With these constraints and for a
nadir view, the fraction of the pixel that is shadowed background is calculated as:

Bmadow =1- Ctotaj - (1' Ctotaj)(h+l) (3)
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where Bshadow IS the fraction of shadowed background and Cyotg) is the fraction
covered by the solid, or the total canopy cover (CsuntCshade). h is the ratio of
canopy cover to shadow area for a single geometric solid and can be calculated for a
number of different shapes. It is dependent both on the geometric form and the
solar illumination angle. In this study, cones were used to represent black spruce,
cylinders were used to represent leafless deciduous trees and both cylinders and

cones models were run for jack pine.

For cylinders, h is determined by the height/width ratio of the cylinder (R) and
the solar zenith angle (q):

h = Rtan(q) 4)

and for cones:

he (tan(b) - b) )

p

where b is a function of the cone 3 aspect ratio (y ) and the solar zenith angle (q):

atan(y )0
tan(q) o

b = arcco

(6)

For cylinders, the fraction of shadowed canopy (Cshadow) is O while for cones whose

aspect ratio is less than the solar zenith angle, Cshadow IS:

b
Cmadow = E (7)

IHluminated Background (Bsyn) can then be calculated based on the fractions of

Total Canopy (Ctotal) and Shadowed Background (Bshadow) as:

Bsm =1- (Ctotaj + Bmadow) (8)

The reflectances of each of the components in Equation 2 are calculated as follows.

Sunlit canopy (r csun) is the SAIL model reflectance for a single tree at the specified

13



leaf area index (LAI). Hluminated background (r gsun) is the background used in
the SAIL model and for snow it is calculated by the snow reflectance model. The
two background reflectances (r cshadow and r Bshadow) are simply the two
illuminated reflectances multiplied by the canopy transmittance calculated by the
SAIL model. For leafless deciduous trees, the SAIL model cannot calculate a
transmittance directly so the shadowed reflectance was arbitrarily calculated as
1/3rd of the illuminated reflectance. While this simplification neglects spectral

variations, it nevertheless is a reasonable value (Rosenberg et al., 1983).

Linear Mixing Model for Mixed Pixels

To investigate the effects of several surface types occurring within a single
pixel, a simple linear mixture model was used to create the spectra of a mixedpixel
for varying percentages of water, snow, and canopy. In this mixing model, the
reflectance of the pixel in each band is simply a linear summation of the reflectance
of each component multiplied by its areal fraction. This mixing is meant to
represent pixels composed of forest stands, open fields covered with snow, and small
lakes, ponds or wetlands containing open water. The validity of linear mixing in
snow covered areas is discussed by Rosenthal and Dozier (1996). GeoSAIL canopy
reflectances for stands with a leaf area index of 4 for spruce and jack pine canopies
and 1 for a leafless aspen canopy) were used for the canopy contribution. Snow
reflectances from the Wiscombe and Warren (1980) model were used to represent
the snow contribution, and the reflectance of tap water (Salisbury and D Aria, 1992;
1994) was used to represent the water component. It is recognized that the
reflectance of water will vary considerably depending on sediment and chemical
composition, however, the characteristic low reflectance of water throughout the
wavelengths of interest is captured in this water spectrum. Two separate cases

were examined: 1) the background under the canopy and in open areas was pure
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snow and, 2) the background under the canopy and in open areas was composed of

60% pure snow and 40% leaf litter.

Results and Discussion

Both the satellite observations and modeling results show that a forest stand
will undergo changes in reflectance as snow covers other surface materials on the
forest floor such as moss or leaf litter. Changes in the reflectance of a forest stand
observed in Landsat TM images can be successfully modeled using the relatively
simple scheme described above. The modeling provides a theoretical basis for
understanding these reflectance changes and also serves as a basis for suggesting
changes to the current implementation of the MODIS snow-cover mapping

algorithm.

Observed Reflectance Changes

Several changes occur in the spectra of a deciduous or coniferous forest stand
as it becomes snow covered that can be exploited in the MODIS Snow-mapping
algorithm (Figure 5). The primary change in reflectance occurs in the visible
wavelengths as snow has a much higher visible reflectance than soil, leaves, or
bark. Depending on the vegetation type, snow may also cause a decrease in the
mid-infrared reflectance of the stand. The increase in visible reflectance and
decrease in mid-infrared reflectance has been used as a discriminator both between
snow and other surface covers and between snow and clouds by numerous authors
(Kyle et al. 1978; Bunting and d Entremont, 1982; Dozier 1989). This behavior is
captured in the Normalized Difference Snow Index.

