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Abstract—The principal purpose of this paper is to describe the
development and validation of an algorithm to estimate the fraction of snow cover within a 500-m pixel of the Moderate Resolution Imaging Spectroradiometer (MODIS) operating on the Earth
Observing System Aqua spacecraft. The performance of this algorithm and algorithms applicable to the MODIS on the Terra spacecraft are compared. Validation efforts show that both pixel-level,
fractional snow cover relationships for the Terra and Aqua MODIS
instruments work well as quantified by such measures as correlation coefficient (r) and root-mean-square error when compared to
Landat-7 Enhanced Thematic Mapper ground-truth observations
covering a substantial range of snow cover conditions. Over all the
scenes used herein, the correlation coefficients were near 0.9 and
the RMSE near 0.10. However, somewhat better performance was
found for the Terra MODIS versus the Aqua MODIS over nearly
concurrently observed scenes. Furthermore, it is clear that more
improvements in fractional snow cover estimates within MODIS
pixels should be pursued to better account for variability in slope
and aspect, atmospheric effects, snow cover types, and land cover.
Index Terms—Aqua mission, Earth Observing System (EOS),
fractional snow cover, ground truth, Landsat, Moderate Resolution Imaging Spectroradiometer (MODIS), pixel, snow cover,
Terra mission.

I. INTRODUCTION AND BACKGROUND

I

N A RECENT paper by Salomonson and Appel [1], a
method, accompanying rationale, and results were described wherein the normalized difference snow index (NDSI)
was used to provide an estimate of the snow fraction within
each pixel of the Moderate Resolution Imaging Spectroradiometer (MODIS) operating on the NASA Earth Observing
System (EOS) Terra spacecraft. The purpose of that paper
was to extend the present MODIS approach for mapping snow
called “SNOWMAP” [2]–[4] wherein each MODIS 500-m
pixel is classified as snow or nonsnow. The paper showed that a
fairly robust determination of the fraction of snow cover within
500-m MODIS pixels (FRA) was obtained and the associated
algorithm could be employed in the daily, global processing of
MODIS data with existing computational resources.
The overall characteristics of the MODIS instrument that operates on both the EOS Terra and Aqua missions are provided
by Barnes et al. [5]. Essentially, the MODIS instrument provides
daily, global coverage in 36 spectral bands extending from visible through thermal infrared wavelengths at spatial resolutions

ranging from 250 m to 1 km. The Terra spacecraft orbit goes
from north to south on the daylight side of the Earth nominally
crossing the equator at 10:30 A.M. local time. The Aqua MODIS
spacecraft orbit goes from south to north on the daylight side of
the Earth crossing the equator at 1:30 P.M. In this paper, only
the relevant MODIS bands having 500-m spatial resolution are
used.
In the SNOWMAP and fractional snow cover approach
[1]–[4], the NDSI, along with a series of threshold tests and the
MODIS cloud mask [6], is employed. The NDSI is a spectral
band ratio that takes advantage of the fact that snow reflectance
is high in the visible wavelengths (0.4–0.7 m) and low in
the shortwave infrared region (1–4 m). This ratio has proven
to be quite useful in separating snow from clouds as well as
from nonsnow-covered surfaces. The NDSI is defined as the
difference of reflectances observed in a visible band such as
the MODIS band 4 (center wavelength is at 0.555 m) and a
shortwave infrared band such as MODIS band 6 (1.640 m)
divided by the sum of those reflectances. For the purposes of
this paper this ratio will be called “NDSI6”
NDSI6

Equation (1) was only applied to data from the MODIS instrument on the Terra satellite.
The motivation for this paper comes from the fact that
the Aqua MODIS instrument band 6, nominally centered at
1.640 m, has 15 out of 20 of the accompanying detectors that
are nonfunctional. Therefore, (1) cannot be employed using
Aqua MODIS observations. Because in many circumstances
over land surfaces there is a fairly high correlation between the
reflectances of MODIS band 6 and band 7 centered at 2.130 m,
it was decided to see if (1) could use band 7 values in place
of band 6 and still achieve useful estimates of fractional snow
cover (FRA) in 500 m pixels. The same basic physics relative to
separating snow from clouds and other surfaces applies, but the
magnitude of the reflectances acquired in that band is markedly
lower than in the 1.640- m region and, subsequently, the band
ratio effective “signal to noise” may be problematic. The new
NDSI (hereafter designated NDSI7) can be expressed as
NDSI7
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The principal purpose of this paper, therefore, is to describe the
development and validation of the algorithm using NDSI7 for
mapping fractional snow cover using Aqua MODIS observations.
In the course of doing this, the paper will describe comparative

U.S. Government work not protected by U.S. copyright.

