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SATELLITES- NEW GLOBAL OBSERVING TECHNIQUES FOR 
ICE AND SNOW 

By P. GLOE R SE N and V. V . SALOMONSON 

(Applications Directorate, Goddard Space Flight Center, Greenbelt, Maryland 20771 , 
U.S.A. ) 

ABSTRACT. Starting with the TIROS-2 weather satellite in 196 1 which permitted synoptic viewing of 
la rge-scale areas with an on-board television camera system , the capa bilities of satellite observa tions for 
assessing snow a nd ice resources on Earth have been greatly improved through the utiliza tion of higher 
resolution imaging systems and multispectral images in the wavelength ra nge from 0-4 fJ. m to 1.55 cm. 
The possibility that the varia tion in a real extent of the snow cover may be r ela ted by empir ical means 
to the average monthly run-off in a given wa tershed was d em onstrated by comparing run-off r ecords from 
the Indus River Basin in south-east Asia with a series of snow-cover maps obta ined from Nimbus-3 a nd 4 
imagery. Simila r studies using the higher spa tial resolution available with ERTS-I imagery were carried 
out for the Wind River M ountains watersheds in Wyoming, w here it was found tha t the empirical rela tion­
ship varied with m ean elevation of the watershed . In addition , digital image-enha ncement techniques are 
shown to be useful for identifying glacier features thought to be related to exten t of snow cover , m oraine 
ch aracteristi cs, d ebris coverage, and the like. Finally, longer wa velength observa tions using sensors o n board 
the Nimbus-5 satellite are shown to be useful for indicating crysta l size distributions and onset of m elting on 
glacier snow cover . 

R EsuME. Satellites- N ouvelles techniques d 'observatiolls globales pour la glace et la neige. Le satellite m eteoro­
logique TIROS-2 en 1961 avait permis une vue synoptique d e zones etendues avec une camera d e television 
a bord. Les poss ibilites d es observations par satellite pour inventorier les ressources terrestres en neiges et 
glaces ont ete fortem ent a ugmentees pa r l' utilisation d'a ppa reils donna nt des images a meilleure r esolution 
e t d es images multisp ectra les dans les gammes de longueur d 'onde de 0,4p.m a 1,55 cm. En compa ra nt les 
enregistrements hydrologiques du bass in d e l' Indus dans I ' Asie du Sud-Est a vec une serie de cartes d 'enneige­
m ent obtenues a vec les images de Nimbus 3 et 4, on a d emontre la possibilite d e trouver une correlation 
empirique entre le d ebit mensuel moyen d'un bassin versant et la variation d e l'e te ndue de la zone enneigee. 
Des e tudes sembla bles utilisant la resolution spatiale superieure disponible avec les images de E RTS-I ont 
e te conduites pour les bassins versants des Wind River Mounta ins dans le Wyoming oil I'on a trouve que la 
relation empirique varia it avec I'altitude moyenne du bass in versant. De plus, en utilisant les techniques 
d e renforcement de I' image par digita lisation , on a montre qu'on pouvait identifier des carac teristiques de 
glaciers supposes lies a I'e tendue de la zone enneigee, les caracteristiques de la moraine, le transpor t m oyen 
d e materiaux et a utres donnees analogues. Enfin , des observa tions it plus grandes longueurs d 'onde utilisant 
d es capteurs it bord du satellite Nimbus-5 ont montre qu'elJes pouvaient servir d'indicateur de la distribution 
d es dimensions d es crista ux, ainsi que d e I' a ttaque de la fusion sur la couverture neigeuse d 'un glacier. 

Z USAMMENFASSUNG. Satelliten- Neue weltweite BeobachtungsverJahren f ur Eis ulld Schnee. Seit dem Start det 
T IROS 2-Wettersatel liten im J ahre 1961 , del' die synoptische Beobachtung weitraumiger Gebiete mit 
einem Fernsehsystem erla ubte, wurden die M oglichkeiten zur Beobachtung und Abscha tzung d el' Schnee­
und Eisrucklagen auf d el' Erde von SatelJiten aus durch d ie V erwendung von Bildsystemen hoherer Auflosung 
und multispektra ler Bilder im Spektra lbereich von 0 ,4 fJ. m bis 1,55 cm wesentlich verbessert. Durch den 
V ergleich von AbAussd a ten fu r das Einzugsgebiet des Indus in Sudost-Asien rnit eiIler Serie von Schnee­
bed eckungska rten a us N imbus-3 und 4- Bildern wurde gezeigt, d ass die Aachenhafte Anderung d el' Schnee­
decke empirisc~ zum mittleren mona tlichen AbRuss eines bestimmten Einzugsgebietes in Beziehung gesetzt 
werden kann. Ahnlich e Studien wurden unter Ausnutzung d el' hoheren raumlichen Auflosung von ERTS-I­
Bildern fur die Einzugsgebiete der Wind River Mounta ins in W yoming durchgefuhrt; dabei ergab sich , 
d ass die empirische Beziehung von d el' mittleren H ohe d es Einzugsgebietes a bha ngig war. W eiter wird 
gezeigt, dass digitale V erfa hren zur Bildverstarkung die Identifizierung von gla zialen Erscheinungen erleich­
tern konnen, bei d enen ein Zusamm enha ng mit dem Ausm ass del' Schneed ecke a ngenommen wird, wie 
M erkmale von M oranen , Schuttbedeckung und ahnliches. Schliesslich wird ausgefuhrt, dass Beobach­
tungen mit langeren W ellenlangen durch Sensoren an Bo rd d es Nimbus-5-SatelJiten zur Feststellung del' 
V er teilung von Kristallgrossen und d es Einsetzens del' Schmelze in einer Gletscherschneedecke geeignet 
sind. 