As can be seen in Figure 5, the reflectances of snow-covered forests in the
visible wavelengths (TM bands 2 and 3) are ~16% for coniferous canopy and ~23%

for deciduous canopies. The low visible reflectances for TM bands are in agreement
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with broadband albedo measurements of jack pine stands in winter where the mean
daily albedo was found to fluctuate between 12 and 17% (Harding and Pomery,
1996; Pomeroy and Dion, 1996). The higher reflectances observed in TM band 1 are
probably caused by the lack of an atmospheric correction. Because band 1 suffers
most from atmospheric effects, it is not used in the MODIS snow-cover-mapping
algorithm. Winter at-satellite reflectances from Landsat TM, and in the future
from MODIS, will also be higher than those measured at low levels over the canopy
because part of the signal received at the satellite is derived from snow cover visible
in gaps between forest stands.

The other fundamental change snow causes in the spectral response of a forest
that can be exploited in a global algorithm is that the reflectance in the visible will
often increase with respect to the near-infrared reflectance. This behavior is
captured in the normalized difference vegetation index (NDVI) as snow will tend to
lower the NDVI. This behavior has been previously noted in AVHRR imagery (K.F.
Huemmerich, personal communication).

Taken together, the NDVI and NDSI provide a strong signal that can be
exploited to classify snow-covered forests. Shown in Figure 6 is a plot of NDSI
versus NDVI values derived from the Landsat images for coniferous and deciduous
sites in winter and summer. A clear difference exists between the summer and
winter values. However, the current NDSI threshold of 0.4 used to map snow
(hatched area in Figure 6) fails to capture this difference. An addition field (light
gray in Figure 6) can be used as an additional criteria test in the MODIS snow-
cover-mapping algorithm.

The position of these classes in the NDSI/NDVI space can be explained by
examination of the generic spectra shown in Figure 4. As snow has a high
reflectance (3 95%) in the visible (TM band 2) and low reflectance (3 10%) in the

mid- infrared (TM band 5), a pixel containing only snow would be expected to have
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a NDSI of 0.80 or greater. As the reflectance of snow in the near-infrared (TM band
4) is similar to or slightly less than its reflectance in the red (TM band 3), snow
would be expected to have a NDVI slightly less than 0.0.

Soil 3 mid-infrared reflectance is generally higher than its visible reflectance
and thus would be expected to have an NDSI of less than 0.0. The near-infrared
reflectance of soil is only slightly greater than that in the visible so soil should have
a NDVI equal to or slightly greater than 0.0. As the fraction of snow in an
otherwise soil-covered pixel increases, a large increase in NDSI, but relatively little
change in the NDVI would be expected.

For the case of mixed snow/forest pixels, however, much smaller changes occur
in the NDSI. This is due to the similar reflectance of snow and vegetation in the
mid-infrared wavelengths, making changes in the NDSI primarily due to
reflectance changes in the visible wavelengths. However, there is a large change in
the NDVI as well, as the presence of snow will decrease the NDVI values from 0.4-
0.8 to near 0.0. Together, changes in NDVI and NDSI can be used to separate

snow-covered from snow-free forests.

GeoSAIL modeling

While it is evident from analysis of Landsat TM of the BOREAS site that
snow-covered and snow-free forests can be distinguished on the basis of their NDSI
and NDVI values, the range of values expected under the entire range of canopy,
snow and illumination conditions encountered in a global mapping program cannot
be determined from a handful of Landsat TM scenes. To address this shortcoming,
the GeoSAIL model was used to model vegetation reflectances under a suite of
environmental conditions. These calculations are used to understand the processes
operating in a snow-covered forest and to help determine the classification criteria

needed to successfully distinguish between snow-covered and snow-free forests.
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Spectra generated for both deciduous and coniferous species from the GeoSAIL
model compare well to the observed spectra extracted from the Landsat TM scenes
based on the vegetation map (Figure 5). However, the GeoSAIL spectra for the
coniferous species that are most similar to the observed spectra are those for canopy
cover percentages lower than is typical of the BOREAS sites..

