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Development of a Technigue to Assess Snow-Cover
Mapping Errors from Space

Dorothy K. Hall, James L. Foster, Vincent V. Salomongeellow, IEEE Andrew G. Klein, and J. Y. L. Chien

Abstract—Following the December 18, 1999, launch of the Earth Space Administration (NASA), Washington, DC, on which
Observing System (EOS) Terra satellite, daily snow-cover mapping the moderate resolution imaging spectroradiometer (MODIS)
is performed automatically at a spatial resolution of 500 m, cloud- - genger is flown. MODIS data are used to produce daily, global
cover permitting, using moderate resolution imaging spectrora- Snow-cover manp broducts at a spatial resolution of ’500 m
diometer (MODIS) data. This paper describes a technique for cal- PP ) p :
culating global-scale snow mapping errors and provides estimates Other products are also available. The users of these snow maps
of Northern Hemisphere snow mapping errors based on prototype require knowledge of the errors inherent in the snow mapping.
MODIS snow mapping algorithms. Field studies demonstrate that This paper presents a technique for assessment of the errors of
under cloud-free conditions, when snow cover is complete, snow the hemispheric-scale MODIS snow-cover maps.

mapping errors are small (< 1%) in all land covers studied except .
forests, where errors are often greater and more variable. Thus, An algorithm has been developed to map global snow cover

the accuracy of Northern Hemisphere snow-cover maps is largely Using MODIS data. Prototype algorithms have been applied
determined by percent of forest cover north of the snowline. From to the Landsat thematic mapper (TM) and the advanced very
the 17-class International Geosphere-Biosphere Program (IGBP) high resolution radiometer (AVHRR) satellite data from the
land-cover maps of North America and Eurasia, we classify the National Oceanographic and Atmospheric Administration

Northern Hemisphere into seven land-cover classes and water. Es- . . -
timated snow mapping errors in each of the land-cover classes are (NOAA), Washington, DC, and MODIS airborne simulator

extrapolated to the entire Northern Hemisphere for areas north (MAS) data to simulate snow cover mapping with MODIS
of the average continental snowline for each month. The resulting data. Detailed studies of the prototype at-launch MODIS snow

average monthly errors are expected to vary, ranging from about mapping algorithms have been conducted in several different
5-10%, with the larger errors occurring during the months when |54 covers, and associated errors have been determined [4],

show covers the boreal forest in the Northern Hemisphere. As de- - -
termined using prototype MODIS data, the annual average esti- [5]. Early results using actual MODIS data have provided

mated error of the future Northern Hemisphere snow-cover maps Similar results.
is approximately 8% in the absence of cloud cover, assuming com- In this work, the Earth’s land surface has been classified

plete snow cover. Preliminar_y error estimates will be refined after into seven land-cover classes and water. Using the percentage
MODIS data have been available for about one year. of each land-cover class north of the position of the average

Index Terms—Moderate resolution imaging spectroradiometer monthly continental snowline, we have estimated average
(MODIS), satellites, snow cover, snow mapping. monthly snow mapping errors for North America and Eurasia,
for individual land-cover classes.

The inability to map snow cover through dense forests is an
important limitation to snow-cover mapping from space. For the
WEEKLY snow-cover maps have been produced of tha,moses of this paper, this limitation is considered in the error

Northern Hemisphere using visible and near-infraregstimates. Not considered are the limitations on mapping snow
satellite data since 1966 [1]. In addition, passive-microwaygyer using MODIS during darkness and through cloud cover.
data have been used to produce snow-cover and snow-deptRnowledge of the errors of hemispheric-scale snow-cover
maps of the Northern Hemisphere [2], [3]. While it has begfaps is important because MODIS snow cover products will
recognized that snow maps are more accurate in some I@d;sed as input to snowmelt-runoff models [6] and general cir-
covers than in others [3], there has been no attempt to assgggtion models (GCMs) [7]. Errors of the input products must

the accuracy of the maps in individual land covers and to Ugg known to establish the errors of the output products.
that information to assess hemispheric or global-scale errors.

