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ABSTWKT

During April of 1995, a field and aircraft experiment was
conducted in cenlra.1 and northern Alaska. A Millimeter-
wave ?ina~tig Radiometer (MIR), and other sensors, were
flown on-board a NASA ER-2 aircraft in a grid pattern
centered over Fairbanks. Resulting MIR data show
bnghmess temperature patterns that are related to land cover
and snowmelt patterns.

INTRODUCTION

From 31 March to 25 April, 1995, a mission was conducted
to study snow cover in northern and central Mask&
respectively. The utility of high frequency passive-
rnicrowave aircraft data is assessed as is the influence of a
variety of surface cover types on the microwave brighmess
temperatures of dry and melting snow. The aircraft data
included tie Millimeter-wave Imaging Radiometer (MIR)
and the Modexate Resolution Imaging Spectromdiom@.er
(MODIS) Airborne Simulator (MAS), Analysis of MAS
data will be discussed in a subsequent paper. In this paper,
the MIR data are analyzed along with ground-truti, and
meteorological data that were acquired simultaneous with
the aircraft overpasses in the series of aircraft flights flown
over Fairbanks.

AIRCRA13 ~TSTRI_TMENTAT’lON

The MIR is a mechanically-scanned imaging microwave
radiometer that measures radiation at the following
frequencies: 89, 150, 183.3fl, 183.3H, 183.3f7 and 220
GHz. It has an angular resolution of about 3.5°. It is a
cross-track scanner with an angular swath width of about
100°, centered at nadir. Its polarization vector is in the
horizontal plane and perpendicular to the velocity vector of
the aircraft so that the measured radiation is a mixture of
verdcal amd horizontal polarizations depending on the
viewing angles. The temperature sensitivity is c = 1 K for all
channels. The 183.3-GHz channels are not used in this work
due to its kxation in the water vapor absorption line. The
MD? data in this study have a spatial resolution of
approximately 1 km at nadir.

BACKGROLN3

The ability to infer snowpack thickness using passive-
microwave data has been rtzognized for many years.
However, many factors have km found that complicate the
relationship Mween passive microwave brighmess
temperature and snow depth [1]. For example, snow grain
size differences [2], [3] and forest cover [4], [5] influence the
bnghmess temperamre of snowpacks, and there is a strong



dependence of microwave brightness temperature on
topography and land COWX [2].

Chang cl al. [6] found that 92-GHz aircraft dam acquired
over Alaska during a 1983 experimen~ was more sensitive to

SIIOW~Std SGlttering t.hl WX 37-0~ dil~, but W= Z&O

more xmsitive to ahnospheric parameters. In cloud-free
areas, 37- and 92-GHz brightness- temperature patterns over
snow in Alaska were similar. Howevcx, at 92 GHz, the
atmospheric brighmess temperature contribution is much
h~gher ti~ it is at 37 GHz, 50 K in the subarctic winter ad

100 Kin the subarctic summer [6].

METHODOLOGY

Field measurements of snow depth, density, grain size and
shape were made in Fairbanks (64”50’N, 147”48’W) and at
Ester Dome which is about 5 km northwest of Fairbanks, as
well as in other parts of Mash Aircraft flight lines wem
tlo~ in a grid pat&m in central )ikis~ including
FWW, on 5, 6, 13 ad 21 April. These data have b

gridded to a polar stereographic expal area map. In
addiao% a vegetation map of Alaska [7] W)asregistered to
tie MIR data to compare with the aircraft data.

RESULTS AND DISCUSSION

Field and air-temperatum measurements showed that the
snow in and near Fairbanks was melting during the &ydrne
during the month of April. Except within the city, snow
cover was nearly cundnuous. Table 1 shows snow depths
from a location in Fairbanks and at Ester Dome. Table 2
shows air temperatures at the approximate time of the
aircmfi talmff on the flight days over the ‘Fairbanks grid.’
Each flight over the Fairbanks grid lasted about 2 hours and
20 minutes.

