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ABSTRACT

An algorithm for the identification of snow cover is being developed for use with data from
the futyre Moderate Resolution Imaging Spectrometer (MODIS), an Earth Observing System
{EOS) mstrum'ent. The snow cover algorithm currently employs a series of criteria tests
and a no.m!ahzed snow difference index (NSDI) that identify snow by its reﬂectanca’
characteristics in the visible and near-infrared regions, and also discriminates betwesn
snow and man\( types of clouds. The snow cover algorithm is being developed with
Landsat Thematic Mapper (TM) data and is also being tested with data simulated from
Lan.dsat TM data to match the 500 m resolution of some of the MODIS bands

sattsfactow snow identification results have been obtained on bright snow targets of tes;
images. Testing of the algorithm indicates that performance of the algorithm is affected
by _scene characteristics such as; extent of snow, terrain, and types and extent of clouds
Refinements wiII. be required to increase the accuracy and refiability of the snow cove;
proglgct. Also, discrimination of most types of clouds from snow will be possible with th

additional spectral bands from MODIS. °

INTRODUCTION

Snow is a key component of the global hydrologic cycle and the Earth’s radiation budget
Snow.covers approximately 30% of the Earth’s land surface area seasonally, and about.
10% is permanently covered by glaciers (Dozier, 1989). The high reﬂectivilty and low
thermal conductivity of snow influence the surface/air heat flux and thus regional and
global energy balance. Snow cover is highly dynamic temporally and spatially and
represents a changing boundary condition in climate models (Dozier, 1989; Hall, et al

1990a). The monitoring of snow cover is important to climate modeling ar;d hy(ljrologi.c'
cycles. Snow cover has been monitored using the NOAA polar orbiting satellites for about
25 years and maps are produced on a weekly basis (Matson, 1991}. The National
Oper?tlonal Hydrologic Remote Sensing Center of the NWS employs both airborne, and
satglhte data, to produce real time and weekly snow cover products for North An;erica
during the snow mapping season. With the future series of Moderate Resolution Imagin

Spectrorpeter (MODIS) instruments on the Earth Observing System (EOS) platforms it wiﬁ
be possible to produce a long time series of snow cover products of the Earth usin

automated .techniques. The research described here is the initial development of a snov?r
;:;\;far' egg:)nthm for use with MODIS data to generate a global snow cover product using

a.
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MODIS
The MODIS is a NASA instrument designed for study of the biological and physical

processes of the Earth and is a component of the EOS. MODIS is an imaging
spectroradiometer that will coilect data in 36 discrete spectral bands in the electromagnetic
spectrum between 0.4 and 14.24 ym. Individual spectral bands will have spatial
resolutions of either 260 m, 500 m, or 1 km at nadir. The EOS will be able to repeat
coverage of a location on Earth at least every two days. The general objective for the
instrument is to provide long term data sets for the study of globa! processes with
emphasis on global climate change. An EOS mission goal is to acquire long term data sets
from several successive MODIS instruments with the first launch anticipated for mid 1998.

MODIS data and a group of global survey data products produced from MODIS data will
be used by many investigators to study global processes and climate change. One of the
global survey data products to be produced with MODIS data is a weekly global snow
cover product (NASA, 1991). Several of the MODIS spectral bands correspond in spectral
coverage with the TM bands (Table 1) making TM an appropriate sensor to initiate
development of the snow product algorithm to eventually be employed with MODIS data.
The MODIS instrument has spectral bands that should prove very useful in snow detection.
To facilitate snow mapping, the MODIS has a near infrared band (Band 6) centered at
1.640 pm for the purpose of snow and cloud discrimination. The dynamic range of the
MODIS bands for the study of land and cloud properties should be great enough to avoid
the sensor saturation problems that have been encountered with the Landsat TM sensors
whaen imaging snow at high latitudes and low solar zenith angles {e.g. Dozier, 1989). In
addition to the 1.6 ym MODIS band useful for snow and cloud discrimination, MODIS has
several therma! bands designed for cloud observation that may also be useful for snow and
cloud discrimination in the future (e.g. King et al., 1992).