The need for error assessment is heightened by the 1999

launch of the Terra satellite by the National Aeronautics and
A. Description of MODIS and the Primary Snow-Cover

Mapping Products

I. INTRODUCTION

Il. BACKGROUND
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[9]. A swath of data covers an area 2330 km across track and 10 TABLE |

km along track (at nadir). The spatial resolution of the MODIS ~ SPECTRAL RANGE OF T”EC'\SSN%'ESL?T_BSDRNES'MULATOR (MAS),
data ranges from 250 m to 1 km. Among the key land-surface

objectives are to map global vegetation and land cover, global Channel Spectral Range
land-surface change, vegetation properties, surface albedo,

; : 1 0.527-0.571
surface temperature, and snow and ice cover daily or every 5 0.631-0.684
other day [10]-[12]. 3 0.683-0.725

The MODIS snow mapping algorithm maps global snow 4 0.725-0.766
cover, cloud-cover permitting, at 500-m spatial resolution 5 0.765-0.807
using MODIS data [5], [13], [14]. MODIS snow and ice data 6 0.806-0.848
products are archived at and distributed by the National Snow ; g'ggi:g'ggé
and Ice Data Center (NSIDC), Boulder, CO [15] beginning in 9 0.924-0.970

the summer of 2000.

Each MODIS pixel is mapped as snow, cloud, or “other.” The
MODIS cloud mask at 1-km resolution, developed at the Uni- TABLE I
versity of Wisconsin, Madison, [16], is input to the snow mapTHE LAND-COVER CLASSES THAT WEREDERIVED FROM THE 17-QLASS IGBP
ping algorithm. The snow mapping algorithm [5], which has MAPS AEES:VOEF’\"TEQEgﬁféfiéLésiizgufﬁhﬁiffptr'C’;TB(L:SMPR'SE
evolved over time, will include subpixel snow cover informa-

tion. Land-cover class Land-cover sub-class
FOREST Evergreen needleleaf forest
Evergreen broadleaf forest
. . . . Deciduous needleleaf forest
B. Validation of the MODIS Global Show Mapping Algorithm Deciduous broadleaf forest

Forest

The MODIS-derived Northern Hemisphere snow maps a
being compared extensively with other hemispheric-scale mgMIXED AGRICULTURE AND FOREST Urban and built-up land
: _ Croplands
such as the Northe.rn Hem|§phere weekly snow-cover ma Cropland/natural vegetation mosaic
produced by the National Environmental Satellite, Data and i
formation Service (NESDIS), Suitland, MD, and regional-scal BARREN/SPARSELY VEGETATED

1-km resolution National Operational Hydrologic Remot¢rynpra Woody savannas
Sensing Center (NOHRSC) snow maps, Chanhassen, V Savannas

[17]. MODIS maps will also be compared with maps derivei sz Assi ANDS/SHRUBLANDS Closed shrublands
from passive-microwave data [2], [18]. These comparisor Open shrublands

Grasslands

reveal only relative error because the absolute errors of t

NESDIS, NOHRSC, and passive-microwave snow maps haweTrLaNDs

not beep established. Atllocal scales, MODIS SNOW-COV .o 14 NENT SNOW AND ICE
maps will be compared with snow-cover maps derived frot

the Landsat-7 enhanced thematic mapper plus (EJMnd WATER

Terra’'s advanced spaceborne thermal emission and reflection

radiometer (ASTER) data, at a spatial resolution of up to 15 'B Field Measurements

An ongoing series of field and aircraft experiments for val-
C. Prototype Instruments idation of the MODIS snow algorithm has allowed us to esti-
mate the accuracy of the MODIS prototype snow maps [4], [5]

The TM, a near-nadir viewing senset7.5°, was first carried and [13]. Studies of snow-cover mapping accuracy under con-
on the Landsat-3 satellite in 1982 with a 16-day repeat cychtitions of complete snow cover in a number of different land
It provides 30-m pixel resolution images of the Earth’s surfaa®vers have been conducted. Simultaneous field and aircraft
in seven spectral bands, ranging from the visible to the thermakmpaigns have been undertaken in forests and prairies (grass-
infrared parts of the spectrum. A TM scene represents an aredanfds) in Saskatchewan [5], agricultural and forested areas in
185 x 185 km on the ground. The MODIS prototype algorithnMinnesota and Wisconsin, tundra and forests in northern and
for TM uses TM bands 2 (0.52—-0.60n), 4 (0.76-0.9:m) and central Alaska, and forests in New York and New Hampshire
5 (1.55-1.75:m). [4], [20]-[23].

