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ABSTRACT. Thermal infj·ared sensing can provide much information a bout sea ice, and some of the 
physica l conditions associated with sea ice suggest that surface tempera ture may be a good indicator of ice 
thickness. However, steady-sta te heat-Aow calcul ations sugges t that the variable thickness of the snow 
cover a nd its low, variable thermal conductivity would preclude the use of surface temperature a lone as a 
suitable indi cator of ice thi ckness. Measurements of surface temperature, snow depth, a nd ice thickness 
suggest that, in an area of rela ti vely uniform ice thickness, surface temperature might be useful as an indica tor 
of snow depth if some surface d a ta can be obta ined. 

RESUME. Signification de la temperature de surface dans la detection par i,!lrarollge calorifiqlle sur la glace de mer 
et de lac. L a detection par infrarouge calorifique donne beau coup d e renseignements sur la glace de mer et 
certa ines d es conditions physiques a,sociees a la g lace d e mer laissen t a p enser que la temp erature de surface 
pourra it etre un bon indicateur d e I'epaisseur d e g lace. Cependant, les calculs de flux d e ch a leur en regime 
permanent suggerent que la va riab ilite de l'epaisseur de la neige a insi que la fa iblesse et la variabilite de sa 
conductivite thermique devraient exclure I' usage de la temperature de surface, seule, comm e un indicateur 
valable de I'epa isseur de la g lace. Des mesures d e temperature de surface, d'epaisseur de neige et d 'epaisseur 
de glace aboutissent a ce que, dans une region d'epaisseur de glace relativement uniforme, la tempera ture de 
surface p OUlTa it etre un bon indicateur de I'epa isseur de neige si on p eu t o b tenir quelques renseignements 
su r la surface. 

ZUSAMMENFASSUNG. D ie B edeutllng der Oberflachentemperatur bei der Messung irn thermischen l rifrarot uber lllfeer
Illld Seeeis. M essungen im thermischen Infrarot konnen viele Information en ilber M eereis, geben; einige 
der physikalischen E igenscha ften des Meereises, lassen vermuten, d ass die OberAachentemperatur ein 
gu ter Indikator filr die Eisdicke sein konn te. Berechnungen des Gleichgewichtswarmeflusses legen jedoch 
der Schluss nahe, dass die veranderliche Dicke d er Schneedecke und ihre geringe, veranderliche thermische 
Leitfahigkeit die Verwendung d e r Oberflachentemperatur a ll ein a ls bra uchbaren Indikator filr die Eisdicke 
ausschliessen. Aus Messungen der OberAachentemperatur, Schneehohe und Eisdicke kann geschlossen 
werden, d ass in einer R egion relativ gleichmassige r Eisdicke, die Oberflachentemperatur a ls Indikator filr 
die Schneehohe brauchbar ist, wenn einige Daten ilber die Oberflache beka nn t sincl. 

I NTRODUCTION 

Much of the past effort in arctic applications of infrared sensing has been directed toward 
sea-ice reconnaissance (Anderson , 1962 ; Poulin and others, 1962 ; M cLerran , 1965 ; Poulin, 
1965 ; K etchum and Wi ttmann, 1966 ; Poulin and Harwood, 1966; Kuhn and others, 1973). 
These works have shown that relative ice thicknesses can usually be identified ; new, young, 
first-year, and multi-year ice can often be delineated as such ; cracks and pressure ridges can 
be distinguished, and various other ice charac teristics can be determined. Kuhn and others 
(1973) indicate that it may be possible to estimate ice thickness with an accuracy of ±o.3 m. 

The accuracy to which it is necessary to know the thickness of sea or fresh ice depends on 
the type of ice and the operational circumstances involved . Whereas the captain of a large 
icebreaker may consider it sufficient to distinguish between first-year or multi-year ice, that 
of a smaller ship may need to know whether or not the ice is thicker than som e critical limit. 
Other persons may find a difference of a few centimeters to be significant, even in relatively 
thick ice. Therefore, it is difficul t to say how accurate a method of ice thickness d etermination 
ought to be. Although an accuracy of 5 to 10% may be d esired , one of 20 to 30% would 
certainly be useful. It is doubtful whether even the latter accuracy can be a chieved on the 
basis of surface temperature m easurements alone. 

