Field verification of SAR wet snow mapping in a non-Alpine environment
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ABSTRACT

Snow coveredarea is an important variable in snow-
melt runoff modelling. Methods have bederveloped
for mappingwet snow cover inalpine basins using
SAR. This paperdiscussesthe applicability ofthis
method to a non-alpine basispecifically the Spey in
Scotland. Themethodology is briefly described and
differences between applying it @lpine and higher
latitude basins are highlighted. Fiedtbservations and
measurements collectetliring anERS pass irMarch
1998 areused to identify a suitable threshold tistec-
tion of wet snow.The results ofwet snow detection
over the whole basinare presented. Thesecord with
field observations. Detection is constrained by areas of
missingcoverage caused by religfhe extentand ele-
vation dependence of missimgverageare quantified.
While rapidly changingsnow conditiondimit the ap-
plication of the method in th&pey it should prove
more viable inother non-alpine basins having greater
and more stable snow cover.

INTRODUCTION

The HrDALP project aims to use Earth Observation
(EO) data tamprovethe monitoring andorecasting of
snowmelt runoff from alpine and higher latitude basins,
and to prepare hasis forthe operationalise ofthis
information. A crucial variable in snowmelt runoff
modelling is snowcoveredarea (SCA). Optical EO
methods have previously been developednfi@pping
SCA buttheir application to basins of interestafen
limited by cloud cover. Cloudover doesnot affect
synthetic apertureadar (SAR) which has previously
been used fomappingwet snow cover iralpine basins
[1]. Total SCA musthen be inferredrom wet SCA.
An objective of HDALP is to determine the applicabil-
ity of these methods thigher latitude basins. This pa-
per assessethe generality of th&AR wet snow map-
ping method by applying it to such a basipecifically
the Speybasin in the Scottish Highlands (57° N 4° W,
area 1271 k) and elevation range 198 to 1288 m).

The nature of snowpacks in the Scottish Highlands

The nature obnow accumulatiorand ablation in the
Scottish Highlands is quite different frothat in the
Alps. Methodsdeveloped fothe lattermaynotwork in
the former wheresnowtends to be transitory, isften
thin and unevenly distributed and can change greatly in
depth and extent. In addition, terowpaclkcanexperi-
ence many melt-thaveycles during a winter.These
create buried crusendice lensesithin the snowpack
which may affectthe backscatter responsedof snow.
The backscatter change duewet snow may be re-
duced by bouldeand vegetation protrusionand snow
patchiness even at the start of the melt season.

The main melperiod in the Scottish Highlandecurs
during March and Aprilvhenlow sun angles result in
low melt rates (2 to 3 cm/day) froshortwave radia-
tive forcing, although energyay be advectethto the
basin bylow pressuresystems at angime of theyear.
This energy advection allows frequemglting tooccur
during the winter, suchhat it is highlyunlikely that a
homogeneous dry snowpack will develop at any stage
during snow cover accumulatioand ablation. A fur-
ther characteristic afnowpacks irthe Scottish High-
lands is a significant likelihoodhat the snow cover
rests on a wet or even saturated substrate. THigeiso
the wet climate, low slopeangles andyoorly drained
soils found in the area.

Outline

We first briefly describethe SAR wet snowmapping
method. Theproblems of missingoverage caused by
layover and othergeometriceffects due to relief are
highlighted. The results fronfieldwork conducted
during anERS pass itMarch 1998 are thedescribed.
These araused to identify a suitable threshold for de-
tection of wet snowThe results ofvet snow detection
overthewhole basimare then presentebetections are
limited by areas of missing coveradée areaffected,
its elevation dependencand consequencesre quanti-
fied.

Thiswork was conducted gmart of H'DALP (Hydrology of Alpine andHigh Latitude Basins) which is a CEO Shared
Cost Action Project ofhe European UnioDGXII 4th Specific Programme fo€limate and Environmen{Contract

number ENV4-CT96-0364).