The magnitude of the reflectances calculated for coniferous species also
appears to be too low in all wavelengths for large solar zenith angles (generally 3
60°). In fact, the modeled reflectances for spruce with canopy cover greater than
50% and solar zenith angles greater than 60° are seldom higher than 10% in any
band. Thus, while the shape of the spectral curve matches the observed shape, the
overall magnitudes are too low. Very low reflectances at high solar zenith angles is
consistent with observations made by at a jack pine site in the SSA by Pomeroy and
Dion (1996). The higher measured reflectance values suggest that a portion of the
signal received at the sensor may be derived from snow visible between forest
stands.

For high illumination angles, the canopy intercepts nearly all radiation
reaching the forest floor and the resulting reflectances are very low. Additionally,
the spectral character of the radiation is strongly influenced by the needle
transmittance. Because needle transmittance is much higher in the near-infrared
(35-40%) and the mid-infrared (~15%) compared to the visible (<8%), NDVI values
tend to be higher and NDSI lower than would be expected. Despite these problems,
the GeoSAIL model spectra capture the major reflectance changes in a forest stand
between snow-free and snow-covered conditions.

The NDSI-NDVI plots generated by the GeoSAIL model (Figure 7) are
consistent with the observations. As the canopy cover increases, the snow-free and
snow-covered NDSI-NDVI values converge because the current model neglects

seasonal changes in canopy phenology. Despite the limitations in the model, it is
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clear that the reflectance of snow-free and snow-covered forests would be expected
to differ, and these modeled differences are consistent with those observed in the
TM scenes from the SSA.

The GeoSAIL model was also used to predict the changes in the reflectance of a
snow-covered forest due to changes in grain size and illumination angle. Changes
in the reflectance of the snowpack and solar illumination angle affect coniferous
and deciduous forests quite differently. This is not surprising as it is well known
that forest type is important in the remote sensing of forests (e.g. Woodcock, 1997).

Varying grain size causes the greatest changes in NDSI and NDVI values at
the lowest canopy cover percent. As canopy cover increases, the effects of grain size
differences disappear. Decreasing grain size will cause substantial lowering in the
NDSI, but only small changes in the NDVI. Thus, in an NDSI-NDVI plot, grain
size changes may be identified by migration along the NDSI axis as can be seen for
the pure snow points in Figure 7.

IHlumination angle effects are more complicated and vary considerably between
deciduous and coniferous species. At low canopy cover percentages, increasing the
illumination angle decreases the NDSI in much the same way, as does decreasing
grain size. However, this range is much less than for changes in snow grain size.
For aspen, the effect of illumination angle decreases quickly as the canopy cover
increases. In the two coniferous species and for high illumination angles, the NDSI
and NDVI values are similar to those for a complete canopy closure, even for
relatively low percentages of canopy cover. This is due in part to the problems with
transmittance through the canopy as discussed above.

IHlumination angle changes affect coniferous and deciduous species stands
differently both because of reflectance and transmittance differences and because of
the differing geometries of the species. For an aspen stand, for sparse canopies, the

fraction of shadowed background increases linearly with illumination. For dense
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canopies, except for the lowest illumination angles, most of the background is
shadowed (Figure 8). The shading effects of coniferous species are quite different.
For sparse canopies, the background is mostly sunlit, but as percentage of canopy
cover increases in a stand, the behavior becomes more like that of deciduous trees
(Figure 8).

The GeoSAIL model was also used to help determine the causes of
classification errors in the MODIS snow-cover-mapping algorithm. For instance,
Hall et al. (unpublished data) previously noticed that less snow was mapped in
deciduous stands in the February 6, 1994 TM scene as compared to the January 18,
1993 TM scene. However, they were unable to adequately explain the differences,
though did propose that the small change in solar zenith angle (~4°) may account
for the difference. Examination of a scatter plot of NDSI-NDVI for both dates
shows that NDSI values for the February 6th scene are shifted to lower values
compared to the 18th of January. The GeoSAIL results imply that such a shift is
consistent with a either a change in solar zenith angle or grain size. However
analysis of the GeoSAIL results show that the change in NDSI values for this solar
zenith angle difference is probably too small to account for the observed shift. This
suggests that snow grain sizes on the two dates may differ. Significant changes in
the mid-infrared reflectance observed on snow-covered lakes in the area also occur
between the two dates. This also discounts differential shadowing between the two

dates as a possible cause of the observed differences.
Proposed Changes to Current Snow-Mapping Algorithm