Some aspects of sea ice make it an excellen t subject for infrared sensing. For example, its 
lower surface terminates at a nearly constant temperature regardless of ice thickness or geo
graphical distribution ; disturbances in the ice sheet are subject to sharp thermal contrasts 
with respect to the rest of the ice sheet; compared to other terrain material s, the thermal 
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conductivity of sea ice varies within a relatively narrow range; much of the " ice season " is 
characterized by low light levels or total darkness; and, generally speaking, there is rela tively 
little extraneous subject matter, or background, to contend with. H owever, the complexities 
of weather and the dynamics of the sea provide a host of va riables that can confuse the inter
pretation of sea-ice imagery. Snow cover, which varies with the age of the ice as well as 
weather conditions, is a particularly bothersome factor, and the relative influence of a given 
thickness of snow is itself d ependent on the thickness of the ice it is covering. One cannot a lways 
be sure, therefore, that thin ice will radiate more than thick ice, that a given ice condition 
will exhibit a given radia tion contrast, or that low thermal contrast m eans a nearly uniform 
ice thickness. Nevertheless, thermal imagery can be an excellent source of ice information, 
if, a s with any other image form, one becomes aware of its limitations. This is particularly 
true w hen one attempts quantita tive evaluation of the infrared radiance from the surface, 
even if adequate corrections can be made for atmospheric transmission between the surface 
and the sensor. 

There are two cases to be considered in the evaluation of the apparent surface radiance. 
Case one is that in which the radiometer 's effective, instantaneous field of view is small enough 
to resolve significantly different areas, such as those composed of differ en t ice types, differen t 
amounts of snow cover , cracks, leads, e tc. : the high-resolu tion case. Case two is tha t in which 
these individual areas are not resolved: the low-resolution case. In this latter case the instan
taneous measured irradiance is proportional to the summation of the products of the fractiona l 
a reas A i and the fourth power of their surface tempera tu res T i . 

E ex L AiT ; 4 

T his condition does not provide any information abou t the individual, small areas, a nd an 
image thus produced d epicts only major boundaries be tween large areas for which h om o
geneity must be defined in a manner consistant with the fi eld of view, such as a uniform 
percentage of ice cover or a uniform ice thickness. G enerally, snow thickness varies signifi
cantly over short distances and on ice of different ages, thus requiring relatively high resolution 
for d elineation of small areas of d ifferent ice type and snow dep th. The discussion which 
follows is limited to the high-resolution case. 

T H E RMAL CH ARACT E RISTICS OF SNOW-COVE RED ICE 

Off-hand one might suppose that, since the bottom of the ice stays at a constant, known 
temperature, and all the ice in a given locali ty is subject to essentially the same environmen t, 
surface temperatures should be indicative of ice thickness, which, of course, it is. But surface 
temperature is also dep endent on a number of other factors that fall into two categories : 
( I) thickness and density of the snow cover, and (2) changing meteorological conditions. 
Either of these factors may supersed e ice thickness as the dominant influence on surface 
temperature. 

Snow on sea ice is commonly wind-blown and has a density of the order of 0.4 Mg m - J 

and a thermal conductivity of approximately 0.46 W m - I deg- I. However, the density may 
vary within a nominal range from o. I to 0.5 Mg m - 3 with an associated conductivi ty ranging 
from about 0.07 to 0.8 W m - I deg- I. Comparing these values with those for sea ice (approxi
mately 1.3 to 2.2 W m - I deg- I) shows that the ratio of conductivity for ice to that of snow 
may vary from about 1.6 to 3 I . Moreover, it is not unusual for there to b e more than one layer 
of snow, particularly on ice that is a few m onths old. In this time considerable metamorphism 
occurs, and a variously thick layer of depth hoar is no t uncommon. Thus, instead of a two
layer system it may b e more appropriate to consider that one is dealing with at least a three
layer system, in which the conductivi ty of two layers and the thickness of all three layers is 
unknown . (I t would b e appropriate, under the circumstances, to assume a constan t, single 
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value of conductivity [or thc icc, or at least for each type- first-year, multi-year, etc. ) . 
Obvious ly, such a system cannot be solved on the basis of the single variab le of surface 
temperature. One might assume a single layer of snow at some average d ensity, but that still 
leaves the vari able of sn ow depth . I t is interesting, the refore, to examine the steady-state 
heat flow of such a two-l ayer system- realizing, of course, that steady state is another gross 
assumption. 