The MAS acquires imagery in 50 channels ranging from A limitation contributing to the reported error is the fact that
the visible to the thermal-infrared parts of the spectrutess snow in forests will be mapped at off-nadir view angles than
(0.527-14.35:m), but the MODIS prototype algorithm usesat nadir. This is because, when viewed from an angle, the tree
only MAS channels 1-9 (Table I). The MAS collects imagstems, branches, and trunks block the view of the snow more
data with a ground resolution of 50 m from 20 000-m altitudehan when the forest is viewed from nadir. Often, when viewing
and has a cross-track scan width of 85,9¢iving a total field a snow-covered forest from the air, little or no snow cover will
of view of 37.25 km on the ground [19]. be seen, especially if there is no snow in the tree canopy. The
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Fig. 1. Land-cover maps (eight classes) of North America and Eurasia derived from the 17-class IGBP map.

prototype studies done using the near-nadir viewing TM senseas studied, are generally5% [5]. Values reported for the

have not taken this into account. Saskatchewan study area were determined by mapping snow
cover using the TM prototype algorithm when snow cover was

[Il. M ETHODOLOGY complete. Areas mapped as non-snow-covered were considered

to be in error, as field measurements revealed complete snow

A. Land-Cover Classification
cover.

International Geosphere-Biosphere Project (IGBP) 17-classin central Alaska, snow mapping errors in forests were deter-
land-cover maps of North America and Eurasia, develop@gined by field and satellite measurements, using reflectance as
from 1-km AVHRR data, are used as the base maps for thissurrogate measure of vegetation-cover density following the
work. These products are based on monthly normalized difork of Robinson and Kukla [27] and Fostet al. [25]. The
ference vegetation index (NDVI) composites from 1992 angtror associated with snow mapping in the densest vegetation
1993 [24]. Since the snow mapping errors are not believeddgver in an area of mixed vegetation in central Alaska was 2%
be vastly different in many of the 17 original IGBP classes, tl”[ﬂ] These errors were determined by mapping snow using the
IGBP maps were modified for this work to encompass oniylAS under conditions of complete snow cover, as verified by
seven common land-cover classes in the Northern Hemisphgegirly-simultaneous field measurements.

(Table I1): forest, mixed agriculture and forest, barren/sparsely Forest-Cover Density MapsRobinson and Kukla [27], [28]
vegetated, tundra, grasslands/shrublands, wetlands, permaggedéloped a method of estimating vegetation density using

snow and ice, and water (Fig. 1). Defense Meteorological Satellite Program (DMSP) visible and
near-infrared data. They used a linear interpolation between

B. Determination of Snow Mapping Error Estimates in the brightest tundra and the darkest snow-covered forest and

Forested Areas assigned “parameterized albedos” of 0.21 for complete snow

Efforts have been concentrated on determining snow mappié@yer in very dense coniferous forest and 0.80 for open tundra
errors in forests. Errors vary with forest-cover density beingy farmland. Fig. 2 shows two land-cover classes given by
very low in sparse forests and higher in dense forests, both coftPbinson and Kukla [27], representing their “parameterized
erous and deciduous [4], [5]. The accuracy of snow mapping didbedos” in North America: 1) albedos from 21-40, which are
pends more on the density of tree canopies than on forest typkck in Fig. 2, are forests, and 2) albedos from 41-80, which
This has also been shown for passive microwave mappingase White in less-dense vegetation or barren lands.
show extent and depth [25], [26]. A digital comparison of Robinson and Kukla’s [27] Northern

Snow-cover maps, created using Landsat TM and MAS datiemisphere albedo map and our seven-class land-cover map
for forests in Saskatchewan and central Alaska, have reveadébws that areas having the lowest wintertime albedos (e.g.,
variable accuracies when the MODIS at-launch snow mappi@d—40%) in Fig. 2 correspond closely with our forest-cover
algorithm was employed [4], [5]. class, as shown in Fig. 1. In addition, in the continental United

In the Saskatchewan study area alone, snow mapping errstates, the densest forests according to Zhu and Evans [29]
range from nearly 0 to 43%, with the highest errors occurrirmrrespond closely to the lowest albedo areas as defined
in dense, deciduous forests [5]. However, the errors of sndy Robinson and Kukla [27], and the taiga and maritime
cover mapping in forests in Saskatchewan as in other forestbw-cover classes of Sturet al. [30]. Thus, by independent
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TABLE 1l
ESTIMATED SNOW MAPPING ERRORSACCORDING TOLAND-COVER CLASS
Land-Cover Class Errors (%)
Mixed agriculture and forest 10
Forests 15
Barren/sparsely-vegetated 5
Tundra 5
Grassland/shrubland 5
Wetlands 5
Snow/ice 5