Table 1. Snow depths in Fairbanks and at Ester Dome on
selected dates in April.

~ Fairbanks Ester Dome

4/1/95 59 cm ---
4/2p5 54 cm ---
4/6/95 39 cm ---
4/’7/95 35 cm ---
4/8/95 --- 100 cm
4/1 1/95 23 cm ---

Table 2. Average air temperatures at approximate times of
aircraft takeoffs, and time of flights over the ‘Fairbanks
grid.’

& X Fairbanks local time

4/5/’95 8“ 10:50-13:11
4/6/95 3° 8:42-11:01
4/13/’95 10° 11:08-13:36
4/21/95 -1° 6:59- 9:29

ha.lysis of the MIR 89-, 150-and 22@GHz data shows that
the brighmess temperature increases with frequency, due to
increased emission from the atmosphere as discussed by
Chang ~ al. [6]. For example, on 5 April, the 89-, 150- and
220-GHz MIR brightness temperatures averaged 263,264 K
and 269 L respectively, in the vicinity of Fairbanks.

Snow in Fairbanks was actively melting during the daytime
during the month of April. As soon as snow becomes we~
scattering is reduced as the crystals become coated with
liquid water. As a result, the snowpack behaves as a lossy
medium, and the brighmess temperature increases. In the
vicinity of Fairbanks, the 89-GHz bnghmess temperatures
averaged 263 K, whale in the southern part of the study area
(central Alaska Range) brighmess temperatures were S?1O K
on 5 April. Deeper snow and lower temperatures caused the
bnghmess temperatures to be lower there. Additionally, on
lines flown north of Fairbanks, toward the Brooks Range and
on the North Slope, ah on 5 April, brighmess temperatures
are 1040 K lower than in the Fairbanks area base the
snow to the north was still dry in April (Figure 1). Aiso, in
the Brooks Range and on the Nod Slope, there are no trees
to increase the brighmess temperatures there.

Comparison of the vegetation map with the MIR data
shows that severil land-cover WS influence the microwave
signal. On each of the 4 MIR images (at 89 GHz) for the
Fairbanks gri~ the Imundary between the black spruce forest
and the meadow dryzs is evident at a latitude of
approximately 64°N, just south of Fairbanks (Figure 1).
Coniferous trees emit more microwave radiation than do
tundra or dryas vegetation, and this is one explanation for
the higher brightness temperatures in the black spruce
forests.

In the central part of tile Fairbanks grid, brightness
temperatmes are generally quite high due to the melting
snow. The relatively high brighmess temperatures there
overwhelm the bnghmess-temperature diff~ences that result
from land-covex variability. This is especially true on April
13, when the air temperatures were the highest of the 4 flight
days ~able 2), and presumably, when melting covered the
largest extent of area.



On 6 A@, no% in Figure 1 that brightness temperatures
are quite low over the Fairbanks grid as compared to the
other days--- The air temperature as recorded at Fairbanks
was 3°C, but may have xtua.lly been below fkeezing over
most of the Fah%anks grid. If this were the case, and the
SnOW@C. was dry, this would explain the much-lower
bnghmess temperatures measured during the 6 April flighq
amd the closez match between brighmess tempemures there
and to *e north..

Otter regions of interest are where finger-like proj=tions
of the spruce-birch forest to the east of Fairbanks intersezt
dryas meadows and barren areas. Brighmess temperatures
are higher- in- the spruce-birch forest (al ~ than in the
dryas meadows and barren arem (=51 K) presumably due to
the high= emissivi~ of the trees.

CONCLUSIONS AND FUTURE WORK

The land-cover type is shown to influence microwave

brightness temperature under dry snow conditions. Snow-
covemd forests cause higher brightness temperatures than do
snowaweti dryas meadows and tundra However, when
the snowpack is w% the high emissivity of the snowpack
overwhelms the cxmrnbution of the vegetation to the
brightness tempmaure.