1. INTRODUCTION 

The power of observing significant snow and ice features with satellites was first d emon­
strated when television cameras with relatively modest spatial resolution, mounted on the 
T IROS-2 weather satellite, monitored the breakup in the Gulf of St. Lawrence during Spring 
1961. In that case, only one of several advantages of remote sensing from satellites was 
brought to bear on the problem of monitoring sea ice; namely, the ability to obtain almost 
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instantaneously a synoptic view over large areas. Figure I demonstrates this capability 
showing a mosaic made from the Nimbus 3 image dissector camera system (IDCS) on IS 
April 1969. Large areas of north-eastern Canada, Baffi n Island, Greenland , and Iceland can 
be seen quite clearly. 

Fig. I. Satellite photograph of snow and ice conditions in Iceland, Greenland, east Canada, and New England, 15 April 1969. 

Observations in many other spectral regions have been made since the visible wavelength 
TIROS-2 observations were made. These observations in other spectral regions have made it 
possible to monitor repetitively over extensive areas many important properties of snow and 
ice that are and have been applied in a useful fashion to many practical situations including 
navigation and water resources monitoring. In 1964, for instance, Nimbus-I obtained the 
first images of infrared emission in the 3.8 f1.m region over Antarctica. Because of the strong 
contrast in temperature between ice and open water, breaks in the sea ice could be monitored 
in night-time conditions that occur continuously over polar areas during the winter months. 

Observations from the Nimbus-3 high resolu tion infrared radiometer in the 0·7- 1.3 f1.m 
spectral region illustrated the utility of these data for delineating regions where active melting 
was occurring on ice and snow and thus decreasing the reflectance in this spectral region. 
Figure 2 taken from Nimbus-3 graphically illustrates this in simultaneous views over the 
southern Sierra Nevada Mountains region in California. 

The long life (1- 3 years) of imbus and N OAA satelli tes of the late 1960's and early 
1970's has p ermitted reliable, repetitive snow-cover observations of utility for snow-pack 
monitoring and subsequent run-off prediction. Barnes and Bowley (1968) and McClain and 
Baker (1969) have described techniques for analyzing and presenting snow-cover observations 
from meteorological satellites . Figure 3 shows repetitive observations taken by the Nimbus 3 
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DAY - HRIR IDes 
Fig. 2. Simultaneous views of the southern Sierra JVevada Mountains in California obtained in the visible (LDCS) and near­

irifrared (HRIR ) spectral regions. 

and 4 ID CS over the Indus River basin in the Himalayan region ofsouth-west Asia. Salomon­
son and MacLeod (1972) (Fig. 4) showed evidence that these observations may have a usable 
empirical relationship to observed run-off that could be used for seasonal or monthly run-off 
prediction in areas lacking conventional information. The IDCS has also been used to provide 
maps of the polar regions on occasions when cloud obscuration was not a problem. An 
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Fig. 3. Nimbus-3 and Nimbus-4 IDCS observations oJ snow cover over the Indus River watershed during the major mow-melt 
period. 

https://doi.org/10.3189/S0022143000034493 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034493


JOURNAL OF GLACIOLOGY 

AREAL EXTENT OF SNOW COVER AS OBSERVED BY NIMBUS 3 AND 4 IDCS 
OVER THE INDUS RIVER WATERSHED VERSUS 
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Fig. 4. Aerial extent of snow cover over the Indus River watershed as obtained by the analysis of the images in Figure 3 . 
500f/3 /s = 14· 2m3/s. 

example of such imagery is shown in Figure 5 in which the continent of Antarctica was 
observed during a series of satellite overpasses on relatively cloud-free days. The outline of 
the continent is fairly clearly seen. However, the signature of the continent itself is quite 
uniform except for scattered cloud formations and a few mountain ridges. Unlike the images 
obtained in snow-covered areas outside the polar regions, there is no bare ground or forestation 
to provide distinguishable details. 

