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EVALUATION OF ERTS IMAGERY FOR MAPPING AND DETECTION OF
CHANGES OF SNOWCOVER ON LAND AND ON GLACIERS

Meark F. Meler, U. S. Geological Survey, Tacoma, Washington

ABSTRACT

The percentage of snowcover area on specific drainage
basins was measured from ERTS imagery by video density slic-
ing with a repeatability of 4 percent of the snowcovered
area, Data from ERTS images of the melt season snowcover in
the Thunder Creek drainage basin in the North Cascades were
combined with existing hydrologic and meteorologic observa-
tions to enable calculation of the time distribution of the
water stored in this mountain snowpack. Similar data could
be used for frequent updating of expected inflow to reser-
voirs. Equivalent snowline altitudes were determined from
area measurements. Snowline altitudes were also determined
by combining enlarged ERTS images with maps with an accuracy
of about 60 m under favorable conditions. Ab{ility to map
snowcover or to determine snowline altitude depends primarily
on cloud cover and vegetation and secondarily on slope, ter-
rain roughness, sun angle, radiometric fidelity, and amount
of spectral information available. ERTS imagery was also
used to measure glacier accumulation area ratios, detect sub-
tle flow structures on glaciers, identify surging glaciers
and monitor changes in tidal glacier termini.

No operational method now exists for monitoring the varying extent
of mountain snowcover. Satellite imagery has well documented potential
to do this under certain conditions; in fact snow on land is one of the
most striking features to be seen on satellite images. Since 1t is
obvious that snow can be fdentified and measured on satellite images
this paper will explore the usefulness of ERTS-type snowcover data to
scientific and operational aspects of the management of water resources.
Only a few salected examples can be presented. Some interesting appli-
cations of these d2t: to the study of glaciers will also receive mention.
.The data and conclusions presented here are based on a 1imited sample of
data for calibration, measurement, and analysis. Thus these data and
conciusions are considered preliminary.
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1. MEASUREMENT OF SNOWCOVERED AREA

Routine measurement of snowcover on satellite imagery must be done
by machine if it is to be of operational value; hand planimetering or
dot-counting the highly intricate snowline is prodigicusly time consum-
ing. Alsu, measurement of the total snowcover shown on any certain
image is of limited value; the hydrologist needs to know the snowcovered
area in specific drainage basins. This requires precise registration
of the imagery to a map.

We approached these problems through the use of the Stanford Re-
search Institute electronic console ESIAC. Drainage and drainage basin
outline maps of the North Cascades were superimposed and reduced to 70
mm positive transparencies. EPTS imaces were then registered to these
maps, using the drainage pattern as 4 uenvinient guide for registration.
The non-pertinent image area outside of the wrainage basin was removed
through use of an opaqued mask. Obvious shaduws on snow were brightened
with a cursor or measured separately. Image enhancement using several
spectral bands to form a color presentation was used to refine the video
brightness level coinciding most closely with the snow/no-srow boundary.
The displayed region having a brightness higher than this level was then
identified as the snowcover and a gquantitative value of area of snow-
cover was simultaneously read out on another display. With only very
general instructions operator variance was 8 percent, but after coordi-
nating evaluation criteria operator variance reduced to 4 percent of the
snowcgvered area (less than 1 percent of most of the drairage basin
areas).

Unfortunately, time has not allowed accurate calibration of bright-
ness level in terms of known snow/no-snow boundaries. Thus the snow
area data obtained with the ESIAC contain a small absolute error, and
some slight discrepancies occur when comparing ERTS data with high-
resolution aircraft data. This error will be reduced or eliminated in
the next stage of the investigation when more attention will be given
to calibration.

Thi~ough the study of many images, it appears that the ability to
map snowcover depends primarily on c¢loud cover and vegetation, and
secondarily on slope, terrain roughness, sun angle, radiometric fideliry
of image, and amount of spectral information available. It is difficult
for an experienced observer to distinguish some types of c¢loud or fog
from snow even with all possible radiometric information, or to distin-
guish the snowline in forested terrain. In rough terrain, bare ground
facing the sun may be lighter in tone than snow in shadow causing dif-
ficulty in identification, and this problem 1s intensified with low sun
anyle or longer wavelengih sensors. Fully automatic wapping of snow-
cover in forested or mountainous terrain appears at this time to be
impnssible. Humen eyes and brain control the analysis procedure, but
this can be done quickly and efficiently with an interactive console
such as the SRI ESIAC.
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Figure 2A.--Snowcovered area (dotted line), subsequent snowmelt runoff

volume (dashed linel,

and rate of snowmelt (heavy line) in the Thunder

Creek drainage basin; thin line i8 average observed snowmzlt rate.
Triangles are data frem 19.8 km altitude aerial photographs; circles

are data from ERTS-1.