The equation for steady state, one-dimensional heat flow Fe due to conduction through 
a two-layer system may be written in the form 

F _ ( T 1 - T 2 )kl _a_ 
c - <I a+ b' 

where ( TI - T 2 ) is the temperature differen ce between the two outer surfaces, k] the thermal 
conductivity of the first layer (ice), <I the thi ckness of the first layer (ice), a the ratio of thermal 
conductivi ty oflayer 2 to that oflayer I , and b the ratio of thickness oflayer 2 to that of layer I . 

The quant ity a/(a+ b) is thus the ratio o[ the heat conducted through the two layers to that 
conducted through a single layer sys tem [or the same total temperature difference. For a unit 
temperature difference through snow-covered ice 

ki a 
F e = <i a+ b' 

where the subscript i signifies the ice layer and a is now the ratio of the thermal conductivity 
of snow to that of ice ks /k i and b is now the ratio of snow d epth to ice thickness <s/<;. This 
relationship is presented graphically in Figure 1 for the case of ki = 2.1 W m- I deg- ] and 
for snow d ensiti es from o. I to 0.5 Mg m - 3. The curves show how rapid ly and non-linearly 
snow d epth influences the heat flow through two layers with respect to ice without snow, and 
how strong the influence of snow density is . 

. 1 
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.08 
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Fig. I . R elative, steady-state, heat cond'lction through snow-covered sea ice assuming the thermal conductivity oJ ice constant 
at 2 . / W m - I deg- I . The ratio of SIlOW to ice conductivity is represented by the ~ymbol a; b is the ratio oJ snow depth to 
ice thickness; and p is the approximate snow den si!), corresponding to the value oJ a in Mg m- J • 
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Under the influence of a variable and unknown energy exchange at the snow surface 
(non-steady state) the relationships between the conducted heat flux (or surface temperature) 
and ice thickness become even more variable and indeterminate. An additional point is the 
fact that h eat transfer in snow is not a simple function of d ensity. Yosida ( 1960) concluded 
that vapor diffusion is independent of snow density. Thus, as Yen (1969) notes, vapor 
diffusion is a major factor for heat transfer in low-density snow. 

It seems reasonable, therefore , to conclude that it is futile to attempt an evaluation of 
absolute ice thickness from surface temperature alone, that is without supplementary data. 
It may be more appropriate to consider the possibility of using surface temperature as an 
indicator of snow depth in an area of relatively uniform ice thickness and where it is possible 
to make at least a few measurements of snow properties. With the idea that a demonstration 
of a relationship between surface temperature and snow depth tends to confirm the conclusion 
stated above on the relationship between surface temperature and ice thickness, the following 
data are presented . 

SNOW DEPTH FROM SURFACE TEMPERATURE 

Incidental to a study of temperature variations of frozen shore lines during the wintel
and early spring of [969, the opportunity arose to make m easurements con cerning the surface 
temperature of the nearby sea ice. Figure 2 is an 8 - [ 4 [Lm aerial radiometric trace from sea 
ice on Kugmallit Bay in the Mackenzie Delta area on 22 A pril 1969. N ine measurements of 
ice thickness made from about I to 6 km from shore had a m ean of 1.79 m and a standard 
deviation of 0.13 m, indicating that the bay ice had a reasonably uniform thickness- certainly 
not enough to account for the variations shown in Figure 2. Also, visual observation from 
the aircraft confirmed a d efinite relationship with snow cover, as numerous bare spots and 
thin snow areas could be immediately correlated with the trace on the chart recorder. 
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Fig. 2. Radiometric trace (8- 14/,-m) jrom an altitude oj 150111 over Kugmallit Bay, 20.30 h local time, 22 April 1969. 
Sunset was at 20.00 h. The wind was calm to very light; the sky was jairly clear overhead but hazy to the sides; and 
the suiface air (screw ) temperature was - 13° C. Apparent temperature variatiolls are due mainly to variatiolls oj snow 
depth. Warmest values arejor bare ice. 