In summary, the early meteorological satellites, TIROS, Nimbus, and ITOS or NOAA 
provide, or have provided, results of interest and utility for monitoring snow and ice features 
synoptically over large areas in the visible, near infrared (0.7-1.3 (Lm), and far infrared (3.8 
and 10- 12 fLm) with modest spatial resolution (in general, > 4 km). In the last two years, 
however, at least two significant breakthroughs in global snow and ice monitoring were made. 
These involve the relatively high resolution (80 m) observations in the visible and near 
infrared from the Earth Resources Technology Satellite, ERTS-I, and observations in the 
microwave portion of the electromagnetic spectrum obtained from the Nimbus-5 spacecraft. 
The following sections describe representative and relevant results from these two spacecraft. 

11. ERTS-I RESULTS 

ERTS-I was launched on 23 July Ig62 into a near polar, sun-synchronous orbit at an 
altitude near goo km. The orbital characteristics are nominally such that the multi-spectral 
scanner subsystem (MSS) on ERTS- I is capable of taking observations of cartographic 
quality in the 0.5- 0.6, 0.6- 0 .7, 0.7-0.8 and 0.8-1. I (Lm spectral regions over any given point 
on Earth once every 18 d, cloud cover and sunlight permitting. The convergence of the 
orbits at high latitudes makes it possible to monitor individual ice floes, cracks and leads, 
polynyas, and icebergs more often than 18 d and in some areas features can be monitored on 
daily intervals. Results from analysis of ERTS-l data involving snow and ice mapping are 
provided in Freden and others (1973) and a review is provided by Salomonson and Greaves 
(1974)· 
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Fig. 9. Seasonal changes in the extent of the Arctic ice pack as shown in the ESMR imagery (false color ) . 
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Fig. I I. Three sequential ESMR images of the Antarctic showing the rapid development of major polynyas and leads: A. 18 
November 1973, B. 27 November 1973, and C. 9 December 1973. 
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12. False-calor representations of the passive microwave imagery ( 1.55 cm) from the sea-ice test areas studied by the V.S 
team dllring BESEX. The mosaics were assembled in a computer from the individual data points obtained during the fi ve­
track aircraft flight pattem. The regiolls of elollgated calor strips represellt periods of illstrumelltation malfunctioll (Gloersen 
alld others, 1974[b] ) . 
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OF LAKE ICE (>'=1.55cm) 
NASA CV-990. 
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Fig. 13 . Passive microwave image ( A = £.55 cm ) of lake ice ill Lake St . Clair on 20 March 1972. The brightness temperature 
corresponding to the uniform grey tOlle illdicates open wa ter. Where the colors show light and dark blues (cold ) the ice is 
thinner than where the colors indicate red, violet, and orange (warmer). 
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Fig. 6. False-calor composite view of Wind River Mountains of Wyoming obtainedfrom the ERTS-I satellite, 6 August 1972. 
Watershed boul/daries are indicated, those ill blne < 10 oooft (3050 17/ ), those il/ black > 10 oooft (3 050 m) mean 
elevation . 

Fig. 8. All ERTS-I 185 km X 185 km image reproduced from observations acquired all 16 September 1973 over Washingtoll 
State. South Cascade Glacier appears at the lower right . 
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(a) 

(b) (c) 

Fig . 9. EX/){lIIded views of South Cascade Glacier. Digital dalafrolll the 0 .5- 0.6 1-'111, 0.6- 0.7 1-'111 , alld 0.8- 1.1 I-'m imagery 
was dis/) /a)'ed Oil a televisioll screell alld pllOtogra/)/ted alld parallelopiped classificatiolls pe,formed. 

Fig . 10 (a ) 
22 September 1972. 

https://doi.org/10.3189/S0022143000034493 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034493


Fig. lO(b ) Fig.lO(c) 
18 September [973. 26 February 1974. 

Fig. ID . Three ERTS-I 185 km X [85 km images over the Bering Glacier in south-central Alaska. 

Fig. I I. Two views if the Bering Glacier showing a partially classified scene ( lift ) and the selected areas used to classifY more 
completely the same scene (right) (ERTS-I 22 September 1973). 
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Fig. 13. Image of the Ross Ice Shelf region ill Antarctica obtainedfrolll the ERTS-[ satellite. 

Fig. [4· Image !if Antarctica obtainedfrom the Nimbus-5 THIR on 1I January [973. 
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Fig. [5. Image of Antarctica obtained from the Nimbus-5 ESMR, averaged over jive days starting 011 [[ January [973. 

11 JANUA RV 1973 21 JULY 1973 

Fig. [9. The image 0/ Greenland obtained/rom 1.55 cm microwave data for the summer and winter seasons ([ [-[6 Janua~y 
[973 and 2[ July [973)· 

https://doi.org/10.3189/S0022143000034493 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034493


I :,CH 16Q( 170 t 

I: 

1.( [ .. 