Table 1. Center wavelengths and spatial resolutions for TM and MODIS spectral bands for
the observation of land and cloud properties. {(MODIS specifications from Hughes SBRC,

Aprit 1992.)

Center Wavelength Spatial Resolution

™ MODIS {pm) {m)

Band | Band ™ MODIS ™ MODIS
3 1 .66 .659 30 250
4 2 .83 .865 30 250
2 4 .56 .555 30 500
5 6 1.65 1.640 30 500
7 7 2.22 2.130 30 500
6 31 11.45 11.030 120 1000

SNOW REFLECTANCE CHARACTERISTICS

Snow typically has high reflectance in the visible region of the spectrum. Nearly 80% of
incident solar radiation may be reflected from fresh snow {Choudhury and Chang, 1981;
Hall et al., 1990a). Snow reflectance decreases as snow ages ofr becomes contaminated
by deposition of aerosols, dust, pollen etc. (Warren, 1982; Dozier, 1984) , yet remains



;r:‘uch f\lgr'\\er t!\:—fn most pther surface features. it is the high reflectance characteristics of
Su?fw mft e visible portion of the spectrum that make it distinguishable from many other
by ace features. .Snow_ anq (.:|OU.dS both have a high reflectance in the visible portion of
t g"spectrum,. ma'klng discrimination between them difficult in that region. This situation
;si l.ustr.atec'j in Figure 1, where clouds and snow are both bright and very difficult to
Ot:‘t;rr\%:n;r:'::tTM Bar(;d 2I. Reflectance from snow depends on salar zenith angle, among
ers, and at low sun angles at certain times of the ¢
year and on slopes ex
‘ti:)n?thet'sunt, snow ;eélectance may saturate TM bands 1, 2, 3, and 4, but is o?\ly a s‘:\)rse::
ntation to use of Bands 1 through 3. Saturation of y
Do 108002 of TM bands 5 and 7 should not occur

Lna :hehf\;ar infrared, snow and clouds have ditferent reflectance characteristics; clouds
n e high reflectance; snow has very low reflectance. it is this difference in reflectance
th:v:i/e: 7:3::‘ antd cllm;dgsggt about 1.6 um that makes it possible to distinguish between
et al, ; Dozier, 1989; Crane and Anderson, 1984: i
d’Entremont, 1982; Warren, 1982). Iti i i y ow o o
_ s H . . It iis this change in reflectance of snow fro
' . T m th
visible to near infrared (Figure 1) that can be exploited to identify snow and discriminate
between snow and many types of clouds. °

DATA

™
Lan'dsat 5 TM scenes of the Brooks Range in Alaska acquired on 13 September 1984 {sol.
zen!th 67°) and of the Chugach Mountains in Alaska acquired on 1 August 1985 { 'ar
zenith 47"). have been utilized in this analysis. Both scenes contain mountains with ssr:J W
cover, glacners, and clouds. Image subsets 512 x 512 or 1024 x 1024 pixels in o
contanr_‘nng snow and clouds in differing amounts were extracted from the scanesSIfze
analysis. These sce.nes were selected for the mixes of snow and clouds occurring in thetr’r:
;onA:velop our algorithm fgr snow identification and snow/cloud discrimination. A Landsat
! sceze of snow and ice covered West Antarctica acquired 12 December 1988 (solar
zenith 68°) has also been used for snow/cloud discrimination technique development. Thi
scene has the difficult discrimination situation of thin cirrus clouds over snow S

Ia.ta_ndsa'tI_TM digital numbers were conyerted to either effective at-satellite reflectance, or
sate |te.temper§ture. The conversion to reflectance was made because of the desir
to work thh P_hysvcally meaningful reflectances rather than digital numbers. The goal s
to makg |den_t|f|cation based on reflectance, with the expactation that some.atmospheri’:
corregction will be performed in the MODIS processing thus providing surface reflectance
fneasurarpents. It may be expected that an atmospheric correction may result in
increase in reflectance in the reflective region, 0.4 - 1.0 um, as compared to the at-satell':n
measure (Hall e.t al.,, 1990b). Reflectance also allows for reasonable comparison of resullt‘3
with other studies. Our analysis uses the at-satellite reflectance values, for comparison i
rgfl.ectance characteristics of snow, clouds, and other features. The co;\version from Q ol
digital numbers to radiance (1) to at-satellite reflectance (2) is: “