B.-~Subsequent enowmelt runoff as a funotion of

snowcovered area, Thunder Creek drainage basin.
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2. HYDROLOGIC ANALYSIS USING ERTS DATA

In the mountain west, most of the streamtlow results frcm snowmelt.
Therefore much effort has gone into the use of snow data in operatiunal
hydrolugic procedures. Some of the newer procedures attempt to use
snowcovered area as a variable or parameter. Empirical correlations
between snowcover and runoff have been incorporzted into computerized
models for the continuous simulation of streamflow, such as the SSARR
model (Rockwood, 1964; Schermerhorn and Kuehl, 1968). Snowcover data
are also used to forecast subsequent runoff volumes (Parsons and Castle,
1959; Thoms and Wang, 1969; Leaf and Haeffner, 1971). These schemes,
however, are strictly limited by the high cost of obtaining and analyz-
ing aerial photographs at frequent intervals over larae drainace basins.
Can ERTS-type imagery fill this need?

In order to explore this problem, an analycis was made of three
ERTS and two high altitude aircraft images of the drainage basin Thunder
creek near Newhalem, Washington (Fig. 7). Some results are presented in
Figure 2. Snowmelt runoff from this 272 km basin is utilized for the
generation of electric power at Diablo and Gorge Dams on tie Skagit
River. Measurement ¢f snowcovered area was done from ERTS images by SRI
personnel on the ESIAC, and from high altitude aircraft photographs Ly
USGS personiiel. The snowmelt runoff and loss of snow mass were computed
by a hydrologic balance procedure developed for the analysis of Interna-
tional Hydrological Decade glacier basins (Meier, Tangborn, Mayo, and
Post, 1971; Tangborn, 1968) using hydrologic data gathered at the Thunder
Creek gaging station and precipitation from nearby weather stations.
These data were used with the ERTS and aircraft snowcover results to
calculate the rate of snowmelt (in mm of water equivalent) in the Thunder
Creek drainage basin. The calculated snowmelt rate is compared in Figure
2 with the actual melt rate observed at the index station P-1, altitude
1,890 m, on South Cascade Glacier which is 15 km south of Thunder Creek.

It is significant that the ERTS data can be used to compute other
important hydrologic quantities, such as melt rate, and the results can
be ap.roximately verified by comparison with totally independent obser-
vations. Snownelt rate is extremely difficult to measure at frequent
tine intervals (such as daily or weekly) at single points without very
sophisticated and expensive instrumentation suck as radioactive twin-
probes. Snowmelt averaged over a large area is essentially impossible
to measure directly with existing techniques. Yet a simple calculation
using standard real-time hydrologic data combined with satellite imagery
provides these results. In midsummer of 1972 the Thunder Creek snowpack
changed area at a rate of about 1.6 percent per day; useful snowmelt data
should be calculable for periods as short as 3-5 days if one assumes a
4 percent standard error in each area measurement.

Changes in snowcovered area in a specific drainage basin can be
determined quickly with an electronic console, and Figure 2 shows that
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the resulting values are consistent with laboriously planimetered air-
craft data. Thus a method now exists for frecuent, routine, and confi-
dent measurement of area of snowcover. The plot of snowcovered area
versus subsequent runoff volume might be directly useful to continuousiy
update reservoir inflow forecasts. Past experience using aerial photo-
graphs to measure the depletion of snowcovered areas indicates that

“Snow depletion rates are highly correlated with seasonai generated

runoff volumes. Furthermore, the general shapes of the curves have been
fairly uniform from year to year, even though the amount of snow and
weather conditions which produced runoff were not the same" (Leaf, 1367).
Thus when the feoim of this graph is established, quick measurements of
snowcovered area can be immediately converted to snowpack storage and
streamflow forecasts. ERTS-type satellite imagery combined with an inter-
active censole such as ESIAC could thus yield data on expected reservoir
inflows at low cost or could be combined with other simulation or numeri-
cal modelling procedures to improve forecast accuracy. This would result
in more precise regulation of reservoirs, less waste of water, the sale

of additional firm power, less need to put additional ground installations
in wilderness watersheds, and less damage to the valley and river environ-
ment from excessively high or low streamflows.