Ilv E 

Ilf) l 

40 f 

SATEL LITE S 

I cc, W '~" W .: ' 'Iv 
f 

30 E 
10E 

377 

'.\ 
. l J, 

Fig. 5, Nimbus-4 IDes observation of Antarctica. Marked stations and camps are as foLLows: /: M cMurdo (U.S,A, ) alld 
Scott Base (New Zealalld ). 2: "Byrd" (U.S.A. ) . 3: Soulh Pole (US.A. ) . 4: " HaLLett" (U.S.A. ). 5: " Brocktoll '. 
(U.S.A. ) . 6: " Voslok" (US.S. R. ). 7: HaLLey Bay ( U K.). 8: " Siple" (US.A, ). 9: " M eGregor" (U.S.A .). 
10: " Lassiter" (U.S.A. ). // : "Amlllldsell" (US.A .) . 12: "Shacklelon" (UK. ), 13: Drollnirlg lvlaud (Norway). 

In terms of snow-pack monitoring, activities at Goddard Space Flight Center have centered 
on the u se of ERTS-I data in the Wind River Mountains of Wyoming. The principal 
objective has been to see if snow-cover area observations may be useful in empirical fashion 
to better characterize and p erhaps predic t run-off from watersheds in these mountains . 
Figure 6 (pI. IV) shows how the Wind River Mountain area appears from ERTS-I. Water­
shed boundaries for seven watersheds in which snow-mapping from ER TS has been accom­
plished are d elineated on this figure. Three of the watersheds have mean elevations above 
3 km and four of the watersheds have m ean elevations below 3 km. 

During the 1973 snow-melt season several cloud-free views of the watersheds mentioned 
above were obtained. The p ercentage of each basin covered by snow was plotted versus time 
along with the variation in the 18 d mean flow per unit area for each of these watersheds. 
In order to see if it is possible to demonstrate that major physiographic differences affect the 
character of snow-cover depletion curves, the r esults for the three high watersheds and the four 
low watersheds were compiled and average r esults obtained. The normalizing factors used in 
comparing the results consisted in using sp ecific run-off (per unit area) rather than the total 
volume of run-off. The results of this procedure are shown in Figure 7, The principal point 
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to be made concerning this figure is that the general character of the specific run-off and snow­
cover variation between high and low watersheds (mean elevation > 3 km and < 3 km 
respectively) can be seen to be distinctly different. The specific run-off from the lower water­
sheds has a smaller peak flow that occurs earlier in time. These characteristics are consistent 
with the snow-cover depletion curve which shows the snow cover disappearing more rapidly 
with time due to smaller snow depths and the higher temperatures at the lower altitudes. 
Of course, several years of data are necessary in order to establish rigorously the utility of this 
kind of approach for a given watershed. Along these lines, analyses of the 1974 ERTS-1 
snow-cover observation are continuing. 
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Fig. 7. A verage snow-cover depletion and run-oifIor the Wind River Mountain watersheds during '973 as obtained by analyzing 
ERTS images such as those shown in Figure 6. 200ft3 / S mi' = [,09 m3/s km'. 

The ERTS-1 data have been found to be particularly eXCltmg for the monitoring and 
study of glaciers and their attendant surface features. The character of medial and terminal 
moraines, the extent of snow cover, debris, and other features can be observed repeatedly and 
related to the mass balance of the glacier and its movement. Of particular interest has been 
the use of these observations to locate or monitor surging glaciers. The Yentna Glacier near 
Mt McKinley, Alaska, and the Tweedsmuir Glacier in British Columbia, Canada, are 
among those glaciers of this type whose recent surges have been monitored from ERTS- I. 
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Not a great d eal of analysis has been accomplished and repot' ted in the recent literature 
in which ERTS-I digital data and objective feature classification have been employed in 
glaciological studies. The utilization of digital data commonly a llows one to extract more 
d etail and analytical numerica l information than one can obtain simply from photographic 
enlargement and processing. To illustrate these points, ERTS scenes taken over the Bering 
G lacier (lat. 60 0 N. , long. 1440 W .) in south-central Alaska and the South Cascade Glacier 
(lat. 480 30' N. , long. 1'21 0 W. ) in Washington state were examined using ERTS digital data 
stored on computer compatibl e tapes. Figure 8 (pI. VI) shows the entire 185 km X 185 km 
col or composite image taken over Washington State on 16 September 1973. T he location 
of the South Cascade Glacier is outlined by a small circle covering an area that is approxi­
mately 6.5 km in diameter. 