Figure 3 is a plot of radiometric surface temperature and snow depth m easurements made 
on Kugmallit Bay and an adjacent lagoon in April 1969. The measurem ents were made 
between 02.30 and 04.30 P.S.T. with a Barnes PRT-5 radiometer ; sunrise (upper edge of sun 
visible) was at 03.40 h. The wind was light to calm, the sky was clear, and the air temperature 
was - 12

0 C one meter above the surface and approximately - IS 0 C n ear the surface, a 
rather strong radiational condition. In addition to showing the snow depth, Figure 3 shows 
the ratio of snow depth to average ice thickness, taken as 180 cm. The surface temperature 
measurements are shown as the difference between the m easured temperatUl-e T and the air 
temperature near the surface, /::;. T = T - (- ISO C), and as the ratio of the measured tem
pera ture to the near-surface air temperature, R = T j- IS 0 C. The snow density was 0.4 
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Mg m - J • Four pairs of points are connected by straight lines. These are points where the 
surface temperature was measured for two different snow depths at a single location, thereby 
tending to eliminate the variation due to ice thi ckness. Note the gen er a l parallelism be tween 
these line segments and the dashed curve. The horizontal lines at various points represent the 
effect of ± 13 cm (one standard d eviation) ice thickness on the ratio b of snow depth to ice 
thi ckness. They are strictly a fun c tion of snow depth, and in the interest of clarity they a re 
no t shown for a ll p oin ts . 

SNOW DEPTH /AVe. IC E THICKN ESS ( b = i, 1 i ,) 
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Fig. 3. D ifference between radiometric suiface temperature T and air temperature near the suiface, - 15° C, versus snow depth 
on sea ice Oil Kugmallit B ay Ilear T uktoyaktuk, N . W . T. , 28 April I969. 

Considering that the accuracy of the temperature measurem ents was about 0.5 deg 
a nd that the snow d epths were m ea sured to the n earest 0.5 cm , the scatter in the data is 
probably indicative of actual temperature variations that occur on such surfaces, possibly as a 
econdary effect of the va riable snow d ep th. T he morphology of the snow cover, for instance, 

in conjunction with the air temperature inversion near the surface, can be expected to be a 
significant cause of temperature variation s, particularly in the presence of air curren ts induced 
by a light wind. The steeper surfaces of small, d eep drifts are subject to relatively large 
temperature changes in short di stances compared to large drifts with gentle slopes, and as 
indicated above, the inversion gradient during m ea surement of the Figure 3 data was 
3 d eg m - I. Thus, the data presented h ere are hardly sufficient to justify an elaborate mathe
ma tical analysis. However, they do appear indicative of a significan t rela tionship between 
surface temperature and snow d epth , which is consistent with the da ta shown in Figure 2 

and with numerous observations made in the past on thermal infrared imagery. 
The dashed curve shown in Figure 3 was drawn by eye, and the r eader may well prefer a 

som ewhat differen t curve, but the conclusion concerning the interdependence b e tween 
surface temperature and snow depth would remain unchanged. Indeed, the true shape of 
such a curve, being dependen t on current and r ecent environmental conditions, can be 
expected to vary considerably. For example, the maximum range of surface temperature, 
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regardless of snow depth, depends on the air temperature, which sets the nominal lower limit, 
a nd the degree of deviation from a steady-state h eat How condition will also be inHuential. 
In this latter regard, subsurface temperature profiles measured at a nearby instrumented site 
indicated that the data shown in Figure 3 were obtained under conditions that deviated 
sharply from steady state. 

CONCLUSIONS 

I . Although relative radiance values, particularly when supported with surface observa
tions, may be useful for mapping relative ice thicknesses, surface temperature alone is un
reliable as an absolute indicator of ice thickness to the accuracy usually required for navigation 
purposes because, primarily, of the complications resulting from snow cover. 