THE SAR WET SNOW MAPPING METHOD

At C-band (5.6 cm) theradar backscatter from a
surface is usually reduced when itdevered by wet
snow. By comparison, dry snow tsansparent at C-
band and has littleffect onthe backscatter from the
underlying surface. Thuset snowcan bedetected in a
C-band SAR image by comparing calibrated
backscatter values, pixel by pixel, with those in a
reference image from a period of no or dnow cover.
This is done by ratioing theéwo imagesand then
thresholding. Forvet snow detection ialpine areas a
threshold of lesshan orequal to -3 dB is applied to
intensity ratios derived from ERS C-band images [1,2].
A major aim of this paper is to determine whether this
threshold can beised to detect wet snow in reon-
alpine basinand if not what thresholdhould be used
instead.

As backscatter is dependent on the local incidence an-
gle the imaginggeometrymust beexactlythe same in

the wet snowand reference images. Such repeat pass
SAR image pairs argrovided bythe ERS series of
satellitesand by RadarsaRegistration of repeat pass
images requiresnly translation. Prior to ratioing, im-
ages are filtered to reduce the effects of speckle.

The Effect of Relief

In areas ofhigh relief, such as those studied inv-H
DALP, areas of missingoveragearise inSAR images
due to layoveand radashadow. As the intensity ratio
method forwet snow detection performs poorly at local
incidence angles leshan17° and greatethan 78° we
also class such areas gsssing coveragdq?]. The
lower bound is due to foreshorteniagd specular ef-
fects at lowincidence anglesand theupper bound is
due to poor signal to noise ratio at grazing angles.

It is possible to appreciably redusgssingcoverage by
combining images of a scergaken from different
viewing directions, e.g. images frotme ascending and
descending passes of a spaceborne SAR. |t@mbi-
nation is based onthe optimal resolution approach
(ORA) and isappliedbetweenthe ratioing and thresh-
olding operations [3]. It requires prigreocoding of
both ratio images to an accuracy of one pawd calcu-
lation of the local incidence angle at each pixel in the
two geocodedatio images. Theombined ratio image
is formed by selecting each pixel value fréhne ratio
image with the greater incidence angle (i.e. finer
ground range resolution) #tat point, except in areas
of shadovigrazing where the non-shaddgrazing
value is always chosen, if @xist. Areas with missing
coverage in both passese maskedut and are ex-
cluded from further analysis.

Temporal Constraints

For the ORA combination to be used for weshow
cover detection both imagenust be takerclose to-
gether in time during a period of little changesimow
conditions, e.g. 2 to 8ays inthe Alps. ForERS the
minimum lag between ascending and descending
passes is half day. This occurs ovetthe Alps,where
the wet snow detectiormethod haspreviously been
applied. For thénigher latitudebasins in Scotland and
Sweden studiegvithin HYDALP, the time lags are re-
spectivelyl.5 and 6.5ays,during whichsnow condi-
tions can change substantially in tlespective basins.
Hence, inferences on wet snow coveegdabased on
ascending/descending pass combinations canese
valid than in the Alps.

APPLICATION TO NON-ALPINE BASINS

ERS images have been regularly acquired to monitor
wet snow cover irthe Speybasin during the 1998 melt
season (January to May). Fieldwork was conducted to
coincide with an ERS descending pass at 11:16 on 11
March 1998 (frame/track 2457/223). Thevas also an
ascending passverthe basin onand a halfdayslater

at 22:10 on 12 March (1143/244). No coincidBeld-
work was conducted for this night-time pass.

Planning and Execution of Fieldwork

Criteria for Choice of Fieldwork Area

The siteused for fieldworkhad tosatisfy twomain cri-
teria: 1) the needor a diverserange ofslopes,eleva-
tions andaspects; 2) the neddr wetanddry snow to
be present within the site to permit the signatures of
both to be characterised. Additionally, the sigeded
to be reasonably accessible, easyr&wverseand safe.
Prior to thefieldwork neither the extent of the snow-
pack nor thelevel of the freezing linewere known.
Hence anumber of potentialsurvey routeswere
plannedfor a suite of likely snow cover conditions on
the day of the fieldwork.