Error Estimates in “Nonforest” Land CoversSnow
mapping errors in thebarren/sparsely vegetated, tundra,
grassland/shrubland, wetlands, and permanent snow and ice
land coverclasses north of the snowline are negligible. Though
specific ground measurements have not been undertaken in all
Fig. 2. Maximum surface albedo over parts of North America as derive%f these areas, measurements in some of the areas (e'g" tundra

from Defense Meteorological Satellite Program (DMSP) data by Robins@nd grassland/shrubland) have revealed nearly 100% accuracy
and Kukla (1985) [27]. Two categories are shown: the lowest albedos (frdm measuring complete snow cover.

21-40%, black) representing the densest forests and all other albedos combine : " 0
representing other land covers (white). After Robinson and Kukla (1985) [27]. ’E\S was the case with the forests, an additional error of 5%

is added to estimates in all classes because of expected errors

at the boundaries of land-cover types due to mixed-pixel effects
methods, location of forest cover in North America has begmable I11). Errors during snowmelt and patchy snow conditions
established, and different forest-cover densities may be ideffi| contribute to the total errors. However, we have undertaken
fied. This information may help to determine where the Snovhly a few field measurements in patchy snow conditions [23],
mapping errors within forested areas will be greatest. and thus do not have much information on snow mapping errors

Fosteret al. [25] found that the satellite-derived reflectancen patchy-snow cover. While it is important to establish snow

data in snow-covered forested regions was indicative of the agapping errors in patchy snow, error estimates must first be es-
tual fractional-forest cover and used the Robinson and Kuldgslished in complete snow cover. Errors in patchy-snow cover
[27] reflectance measurements as a surrogate measure forgagikely to be greater and are currently being studied [33].
sessing the percentage of forest cover in snow-covered terraither Snow Mapping Errors:Studies have shown that the
in the Northern Hemisphere. Ponegal. [31] also note a corre- TM prototype algorithm correctly mapped mineral deposits
lation between vegetation density and planetary albedo. Thouglound Mono Lake, CA, as nonsnow-cover. Furthermore, actual
NDVI, a measure of vegetation biomass, has a close relationsfipDIS-derived maps show that we do not misidentify deserts
with the photosynthetic capacity of specific vegetation typgg.g., the Sahara) as snow cover. However, early MODIS data

[32], biomass is not necessarily a useful indicator of forest-covéfiow some scattered nonsnow pixels misidentified as snow,
density. Thus, the reflectance and albedo data are more usef these pixels are being studied.

for estimating forest cover density than is NDVI [25].

A. Monthly Snowline Positions

IV. RESULTS Average monthly snowline positions in North America and

Error Estimates in “Forest” and “Mixed Agriculture and Eurasia are reported by NOAA/NESDIS on their Northern
Forest”: A snow mapping error of 10% is used in this papdremisphere weekly snow-cover maps. In Fig. 3, the average
as determined from previous work. An additional 5% error iary, April, July, and October for North America and Eurasia.
added to account for errors due to mixed-pixel effects at td&e land-cover classes are seen north of the average continental
borders of the forested areas. snowline for each month. _

The 5% error estimate due to mixed-pixel effects is basedTo determine an error for North America for the month of
on the following. If a forest pixel (with 10% error) is next toJanuary, the following formula may be applied:

a tundra pixel (with 0% error), then we estimate that a mixed- .

plxel_ error is 5%. Thus we estimate, empirically, that thg_er- Ejan = B ZA 1

rors in forests would average 15% under cloud-free conditions
(Table III).