Li= Lun + UL bmin/Qeumed Qe {1
R=m* L, * d?/Solar * cos® (2)
(L:;“ii (s;p:actra(l:l radiair;crz.isr::;e:e::gi, L,,,,,.angNL,,,,,. are.spectral ra.diance at Q. =0 and
reflectacngg, d :; "t‘;;e earth-sun distaanr::ceeirlmnastréar?ol;il::':le:ii:ffse:l:: ?sz::a;:giat::;:;f:rg

solar radiance at t i :
1986). at that wavelength, and 8 is the solar zenith angle (Markham and Barker,
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For calculation of at-satellite temperature (3), T is effective at-satellite temperature in
degrees Kelvin, K1 and K2 are calibration constants, and L, is spectral radiance {(Markham
and Barker, 1986).

T= K2/In{lK1/L,) +1) (3)

MODIS Simulated Data

A procedure for simulating MODIS data is presented in brief here. A complete description
of the procedure can be found elsewhere in these proceedings (Barker et al., 1992). The
simulation procedure approximates the geometrical nature of MODIS data in 250, 500, and
1000 m bands. The simulation procedure begins with TM data, and applies a modulation
transfer function for the expected MODIS spatial characteristics, then it generates MODIS
radiances, and then calculates at-satellite reflectance. Because the simulated image is still
at the TM spatial resolution it must then be re-sampled by a factor of approximately 60 to
correspond to MODIS spatial resolution of 500 m. Simulated MODIS data have been
generated from TM bands 2 and 5, corresponding to MODIS bands 4 and 6, respectively.
The snow algorithm has been applied to this simulated MODIS data.

DISCUSSION AND RESULTS

This snow cover algorithm is being developed as a series of tests based upon reflectance
characteristics of snow and reflectance differences among snow and cloud and other
surface features. A normalized snow difference index is also employed to identify snow
and to aid discrimination of snow from clouds. The logic of development proceeds from
assuming an image has the simple case of having a clear view of sunlit snow, and proceeds
to discriminate clouds in the image, and also to identify snow that is not directly
illuminated by the sun, e.g. in the shadow of mountains. Because of the many possible
signatures of snow, we have defined three categories for algorithm results: definitely snow,
maybe snow, not snow. Defining these three categories provides a range of estimates of
snow cover that can be used to refine the algorithm and identify problem snow situations.
The algorithm is performed on every pixel in a scene. Decisions in the threshold tests and
the normalized snow difference index are made with a resuit of true (1) or false (0)
returned for each pixel. Results are compiled to generate the snow ‘map’ product, that
identifies three classes; definitely snow, maybe snow, and not snow. A goal is to be able
to generate this snow product with an estimate of certainty for each class. These checks
for reflectance characteristics have been selected so that the result may have a confidence
associated with identification of three classes, definitely snow, maybe snow, definitely not
snow. Ability to distinguish snow relies on reflectance differences between regions of the
electromagnetic spectrum for snow and between clouds, and surface features.

Analysis has focused principally on the use of TM Bands 2 and 5, located in the visible and
short wave infrared portions of the spectrum. These bands have been selected because
their spectral coverage corresponds to MODIS bands 4, and 6 at 500 m spatial resolution.
Though snow reflectance may occasionally cause saturation in TM band 2, the saturation
problem is not expected with MODIS because several visible bands have been designed not

to saturate over snow.