1748

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 44, NO. 7, JULY 2006

Fig. 1. MODIS images showing the Landsat-7 ETM+ image areas that were
used to develop MODIS Fractional Snow Cover (FRA) versus MODIS (NDSI)
relationships and validate results.

results using Terra MODIS observations where both bands are
operative. Comparisons of fractional snow cover estimates by
both Aqua MODIS using NDSI7 and Terra MODIS using
NDSI6 will also be made over selected areas on a given
day utilizing nearly concurrent Landsat-7 Enhanced Thematic
Mapper (ETM+) observations for comparisons and validation
of the results.
II. APPROACH
Given that both Band 6 and Band 7 work well on the Terra
MODIS instrument, the first step was to develop a regression
relationship (“FRA7”) between fractional snow cover within a
500-m MODIS pixel and NDSI7 (2) for Terra and compare it
to results (i.e., “FRA6”) using (1). The same Landsat scenes
used in [1] over Alaska, Labrador, and Russia were employed
to develop the regression relationships for FRA7. The nominal
location, date, etc., for these Landsat scenes, and other Landsat
scenes used in this investigation, are given in Table I. MODIS
images, including the areas covered by the Landsat scenes, are
shown in Fig. 1.
In essence, the procedures used to establish the fraction of
snow in a MODIS pixel and relate it to the NDSI were the
same as that described in [1]. In summary, nearly concurrent,

same-day, Landsat scenes and MODIS scenes, as depicted in
Fig. 1, were registered to a 500-m grid. Within each grid cell the
30-m Landsat ETM pixels were classified as snow-covered or
not using the “SNOWMAP” approach [4]. For each 500-m grid
cell, the percentage of snow cover was determined on the basis
of Landsat observations by counting the number of Landsat
ETM+ pixels covered by snow versus the total number of
Landsat pixels in the cell. For each grid cell, top-of-the-atmosphere reflectances from MODIS observations were determined
using bilinear interpolation between centers of MODIS pixels
and the NDSI computed using (1) or (2). The percentage of
snow cover determined from Landsat ETM+ in each cell was
then compared to the MODIS NDSI estimates. Scatter plots
showing fractional snow cover versus NDSI were studied and
regression relationships both for fractional snow cover (independent variable) with NDSI and NDSI (independent variable)
with fractional snow cover computed. The best results came
from regressing fractional snow cover (independent variable)
versus NDSI. This approach was used because the fractional
snow cover (FRA) derived from Landsat observations is better
determined than the MODIS NDSI and secondly, when doing
an ordinary least squares analysis (OLS) of NDSI on FRA, the
analysis minimizes the variance of NDSI over a range of FRA
between 0.0 and 1.0. Doing the FRA on NDSI minimizes the
FRA variance for values of FRA greater than 1.0 and less than
0.0 and these conditions do not occur. Because the objective is
to obtain fractional snow cover from NDSI, the NDSI on FRA
relationship was inverted algebraically so as to obtain fractional
snow cover estimates from NDSI. The basis, justification, and
rationale for this procedure are described in more detail in [1,
p. 354]. Using the results derived from three scenes, an average
relationship was computed with the intent and purpose of using
this relationship for obtaining fractional snow cover estimates
over the land areas of the globe. This averaged relationship
was then applied to independent sample regions to validate the
effectiveness of this result.
In the course of developing the regression relationship between fractional snow cover and NDSI using band 7, the existing
relationship derived in [1] using band 6 from MODIS Terra was
reexamined. Previously the regression relationship was developed for conditions where the true fraction of snow in 500-m
% (0.1) up to and including 100% (1.0) snow
cells was
cover. Based on the study completed in [1], this produced the
best performing algorithm. Further examination has resulted in
concern about the effect of the high number of points clustered
around 100% snow cover on the performance of the algorithm.
Subsequently, a new criteria wherein conditions where snow
and
was examined and, as will be discover was
cussed later, found to be preferable. It should be noted and as
done previously in [1], once the FRA versus NDSI relationship
was developed, it was used to estimate the fraction of snow in
a 500-m pixel over the entire range from zero to 100% snow
cover.
Using the approach described above, fractional snow
cover estimates i.e., FRA6T
NDSI6 and FRA7T
NDSI7 based on Terra MODIS observations were then
compared and tested using areas over the Kuparuk River watershed in Alaska and in the Andes in South America. As in
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TABLE I
INFORMATION ABOUT LANDSAT-7 ETM+ SCENES USED AS GROUND TRUTH IN DEVELOPING AND TESTING STATISTICAL
RELATIONSHIPSBETWEEN FRACTIONAL SNOW COVER (FRA) AND THE NORMALIZED DIFFERENCE SNOW INDEX (NDSI).
FRA6 IS BASED ON MODIS BANDS 4 AND 6. FRA7 IS BASED ON MODIS BANDS 4 AND 7