Development of the Winter Snowpack

The very mild winter of 1997/98 prevented thievel-
opment of an extensive seasonal snowpadkérSpey
basin, so that two weeks before #iart of theproposed
fieldwork therewas almost no snow ithe catchment.
However, an extensive snowfall evedid occur be-
tween 2-3March which resulted in thevhole of the
Spey basin receivingsome snow. Athaw over the
weekend of 6-8March causedthe removal ofsnow
from lower areas of the basin, butesterly winds in-
duced drifting at higher altitudes.



The Area used for Fieldwork

Snow conditions dictatethat theonly viable survey
traverses were those radiating from @ern Gorm Ski
Centre. The ski aredtself was avoided because
backscatter is likely to be affected the ski lifts and
snow fences. Snow cover observations waken along
transects covering: the Coire an t-Sneactuala-basin;
the vicinity of Cairn Gorm summit,and the Coire
Laogh Mor sub-basin.

Fieldwork Observations

Observations werakenover arange ofelevations and
aspects alonghe three transects. Thebservations
taken included GPS-derived position, elevatisiope,
aspect, snowdepth, the extent ofnow, protruding
vegetatiorand bare ground, the depth wfet snow ho-
rizons andunderlying vegetation type. Aaumber of
gualitative observations were alstade:snow surface
hardness,snow/vegetation/soithermal state (frozen,
dry, wet),the presence of saturatedils underlying the
snow coverand the presenceand characteristics of
snow surface windforms. These measurememtse
used to characterisenow cover conditionswithin
100x100 msurvey sitesalong the three traverses. The

size of the sitesvas considered to be representative of

post-processing SAR image resolution.

The snow depth, hardness angletness characteristics
were sampled at 5 pointgithin each site. Sampling
involved following a checklist whiclonly allowed the

estimates of snow, vegetatiamd bare ground extents

to be placed into 5 categories (1-20%, 21-40%, 41-

60%....... ). Although thiseduced the resolution of the

potential extent estimates, the procedure will have re-
duced user-based variance considerably. Photographs

were also taken in areas below the cloud base.

Timing of Fieldwork
Surveying walanned tocoincide withthe SAR de-

scending pass at 11:16. Poor weather conditions re-

sulted in a late start to thsairveying (due to closure of
the accessroad) and significantly affectednavigation
oncethe surveyinghadbegun. As a resulgbservations
were collected between0:30 and 14:45 withonly 38
sites being characterised over this interval.

Fieldwork Results

Here we justsummarise the results dieldwork. A

more detailed description is given in [4]. Missing cov-
erageaffects 13 othe 38 sites on one or other pass (6
layover, lradarshadow, 10 foreshortening). These are

excluded from analysis, leaving a remainder of 25 sites.

Elevation
The sitesrange between531 and 1208 m with most

(20) concentratethetween600 and 900 m. Of the re-
mainder, 3 sites lie above this range and 2 below.

Aspect and slope

A limited number ofslopes were coveredll sites but

one are distributecbetween NWand NEaspects and
slopeangles of 7 and 22. Within thesebounds the
distribution of aspect and slope is fairly uniform.

Local incidence angle

In both the descendingndascending images local in-
cidence angles at field sitege uniformly distributed
between 20and 42.

Snow extent

During fieldwork the snowlinday ataround 500 m. Of
the sites visited, 75%vere occupied by a continuous
snow cover(with only minor vegetationand boulder
protrusionsabovethe snow surface)20% were occu-
pied by a discontinuous snow cov@ith more exten-
sive vegetatiorand boulder protrusions as well as sig-
nificant bare ground exposures), whilst 5%re occu-
pied by a sporadic snow cover.