The technique of reflectance thresholding presents the problem of applying ‘universal’
threshold or extrema that are not truly universal; many situations arise where they fail to
perform satisfactorily. A common situation where snow is not consistently identified by
threshold tests is shaded snow, in areas where snow is shaded by mountains or clouds.
Snow in those areas quite often has been observed to not have the high reflectance in the
visible that is typical of sunlit snow. An option is to lower the reflectance threshold to try
and identify the shaded snow areas but the compromise is that non-snow features may
then be identified as snow. In order to evaluate the effect that changing the acceptance
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threshold had on the results of a reflectance test, the acceptance threshold was changed
and the change in result was counted. This was done for each threshold test with
acceptance criteria incremented in steps of 0.05 over the acceptance range of 0.0 t0 1.0
for several images. It was commonly found that there was about a 10% to 20% change
in the number of pixels identified as snow for a 0.05 change in acceptance threshold from
the previous threshold result. The spatial result of changing thresholds was observed as
an expansion or contraction of snow extent about the perimeters of the snow areas
identified in the previous threshold levels, as reflectance threshold acceptance criteria were
incremented or de-incremented. This was observed over a wide range of thresholds
surrounding the threshold that we interpreted as producing the most acceptable result. At
either the high or low ends of acceptance, radical jumps in identified snow area were
observed as snow was either eliminated or other features were included in the result. It
was observed that the amount of change in snow extent between increments was affected
by the amount of snow cover observed in an image, with images having extensive areas
of snow cover exhibiting smaller changes than those with lesser observed snow coverage.
We observed that there was not an exact or critical threshold for these snow reflectance
tests, but that there was a range of acceptable thresholds that corresponded to the bast
visual interpretations of snow cover.

In the algorithm the first snow reflectance characteristic checked for is that of high
reflectance in the visible. High reflectance in the visible bands is a characteristic common
to both snow and clouds. The second snow reflectance characteristic checked for is low
reflectance at about 1.6 ym. Snow typically has very low reflectance at 1.6 um, and
clouds have a high reflectance. But there are many other surface features that may also
have low reflectance at 1.6 ym. Discrimination of cloud from snow is the resuit of
compiling these first two tests if both are true, high visible and low 1.6 um reflectance, the
pixel is identified as not cloud, probably snow, but may be some other surface feature. To
further identify snow a normalized snow difference is employed.

To increase our ability to identify snow and slightly decrease reliance on ’universal’
thresholds we have defined a normalized snow difference index (NSDI}. Snow reflects
visible radiation and absorbs near infrared radiation thus, the snow normalized difference
is expressed as; NSDI = (reflected visible - absorbed near infrared) / {reflected visible +
absorbed near infrared). For TM data we have used TM band 2, visible green, as the
reflected visible band and TM band 5, near infrared, because both closely correspond to
MQODIS band 4 and 6 in spectral coverage, and both MODIS bands have the same spatial
resolution (Table 1). The NSDI is then;

NSDI={TM band 2 - TM band 5) / (TM band 2 + TM band 5} (4)

This NSD! is used to key on the characteristic change in snow reflectance between the
visible and near infrared spectral regions. Snow will have positive values; snow was
commonly found to have NSDI values greater than approximately 0.6. The logic of the
snow normalized difference is somewhat analogous to that of the normalized difference
vegetation index (NDVI). The NDVI is related to the fact that healthy vegetation absorbs
red radiation and reflacts near infrared radiation; NDV! = {reflected near infrared - absorbed
red) / (reflected near infrared + absorbed red) (Townshend and Tucker, 1984). The
similarity of indices is that both are based on a difference in reflectance between a visible
wavelength and a near infrared wavelength.

The result of applying the algarithm to the Chugach scene (Figure 1} is shown in Figure 2.
The three resulting categories of snow, maybe snow, and not snow correspond well with
the interpreted occurrence of those categories. Obviously erroneous results were not
observed with this image, but the mix of broken clouds with sunlit and shaded snow below
demonstrate a situation where changing the threshold values could resuit in the area being
identified predominately as maybe snow, or cloud, and not be a very accurate
representation of the actual situation. Though the snow cover product will probably have
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a coarser resolution than the resolution of this early developmen_t, it is important to have
an understanding of how the algorithm functions at finer resolutions.