Addition of NDSI / NDVI threshold field
The remote sensing observations and modeling results indicate that NDSI and
NDVI values effectively delineate snow-free and snow-covered forests. This is

incorporated into the current MODIS snow-cover-mapping algorithm in the
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following manner. An additional criteria test incorporating NDSI and NDVI values
Is used to classify snow-covered forest pixels. The field boundary is based on TM
observations and the GeoSAIL model. Pixels falling in the resulting field (show in
gray in Figure 6 and 7) are considered to be snow.

This new field is designed to capture as much of the variation in NDSI-NDVI
values observed in the snow-covered forests as possible while minimizing inclusion
of non-forested pixels. It was designed to include forest-covered pixels that have
NDSI values lower than the current threshold yet have NDVI values lower than
would be expected for snow-free conditions. The decision boundary at the low NDVI
values was designed to exclude to as large an extent as possible, pixels of
containing a mix of snow and soil (e.g. cropland, prairie) which tend to mix along a

line below this threshold.

Addition of Band 2 threshold

One additional problem occurs in detection of snow under certain forest types.
Many forest types, most notably black spruce, have very low reflectances in the 1.6
um wavelength (TM band 5). These low reflectances cause the denominator in the
NDSI to be quite small and only small increases in the visible wavelengths (TM
band 2) are required to make the NDSI value high enough to be classified to make a
pixel classified as snow. For instance, if the mid-infrared reflectance is 5%, which
Is not uncommon for large solar zenith angles and coniferous canopies, then it may
only take a visible reflectance of 12% to make the NDSI exceed the 0.40 threshold.
The problem is exacerbated when the new NDSI/NDVI threshold is employed as
lower NDSI values will be classified as snow.

To limit errors of commission in the revised MODIS snow-cover mapping
algorithm, a visible threshold will be employed to prevent pixels with very low

visible reflectances from being classified as snow as has previously been suggested
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by Dozier (1989). Here a threshold of 10% in TM band 2 was used. Landsat TM
band 2 was selected over TM band 1 because of the greater effects of Rayleigh
scattering at shorter wavelengths. The addition of a visible threshold significantly
reduced the number of pixels in the summer scenes classified as snow (Table 4)

and provided more consistent classification of snow in forests in the winter scenes.

Comparisons of the MODIS snow-cover mapping Algorithm

The modified snow-mapping algorithm incorporating the two modifications
described above and the current algorithm were run concurrently on the spectra
generated from the GeoSAIL and linear mixing models as well as the five BOREAS
scenes. These comparisons were done to determine if the proposed changes

provided any improvements over the original algorithm.

Model Comparison

The snow-mapping algorithms were run on spectra generated from both the
GeoSAIL model and the linear mixing model to see if the changes allow for better
mapping of snow both for pixels composed of pure forest stands and mixed pixels.
Figure 9 presents results for the pure stand case for a solar zenith angle of 60° and
varying mixtures of snow and leaf litter. While neither algorithm maps a pixel as
containing snow where it comprises less than 50% of the background or at high
canopy cover percentages, the revised algorithm does offer some small
improvements over the current algorithm, particularly in the case of aspen. Itis
interesting to note that in the case of the modeled spruce stand, the current snow-
mapping algorithm will classify spruce stands as containing snow for higher canopy
percentages than does the revised algorithm (filled diamonds). This is a direct
effect of the addition of the 10% threshold in the green (MODIS band 4 and TM
band 2) which will prevent these stands with very low visible albedos from being

mapped as snow.
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While the algorithm revisions would appear to offer little in the way of
improving the performance for pixels composed of pure forest stands, few 500 meter
MODIS pixels will be composed solely of pure forest stands. As can be seen in the
ternary diagram shown in Figure 10, the algorithm revisions allow for much
improved mapping of snow in mixed pixels. For the case where the background is
comprised of pure snow, both in open fields and under the forest canopy, both
algorithms are able to map a pixel as containing snow even if snow comprises only a
small fraction of the pixel. However, the revised algorithm will, in the case of aspen
and jack pine, map a pixel as snow under more combinations of
vegetation/open/water than does the current algorithm. The improvement of the
revised algorithm over the current algorithm is even greater for the case where the
background is composed of 60% snow and 40% leaf litter.