3. ALTITUDE OF THE SNOWLINE

The locus of lowest altitudes of a mountain snowpack often approach
a plane; thus a measure of the altitude of this plane defines the extent
of the snow. Furthermore, this parameter may be more useful than the
total area of c<nowcover when making comparisons between drainage basins
or mountain massifs because it is less affected by lowland area or topoa-
raphy. However, actual snowlines are usually intricately convoluted with
some bare ground at highest altjtudes and some avalanche-deposited snow
at altitudes much lower than the bulk of the snowcover. Measuring the
mean altitude of the snowline is usually labor ously difficult.

To avoid this problem a new parameter is here defined: the equiva-
lent snowline altitude (ESA) is that altitude above which the dra%nage
basin area exactly equals the area of snowcover. (The area/altitude
functions for most basins of hydrolcgic importance are known.) In Figure
3 are plotted values of ESA as determined from ERTS and aircraft photog-
raphy for different times during the summer and fall of 1972. These data
are from very different types of areas--two are in the North Cascades and
one is in the Middle Cascades. One is a tiny basin (South Fork Cascade
River, 6 kmé) with limited altitude span,one a large area (Mount Rainier,
1,228 km?) with altitude differences exceeding 4,000 m. Vet the absolute
va1ues and the changes in ESA with time are reasonab]v consistent.* Al-
though three areas is an insufficient sample for convincing results, ESA

appears to be a useful parameter for extending snowcover data.

*The 2 June value for South Fork Cascade River is anomalously high be-
cause this basin has no area below 1,613 m, and the 8 October value is
low because of 1imited area above 2,000 m.
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Figure 3.--Equivalent snowlire altitude (ESA) for three areas in Wash-
ington: solid line, Thunder Creek drainage basin; dotted line, South
Fork Cascade Rimer at South Cascade Glacier; dashed line, Mount Rc enr.
Triangles are data from 19.8 km qltitude aerial photograpts; cirel..
are data from ERPTS-1.

Local snowline altitudes can also be obtained by superimposing a
ccpographic map on ERTS 1magery. An example of this i3 the following
measur ement of a 27 September image of the Anchorage, Alaska, vicinity,
in which the snow margin is far more obvious than the snowline on the
North Cascades image. This exceptionally sharp snowline was due to a
storm the day before (18 mm of rain at Talkeetna) with the freezing level
at 1,200 to 1,500 m above Anchorage. The snowline altitude is related
to, but slightly Tower than, the freezing level in the free atmosphere.
Local snowline altitudes were measured by enlarging the ERTS image to
1:250,000 and using a transparent map overlay (Fig. 4). In this area
the snowline altitude ranges from 1ess than 400 m near Prince William
Sound to highs of over 1,200 m west of Kenai Lake and in the higher parts
of the Chugach Mountains. The freezing level was therefore lowest along
the coast and highest further inland. Depressions of the freezing level
parallel to the long valleys of Turnagain Arm, Port Wells, Nellie Juan
River, and near Lake George are particularly striking.

Over most of the area shown in Figure 4, the altitude of the snow-
1ine could be determined with confidence to the nearest contour on the
map (contour interval 200 ft = 61 m). In some local areas the snowline
could ot be mapped without considerable subjective decision and large
variations were found between operators and between spectra’ bands; how-
ever, the snowlire altitudes could invariably be determined to within
200 m.