Work will continue on the current data set to investigate the
influence of land cover particularly the influemx of the dryas
meadows and black spruce. Satellite data will be analyzed in
cxmjunction with MIR data in order to modify snow depth
retrievaJ algorithms so that they are more responsive to the
snow and land surface conditions encountered in central and
northern Alaska.
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Mash to southern Alaska. Note that not all of the flights
were flown of the same am.ason each day.

2. D.K. Hall, C.S. Benson and J.Y.L. Chien, “Analysis of
visible and microwave satellite data for snow mapping in



Col~lpa~isoll of Aircraft and DMSP SSM/I Passive Microwave

MeasUrel~le~lts Over tile Bering Sea ill April 1995

D. J. Ca\alieri, D. 1{. Hall, and J. R. ll~ang
Laboratory for H~drospheric Processes

X.AS.A Goddard Space Flight C’enter Greenbelt, \lar~land 20iil U.S..+.
Tel: (:301) 2S6-2444 Fax: (:301) 2$6-0240 Ernail: donQca\”alieri. gsfc.nasa.gov

.ibstract – During .+pril 1955 a X.4S.4 ER-2 high-altitude
aircraft carrying a \li]limeter-\Ya\e Imaging Radiollleter
(l!lR) made t~~oflights o~er the Bering Sea as part of a
mission to study sea ice and sno}v for improving retrie~als
cIf !hese parameters from passive nlicro\va\”e radiometers.
:\li R mea<ures radiances at S9 GHz, 1.50GHz, Ihree fre-
~juencies near 1S3 GHz, and at 220 GHz. Sea ice features
are observable at all frequencies except at 183 GHz, be-
cause of strong atmospheric water ~“apor absorption. The
radiometric brightness o~’er ice-free ocean incre~<es ~~ith
frequency as expected, but the situation is more complex
over sea Ice.

l\ TRODL-_CTIOX

\ NT.4S.\ ER-2 high-altitude aircraft made a series of
flights over Alaska and the Bering Sea in .-lpril 199.5 in
support of sea ice and snow algorithm development for
the hTASA NITPE EOS .llfSR and IIODIS instrument
science teams. The two primary sensors aboard the ER-2
\vere a six-channel, total power ?vlillinlet.er-l~ave Imaging
Radiometer (3fIR) and a NIoderate Resolution Imaging
spectroradiometer .\irborne Simulator. This paper re-
ports on the results obtained with the hfIR over the Bering
Sea ice cover on .4pril 8.

Sea ice retrie~als from satellite passive microwave ra-
diometers are sensiti~’e to atmospheric water vapor vari-
ability. This is particularly the case in the vicinity of the
ice edge and in marginal sea ice zones where ice concent-
rations are low. Some studies have examined the effect.
of water vapor variability on sea ice retrie~als at lower
frequencies (18 and 37 GHz) [I], but little work has been
done at higher frequencies (85 GHz and higher). The hlIR
range of frequencies (89 GHz to 220 GHz) ha\e been used
previously for determining water vapor profiles over the
ocean surface [2] and may, in combination with the lower
frequency channels on the Defense hleteorological Satel-
lite Program (D31SP) Special Sensor 31icro\vave/Imager
(SSM/1), also be useful in assessing and inlpro~ing cur-
rent methods of eliminating the effects of \vater ]apor
\ amiability on sea ice retrievals [3]. This paper exami]ies
the spectral \ariation of 311R radiances oler the Bering
Sea ice cover and compares this \ariat ion t o The known
properties of the ice coyer as determined from the D31SP
ssM/I.