Temperature

Lapse rates derived frondata from Cairn Gorm
summit (1245 myand Aviemore (210 m) meteorologi-
cal stations predidhat thefreezing linerose from 445
m to 545 m during theurveyperiod. Based othis, no
sites wereabovefreezing forthe descending pass when
the temperature at Cairn Gorm summit wa-5

Early on 12 March the temperaturese sharphand a
rapid thaw set in. The temperature aCairn Gorm

summit remained around @rom 11:00through to the
time of the ascending pass at 22:H@nce, it is likely
that the snowpack was wet at all levels for this pass.

Snow depth

Meansnowdepth variecbetween 5 cnandover a me-
tre. Analysis revealed only a weak correlatibetween
show depth andelevation. This is indicative of the
complexity of the snowpack.The limited range of
slopes and aspects covered preclude an analysimwf
depth against these characteristics.

The depth of melbetweenthe descendingndascend-

ing passes was calculated basedtlmm lapse rates be-
tweenthe Aviemoreand CairnGorm summit meteoro-
logical stations, a melt factor of 6 mm per degree per
day and a snow density of 0.3 g &nThisgave 5 cm of
melt at thelowest sitereducing linearly to almost zero

at the highest. Durindieldwork the snow cover was
noted to be ashin as 5 cmover parts ofsome sites,
hence we would expect the lower of these areas to be no
longer covered by snow for the ascending pass.



Thermal state

Dry/frozen conditions were found #te 12 sitesabove
704 m, whilewet conditions were found dhe 4 sites
below 632m. In the intermediate zone (9 sites) an al-
most equal mix ofvet and dry conditions was found.
These observations imply that the actual freezing line is
higher than that estimated from meteorological data.

Analysis of intensity ratios

Intensity ratio imagesvere formed bydividing the 11
and 12 Marchimages by corresponding repeat pass
images taken towards the end of lairg periods in the
summer (9 Aug. 1995 and 19 June 1996 respectively).

Elevation dependence

Fig. 1 (at end) plots the intensity ratios in thescend-
ing and ascending images against elevatfon each
site. The error bars represent ostandarddeviation
(SD) of the intensity ratio. This was calculated based on
the assumptiorthat intensities are gamndistributed
with an equivalent number of looksdetermined by the
amount of smoothing. For the data analysed here2a 2
pixel block average wafirst applied to reduce correla-
tion. This changes the originatlook data to approxi-
mately 5 equivalent looks. AxG pixel Frost filter was
then applied togive a maximum of 125 equivalent
looks. The SD of a gamma distributed random variable
transformed to a dB scale is given by

y'(n).

where(:) is the digamma functiotdence,the SD of
the difference of two suatandom variables, i.e. the SD
of the ratio oftwo intensity values transformed to a dB
scale, is given by20. Forn=125 the SD is 0.55.
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In Fig. 1, there is no simple pattern of variation of in-
tensity ratioagainst elevatioror either pass, particu-
larly at mid elevations betwee600 and 900 m where
the intensity ratio is highly erratic. If the intensity ratio
behavedhe same as in alpine areas, weuld expect
all sitesabovethe freezing line to havealues around 0
dB (i.e. allbut thelowest sites inthe descending im-
age),and allsitesbelow it tohave values of -3 dB or
less (i.e.the remainingsites in the descending image
and all sites in the ascending images).

There does appear to be a broad correldt@ween the
intensity ratios in the descendirapd ascending im-
ages, buthis is notevident from any one site: abme
the intensity ratiodecreases betweehe descending

andascending passes while at others it increases. If we

define a significant change as being greadtem 2

(1.1 dB) we can classify the sites into those exhibiting a
significant increase, a significant decreased no
significant changeAbove 856 m themajority of sites
exhibit a significant decrease; indicating a chainge

dry to wet snowBelow 619 m themajority of sites ex-
hibit a significant increase, possibly due talecrease

in the areacovered by wet snow due taelting. The
area between these elevationzartially corresponds
with the transition zonéetween dryand wet snow
conditions. While all threeslasses occuwithin this
area, the majority of sites exhibit no significant change.