2 . The dominant role of a snow cover suggests that it may be more appropriate to con
sider mapping snow distribution from surface temperature rather than ice thickness given the 
condition of a relatively uniform ice thickness, such as might be found on a bay, lagoon, or 
lake. However, further studies will be required to prove such an application. 
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DIS CU SSIO N 

D. BAJZAK: I would like to make some remarks regarding instrumentation of infrared 
sensing ; 

(1) These instruments indicate surface temp erature of a target which completely fills the 
instantaneous field of view. Therefore, the structure and texture of the object (target) 
has a significant bearing on the measured temperature. 

(2) The ambient temperature of the sensing h ead has an effec t on the accuracy of measure
ment. 

(3) These instruments do not really m easure the surface temperature as manufacturers 
claim. 

(4) The production of imagery is achieved through the use of a glow bulb. These bulbs 
vary from one to another, therefore two different instruments can produce markedly 
different images of the sam e terrain . 
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S.1. O UTCALT : All imaging sys tems are not the same. It is possible to make direct use of the 
analog data on magnetic tape. Also the color-slicing procedure, if done with the original data, 
helps in picking out de tailed thermal patterns. 

P. GLOERSEN: I wou ld like to point out som e work carri ed out in the U.S.A.- U.S.S.R. Bering 
Sea Experimen t (BESEX) regarding ice thickn ess determinations in re frozen leads with little 
or no snow cover. A combination of surface temperature m easurements (by thermal infrared , 
I I [Lm band) and air temperature measurements (from aircraft inst ruments) were used. 
Some limited success was achieved in the ice thickness range 0- 50 cm , as determined by 
surface-truth measurements. This work is reported in the proceedings of the BESEX 
Symposium, Leningrad , May 1974. (Also as NASA/GSFC X-910-74-14I , June 1974). 
W. D. HIBLER, Ill: The a lbedos of thin ice, thick first-year ice, and multi-year ice are often 
quite different. This a lbedo change will change the heat absorption and hence modify the 
surface temperature, perhaps even at night because of the time needed to com e to equilibrium. 
Is this a major factor ? 

A. O . POULlN: The major factor is the air temperature near the surface, but non-equilibrium 
effects due to, say, albedo changes may be important. 

O UTCALT: Our simulations show that albedo variations do cause significant changes in 
surface temperatures and hence must be considered in modelling. 

J. F . NVE: I believe there is often a whole spectrum of ice thickness within one resolution element 
of a sensing instrument . For applications it may often not be the average thickness that is 
needed but some highly-weighted average. For example, if ice deformation is being studied , 
it is the thinnest categori es that are most important. I am not sure what sort of average the 
captain of an icebreaker would like to know. In short, shou ld one put so much emphasis on 
trying to observe the unweighted average value itself ? 

C. W. M. SWITHINBANK: I cebreaker captains basically need to know how much thin ice there 
is, but not exacLly how thin it is. 

D. F. PAGE: Oil companies need somewhat better accuracy because they want the ice to be 
thi ck enough to put trucks onto. 

E. L. LEWIS : M y experience has shown that snow cover is generally far from constan t in 
strong winds, and may change markedly. This is relevant if snow thickness is needed to 
estimate ice thickness. In addition prevalent wind directions greatly affect snow deposit 
densities in coastal regions and ice thickness variations up to 30% have been observed benea th 
equal snow-cover depths. 

POU LIN: Surface homogeniety (such as areas of uniform thickness) must be d efined in a manner 
consistent with the size of the resolution elem ent of the sensing instrument, keeping in mind 
that the radiance observed in one resolution element is only one piece of data. If there are two 
or more unknown factors contributing to the radiance in one resolution elem ent and these 
factors need to be determined , then additional data about the area is required , i. e. better 
resolution. 

In the case ofa thermal infrared image, the radiance recorded by one resolution element is, 
in fact, a weighted average value- weighted by the temperature of each " homogeneous" area 
that is in the overall area observed by the resolution elem ent. If one needs a particular 
weighted average, such a s a weighted average thickness, h e must determine the particular 
weighting factors that are appropriate for his purpose and apply it to each area of a given 
thickness as determined (est ima ted) by a sensing instrument of appropriate resolution. 

The point of my paper is that, given uniform conditions within a resolution element, one 
is still hard pressed to de termine thi ckness from the infrared radiance. But I think that if we 
can simply identify ice type, and therefore general thi ckness ranges, we can satisfy a large 
percentage of the needs in this area. 
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