The results of running the MODIS snow-mapping algorithms on model
generated spectra suggest that the revised algorithm may provide slightly improved
mapping of pixels composed of pure forest stands and greatly improved mapping of

pixels containing a mix of cover types.

Landsat Thematic Mapper Comparison

While model generated spectra can give some idea of the relative performance
of the two algorithms under varying conditions, the true test is with actual image
data. The revised snow-mapping algorithm and the current algorithm were also
run on the five Landsat TM scenes of the BOREAS SSA listed in Table 2. Because
variable cloud cover occurs in several of the scenes, only a portion of the BOREAS
southern study area was used for comparison and is outlined in Figure 3. The
vegetation map was used to subdivide the region by cover type so that a comparison
of the current and revised snow-mapping algorithms by vegetation type could be

made using the Landsat data.
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Because validation of actual snow cover extent for the entire area was not
possible either through field observations or aerial photography, two simplifying
assumptions are required. The first is that snow cover is assumed to be 100% in
the winter and spring scenes (18-Jan-93, 06-Feb-94, and 29-Mar-95) and snow
cover is assumed to be 0% for the summer and fall scenes (06-Aug-90 and 21-Sep-
95). Analysis of the Northern Hemisphere Weekly Snow Cover and Sea Ice dataset
obtained from the EOSDIS NSIDC Distributed Active Archive Center (NSIDC
DACC), University of Colorado at Boulder, shows that snow covered conditions
persisted in the area for at least three weeks after the acquisition of each winter
TM scene. This lends support to the assumption that 100% snow cover existed at
the time the three winter scenes were acquired. With these two assumptions a
guantitative comparison of the accuracy of the modified and current MODIS snow-
cover mapping algorithms is possible.

The proposed modifications increase the percentage of snow mapped in the
winter scenes and decrease the percentage incorrectly mapped as snow in the
summer and fall scenes (Table 4). In the winter scenes, the greatest increases in
the percentage of pixels mapped as snow occurs in the forests (wet conifer, dry
conifer, mixed, and deciduous). Among the three regrowth categories, the largest
percentage increase in snow mapped occurred in the dlder regrowth*while the least
increase occurred in the Young regrowth.” It appears that the proposed algorithm
changes tend to have the greatest effect at higher canopy densities. Only small
differences exist in the two classifications on frozen lakes”and in disturbed areas’
which is as expected.

The proposed modifications to the MODIS snow-cover mapping algorithm
increase the total area mapped as snow and significantly lower the variability in
area mapped as snow among the three winter scenes (Table 4). In the original

classification, the percentage of snow mapped among the three winter scenes varied
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from 67.2% to 99.3%. In the revised algorithm, the range was decreased (86.6% to
99.9%). While it is possible that variability observed in the results of the original
algorithm is indeed real, caused by snow cover being less than the assumed 100%.
However, this is doubtful for two reasons. The first is that observations made in
the SSA during acquisition of the February 1995 TM scene show snow cover to be
essentially 100%. Thus deviations from the 100% assumption represent real errors
of omission in both algorithms. The second is from extensive testing of the current
algorithm, it is known that the largest problem is failure to detect snow when it
exists, not incorrectly mapping non-snow covered pixels as containing snow. Thus,
it is most likely that the greater number of pixels mapped by the algorithm
revisions are the result of correctly identifying more pixels containing snow rather
than incorrectly mapping pixels that do not contain snow as snow covered.

For the two summer scenes, only in the case of dry conifer forests does the
modification increase commission errors (i.e. incorrectly mapping snow in the
summer scenes). However, the increases in commission errors are quite low (less
than 0.1%). Overall, the proposed changes to the MODIS snow-cover-mapping
algorithm significantly increase the area mapped as snow during the winter months
in the BOREAS SSA. An example of both classifications for a portion of the
February 6th Landsat TM scene is shown in Figure 11.