Snow mapping errors in theixed agriculture and forest whereE ;4 is the average January snow mapping etpg; is
class are estimated at 5% (assuming that the class is compdbederror in each of the seven land-cover classes (from Table Ill),
equally of forest and agriculture), with an additional 5% erraand A is the percent area of each land-cover type above the
added for mixed-pixel effects, to provide an error of 10% in thenowline in January in this case (from Table 1V). Each of the
mixed agriculture and forest class. monthly errors may be calculated in this way. Monthly errors

i=1
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Fig. 3. Land cover (from Fig. 1) north of the average monthly snowline for four months both in North America and Eurasia.

may then be averaged to derive an estimate of an average annual TABLE IV

PERCENT OFLAND COVER ACCORDING TOCLASS BY MONTH NORTH OF
error.
SNOWLINE IN NORTH AMERICA AND EURASIA (DUE TO ROUNDING ERRORS
L. . TotAL DoesNoT Abb Up TO 100%IN EACH MONTH)
B. Expected Preliminary Snow Mapping Errors

On the basis of these preliminary data, the greatest errors North America

snow mapping can be expected from November through Ap ag/forest ~ forest barren tundra grass  wetlands  snowice
(9-10%), as shown in Fig. 4. It is during those months that snc

J 12 37 13 7 15 2 15
covers most or all of the boreal forests and most of the foretpy, 15 38 13 - 14 5 15
located in the midcontinent regions. Though the snowline bMar 9 39 14 7 14 2 16
gins to retreat northward by March/April, snow cover in forest &% 2 S 13 : -
lasts longer than it does in open areas. In April, with snow st Jun 0 2 37 3 6 2 51
remaining in the forests, and a smaller total snow-covered ar ! J“‘ g O 0 0 ’ o
both in North America and Eurasia, the percentage of snow Sep 0 0 2 1 6 0 70
forests is high (39% and 45%, respectively) (Table 1V), and tt Oct <5) ig ;Z g 191 43 g
error contribution of the forests is significant. Dec " 18 14 7 13 2 16
As estimated in this work, the aggregated, Northern Hernr
sphere snow mapping error (in the absence of cloud cover;
o . : ‘ .
abogt 8% and is Iarggly det_ermlned by the percentage of for gyrasia
that is snow covered in a given month.
ag/forest forest barren tundra grass wetlands  snow/ice
V. DiscussioN ANDCONCLUSION
Jan 24 31 5 15 22 3 1
This work has shown that hemispheric errors resulting fro Feb gf gg z }‘7‘ ;i ; }
satellite snow mapping vary depending on the position of i Ap, 1 5 2 2% 10 5 2
showline and the percentage of forest cover. May 1 29 3 50 9 4 g
- Jun 0 7 3 70 8 4
In order to assess the errors of global snow cover mappiy ' 0 0 0 0 N 100
using future MODIS data, it is first necessary to determine tt auwg 0 0 0 0 0 0 100
errors in mapping snow in individual land covers. Preliminar 3 " ; o M s
snow mapping error estimates were derived from Landsat Tnov 14 41 3 24 12 4 2
satellite, MAS aircraft, and simultaneous field measurements Dec 20 36 3 18 133 !

forested, agricultural, prairie, and tundra areas in North America

using prototype MODIS snow mapping algorithms. When tHewest “albedos” delineated on a map of Northern Hemisphere

ground is completely snow covered, snow mapping errors usialjpedo produced by Robinson and Kukla [27].

the prototype versions of the MODIS at-launch algorithm are The estimated snow mapping errors for the seven land-based

found to be very small< 1%) in the nonforest land covers anctover classes are 15% for the forested areas, 10% for mixed

larger and more variable in forests. agricultural and forest areas, and 5% for each of the other five
In our seven-class land-cover map of the Northern Henglasses. The errors derived for each land cover were extrapolated

sphere, the forest-cover class corresponds very well with tteethe hemispheric scale to estimate the expected monthly and
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Fig. 4. Estimated errors (in %) by month for snow mapping using
EOS/MODIS data for the Northern Hemisphere.
(12]

annual errors in mapping snow using MODIS snow maps. Error§-3]
are estimated to be greatest between the months of November
and April in North America (9%) and Eurasia (9—-10%), when
snow completely covers the boreal forest. The resulting averagé4]
annual snow mapping error for the Northern Hemisphere is es-
timated to be approximately 8%, excluding errors induced by
cloud cover. (15]

In the near future, it should be possible to use MODIS-de-
rived reflectances in conjunction with MODIS-derived vegeta-
tion maps to delineate the densest stands within the forestétb]
areas. This will allow an improved estimate of show mapping
errors in forests to be determined. [17]

This work has provided a technique for estimating snow map-
ping errors at the hemispheric scale, though actual errors can
yet be determined. These rough error estimates will be refine
about one year after MODIS data are available.

b

[19]

ACKNOWLEDGMENT [20]

The authors wish to thank Dr. D. Robinson, Rutgers Uni-
versity, Piscataway, NJ, for providing them with the Defensg21j
Meteorological Satellite Program (DMSP) “surface albedo”
data of North America and Eurasia, and Dr. A. Strahler,[ZZ]
Boston University, Boston, MA, for discussions about the
IGBP land-cover maps. They would also like to thank Dr. C.
Parkinson at NASA/GSFC, Greenbelt, MD, for her comments{23]
on the manuscript.