Figure 9 (pI. V ) shows this sam e area expanded many times so that more d etail can be 
seen than is discernible on the previous figure. Sketch lines have b een superimposed to show 
the areal extent of major features in this expanded view of the glacier. Portions a, b, and c 
of Figure 9 show what portions of the glacier appear to have the same multispectral character 
as each of the small areas enclosed in the white rectangles. By this, we mean that the digital 
reflectance values obtained for the 0 '5- 0.6, 0.6- 0.7, and 0.8- 1. I [.tm band MSS observations 
agree within a pre-specified tolerance. In Figure 9a, b, and c, a ll areas that appeared the 
same as the selected areas are displayed as a green col or. Using such data-processing equip­
ment * one can select a known area and in a few seconds classify the remainder of the scene to 
see how many other areas are simi lar in a multi-spectral sense. Also, one can measure areas 
or obtain other statistical information that may be appropriate. As another example, Figure 10 
(pI. V- VI) shows three 185 km X 185 km color composite views of the Bering Glacier reflecting 
seasonal and annual changes. Figure 1I (pI. VI) shows a partially classified September 197'2 
scene depicting selected areas in various colored squares and a more completely classified 
scene employing each of the selected samples. The classifications represent the more debris­
laden, exposed ice portions of the glacier (area marked by white, open square), the cleaner, 
less debris-covered , exposed ice portions of the glacier (white solid square) and the snow­
covered regions of the snow fields feeding the glacier (blue, solid square). These classification 
or variations thereof can be accomplished in only a few minutes and quantitative supporting 
data provided shortly thereafter such as the number of data elem ents, or the area comprising 
each classification . 

Ill. N IMB US-5 R ESU LTS 

Nimbus-5 was launched on 11 D ecember 1972 into a near polar sun-synchronous circular 
orbit at an altitude of about I 100 km. In addition to the infrared and microwave atmospheric 
sounders on board, the spacecraft contains three imaging devices in the infrared and micro­
wave regions. The highes t spatial resolution is achieved by the surface composition mapping 
radiometer (SCMR) which has three spectral intervals from 8,3- 9.3 [.tm, 10.'2- 11.2 [.tm and 
0.8- 1.1 flm. The instantaneous field of view of this instrument is 0 .6 mrad providing a nadir 
ground resolution cell size of about 660 m. An example of the imaging quality available from 
this device is shown in Figure 12 which depicts the Ross Ice Shelf in Antarctica. The structural 
d e tail shown in this image is excellent, but the technique suffers for significant fractions of the 
observing time from obscuration b y cloud cover. Features evident in this figure include open 
water in the Ross Sea, bare terrain in the M cMurdo area, and scattered clouds. As in the 
ID CS image (Fig. 5), the structural details on the continental ice sh eet are lacking. Increasing 
the spatial resolution apparently does not help in bringing out the de tails in the ice shee t as is 

* The data-processing equipment used here is commercially known as the G eneral Electric Ima ge lOO and is 
loca ted at the General Electric offices in Beltsville, Ma ryla nd . Pa rticula r apprecia tion is expressed to William 
D a llam who grea tly facil itated the generation of the ma terial referred to above. 
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shown from the ER TS image of the McMurdo area in the Ross Sea (Fig. 13, pI. VII ) . While 
the open water, bare terrain, and bare glaciers are clearly depicted, it is evident that as the 
higher elevations are reached the d etails become less and less pronounced. 

The temperature- humidity infrared radiom eter (THIR) is a two-channel scanning 
radiometer with considerably lower spatial resolution. One channel ranges from 6.5-7 [Lm, 
with a 21 mrad field of view, and the other from 10.5-12.5 [Lm with a 7 mrad field of view. 
The latter channel is used for observing the surface in the absence of clouds. THIR provides 

Fig. 1 2. Image of a portion of the Ross Ice Shelf region in Antarctica obtained from the N imbus-5 SCMR. R oss Island is 
near the center of the lift-hand edge of the image. The other extremity of the ice shelf edge is about l of the image width 
f rom the lift-hand edge. 

valuable information on surface temperature wh en atmospheric conditions permit. In 
Figure 14 (pI. VII), there is shown a polar stereographic projection of THIR data from the 
1O.5-12.5/Lm channel of the South Polar region. In this image, the continent of Antarctica 
was largely cloud-free except in the region of the Ross I ce Shelf where a cloud system intruded 
over the continent from the South Pacific O cean. Generally speaking, however, the edge of 
the floating ice pack is obscured by persistent cloud cover in this image. Also, the continental 
outline is not clearly depicted . 
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The electronically scanned microwave radiometer (ESMR) on board the Nimbus 5 
provides daily coverage over both the polar r egions. The ESMR receives radiation emanating 
from the Earth at a wavelength of 1.55 cm. In this wavelength region and over the tempera­
tures encountered, the Rayleigh- J eans a pproximation to the radiation law applies. That is, 
the radiative power received is proportional to the first power of the brightness temperature 
of the radiator which, in tum, is a product of the physical temperature of the radiator and its 
emissivity. Thus the images produced by the ESMR contain informa tion both on the tem­
perature variation over the surface of the Ear th and the variation of the emissivity for different 
Earth surfaces. Radiation received at 1.55 cm originates both from the atmosphere of the 
Earth and its surface. In particular, the atmospheri c contributions come both from water 
vapor (the wing of the 22.2 GHz water-vapor line) and from liquid water in clouds. Only 
under conditions of extensive heavy rainfall does the entire contribution come from the 
atmosphere. The applications of the ESMR imagery in terms of meteorological phenomena 
over the oceans have been d escribed by Wilheit and others ( 1973). The atmospheric contri­
bution is the greatest in the tropical regions. In the Arctic a nd Antarctic, the liquid water and 
water-vapor contributions become negligible so that the surface can be observed all the time. 