Perhaps the greatest problem in understanding and monitoring moun-
tain meteorology and hydrelogy is difficulty in obtaining mesoscale mete-
orologic information, because the mass and heat flux patterns are so
complex and data gathering stations are so few in number. If mesoscaie
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Figure 4.--Map vhowing the altitude of the anowline in the Anchorage
arec, Alagka, 27 September 1572. Data derived from ERT® images 1077~
20451 and 1066-20453. Locatione indicated as frllows: A Anchorage,

P Palrer, W Whittier, T4 Turmagain Arm, CM Chugach Mountains, XL Kenai
Lake, NJR Nellie Juan River, LG Lake George, I’ Port Welle, PWS Prince
William Sound.
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variations of simple meteorological parameters could be measured, we
could gain far better understanding of this problem. Thus the ability

to derive synoptic mesoscale freezing level information from ERTS imacery
such as Fiqure 4 is highly sigmificant. A thorough analysis of the
results shown in Figure 4 together with other metecorological data is now
underway.

Knowledge of freezing level var‘ations is of cbvious direct impor-
tance to the utilization of the snow-water resource. In much ¢f the
mountain west, the quantity of snow produced and stored fror a giver
precipitaticn event depends on the freezing level in the mountains.
These data are not usually available from meteorological installations,
which are generally located in lowlanc areas far removed from the moun-
tains. Thus the ability to read freezinag levels 1n the mountains from
satellite imagery could be of immense operational value.

4. ACCUMULATION AREA RATIO

Snowlnes on glaciers were found to be remarkably easy to identify,
although alteration of the gray scale values on the bulk imagery was
sometimes necessary. Thus it appears possible to rapidly determine the
accumulation area ratio (AAR) from a large number of glaciers using ERTS
imagery. This is important because th2 AAR has been proven to be a use-
ful in”=x to the mass balance of a glacier. By measuring the distribu-
tion of .ARs at a given time in a given regicn and relating these to the
cata obtained at a glacier research station in the region, one can extend
micrometeorological point measurements to meso- and even macroscale mete-
orological conditions. This is a necessary step in the complete under-
standing of glacier meteorology, a step which has been hitherto difficult
to achieve.

A question arises, however, whether the resoluticn of ERTS imagery
is sufficient to determine AARs from small glaciers (less than i0 km2),
which are most prevalent. In order to answer this problem, nine indepen-
dent measurements were made for three different dates of the AAR of the
small South Cascade Glacier basin (6.1 km¢) using enlarged ERTS images.
The standard deviation of individ.a! values from the means for that date
was 3.4 percent. Although it has i..t yet been possible to check the
error of the means with ground truth, AARs derived from high altitude
aircraft photographs indicate that the error is less than 10 percent.
Thus this powerful tool appears to be feasible even in areas where the
glaciers are small.

5. OTHER GLACIER OBSEP' L7; 71!

Other features on glacier surfaces appear in LRTS-1 imayery; some of
these are surprising because they have not been observed on vertical or
oblique aerial photography taken over a period of many years. One example
is an interesting structure recognized for the first time on ERTS images
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of Bering Glacier. Just below the firn line the ice from the two main
snowfields of the Bagley Icefield merces from east and west and then
bifurcates, the Bering Glacier flowing southwest and the Tana Glacier
northwest (Fig. 5). This situation results in a curious flow pattern

<oees:o MoTmines and other visiole
structures
...... 18 August 1972
Snowlines 4 w .-~ 4 Septesber 1972
—im= 11 Semtemher 1972
3 (L] L] i
i

o
1 j ilometer.

Figure 5.--Moraines, other structures, and snowlines at the junciwre of
the east (left) and west (right) cxms of the Bagley Icefield, the Tana
(upper left) and Bering (lover left) Glaciers. Arrows indic.ce ice flow
direction. Structure labeled x is discussed in text.

which is further -omplicated by the fact that the Bering Glziier surges
whereas the Tana evidently does not. During the surge phase additional
ice must flow into the Bering lobe. The ERTS images show in remarkable
detail what are probably very faint dust bands and medial moraines on the
jce which, in turn, disclose directions of ice flow, A faint structure
labeled x on Figure 5, probably inherited from the 1965-66 surge, sug-
gests that during surges all of the ice from the western Bagley Icefield
is channeled to Bering Glacier. When this lobe of ice begins moving
into the Bering Glacier a rapid advance at the terminus, some 80 km dis-
tant, may be expected to occui three years later. lere is an example
where space inagery has proven valuable to detect subtle features of
such vast scale as to be unrecognizable from the ground or aircraft.
There is practical importance to this: the forthcoming outburst of the
large Berg Lake and other likely changes in drainage depend on the
changing flow regimes of Bering Glacier, which can be understood through
study of features such as this.
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Surging type glaciers can be identified and large glacier surges can