D.4T.\

The D\lSP SS11/1 radiances are used with the X.%S.4
Team sea ice algorithms [4,5] to pro~ide a description of
the Bering Sea ice cover. On .ipril 8 the ice cover ex-
tended to 55.6° N. 194° E in the southeastern portion
of the Bering Sea and to 60° N, lSOO E in the western
portion. The sea ice concentration was generally high
(85- 1OO$I), except in the marginal ice zone and in coastal
polynyas. The largest coastal polynya ~ras located south
of St. Lawrence Island (SLI) \vhere the minimum obser~’ed
concentration at ~he mapped resolution of 2!5km JYaS45Yc.
From the X.LS.A thin ice algorithm [5] only two areas along
the aircraft flight path show the presence of new and young
ice: one is a coastal po]ynya in the e~~tern most end of
N-ort.on Sound and the other is the SLI pol~-nj”a.

The ER-2 MIR is a cross-track scanner that has a 3-dB
beam width of 3.5° and an angular swath of 100°. .kt
a nominal aircraft altitude of 18.5 km, the ground res-
olution at nadir is about 1 km. It measures a mixture
of horizontal and vertical polarizations at 89 GHz, 150
GHz, lt33Al GHz, 183+3 GHz, 183+7 GHz, and at 220
GHz. The polarization mix varies with incidence angle,
but this effect is small over sea ice. There is generally
good agreement between the MIR 89 GHz observations
and the a~eraged 85.5 GHz horizontally and vertically po-
larized DMSP SSh4/I data. The ER-2 aircraft flight tracks
over the Bering Sea were planned to optimize coverage of
as many SSM/I footprints as possible while still imaging
a range of sea ice types and ice-free ocean.

RESULTS

The .ipril 8 MIR radiance maps for 89 GHz, 150 GHz,
and 220 GHz are shown in Fig. 1, 2, and 3 respectively.
These figures show sea ice areas which exhibit contrasting
spectral variations along the flight path. The first is an
area of consolidated sea ice off of Nome, -Alaska. hfIR
brightness temperatures range from 190 K to 210 K at 89
GHz. from 175 K to 200 K at 150 GHz, and from 200 K
t.o 210 GHz at 220 GHz. The lo~ver radiances obser~ed
at 1.50 C,HZ are not consistent ~vith the expected increase
in brightness tvith frequency resulting from atmospheric
!~ater \apor emission. Examination of the 8.5 GHz SS31/1
data at horizontal and vertical polarization also show this
area of relatively low brightness. This is not observed.
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and over ice-free ocean.

COXCLUSIOXS

The contrasting spectral variations observed in \!lR data
at 89, 150, and 220 GHz over the Bering Sea ice cover on
April 8 suggest that both atmospheric emission and sur-
face influences are affecting the recei~ed radiances. In a
region off of Nome, .41aska and just north of SLI, the lower
brightness at 150 GHz relati~e to the other t~vo frequencies
suggests t]le occurrence of surface scattering. This scat-
tering may result from a particularly heavy snow cover on
the sea ice. This effect has been c,bser~ed north of SLI in
previous aircraft missions [6]. O\~r ice-free ocean or areas
of IOIYice concentration. as for example. in the Yicinity of
coastal pol!”n>as, the increasse of brightness temperature
with frequency is consistent ivi~h a spectral response one
would expect from an atmosphere ~vith appreciable \vater
vapor. Further \vork is needed to deierrnine quantitatively
the contributions from surface scattering and atmospheric
\vater vapor variability.
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Abstract -- In preparation for tie launch of the Moderate
Resolution Imaging Spectroradiometer (MODIS) on the first
NASA Earth Observing System platform in 1998, an
algorithm to generate a global snow cover map is being
developed. Status of the snow mapping zdgorithm and
description of the data product is described in this paper.

INTRODUCTION

Monitoring the spatial and temporal extent of seasonal
snow cover at synoptic, regional and local scales is important
to the research, modelling and operational monitoring
communities concerned with snow cover [1]. A snow
algorithm and data product are bekg developed for the future
Moderate Resolution Imaging Spectroradiometer (MODIS)
instrument to be flown aboard the Earth Observing System
(EOS), a pat of NASA’s Mission to Plamet Earth (MTPE).
Landsat Thematic Mapper (TM) and MODIS Airborne
Simulator Data (MAS) are used as surrogates for MODIS data
during development of the algorithm.