The utility of the ESMR in observing sea ice and continental sheet ice has been described 
previously (Gloersen and others, 1973[a] , [b]; Campbell a nd others, [974) . Dr Campbell 
will discuss in some detail in another paper at this symposium (Campbell and others, 1975) 
the sea-ice data obtained in the Arctic and Antarctic r egions from the ESMR. For the 
purposes of illustrating the utility of this technique, Figure 15 (pI. VIII ) shows an image of the 
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Fig. 16. I soemissivity contours for a wavelength of 1.55 cm on the Antarctic continent obtained by combining ESMR and THRI 
data obtained on // January I973 (Figs. 12 and I3 ). 
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South Polar region for the same date on which the THIR image was shown in Figure [4. 
The sea ice surrounding Antarctica appears to have the characteristics of first-year ice, that is, 
ice with salinity content of 1 %0 or more in the freeboard portion of the ice. The emissivity of 
such ice is 0.95 or greater at a wavelength of 1.55 cm based on aircraft measurements in the 
Arctic area (Gloersen and others, 1973[a], 1974). The fact that this signature is present in 
the Weddell Sea is surprising inasmuch as the ice pack in this region persists from one year to 
the next, according to the ESMR data acquired since November 1972 and the observations 
of workers in the field (private communication from W. F. Weeks). 

Combining the THIR and ESMR images over the continent, one can obtain contour 
maps illustrating the variation of emissivity of the continental ice sheet (Fig. 16). These 
contours result from a combination of two factors: ( I) the physical temperature on the ice 
surface is lower at the higher elevations and (2) the crystal size distribution in the ice sheet 
differs in various geographical locations. It should be pointed out that what has been desig­
nated as emissivity is actually the ratio of the brightness temperatures at 1.55 cm and 1 [ [Lm. 

However, from computations based on a Mie scattering model it can be shown that the 
microwave radiation penetrates this ice sheet to a depth of the order of 10 wavelengths (Chang 
and Gloersen, unpublished). Therefore, the contours in Figure 16 only approximate the true 
emissivity since the THIR provides the temperature at the surface and the ESMR the average 
brightness temperature of about a 15 cm layer. On the basis of the Mie scattering model 
(Chang and Gloersen, unpublished), the contours in Figure 16 may reflect distributions 
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Fig. 17. JVear-minimum and near-maximum Antarctic sea-ice boundaries for 1973 (10 February and 16 July ). 
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in the average Ct-ystal size on the continent. This model predicts that the lowest emissivities 
will correspond to the largest average particle sizes, within the range of particles encountered 
on the continental ice shee t. The size of the particles does depend on the morphology of the 
ice in a particular region, which has som e connection with the temperature range and 
proximity to open water in that region. 

The ESMR images can b e u sed a lso to observe the variation of the sea-ice coverage with 
time. The approximate maximum and minimum sea-ice coverage in the South Pole region 
for 1973 as d e te rmined from the ESMR imagery is shown in Figure 17. The variation of ice 
concentration can also be inferred from these images, even w hen open water cannot be 
r esolved by the ESMR, by using a linear interpolation between the emiss ivity of open water 
(0.4 at a wavelength of 1.55 cm ) and that of first-year sea ice (0.95 or greater) . The accuracy 
of this determination is better than ten percentage points; the error is largely due to the 
uncertainty of the actual temperature of the ice surface within a season . An example of an 
ice concentration map of Antarctica is shown in Figure 18. The ice concentration parameter 
is important not only for maritime interests but a lso for global weather models inasmuch as 
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Fig. l B. Compactness of sea ice around Antarctica on. 26 D ecember 1972. 

https://doi.org/10.3189/S0022143000034493 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034493


JOURNAL OF GLACIOLOGY 

the h eat transfer rate between the surface of the Earth and the atmosphere is strongly affected 
by the ice concentration. 

The continental ice sheet on Greenland has remarkably different properties from that of 
Antarctica. In Figure 19 (pI. VIII) , two ESMR images of Greenland are shown, one for the 
summertime and one for mid-winter. One can see a p ersistent brightness-temperature pattern 
also in this continental ice sheet. However, it should be noted that the brightness tem pera­
tures are the highest at high elevations, quite contrary to what is observed in Antarctica. 
The emissivity range on Greenland is illustrated in Figure 20, showing a range of emissivities 
similar to, but a spatial distribution completely different from, those observed in Antarctica. 
It is not surprising that the crystal size distribution in Greenland, as implied by the variation 
in emissivity, should be different from that of Antarctica because ( I) the range of physical 
temperatures encountered includes the freezing point of water in Greenland but not at all in 
Antarctica and (2) inland points in Greenland are considerably closer to open water than in 
Antarctica. That is to say, the metamorphosis of snow would be expected to be completely 
different in regions where thawing and freezing occur as opposed to regions where tempera­
tures are always well below freezing. 