[1], concurrent Landsat scenes were used as the “ground truth”
for validation. For clarity, note in the FRA and NDSI labels
that a “T” is used to denote application or use of Terra MODIS
observations (later, an “A” will be used to denote use of Aqua
MODIS observations) and the “6” or “7” denotes the band
applied.
A next step was to evaluate pixel fractional snow cover estimates from Aqua MODIS observations. Given the similarity of
the MODIS instruments on the Terra and Aqua missions, it was
hypothesized that the FRA7T might work successfully when applied to Aqua MODIS observations and there not be a need to
develop a FRA7A relationship. To confirm this hypothesis, however, regression relationships between pixel snow fraction and
NDSI7 using Aqua (“A”) MODIS observations were examined
using the same approach as described when using Terra obserNDSI7 obtained.
vations indicated above and a FRA7A
Three new areas with coincident Landsat-7 ETM+ scenes were
selected to do this over Washington state, the Kara region of
Russia, and a region in Scandinavia. These regions are depicted
in Fig. 1 and the related Landsat scene information is given in
Table I.
From the procedures described in the preceding paragraph,
estimates of pixel fractional snow cover using the average
FRA7T equation and an average FRA7A algorithm were derived. Both of these were tested (i.e., “independent test”) on
three scenes: a scene in Idaho and two scenes of the southern
Sierra Nevada region of California. Again, the general snow
cover characteristics for these three areas are shown in Fig. 1

and the accompanying Landsat ETM+ scene characteristics are
described in Table I.
The last major step in this testing and validation effort was
to compare nearly concurrent pixel fractional snow cover
estimates from the Terra and Aqua MODIS observations over
the same area and same day. To do this, the average FRA6T
algorithm was applied to the Terra MODIS observations and
the average FRA7A algorithm was applied to Aqua MODIS
observations. The ground truth was derived from concurrent
Landsat ETM+ observations. The principal assumption at this
stage in the comparisons was that snow cover variations over
the range of satellite overpass times associated with Aqua,
Terra, and Landsat would be insignificant in that these observations are nominally separated in time by no more than about
3 h (i.e., difference in equator-crossing times).
III. RESULTS AND DISCUSSION
Fig. 2 shows the scatter plots comparing fractional snow
cover in each 500-m grid cell determined from Landsat and
the accompanying NDSI determined from Terra MODIS reflectances [see (1) and (2)]. The specific regression relationships
achieved are listed in Table II. Table II also shows the averaged relationships for each of the above. In Fig. 2, the scatter
around the regression line in each of the scenes tested (Alaska,
Labrador, and Siberia) appear about the same with a little more
scatter in the Siberia scene. This trend is borne out in Table II,
showing that the root-mean-square error (RMSE) values are
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Fig. 2. Scatter plots showing the actual snow fraction based on Landsat ETM observations in 500-m grid cells versus the NDSI using Terra MODIS band 6 and
band 7 observations. The “old” criteria used observations in the cells where the snow fraction was above 0.1. The “new” criteria used observations in the cells
where the snow fraction was between 0.1 and 0.95.