BACKGROUND

The objective for the MODIS snow algorithm, SNOMAP,
is LOgenerate a consistent weIl &rib@ global snow cover
data produc~ The spatial resolution planned for the snow
cover data product is 500 m with daily and ten day composites
of the product generatd and archived.

hfODIS is an imaging radiometer consisting of a cross
track sw mirror, collection optics and set of linear detector
arrays with spectral interference falters in four focal planes.
hfODIS has 36 discrete bands between 0.4 and 15 pm selected
for diagnostic significance in Earth science. The different
spectral bands have spatial resolutions of 250 m, 500 m or 1
km at nadir. Complete description of the MODIS instrument
can be found at the MODIS homepage
http://ltpwww.gsfc.nasa. gov/h4ODIS/MODIS.html. Orbital
characteristics of the EOS pIatform wiIl allow MODIS to
have near daily repeat coverage over much of the globe and in

the mid to upper latitudes swath overlap will provide multiple
daily views of some regions. nose m~~ple ~iews open tie
option of the algorithm to select and analyze the “best”
observation(s) of a location for the day.

Processing and generation of MODIS data products will be
done at several levels. The levels are defined by temporal and
spatial manipulations done on the data to arrive at a product.
Information about the data processing system and these data
levels can be found at the Eanh Obscnation System and Data
Information System (EOSDIS) home page
http://spsosun.gsfc. nasa.gov/ESDIShome.hm1. The lowest
level is a short segment of an orbital swath, while the next
levels involve spatial and temporaJ manipulations, including
gridding of M to generate products covering larger spatial
areas. Within the MODIS land group of investigatcm there is
a gridding and fig scheme to assemble MODIS swaths into
geographically referenced and gy-iddedtiles for common use
among products.

The SNOMAP algorithm is composed of three algorithms
for product generation at the swath level, daily composite, and
ten day composite. Products from the swath flow to daily
c-ompositing, which flow to the ten day composite. Ten day
compositing foIlows the compositing scheme laid out by the
Science Working Group EOS] Ah4 Platform (SWAMP).
The ten day compositing periods are defined as: fist ten days
of the monfi days 11-21, then day 21 m end of month.

Other MODIS data products such as the cloud mask and
static land/water mask are being integrated into SNOMAP LO
mask large water bodies and assist with discriminating snow
from cloud. For information on other MODIS data products
and the Earth Science Data Information System (ESDIS) in
general begin at
http://spsosun. gsfc.nasa.gov/ESDIShome. hLm1.

The snow cover products are generated in HDF format
composed of global attributes (metadata), product specific
attributes (metadata and quality information) and the snow
cover ‘map’ as a scientilc dam array.



TECHNIQUE

The SNOMAP algorithm at the swath level employs
criteria tests and decision rules with universal threshold
values, to identify snow by its reflectance features in the
visible and near irhred wavelengths (NIR). Techniques are
briefly described herq greakz discussion is presented in [2].
A principle key to identification of snow is the Normalized
IMference Snow Index (NDS1’). The NDSI is defined as
(visible refkxtance - NIR reflectance)/ (visible refkxtance +
FURreflmance) orfor TM (band 2- band 5) / (band2 + bmd
$. Snowand cloud discrimination is also achieved with the
NDSI, though confusion with cirrus (ice clouds) is a
probleni Water may also have a high NDSI and thus be
confusd with snow buL that confusion is largely eliminated
by use of far red threshold test which discriminates water fforn
snow because water absorbs whereas snow reflects through
the red. If observation results he in the snow decision region
of the decision rule, the pixel is identikd as snow covered-

TM &ta is converted to radiance then refktancc using
methods described by [3] using preflight gains and offsets, or
by using recorded gains and offsets [4] when available, prior
to applying the snow decision tests. We have found that use
of obsem.d reflectance increases the accuracy of snow cover
identii%ation. MODIS data input will be at-sensor
reflectanccs. Work is in progress to incorporate atmospheric
correction.