Histograms

Interpretation of the resultsecomesclearer when his-
tograms of the intensity ratios are examined. Fig. 2
shows histograms of the intensity ratio measured at
field sites inthe descendingndascending passes. The
descending pass histogram has a main peak at 0 dB and
a secondary peak at -4 dBhe ascending pass histo-
gram has equal sized peaks at 0 dB and -3 dB.

These histograms accord with observations from both
fieldwork and studies in alpine areas. The histograms
areclearly bimodal with peaks occurring @atavalues
associated with no-change (0 d3)dwet snow(-3 to -

4 dB). Also, going fronthe descending to thescend-

ing pass there is a marked increase in the latter peak,
which we associate witlvet snow,corresponding with

an expected increase in the wet snow area.

Threshold selection

The dip in both histograms at around -2 gliBygests
that thiscould be a suitable choice of threshold for wet
snhow detection. To investigathis further, thresholds

of -3 dB up to -1 dB were applied at intervals of 0.5 dB.
Detection occurs whethe intensity ratio isessthan or
equal to the threshold. Fig. 3 plots the thresholds at
which sites are first detected against elevation.

With a -3 dB threshold, assed inthe Alps,only four
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Fig. 2: Histograms of the intensity rat{dB) for the
descending and ascending passes (bin size 1 dB).



sites are detected inthe descending imagéslevation
range 550 to 757 mgndfive in the ascending (684 to
1208 m); one site igetected in both. At -2.5 diist
one extra site igetected irthe descending image (664
m) while thisand three othesitesare detected in the
ascending (664 to 1187 m). At -2 dB no exites are
detected inthe descending imagand two in the as-
cending (688nd747 m). At higher thresholds similar
number of sites are detected in both images.

Thefact thattwice as many siteare detected at or be-
low -2 dB inthe ascending imag@an in thedescend-
ing imageand thatdetected sites ithe ascending im-

andascending images. The correspondimafuies when
intensity ratiowas plottedagainst local incidence angle
were0.09 and 0.19These results confirrthat there is
some correlatiometweerthe reference image intensity
and thelocal incidence angland little, ifany, correla-
tion betweerthe intensity raticand thelocal incidence
angle.

Wet Snow detection in the Spey Basin

To detect wet snow over the whole of the Spey basin the
-2 dB thresholdvas applied tdhe intensity ratio im-
ages derived fromthe descendingand ascending

age span a higher and greater range of elevation (664 topasses. Wet snow was detected overab@ 161 knf

1208 m)thanthose in the descending image (550 to
757 m),corresponds with the greater extemid eleva-
tion range ofwet snow atthe time of the ascending
pass.However, if wet snow ishe cause of backscatter
change, it appears, particularly from the ascending im-
age,that not allsites within the same elevatioange
are detected as wet snow evbaughsnow is known to
lie at these sites. We investigated whetherwas due

to differences in snowlepth. Scatterplots (not shown)
of intensity ratio againssnow depth failed to reveal
any relation between snow depth and intensity ratio.

The Effect of Local Incidence Angle

A possiblealternative explanation is thattensity ra-
tios containsomeremnanteffect of incidence angle.
Ratioing of thesnowandreference images removes the
geometriceffect of topography aeng as registration is
precise However, adackscatter is dependent, amongst
other things, on th#ocal incidence angle, there should
be some correlatiohetweenthe intensity of thaefer-
enceand snow imagesand thelocal incidence angle.
These relationsvere checked fothe field sites using
linear regression. Theeference image intensitylBs)
and thelocal incidence angle (degrees) genera®d
values of 0.2&nd 0.54respectively foithe descending
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respectively inthe descendingndascending images (5
and 15% of the imaged basin area). The greater area
detected irthe ascending imageccords withfieldwork
observationsand meteorologicaldata. Note: the de-
scendingand ascending passe®ver slightly different
parts of the basin (968nd 1053 knf respectively). In
both casepart of thewestern end of the basin is not
imaged.Howeverthe distribution of imaged basin area
by elevation is similar for both.