a little higher in the Siberia scene than in the Labrador and
Alaska scenes. The reasons are probably due to more variability
in snow type and none snow-covered conditions. In addition, it
should be noted that the correlation coefficients are lower when
the 0.1–0.95 criterion is used, but the RMSE is smaller/improved. This is due to not having the extra pixels with above
0.95 snow cover to use in the correlation. The difference in the
number of pixels in the correlation is shown in the last column
of Table II. It should also be noted that in terms of correlation
coefficient and RMSE the FRA6T and the FRA7T results using
the new 0.1–0.95 criteria are very similar.
The averaged (“universal”) relationships for each of FRA6T
(old), FRA6T (new), and FRA7T were tested on the scenes
over the Kuparuk River watershed in Alaska and a region in
the Andes of South America by using concurrent Landsat data
as ground truth. The comparison of snow fraction calculated
on the basis of MODIS FRA relationships with the Landsat
ground-truth is shown in Fig. 3 (solid line) versus a 1-to-1
line (dashed line). Comparative results showing the values of
the correlation coefficient (r) and RMSE are shown in Table
III. The results for both the Kuparuk and South American
scenes shown in Table III are rather similar although the
correlation coefficient (r) is little better and the RMSE is

also somewhat better (smaller) for the South America scene
than for the Kuparuk scene. The visual appearance of the
scatter in Fig. 3 on the other hand appears a little larger
for the South American scene than the Kuparuk scene. It is
believed that these differences can be attributed to a greater
proportion of zero snow cover values (hence, the calculated
and ground truth values agree) due to the mean snow cover
being smaller than in the Kuparuk case snow cover (i.e., both
the calculated and ground truth agree at zero values). The
large number of zero values tends to keep the regression
line running close to or through zero, raises the correlation
coefficient, and counter-balances scatter around larger values of
fractional snow cover resulting in a lower RMSE as compared
to the Kuparuk scene. It is believed that variability of terrain
and accompanying shadowing, variability in land cover (i.e.,
vegetation, bare soil, or rock in pixels without snow), and
atmospheric variability contributes to the scatter in the plots
for both regions.
Based on Table III and Fig. 3, there appears to be no major
advantage for FRA6T (new) versus FRA6T (old) although the
virtue of FRA6T(new) is that it relies less on the heavy concentration of points at or very near 100% and subsequently is judged
to be more robust in general than the FRA6T (old) relationship.
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TABLE II
REGRESSION RELATIONSHIPS DEVELOPED FOR SNOW FRACTION USING TERRA MODIS OBSERVATIONS

Fig. 3. Calculated snow fraction versus “ground truth” observations from Landsat-7 ETM+ scenes over the Kuparuk River in Alaska and the southern Andes in
South America (see Table I).

It could be argued that either relationship could be probably
used just as well, but because of the previous reasoning, the
criteria (fractional ground truth within the range between 0.1
and 0.95) was employed throughout this paper not only for es-

tablishing the FRA6T(new) algorithm but also in establishing
FRA7 relationships. It was encouraging to see the FRA7T relationship performing nearly or just as well as the FRA6T relationships given that the “signal to noise” (i.e., the smaller range
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TABLE III
RESULTS DERIVED WHEN TESTING REGRESSION RELATIONSHIPS OF FRA VERSUS NDSI FOR INDEPENDENT SCENES OVER THE KUPARUK RIVER IN ALASKA
AND THE SOUTHERN ANDES IN SOUTH AMERICA (SEE TABLE I FOR LANDSAT SCENE DETAILS) USING TERRA MODIS OBSERVATIONS

Fig. 4. Several regressions of snow fraction versus Normalized Difference Snow Index (NSDI7) based on Aqua MODIS observations, i.e., FRA7A versus NDSI7.
As before, the NDSI observations were constrained to 0.1 and 0.95 in developing the regression relationships.