In addition to the criteria tests and decision rules for snow,
the full-up version of SNOMAP will contain internal checks
for data integrity that will affect algorithm flow in cases of
missing or out-of-range data. During execution of the
algorithm, several pieces of metadata are accumulated to
provide summary information with the snow cover map and
serve as indicators of quality assessment (QA). Metadata such
as counts of out-of-range data and total snow area are
generatd and written as attributes in the HDF output file. A
general QA flag based on metadata and QA criteria rules is
also written as an attribute.

SNOMAP at the second level composites the results of the
swath outputs from overlapping orbits into a daily snow
cover producL An intermediate algorithm assembles dl the
swaths into tiles of a grid, SNOMAP then employs a series
of criterion tests to select the ‘best’ observation(s) of multiple
observations. If there are multiple ‘best’ observations, the
mode of the ShTOhfAP swath level result is uwd as the result
for the day.

SNOMAP at the third level composites the level 2 results
for a ten day period. The technique used is to sum the
number of snow observations for that period to generate a
snow cover summation producL That product contains the
number of days that a cell was snow covered, along with
summary metadata of snow rover.

SNOMAP has agreed to within a few percent of snow cover
identified with iittensive classification methods (e.g.
supervised classifkarion and spectral mixture modelling [2])
on several TM scenes. Idendfied snow extent has also agrezd
with ground observations and with regional snow maps
generated by the National Operational Hydrologic Remote
Sensing Center (NOHRSC). SNOMAF continues to be
validated against other techniques and data sources of snow
cover.

The most commonly encountered error in SNOMAP is
confusion of cirrus clouds with snow. No consistent mend
has been observed in confusing snow with cirrus clouds. In
some situations cirrus clouds over non-snow covered iand
may be identified as snow, while in other seemingly similar
situations it will no~ cirrus clouds over snow are also
incatsisrently confused Means of sornng out this confusion
are being explored. Much of the confusion may be alleviated
with the integration of the MODIS cloud mask, developed by
another MODIS investigator team, which has the capability
of identifying cirrus clouds.

Solar zenith angle (SZA) has been observed to have an
effect on identification of snow. A study is in progress to
determine if there is a crucial SZA above which snow
identification becomes erroneous. This appears to be an issue
reIatcd to high SZA. If a crucial SZA is deterrnin@ then a
bound on acceptable SZAS will be incorpormed into
SNOMAP.

A simulated weekly snow composite has been generated
with SNOMAP from a pseudo time series of TM data to
demonstrate the information content of the composite
product. SNOMAP higher level products have been generated
with simulated MODIS data- Simulated MODIS data are used
to test the flow of SNOhIAP through all leveIs of product
generation. The higher level products exhibit consistent
snow cover extent results among levels. Lack of validation
data for composites precludes significant comment to be made
for the composite snow covers.

sLmIMARY

Results obtained wirh SNO.MAP and review of products and
techniques by the community [1,2] indicate that the snow
identitlcation technique and products being developed will be
of general utility to sections of rhe community. Research is
continuing to improve snow identification techniques,
including conditional bounding of factors such as SZA,
defining metadata and quality indicators for the SNOMAP
products. Concurrent with research is the programming task
of preparing the program code to be run in the production
environment of EOSDIS. Expmar.ions are that MODIS will
be launched aboard the EOS AM platform in mid 1998, and
that data product generation will begin shortly after MODIS
is declared Opemtional.

RESULTS & DISCUSSION

Runs have been undertaken on over 25 TM scenes to
generate snow cover maps. Snow cover extent ident.ilkd by
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