A very interesting resuit of the NSDI was that it identified both sur.\li( aqd §haded snow als
snow. This result is an improvement over the simple'approach of :fjentl_f\(nng_snow s':mdp;
by reflectance criteria tests which only identifies sunht.snow. th, ldenpfucatlon of sha e|
snow was different between images; for the Chugach image (Figure 2} it appears tha; o: :;
the interpreted shaded snow areas were identified, but in the B.rook‘_s Bange image s Zred
slopes that were not interpreted as being snow covered were identified as snow covere

using the algorithm.

Results have been modest on intensely studied images. For well studied scenes the
algorithm can be adjusted to agree very well with mterpretgd l.<now|edg¢'3 of_sqov; cover
present. The greatest errors have been obhserved to occyr in images with limite .sny:w
cover, e.g. fess than 10% of the image. Preliminary aqalysts has demonstrated that sumt| adr
results are obtained when the snow algorithm is appI!ed to these same sgenes geqera €
from MODIS simulated data. Applying the snow algorithm to the MOQIS simulated images
results in similar percentages of identified snow cover, though some differences do appear
they have not yet been thoroughly investigated.

A subset of the Antarctica scene that was nearly total snow cover.wit.h t.he gxcepfthn of
small areas of ice and cirrus clouds was used as a IABSt case for dlscrnn_unatlon [4] gn;]rus‘
clouds from snow. The cirrus clouds were not discriminated from snow v:nth the algonF m;
those cirrus present were identified as snow. [t was pgsstble to discriminate the' cnrrfus
from snow if TM band 6 (11.45 um) by use of at-satellite temperature by screening for
cloud temperature. This required sampling the clouq temperature and using the aver:g:
cloud temperature as the screening parameter. Very fittle transferable succ;es_s w:_ashgal e
in discriminating cirrus with the data; the algorithm was not able to dnstmgun§ s¢_:(;ne
suspected thin cirrus clouds in the Alaska scenes. Also there are other clou s:tua:: tr)\:
such as fog over glaciers (Ormsby and Hall, 199}) and snow cover that s Ec;u e
distinguishable to increase accuracy and confidence in the snow cover product. e%at;ur
of the potential variable temperature differeqces betwee.n clouds and snow, ar; o
ultimate goal of a automated snow cover algorithm, screening for CIOL.K:’ .tempfe;;t&r) o
a single band will not be acceptable. Some of the potanttal gapabulmes 1o992 15 for
distinguishing clouds have been discussed and described by King et al. ( .). e
future, cloud distinguishing techniques for cirrus and oth«_ar f:logd types shall be tptegr;’i ed
into the snow cover detection algorithm. A current limitation to mplemenhung c?rud
distinguishing techniques with TM data is the lack of data _over the wavelengths require
for these cloud distinguishing techniques and snow detection.

CONCLUSIONS

A snow cover algorithm has been developed that is well suited to jspecific TM scenes unt_!e}:
limited conditions, and the algorithm has been extendgd to a variety of othe.r scene:f wit

modest success. The use of the thresholding technique poses proble‘m:s in applying to
widely varying remote sensing conditions. This research has found th_m‘nt |.s not necessal;y
to have exact reflectance thresholds for snow reflectance but that it is important to be
within an acceptable range of values for acceptable re;ult;. The greatest succe.ss wa's
obtained in identifying sunlit snow cover. Snow cover Iyn.ng m_ st_\ade was less cons:stsem \
identified, though the NSDI demonstrated potential in identifying shaded snow. nc"wh
cloud discrimination was achievable between sunlit snow and sor.ne‘cloud types, 'wnt_

discrimination between other cloud types uncertain. The.se'resylts_ indicate thlat the logic
of the algorithm for identifying snow and snow cloud duscnmma_tlo_n is reasonable to pursue
for use with broad band imaging spectroradiometer data, or similar data, for the purpose
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of developing the algorithm anticipated to be used to generate a global snow cover product
for the future MODIS.
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over algorithm applied to the
and dark gray and black is not

light gray is maybe snow,

'

FIGURE 2. Snow cover image resulting from the snow ¢

Chugach scene. White is snow

snow.
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