The elevation distribution ofiet snow is plotted iffrig.

4. 1t showsthe distribution of imaged area in 100 m
elevation bandgright axis)and percentage area of wet
snow detectedithin each elevation ban@eft axis) for

both passes. The area within each elevation band stead-
ily decreases as elevation increast% of the basin

lies above 500 m but less than 2% lies above 1000 m.

For the descending passet snow never covers more
than 12% of an elevation banaind iscentred around
500 to 800 metres with littlevet snow detectedbove
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Fig. 3: Elevation dependence of detections. Sites are Fig. 4: Distribution of imaged area by 100etevation

plotted where thewre firstdetected ashe threshold is
raised. NULL indicates undetected sites

bands and percentage area of snow detected within each
elevation band (-2 dB threshold).



or belowthis range. Thisaccords with fieldobserva-
tions of a 500 m snowline with wet snow up to 800 m.

For the ascending pass therecamsiderably more wet
show atall elevations at oabovethe snowlineand it is
also moreevenly distributed across these elevations.
This accords withthe freezinglevel beingaround the
highest summitaind a thawoccurring at allower ele-
vations at the time of the pass.

A comparison of the results from bgthsses wittiand
cover information revealedthat backscatter changes
detected at elevatior®low400 metres are mainly due
to wind effects overopen water or agriculturalctivity

take into account. The variation in area is due to the
range position of the basin within theceneand the
spatial distribution of relief within the basin. Aear
range, where the incidence angle is stedpgover and
foreshortening increase whitadarshadowand graz-
ing decrease. Theffect of the spatial distribution of
relief is apparent in the descendiagd ascending
scenes 257/498nd 1143/15. In both scendbe Spey
basin is imaged at mid ranget the roughedbpogra-
phy is inthe south east of tepey. Hence, ahe ERS
SAR views tothe right,more missingcoverage occurs
in the descending scene than in the ascending scene.

The scenes of Tjaktjajaure exhibit approximately the

rather than wet snow. Such areas need to be masked ousame proportion of missingoverage as those of the

prior to estimation of wet snow covered area.
THE EFFECT OF MISSING COVERAGE

We have already noteithat geometriceffectssuch as
layover and foreshortening generate significant
amounts of missingover in ERS SARmages of areas
of high relief. While this can beeduced by combining
descendingndascending images the rapid changes in
snow conditionsoccurring in theSpey negate the va-
lidity and utility of any such combination. Hence, any
interpretation ofSAR wet snowmaps of such basins
must take the areaffected bymissing coverageinto
account. We quantifthis below. Resultsrealso given
for the Tjaktjajaure basin imorthernSweden (67° N
17° E, area 2249 kinelevationrange 450 to 2058 m)
which is also being studied within therbALP project.

The missingcoverage in aumber of ERS scenes cov-
ering thetwo basins was determinaging SAR image
simulationsand local incidence angle mapderived
from DEMs with a planimetric resolution of 50 m.
These were used tgenerate layoverradar shadow,
foreshortening and grazing masks. Table 1 (at end) lists
the total area of missingpverage due to geometric ef-
fects,and thebreakdown into areasffected by layover,
radar shadow, foreshortening and grazing.

Within eachscenethe predominansource of missing
coverage is foreshortening (betwe&ro and 85% of
the total area of missingoverage)though layover is
also significant(between33% and 50%); note there is
some overlap inthe areaaffected by theséwo effects.
Compared to layoveand foreshortening the areas af-
fected byradarshadowand grazing angles are insig-
nificant (lessthan0.12%). This is as weould expect
given the steep look angle of the ERS SAR.