Fig. 20. Isoemissivity contollrs for a wavelength of I.55 cm Oll Greenland obtained by combining ESMR and THIR data 
obtained on I [ Janllary [973. 
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Ov;::r the two-year observational period of the Nimbus-s, no significant changes have been 
observed in the emissivity contours in Greenland or Antarctica. On a long-term basis, 
changes in these patterns might be observed and could be indicative of slow climatic changes. 

Seasonal changes in the continental ice sheet of Greenland, much stronger than those 
resulting from the seasonal change in physical temperature, have been observed at the lower 
elevations where thawing and freezing take place. Edgerton and others (197 I) have observed 
that wet snow results in a very much higher microwave brightness temperature than dry 
snow for snow of sufficient depth. This has been observed also from the ESMR on Nimbus 5 
in both the multi-year portions of the Arctic Sea ice canopy and in the lower elevation regions 

Fig. 2 1. The thick solid line is the summer melt line in the snow field covering the Greenland continental ice sheet as deduced 
from Nimbus 5 ESMR data obtained on 21 J uly 1973. The area to the east of the thick dashed line is that in which the 
highest microwave brightness tempera tures u;ere observed on 11 J anuary 1973 (cf. Fig. 19). 

14 
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of Greenland. It is possible that this phenomenon may be utilized to determine any changes 
in the snow-melt line in Greenland from one year to the next. An attempt has been made to 
estimate the snow-melt line on the continental ice sheet of Greenland based on the data 
available at the time of writing. The results are shown in Figure 21. The applicability of this 
technique must be confined presently to enormous glaciers such as the Greenland ice sheet 
b ecause of the limited spatial resolution capabilities of the ESMR. However, when higher 
spatial resolution becomes available in the future, this technique may be extremely valuable 
in defining snow and firn lines on smaller temperate glaciers. 

IV. PROSPECTS FOR THE FUTURE 

Continued improvements are envisioned for the future in terms of improved sensors and 
spacecraft systems with longer lifetimes. In the Earth resources survey area as it relates to 
snow and ice measurements, it is planned that ERTS-B will be launched in early 1975 or very 
shortly after ER TS- 1 becomes inoperative. ER TS-B will have the same spectral observation 
and spatial resolution capability as ERTS-I. An ERTS-C is planned for the 1977 time frame 
with an additional 10- 11 [Lm thermal infrared observation capability. 

As has been indicated in the preceding section, the microwave portion of the electro­
magnetic spectrum holds considerable potential for snow and ice mapping. In the immediate 
future another ESMR, this one operated at a wavelength of 0.8 cm and with both polarization 
components, is scheduled for launch on board Nimbus-F late in 1974- The next improve­
ments in spacecraft instrumentation will be flown on the Nimbus-G in the form of a scanning 
multi-channel microwave radiometer (SMMR). Measurements will be acquired in five 
spectral bands with ten channels (b ecause of dual polarization) in the wavelength region 
between 0.8 to 6 cm. The spatial resolution will again be modest and near 25 km for the 
shortest wavelength. 

Future missions are being considered that will attempt improvements in spatial, temporal 
and spectral resolution. These missions include low-orbiting satellites with modular capability 
for including new instrumentation. This low-orbiting satellite series will be called Earth 
Observatory Satellites (EOS). Spatial resolutions in the visible region of the spectrum may 
be as high as 10 m. Larger observational swath widths would increase the frequency of 
coverage to 6- 9 d with accompanying spatial resolutions 100 m or better. Attention will be 
given to the possibility of using synthetic aperture radar for providing high spatial resolution 
in the microwave wavelengths from 1- 25 cm. 

For snow and ice coverage, the next most interesting spacecraft concept beyond EOS 
would be the Space Shuttle Sortie-Spacelab concept with polar orbit capability being 
considered for the 1980's. On the Spacelab, larger instruments of a developmental 
nature requiring more power, or operation and attendance by a scientist or technician, 
can be operated and tested for eventual long-term operation. For example large antennae 
associated with active or passive microwave systems could be tested. R elatively complex 
visible and infrared spectrometric equipment could also be developed in the Spacelab 
environments. 

Another key facet of future spacecraft systems involves the development of data processing 
and analysis facilities that would handle data magnitudes as high as 250 megabits per second 
(Mb/s). It is clear that these data must in the future be optimally processed and delivered to 
user agencies so that these data products can be applied to resource management problems. 
To meet these general goals it is imperative that improved data-processing facilities be 
developed and communications improved between the developers of improved data-processing 
and dissemination facilities and the potential users of such information. Substantial efforts 
along these lines are being implem ented within NASA in cooperation with major state and 
federal agencies. 
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DISCUSSION 

A. O. POULIN: It is difficult to obtain the true temperature of the polar surface by infrared 
means, chiefly because of the inversions . This should have a significant influence on the 
emissivity results obtained by the ratio of the microwave radiance to the thermal radiance. 
Also because of the inversion, it is not uncommon that the surface temperature of the Green­
land ice sheet increases with altitude, thus confusing the interpretation of the ratio. 