From these comparisons, the revised MODIS snow-mapping algorithm appears
to do a better job than the current algorithm at mapping snow in the BOREAS SSA.
We recognize that the TM comparisons are necessarily limited to the two simplest
cases: totally snow-covered and totally-snow free. However, the lack of TM scenes
and detailed ancillary information on snow-cover extent for the transitional periods
when snow-cover extent lies between these extremes precludes comparing the

algorithms under these conditions.
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Based on the model results, several statements concerning the ability of the
MODIS snow-mapping algorithm to map snow in the transitional cases can be
made. The early-winter case, where snow tends to be found in the open spaces and
not under the canopy, should pose few problems to either the current or revised
algorithm. In forested areas, both algorithms appear to classify a pixel as snow,
even if snow only occupies a small fraction of the pixel (Figure 10). The presence
of unfrozen water appears to have little effect as well, so unless open water
comprises a large percentage of a pixel, the pixel should be classified as containing
snow.

The spring situation where snow persists under the canopy longer than in the
clearings as discussed by Pomeroy and Granger (1997) presents a more serious
limitation. As is shown in Figure 9, neither algorithm maps snow under high
amounts of canopy cover or where leaf litter comprises a significant portion of the
background. Thus, it is likely that in spring, where snow resides mostly under the
canopy, total snow-cover extent may be underestimated. Thus the snow-mapping
errors are likely to be larger during spring snowmelt than other times during the
year.

Despite limitations in our ability to compare the snow-mapping results of the
two algorithms, it does appear that the proposed revisions will provide real
improvement in the performance of the MODIS snow-mapping algorithm. These
results do not constitute final validation of the proposed changes to the MODIS
snow-mapping algorithm. Currently, there are extensive ongoing efforts to compare
the performance of the two algorithms in both forested and other biomes, the
results of which will determine whether or not the proposed changes are
implemented as part of the at-launch version of the MODIS snow-mapping

algorithm.
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Conclusions

Because forests comprise a large fraction of the seasonally snow-covered
portions of the world, accurate mapping of snow in forests is important. Forests
present special problems in mapping snow from spaceborne instruments, as the
canopy obscures the snow cover beneath and causes considerable shading.

However, snow-covered forests are spectrally distinct from snow-free forests. Minor
changes to the current MODIS snow-mapping algorithm will enable more accurate
classification of snow-covered forests without sacrificing the algorithm3 simplicity
and computational frugality.

Canopy models coupled with snow reflectance models provide a valuable tool
for assessing the performance of the MODIS snow-mapping algorithm. An extreme
range of snow and canopy conditions, solar illumination angles and view geometries
will be encountered in the global mapping of snow using MODIS. After launch,
canopy models can help to assess the performance of the MODIS snow-cover-
mapping algorithm under a wider range of conditions than can be measured in the

field.
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Table 1: Land cover type percentages for the seasonally snow-covered portion of

North America for February snow-cover extent

Land cover Type Percent
Cover
Agricultural 9.2
Grassland Chaparral, Shrubland and Savanna 104
Forests 35.8
Barren or Sparsely Vegetated 3.8
Tundra 26.0
Perennial Snowfields or Glaciers 14.8

Land cover percentages were calculated using the Anderson Land Use and Land
Cover Classification modified for the Global 1km Land Cover Characteristics
Database (Loveland and Belward, 1997) for the area north of the continental

snowline. The continental-scale snow extent is for February.

32



Table 2: Acquisition Date, Path, Row and Solar Zenith Angles of Landsat TM

scenes of the BOREAS Southern Study Area used in the study

Acquisition Date

Path Row Solar Zenith

Angle

August 6, 1990
January 18, 1993
February 6, 1994

March 29, 1995

September 21, 1995

37
37
37
37
37

22
22
22
22
22

33

42.1
77.9
73.6
55.9
57.4
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Figure Captions

Figure 1. Comparison of the current MODIS snow-mapping algorithm and the
snow covered area algorithm of Rosenthal and Dozier (1996) for a March 10, 1992
Landsat TM scene of the Sierra Nevada, California. The bars indicate the
percentage of pixels the MODIS snow-mapping algorithm correctly identified as
snow for varying percentages of snow (classes) within the pixel as identified by the
Rosenthal and Dozier (1996) algorithm. Gray bars are the results for a full
resolution TM scene and black bars are the results for a TM scene subaveraged to

MODIS 500 m resolution.