[24]
REFERENCES

[1] M. Matson, C. F. Ropelewski, and M. S. Varnadodke,Atlas of Satellite-
Derived Northern Hemisphere Snow Cover Frequendiashington,
DC: National Weather Service, 1986, p. 75.

[2] A.T.C. Chang, J. L. Foster, and D. K. Hall, “Nimbus-7 derived global
snow cover parameters&nn. Glaciol, vol. 9, pp. 39-44, 1987.

[3] M. T. Hallikainen, “Retrieval of snow water equivalent from Nimbus-7 [26]
SMMR data: Effect of land-cover categories and weather conditions,”
IEEE J. Oceanic Engvol. OE-9, pp. 372-376, 1984.

[4] D. K. Hall, J. L. Foster, D. L. Verbyla, A. G. Klein, and C. S. Benson,
“Land and forest cover classification using aircraft and satellite data in[27]
snow-covered areas in central AlaskRgmote Sens. Envirgol. 66,
pp. 129-137, 1998.

[25]

437

A. G. Klein, D. K. Hall, and G.A. Riggs, “Improving snow-cover map-
ping in forests through the use of a canopy reflectance moHgttol.
Process.vol. 12, no. 10-11, pp. 1723-1744, 1998.

A. Rango, “The response of areal snow cover to climate change in a
snowmelt-runoff model,Ann. Glaciol, vol. 25, pp. 232-236, 1997.

G. E. Liston, “Interrelationships between snow distribution, snowmelt,
and snowcover depletion: Implications for atmospheric, hydrologic, and
ecologic modeling,’J. Climate to be published.

Y. J. Kaufman, D. D. Herring, K. J. Ranson, and G. J. Collatz, “Earth
observing system AM1 mission to EarthEEE Trans. Geosci. Remote
Sensingvol. 36, pp. 1045-1055, July 1998.

W. L. Barnes, T. S. Pagano, and V. V. Salomonson, “Prelaunch charac-
teristics of the moderate resolution imaging spectroradiometeEE
Trans. Geosci. Remote Sensingl. 36, pp. 1088-1100, July 1998.

V. V. Salomonson, D. L. Toll, and W. T. Lawrence, “The moderate reso-
lution imaging spectrometer (MODIS) and observations of the land sur-
face,” inProc. IGARSS ‘92 SymMay 26-29, 1992, pp. 549-551.

S. W. Running, C. O. Justice, V. V. Salomonson, D. K. Hall, J. L. Barker,
Y. J. Kaufman, A. H. Strahler, A. R. Huete, J.-P. Muller, V. Vanderbilt, Z.
M. Wan, P. Teillet, and D. Carneggie, “Terrestrial remote sensing science
and algorithms planned for EOS/MODISyit. J. Remote Sensingol.

15, no. 17, pp. 3587-3620, 1994.

C. O. Justicet al, “The moderate resolution imaging spectroradiometer
(MODIS): Land remote sensing for global change researtBEE
Trans. Geosci. Remote Sensiugl. 36, pp. 1228-1249, July 1998.

D. K. Hall, G. A. Riggs, and V. V. Salomonson, “Development of
methods for mapping global snow cover using Moderate Resolution
Imaging Spectroradiometer (MODIS) dateRemote Sens. Envirgn.
vol. 54, pp. 127-140, 1995.

G. A. Riggs, D. K. Hall, and V. V. Salomonson, “Recent progress in
development of the moderate resolution imaging spectroradiometer
snow cover algorithm and product,” iRroc. Int. Geoscience and
Remote Sensing Symp. ;26ncoln, NE, 1996, pp. 139-141.

G.R. Scharfen, D. K. Hall, S. J. S. Khalsa, J. D. Wolfe, M. C. Marquis, G.
A. Riggs, and B. McLean, “Accessing the MODIS snow and ice products
at the NSIDC DAAC,” inProc. Int. Geoscience and Remote Sensing
Symp. ‘00 Honolulu, HI, July 23-28, 2000.