of reflectances observed in the band 7) notionally seemed to indicate it would not do as well. More discussion about FRA7
relationships follows. The FRA6T (new) relationship (3) is the
one that is to be prepared for application to Terra MODIS data
in future forward processing and reprocessing of all data from
the start of MODIS data collection in February 2000 (termed
“Collection 5”). The Collection 5 effort is projected to begin in
the spring of 2006 and extend through most of 2007
FRA6T

NDSI6

(3)

As was done in the procedure leading to Fig. 2 for all the dependent samples leading to FRA relationships for Terra MODIS
data, Fig. 4 depicts “dependent sample” scatter plots for fractional snow cover versus NDSI (i.e., FRA7A versus NDSI7)
using band 7 (2) and Aqua MODIS observations for scenes over
a portion of Washington state, the Kara region of Russia, and a
region in Scandinavia. Again, similar to Table II showing results
using Terra MODIS observations, Table IV lists the particulars
for the plots in Fig. 4 along with the regression relationships for
each of the scenes and the average relationship (FRA7A) derived from the 3 scenes. As can be seen in Fig. 4 and Table IV, the
results using Aqua MODIS data are similar to those using Terra
MODIS data shown in Fig. 2 and Table II. However, the quality
of the results from the Washington state scene is lower than any
of the others. This is attributed to the Washington scene being

more heavily forested than other scenes used in this study, substantial terrain relief and shadowing, and much less snow with
which to develop the regression relationship.
The average FRA7A, FRA7T relationships were tested on
three scenes over Idaho, and the southern Sierra Nevada
mountains in California. Again, concurrent Landsat ETM+
snow cover fraction for 500-m grid cells was used as the
ground truth. The results are described in Fig. 5 and Table
V. The results listed in Table V show that the correlation
coefficients and RMSE values are comparable to those shown
in Table III. However, as was discussed above relative to
Table III and Fig. 3 for the South American scene, each of
the scenes used in Fig. 5 and Table V have lower mean
snow cover amounts resulting in a large fraction of all the
pixels observed being calculated as zero values and also, as a
result, larger deviation from the 1-to1 line at higher fractional
snow cover values. In addition all the scenes have substantial
terrain variability and forested areas leading to greater scatter
around the regressions lines in Fig. 5.
In general, the fractional snow cover results when
tested on independent scenes indicate that neither FRA7T
NDSI7) nor FRA7A FRA7A
(FRA7T
NDSI7 consistently performs better than the
other. Therefore, a further averaging of these two relationships
was also tested. Ultimately, it was judged that this combined
relationship (designated FRA7U) would be the pragmatic
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TABLE IV
REGRESSION RELATIONSHIPS DEVELOPED FOR SNOW FRACTION USING AQUA MODIS OBSERVATIONS

Fig. 5. Calculated snow fraction versus ground truth observations from Landsat-7 scenes over the Idaho and the southern Sierra Nevada mountains in the U.S.
(see Table I for Landsat-7 ETM+ scene details).

selection for the final FRA7 algorithm to be applied to Aqua
observations. The FRA7U relationship is
FRA7U

NDSI7

(4)

As indicated in Section II, the next step in validating fractional
snow cover results was to compare fractional snow cover results obtained on the same day from the Terra and Aqua MODIS
data versus concurrent Landsat observations. These results are
shown in Fig. 6 and Table VI. As noted in Figs. 6 and 7 and