P. GLOERSEN: The particular examples chosen appeared to be relatively free of clouds, and are 
th erefore deemed to have reasonably true surface temperatures as obtained from the IQ (J.m 
radiometer (THIR) . As more of these examples are processed , of course, confidence in the 
emissivity contours will be increased if the contours indeed remain stationary. 

M . D UNBAR: I understand that in the microwave imagery the cold blue tones are related to 
multi-year ice. If so why, in the July image, did the Baffin Bay pack appear blue? The ice 
in this area is a lways predominantly first-year. 

GLOERSEN: This indicates that the first-year ice concentration is less than 100% in that area. 
Large variations in the ice concentration have been discovered within a season in Hudson 
Bay, Bering Sea, <'.Dd many other local es by using N imbus-5 ESMR. 
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W. AMBACH: What argument do you have to say that the coastal zone of the Greenland ice 
sheet is covered by wet snow on the microwave picture taken in July? Could it a lso be old 
glacier ice? 

GLOERSEN: Yes, it could. In fact this very alternative is predicted by the model I presented 
yesterday. This can be (but was not, in the example) sorted out by watching the time depen­
dence of the signature, either by day/night orbit comparisons or by watching the development 
of the signature at the end of the freezing season. 

M. F. MEIER: One must remember that the temperature of snow is, in general, a function of 
depth; thus it is difficult to define a microwave emissivity for this case. The whole concept of 
interpreting apparent "emissivity" variations is therefore very complex. 

GLOERSEN: Quite true; indeed the temperature at ten metres depth is generally regarded as 
being independent of seasonal variations at the surface in polar regions. At 1.55 cm wave­
length, the optical depth is at most 1.5 m (with no volume scattering) but more likely 10- 20 

cm. Thus the surface temperature will reasonably approximate the properly averaged 
temperature appropriate for determining the emissivity. The lower the brightness tempera­
ture compared to the physical temperature, the better this approximation holds, since this 
would indicate an increase in the extinction coefficient and hence a reduction of the optical 
depth. 

W. F. WEEKS: A. J. Gow has investigated the increase in grain size with depth at a number of 
sites in Greenland and Antarctica and has found that these changes are quite systematic and 
can be predicted if the 10 m temperature and the mean annual accumulation is known. 
What I do not remember is whether there is a systematic geographic variation in the initial 
grain size at the surface. If there is, Gow's work could be used to provide the "ground truth" 
necessary to evaluate your suggestion of a grain-size control of the microwave signatures of 
Greenland and the Antarctic. 

GLOERSEN: S. J. Mock has attempted correlation of such a combination parameter (i.e. the 
annual accumulation and the 10 m temperature) with the ESMR image of Greenland with 
only limited success, p033ibly because the shape of the parameter contours are not well enough 
known. Also, the surface phy3ical temperatures were not factored into the comparison. 
Work should continue in making such comparisons with more detailed field data. 

M. DE QUERVAIN: In the central part of the ice sheet (c. lat. 70° N. and above about 
I 800 m) annual stratification is observed. Summer deposits reach grain sizes of c. 1- 3 mm 
towards the end of summer season. Winter deposits stay below c. I mm. (This is a simplified 
statement.) The depth of the annual period is of the order of 50 to ISO cm according to the 
region. The actual state of the uppermost layer depends on the recent snowfall history. 
Between new-snow crystals and rounded grains of 0.3 to I mm diameter all intermediate 
stages may be found. 

In the ablation zone conditions are more complex. Melt metamorphism produces snow 
crystals (temporarily wet) of I to 2 mm diameter. But formation of superimposed ice is 
connected with other crystal features. Ice layers of increasing thickness (cm to dm and m) 
become dominant toward the coast. 

GLOERSEN: It would be indeed worthwhile to obtain iso-crystal-radius contour maps of 
Greenland and Antarctica for a number of discrete layers down to, say, 3 m depth, for 
purposes of comparing with the microwave signatures. 

C. W. M. SWITHINBANK: One way to try to understand the brightness temperature patterns 
on the Greenland and Antarctic ice sheets would be to study the stability of the patterns 
through different seasons of the year. 
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GLOE R SEN: Quite so; this has been done. The patterns persist through the seasons, but the 
average brightness temperatures r ise and fall along with the surface temperatures. Although 
it is cumbersom e, we plan to prepare iso-emissivity contour maps for times o ther than those 
shown in the paper. We will be in a better position to do this when multi-spectral microwave 
data becom e available. 
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