S. A. Ackerman, K. I. Strabala, W. P. Menzel, R. A. Frey, C. C. Moeller,
and L. E. Gumley, “Discriminating clear-sky from clouds with MODIS,”

J. Geophys. Resto be published.

T. R. Carroll, “Operational airborne and satellite snow cover products of
the National Operational Hydrologic Remote Sensing Centefrat.
47th Eastern Snow ConBangor, ME, June 7-8, 1990.

N. C. Grody and A. N. Basist, “Global identification of snowcover using
SSM/I measurements|EEE Trans. Geosci. Remote Sensiugl. 34,

pp. 237-249, Jan. 1996.

M. D. King and W. P. Menzedt al., “Airborne scanning spectrometer for
remote sensing of cloud, aerosol, water vapor, and surface properties,”
J. Atmos. Ocean. Technolol. 13, no. 4, pp. 777-794, 1996.

A. G. Klein, D. K. Hall, and K. Seidel, “Algorithm intercomparison for
accuracy assessment of the MODIS snow-mapping algorithnPfan.

55th Eastern Snow Conflackson, NH, June 3-5, 1998, pp. 37-45.

A. B. Tait, D. K. Hall, J. L. Foster, and A. T. C. Chang, “Detection of
snow cover using millimeter-wave imaging radiometer (MIR) daiRe*
mote Sens. Enviropvol. 68, pp. 53-60, 1999.

K. J. Bayr, J. C. Goumas, and K. A. Picard, “Description of snow
measurements—February 9, 1997, Keene, New Hampshire area: Tenant
Swamp, Spofford Lake and Bretwood Golf Course,” Int. Rep., Dept.
Geogr., Keene State College, Keene, NH, 1998.

D. K. Hall, A. B. Tait, J. L. Foster, A. T. C. Chang, and M. Allen, “In-
tercomparison of satellite-derived snow-cover mapg\h. Glaciol, to

be published.

T. R. Loveland and A. S. Belward, “The IGBP-DIS global 1 km land
cover data set, DESCover: First resultsf. J. Remote Sensingol. 18,

no. 15, pp. 3289-3295, 1997.

J. L. Foster, A. T. C. Chang, and D. K. Hall, “Snow mass in boreal forests
derived from a modified passive microwave algorithm, Multispec-

tral and Microwave Sensing of Forestry, Hydrology, and Natural Re-
sources E. Mougin, K. J. Ranson, and J. A. Smith, Eds. Rome, lItaly,
Sept. 26-30, 1994, pp. 605-617.

A. T. Chang, J. L. Foster, D. K. Hall, B. E. Goodison, A. E. Walker, J.
R. Metcalfe, and A. Harby, “Snow parameters derived from microwave
measurements during the BOREAS winter field campaidnGeophys.
Res, vol. 102, no. D4, pp. 29 663-29 671, 1997.

D. A. Robinson and G. Kukla, “Maximum surface albedo of seasonally
show-covered lands in the Northern HemisphedeClimate Appl. Me-
teorol, vol. 24, pp. 402-411, 1985.



438 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 39, NO. 2, FEBRUARY 2001

[28] D. A. Robinson and G. Kukla, “Albedo of a dissipating snow covaér,” Vincent V. Salomonson(SM'92—F’98) received the
Climate Appl. Meteoro).vol. 23, pp. 1626-1634, 1984. B.S. degree in agricultural engineering and the Ph.D.

[29] Z.Zhu and D. L. Evans, “U. S. forest types and predicted percent fore degree in atmospheric science from Colorado State
cover from AVHRR data,Int. J. Remote Sensingol. 60, no. 5, pp. University, Fort Collins, in 1959 and 1968, respec-
525-529, 1994. tively, the B.S. degree in meteorology from the Uni-

[30] M. Sturm, J. Holmgren, and G. E. Liston, “A seasonal snow cover cla versity of Utah, Salt Lake City, in 1960, and the M.S.
sification system for local to regional applicationd,”Climate vol. 8, degree in agricultural engineering from Cornell Uni-
no. 5, pp. 1261-1283, 1995. versity, Ithaca, NY, in 1964.