The total amount of missingoverage variebetween
11.4% and 21.4% dfmaged basin area. These are ap-
preciable areas which any image classification must

Spey, everthough the elevatiorange is 50% greater.
This indicateghat missingcoverage is dependent more
on the spatial distribution of relief than elevation range.

Whenever descending and ascending scenes Sipthe
basin arecombinedthe missingcoveragecan be re-
duced to only5.77 knf (scenes 1143/18nd2457/495)
and 4.26 krh (scenes 1143/24dnd2457/223), i.eless
than 0.5% of the basinHowever, asalready noted,
such a combination is only useful when snow condi-
tions remainstable overthe oneand a halfdays be-
tween acquisition ofhe two images. While this may
occur during acold period of no snownelt, it is by
definition, less likely to occururing melt periods
which are of interestor hydrological modelling as is
illustrated by the scenes analysed in previous sections.

Elevation Dependence of Missing Coverage

As snow cover is elevatiodependent, theslevation
dependence of missingpveragemust also be consid-
ered. Fig. 5 plots the area of tBpeybasin within 100
m elevation bandsind thepercentage area tdyover,
foreshorteningand total combined missingoverage
per elevation band for one of the ERS scenes.

While missingcoverage affect&7.5% of the basin as a
whole there is a marked variation with elevatiBelow
400 m, missingcoverage affects at mod% but at
certain mid to higtelevations it affects mordan 20%
and reaches a maximum of 25%etween1000 and
1100 m. The cause of missing coverage also varies with
elevation. Missing coverage is mainly due to foreshort-
ening at midelevationsandlayover athigh elevations.
The reasorfor this difference is due tdghe rounded
topography, with thesteepest slopes occurring at mid
elevationsand aplateau at higheelevations. In terms
of total area, missingoverage most affectnid eleva-
tions with foreshortening being the primary caudas

is a consequence tie decrease ithe total area within
elevation bands as elevation increases.
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Table 2: Percentage of ti¥peyand Tjaktjajaure basins
affected bymissing cover when imaged with anear
range incidence angle of 40°.

25 200 Frame/Track | Foreshort.| Layove] Shadow Grazidg Total
1143/244 0.91 0.56 0.29 0.20 1.74
20 2241/251 0.28 0.42 0.86 0.66 2.11
150
15 basin. It detected a bandwét snow aimid elevations
100 in the descending imagmd a much larger area of wet
10 show atmid to highelevations in an ascending image
taken oneand a halfdays later. Both resultsaccord
5 50 with field and meteorological observations.
These results demonstratbat given limited field
07 0 measurements of snow elevatiomhepth, extent and
200-  400-  600- ~ 800-  1000- 1200- wetness it is possible to identify threshold for wet
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Fig. 5: Area of theSpeybasin within 100 nelevation

bands,and percentage area tdiyover, foreshortening
and total combined missingcoverageper elevation
band occurring in ERS scene 2457/495.

Similar patterns ofelevation dependence of missing
coverage were observed to differing degrees in the other
scenes. In certaicasesthe area of missingoverage
was as great as 50% at particular elevations.

The Effect of Incidence Angle on Missing Coverage

An alternative solution to thproblem of missing cov-
erage is to image thscene at a less steep incidence
angle. The near rangecidence angle in aBRS scene

is about19°. With Radarsat (anBNVISAT) it is pos-
sible to increase this to 40°. Table 2 shows how such an
incidence anglevould affectmissingcover in two of

the scenes listed in Table 1. Layover and foreshortening
arenow reduced to leghan 1% of thébasin area. Ra-
dar shadowand grazingincrease but the total area of
missing cover is no more than a few percent.