Figure 2: Land cover map for North America. The Land cover map is derived from
AVHRR imagery and uses the Anderson Land Use and Land Cover Classification
modified for the Global 1 km Land Cover Characteristics Database (Loveland and

Belward, 1997). The continental-scale snow extent for February is shown.

Figure 3: August 6, 1990, Landsat TM scene (TM band 4) showing the Southern
Study Area of the BOREAS Project. The outlined area is a cloud free area from
which the snow classification results for all scenes are extracted. The image is in
UTM projection zone (13) and the numbers on the borders are eastings and

northings (meters).

Figure 4: General reflectance curves for snow, soil and vegetation and water. The
vegetation and soil curves are derived from the USGS Digital Spectral Library
(Clark et al. 1993). The snow and water curves are from the John Hopkins
University Spectral Library (Salisbury et al., 1994; Salisbury and D Aria,
1992;1994) MODIS land cover bandpasses and TM bandpasses are also shown.
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Figure 5: (A) Observed and modeled spectra for deciduous sites in the BOREAS
study area. Circles represent the average spectra from a 5 x 5 pixel area from each
of the five TM scenes in Table 2. The black circles and lines are spectra from the
three winter scenes and gray circles and lines are spectra from the two summer
scenes. Solid black lines indicate the spectra meets the classification criteria for
snow in the original MODIS snow-cover mapping algorithm. Boxes indicated the
modeled reflectance for a leafless aspen stand for summer (gray) and winter (black)

conditions. (B) identical to (A) except for a jack pine coniferous forest.

Figure 6: NDSI versus NDVI plot for coniferous and deciduous forest stands within
the BOREAS study area. Gray are values from the August 6, 1990 TM scene and
black values are from the February 6, 1994 scene. The hatched area are the
present NDSI values considered to be snow in the current algorithm, while the gray
shaded region represents the proposed field for capturing snow-covered forests in

the MODIS snow-cover mapping algorithm.

Figure 7: NDSI versus NDVI plot for modeled aspen (triangle), jack pine (square),
and spruce (diamond) stands. The filled symbols represent snow-covered conditions
and open symbols represent snow-free conditions. Increasing symbol size
represents increasing leaf area index (% canopy cover) of the modeled stand. Thus
small symbols indicate NDSI/NDVI values near those of pure snow or pure leaf
litter, while the largest symbols are values corresponding to those for a more
complete canopy. The hatched area are the present NDSI values considered to be
snow in the current algorithm, while the gray shaded region represents the
proposed field for capturing snow-covered forests in the MODIS snow-cover
mapping algorithm. The dark circles represent the NDSI/NDVI values for pure
snow of three grainsizes 1) 50 nm 2) 250 mm and 3) 2500 nm. The illumination

angles corresponding to the February 6 and August 6 TM scenes were used.
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Figure 8: Shaded background fraction as a function of solar zenith angle for an

aspen (solid) and black spruce (dashed) stands.

Figure 9: Comparison of the current and proposed MODIS snow-mapping
algorithms for aspen, jack pine, and spruce canopies. For each canopy type, the
results of the snow-cover classifications are shown for differing fractions of snow
versus leaf litter and for varying amounts of canopy cover. Filled circles indicate
conditions where both algorithms classify the modeled stand as snow, open circles
only the revised algorithm, and filled diamonds only the original algorithm. The
results are for a solar zenith angle of 60° and the grain size (radius of optically

equivalent sphere) of 250 nm.

Figure 10: Ternary plots showing the classification from mixed pixels for A) a
background of pure snow and B) a background of 60% pure snow and 40% leaf litter
for three canopy types. Each location in the ternary diagram represents a different
percentage mix of canopy, open areas, and water. Filled circles indicate conditions
where both algorithms classify the modeled pixel as snow, open circles only the
revised algorithm, and filled diamonds only the original algorithm. The results are
for a solar zenith angle of 60° and the grain size (radius of optically equivalent

sphere) of 250 mm.

Figure 11: Comparison of original (top) and revised (bottom) MODIS snow-cover
mapping algorithms for a portion of the February 6, 1994 Landsat TM scene

surrounding Prince Albert National Park. Snow covered areas appear white.
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