[31] V.M. Ponce, A. K. Lohani, and P. T. Huston, “Surface albedo and wat He is currently the Director of the Earth Sciences
resources: Hydroclimatological impact of human activitiels,Hydrol. Directorate with NASA's Goddard Space Flight
Eng, vol. 2, no. 4, pp. 197-203, 1997. Center, Greenbelt, MD, and is the Science Team

[32] J.R.G. Townshend, C. J. Tucker, and S. N. Goward, “Global vegetatitveader for MODIS.
mapping,” inAtlas of Satellite Observations Related to Global Change Dr. Salomonson is a Fellow of the American Society for Photogrammetry and
R. J. Gurney, J. L. Foster, and C. L. Parkinson, Eds. London, U.KRemote Sensing (ASPRS). From 1991 to 1997, he was a member of the Exec-
Cambridge Univ., 1993, pp. 301-311. utive Administrative Committee for the IEEE Geoscience and Remote Sensing

[33] J. C. Shi, “1999 progress report: Validation snow extent product froBociety, and he was the General Chairman of the International Geoscience and
MODIS data,” Progress Rep. to NASA, ICESS, Univ. California, SantRemote Sensing Symposium (IGARSS-90), held in Washington, D.C., in May
Barbara, 1999. 1990. He has served the ASPRS as the Vice President, President-Elect, Presi-

dent (1991 to 1992), and Past-President. He is also a Member of the American
Meteorological Society and the American Geophysical Union.

Dorothy K. Hall received the Ph.D. degree in geog-
raphy from the University of Maryland, College Park,
in 1980.

She has been with the Hydrological Sciences
Branch, NASA/Goddard Space Flight Center,
Greenbelt, MD, since 1975. She is the Associate
Team Member for the Earth Observing System
(EOS)/Moderate Resolution Imaging Spectrora-
diometer (MODIS) Snow and Ice Project. In that
capacity, she manages the development of algorithmmndrew G. Klein received the B.A. from Macalester College, St. Paul, MN,
to map snow and sea ice using MODIS data. She ignd the Ph.D. from Cornell University, Ithaca, NY, in 1997.
also a Principal Investigator on an ENVISAT synthetic aperture radar (SAR) From 1996 to 1998, he collaborated with scientists in the Hydrological Sci-
project and a Co-Investigator of a science education project. She has beeertes Branch, NASA/Goddard Space Flight Center, Greenbelt, MD, on the de-
Investigator for Landsat TM and ERS-1 and -2 SAR projects, as well as othalopment of snow cover products for the Terra MODIS instrument. He is cur-
snow, glacier, and lake ice projects. In addition to the MODIS snow researgbntly an Assistant Professor in the Department of Geography, Texas A&M
she investigates the mass-balance changes of glaciers in Alaska, Iceland,afidersity, College Station, where he continues his cryospheric remote sensing

the Austrian Alps using SAR and Landsat data. studies and is involved in development of environmental monitoring programs
Dr. Hall is Past-President of the Eastern Snow Conference and a Membelropolar regions.

the American Geophysical Union and the International Glaciological Society.

James L. Fosterwas born in Washington, DC. He received the B.S. and M.S

degrees from the University of Maryland, College Park, in 1969 and 1977, re-
spectively, and the Ph.D. from the University of Reading, Reading, U.K., in

1995.

He has been with the Goddard Space Flight Center, Greenbelt, MD, since
1973, and has been with NASA, Washington, DC, since 1978. His professional
interests include the remote sensing of snow using sensors in different wadeY. L. Chien received the B.A. in mathematics from Anderson College, An-
lengths, global determination of snow cover and snow mass, the influencedefson, IN, in 1965 and the M.S. in mathematics and statistics from Purdue
snow on climate, and the contribution of melting snowpacks to water supplyUniversity, West Lafayette, IN, in 1967 .

Dr. Foster is a member of the American Meteorological Society and the She is currently a Computer Programmer/Analyst with General Sciences Cor-
Eastern Snow Conference, of which he served as President from 1988 to 19#®ation/SAIC, Laurel, MD, working in the areas of remote sensing, scientific
His research projects and field work have taken him to Antarctica, Greenlapdpgramming, and image processing applications. Currently, she provides tech-
Norway, Canada, as well as Alaska and the northern and mountainous statesdal support for the MODIS snow and ice project at Goddard Space Flight
the contiguous U.S. Center/NASA, Greenbelt, MD.