Table VI, the scene over Idaho and the two Sierra Nevada scenes
were used. FRA6T (3) was applied to the Terra MODIS data
and FRA7A (4) was used on the Aqua data. The results given
in Table VI and depicted in Fig. 6 show that comparable performance was obtained. Visual comparison of the results shown
in Fig. 7 also leaves this impression. Further examination of the
results in Table VI indicates, however, that there is some advantage to the Terra MODIS FRA6T results. This most likely may
be due to the fact that the band 7 on one of the cooled focal
planes of the Aqua MODIS is more misregistered to band 4 on
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TABLE V
RESULTS COMPARING FRACTIONAL SNOW COVER ESTIMATES OVER INDEPENDENT SITES USING AQUA MODIS OBSERVATIONS

dures been considered for the “collection 5” to reduce the effect
of this misregistration not only with regards to snow cover mapping, but for other MODIS products.
IV. OVERALL CONCLUSION AND SUMMARY
This paper has developed and tested relationships for estimating fractional snow cover using data from the Terra and
Aqua MODIS instruments. A relationship, FRA6T, employing
the NDSI was refined and validated for use with Terra MODIS
data and a similar relationship, FRA7U, was developed for application to Aqua MODIS data. Developing the FRA7 relationship was necessary because the band 6 (1.64 m) on the Aqua
MODIS instrument is not useful because the majority of detectors are not functional. The resulting equations are
FRA6T
FRA7U

Fig. 6. FRA6T (3) was applied to same-day Terra MODIS data and FRA7U
(4) was used on the Aqua data along with same-day Landsat-7 ETM+ scenes
used as ground truth (see Table I for Landsat scene location details, etc.).

an uncooled focal plane. It was known before the launch of the
Aqua MODIS that there was a misregistration of about 0.3 pixel
versus 0.1 pixel on the Terra MODIS. However, to rectify this
discrepancy was found to be too costly to warrant taking the actions to fix it prior to launch. Only recently have software proce-

NDSI6
NDSI7

These equations will be employed in the reprocessing of Terra
and Aqua MODIS data for what is termed “Collection 5” and
subsequently will be available to provide fractional snow cover
estimates within MODIS pixels over the land areas of the earth.
Validation efforts show that both pixel-level, fractional snow
cover relationships provide useful results as measured in independent tests against fractional snow cover, ground truth obtained from Landat-7 ETM+ scenes covering a substantial range
of snow cover conditions and quantified by measures as correlations coefficients and RMSE. Over all the scenes used herein
to validate or test the relationship, the correlation coefficients
were near 0.9 and ranged from 0.88 to 0.94. The corresponding
RMSE values were near 0.1 and ranged from 0.07 to 0.15. (see
Tables III and V). When tested on a scene where both instruments observed the same conditions at about the same time (separated by a nominal 3 h), the results were similar, but there could
be seen some advantage to the Terra MODIS observations. It is
felt this advantage of the Terra MODIS results over the Aqua
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Fig. 7. Images (a), (d), and (g) are fractional snow cover estimates from Terra MODIS for 500-m cells using the FRA6T algorithm (3). Images (b), (e), and (h) are
fractional snow cover estimates from Aqua MODIS for 500-m cells using the FRA7U algorithm (4). Images (c), (f), and (i) are images Landsat-7 ETM+ “ground
truth” measures of snow fraction in 500-m grid cells.
TABLE VI
FRACTIONAL SNOW COVER ESTIMATES USING (3) APPLIED TO TERRA MODIS OBSERVATIONS AND FRACTIONAL SNOW COVER ESTIMATES
USING (4) APPLIED TO AQUA MODIS OBSERVATIONS COMPARED TO LANDSAT ETM+ GROUND TRUTH OBSERVATIONS
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MODIS is principally due to the 0.3 pixel misregistration of
band 7 to band 4 (the two bands used in calculating the NDSI for
the Aqua MODIS instrument) versus 0.1 pixel misregistration
for band 6 to 4 in the case of the Terra MODIS instrument.
Even though the algorithms provided useful results in general, it is clear that improvements for specific areas are possible.
Based on the approach described herein and using results from
[1], Dery et al. [7] report an example where improved snow
cover estimates over the Kuparuk watershed were achieved by
suitably adjusting the snow cover algorithm for that specific
area. In addition a spectral, end-member approach [8], [9] that
explicitly takes into account land cover and snow characteristics in a specific region could be developed and applied with
possibly better performance. Finally, and as mentioned in [1],
correction for atmospheric effects, the bidirectional properties
of snow, topography, etc., seem preferable ultimately. Research
into these matters is continuing so as to improve the snow cover
products from MODIS for local, regional, and global studies.
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