CONCLUSION

An intensity ratio methodleveloped for detecting wet
snow inrepeat pasSAR images of alpine areas has
been tested on ERS images ofi@n-alpine basin, the
Spey(Scotland). Intensity ratios derived from an ERS
descending pass exhibit erratic behaviour when com-
pared with coincident field observations includsmgpw
depth,wetnessand elevation. For the intensity images
of the Spey, athreshold of -2 dBvas identified as con-
siderably more suitablihan the -3 dBoreviously used

in alpine areasfor distinguishing areas ofvet snow
cover fromareas of no or dry snowhe -2 dB thresh-
old was applied to intensitsatio images of thevhole

snow detection in anon-alpine basinHowever, we
have only considered oneon-alpine basin during a
year of poor snow covefrhe snowandweather condi-
tions occurring at the time of image acquisitaord the
range ofslopes covered by field sitdéisit general ap-
plicability of the results. In particular, we do riaiow
how site and time dependent the detection threshold is.

It is not possible to answethis importantquestion
without independent methods of verifyinget snow
cover. An alternative tdurther field campaigns is to
compare thevet SCA detected in SAR imagewyith
the SCA detected in coincident cloud free optical im-
agery, where available. Work dhis is ongoing. Simi-
lar analysis is plannefbr the Tjaktjajaure basiwhere
the snow coveredirea is greatethan in Scotland and
less transient. Hopefully, the method should prove more
viable for providingwet snow coveredirea measure-
ments forinput to runoff models.However, no field
measurements are available for this basin.

The area of missingoverage due to geometrdfects
was also analyse&ignificant amounts of missing cov-
erage were shown to occur in ERS imagethefSpey
and Tjaktjajaure basins (between Bhd 22% of im-
aged basin area). The predominaiuse was fore-
shortening thougHayover was alscsignificant. The
amount of missingoverage is dependent ¢ime range
distribution of relief within the imaged sceremd af-
fectsmid to highelevations, where snow is most likely
to occur, moreghanlow elevationsThis ispotentially a
serious problem. While missingoveragecan be re-
duced by combining descendiagd ascending passes,
in non-alpine areas the time |ladgtween passes often
invalidates anywet snow cover inferences based on
such a combination. As illustrated by the change in
snow conditions between passes over the Spey basin.

It may be possible to redutiee effect ofmissingcover-



Research Institute fdnelp with fieldwork,T Nagler at
the University of Innsbruck for providingSAR wet

snowmappingsoftware,and toESA for supply of ERS
SAR data.

age onwet snowmapping by extrapolating resuftem
areas unaffected by missicgverage tareas of miss-
ing coveragewith similar elevationandaspectThis is
an area of future work. A majproblem could be¢hat
most areas of a given elevatiand aspectare affected
by missing coverage. An analysistbé aspect depend-
ence as well ashe elevationdependence of missing
coverage is needed to determine if this is the case.
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Table 1 Area (krf) of the Speyand Tjaktjajaure basins covered by different ERS passebthepercentage area of

missingcoverage due to geometmtfectsincluding thebreakdown intdayover, radarshadow, foreshortening and
grazing. The range position of the basin within each scene and the direction of the ERS pass are also listed.

BASIN Frame/ Pass | Range Area of basin | Total missing | Foreshorten | Layover | Shadow | Grazing
Track position | covered krf cover % area | -ing % area | % area | % area | % area
Spey 1143/15 Asc Mid 1272 14.2 12.0 4.8 0.070 0.004
Spey 1143/244 | Asc Near 1054 21.8 18.6 7.4 0.062 0.003
Spey 2457/495 | Desc | Mid 1272 17.5 14.6 6.8 0.085 0.001
Spey 2457/223 Desc Far 980 114 9.2 4.7 0.116 0.002
Tjakt. 2241/22 | Desc | Mid 2198 16.7 11.8 7.7 0.058 0.008
Tjakt. 2241/251 | Desc Far 2249 12.0 8.0 6.0 0.084 0.015
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Fig: 1: Intensity ratios (dB) for each sitetime descendingndascending images plotted against elevation. The error
bars represent one standard deviation (0.55 dB).