' be monitored using ERTS imagery. For instance, the 1972 surge of the
Yentna Glacier is plainly visible on ERTS imayery. and its folded mo- [
raines have been displaced more than 1,800 m down valley from their posi- |
tions shown on recent maps and 1970 aerial photographs. Also visible on
the ERTS image is a dark line where the rapidly flowing Yentna Glacier
has sheared across the stagnant ice of the Lacuna Glacier. The causes of
glacier surges--and why some glaciers surge while others do not--are

i questions of great scientific interest as this type of periodic sudden
slippege is common to many other phenomena in nature, perhaps even to the
mecharism of earthquakes. Surging glaciers may advance over large areas
and cause devastating floods by blocking and sudderly releasing large
quantities of meltwater; thus there is much practical interast in moni-

' toring thkeir behavior.

ERTS satellite images also show sequential chanaes in the termini of
large Alaskan tidal glaciers. One particularly important example is the
Hubbard Giacier. It has been advancing since first obse. ved in 1890 and
in recent years has threatened to close off Russell Fiord, which would
] then become a fresh-water lake and its outflow to the south would disrupt
fish and game resources alona the Situk River near Yakutat, Alaska. Pre-
vious tc imagery from space, no scientific observations have Seen avail-
able in this remote area in winter. ERTS images (Fig. 6) show that a

Figure 6.--Changes in terminus of Hubbard Glacie» from 20 September
(left)to 8 October (right). Terminus is 11 km wide. Image 1059- 3
20052-6 (left) and 1077-21020-4.
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large embayment doublgd in size in only 18 days. This represents a loss
of approximately 3 km- of the area of the terminus durinc this period, a
loss in area greater than ever before observed in an Alaskan glacier in
so short a time. ERTS imagery, by allowing glaciologists to observe
sequential changes in the Hubbard's terminus, will make possible more

accurate predictions as to when the Russeil Fiord closure will take place.

6. CONCLUSIONS

The potential ability to map snowcover from satellites has important
practical and scientific ramifications. Much of the streamflow in the
mourtain west originates as snowmelt. The measurement of these snowpacks
nrovides data on spring and summer streamflow into hydroelectric, flood
contrnl or irrigation reservoirs, and efficient regulation of these res-
ervoirs requires accurate, real-iime data. The monetary value of these
data is appreciable: it has bezn reported that the electric power utility
in a single c¢ity in the Nort'west realized savinas of about IM$ the first
year that data from four new snow courses were incorporated in the opera-
tional program. A report on the predicted usefulness of an earth resour-
ces satellite for water management in the Columbia Basin indicates multi-
million doliar yearly savings through reduction of hedge by use of satel-
lite snow data (Planning Research Corporation, 1969). Environmental
savings are also appreciable: accurate forecasts of streamflow and reser-

voir infiow permits minimizing damage due to excessive or deficient outflow.

At the present time, snow can be accurately measured at points, but no
operational means exists to monitor its areal extent.

Another reason for urgency in developing operational remote sensing
techniques *n the western mountains is the Wilderness Act. Precipitation
rates and snowpacks are highest in the high altitude alpine areas, and
here water losses are minimal. Thus a larga fract. of the total
streamflow originates from these areas. Most of t¢ igh mountain area
is also designated or de facto Wilderness, either 1.. =:tional Forests or
National Parks. The Wilderness Act specifically prohibits installations;
thus there can be no ground measurement of this important water resource.

These experiments with ERTS-1 imagery indicate that satellite moni-
tori..y of the areal extent of mountain snowcover, during late summer at
least, may be feasible in certain 1imited situations. In cloud-free con-
ditions with 1ittle vegetation hiding the snow, an ERTS-type system will
orovide data of immecdiate operational utility. On the other hand, vege-
tation and clouds are apt to seriously interfere with the information
transmitted much of the time. Only a system using passive (or active?)
microwave radiation has the potential to monitor the snow under all con-
ditions. An ultimate snow monitoring satellite may well combine visible
Tight sensors such as those on ERTS-1 with microwave radiometers, in
order to add occasional high resolution images to the ali-weather infor-
mation flow from the lower resolution radiometers.
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