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MICROWAVE EMISSION FROM SNOW AND GLACIER ICE 

By T. C. CHANG, P. GLOE RSEN, T . SCHMUGGE, T. T. ' t\TILHEIT and H. J. ZWALLY 

(NASA- Goddard Space Flight Center, Greenbelt, Maryland 20 771 , U.S.A. ) 

ABSTRACT. The microwave emission from a m odel snow field, consisting of randomly spaced ice spheres 
which sca tter independently, is calculated. M ie scattering a nd radia ti ve transfer theory a re applied in a 
manner simi lar to that used in calculating microwave and optical properties of clouds. The extinction 
coefficient is computed as a function of both microwave wavelength and ice-particle radius. Volume scatter
ing by the individual ice pa rticles in the snow field significantly decreases the computed emission for particle 
radii greater than a few hundred ths of the microwave wavelength. Since the mean annual temperature and 
the accumulation rate of dry polar firn mainly d etermine the grain sizes upon which the microwave emission 
depends, these two parame ters account for the main fea tures of the 1.55 cm emission observed from Greenla nd 
and Antarctica with the N imbus-5 scanning radiometer. For snow particle sizes normally encountered , 
most of the calculated rad iation emanates from a layer on the order of 10 m in thickness at a wavelength of 
2.8 cm, a nd less at shorter wavelengths. A marked increase in emission from wet versus dry snow is pre
dicted , a result which is consistent with observations. The model results indicate that the charac teristi c 
grain sizes in the radiating layers, dry-firn accumulation rates, areas of summer melti ng, a nd phys ical 
temperatures, can be determined from multispectral microwave observa tions. 

RESUME. Emissioll de courtes longueur d'ollde cl partir de la Ileige et de la glace. On calcul l'emission de rayon ne
ment d e courtes longueur d 'onde it partir d 'un modele de champ d e neige, comportant d es spheres de glace 
espacees a u hasard qui emittent independemment. Les theories d e la dispersion (" Mie") et _des transferts 
radioactifs sont appliquees de la meme maniere que pour le calcul d es emissions en courtes longueur d 'onde 
ct des proprietes optiques des nuages. Le coeffi cien t d 'ex tinclion est calcule comme une fonc tion des longueurs 
d'onde d es emissions et du rayon des parti cules d e glace. La dispers ion en volume pa r les particules indivi
duelles .d e glace dans un champ de neige diminue significativement l' emiss ion calculee pour les particules d e 
rayon superieur it quelques centa ines de fois la longueur d'onde d e l'emission. Comme la tempera ture 
moyenne annuelle et le ta ux d 'accumula tion du neve pola ire sec, sont les principaux facteurs qui determinent 
les dimensions des gra ins dont depend la longueur d'onde des emissions, les deux varia bles rendent compte 
des principa les caracteristiques de l'emission d e 1,55 cm observee depuis le Groenland et l'Antarctique, avec 
le radiometre it balayage de Nimbus-5. Pour les dimensions des grains de neige norma lem ent rencontres, la 
plus grande partie de la ra dia tion calculee es t issue d 'un niveau d 'une epaisseur de l'ordre de 10 m pour la 
longueur d'onde de 2,8 cm , et d 'une epaisseur moindre pour des longueurs d 'ondes plus COUl·tes. On prevoit 
une in tensifica tion marquee d e l'emission issue d e la neige humide, par rapport it celle issue de la neige 
seche, ce qui es t confi rme par l'observation. Les resulta ts des modeles indiquent que l'analyse multispectrale 
des rad ia tions de faible longueur d'onde peuvent permettre de determiner les ca racteristiques de dimension 
des grains dans les niveaux qui rayonnent, la vi tesse d'accumulation du neve sec, les surfaces ou se produit la 
fonte estiva le. 

ZUSAMMENFASSUNG. MikrowelleTlemissioll VO Il Schllee ulld Cletseilereis. Es wird die Mikrowellenemission eines 
Modell-Sc.hneefeldes berechnet, das aus zufa llig verteilten Eiskugeln bes teht, die unabha ngig voneinander 
streuen . Ahnlich wie bei d er Berechnung der mikrowellenbezogenen und optischen Eige nschaften von Wolken 
wird die Streuungs- und Strahlungs-transporttheorie von Mic a ngewandt. Der Extinktionskoeffizient wird 
als Funktion sowohl der Wel lenlange wie des R ad ius der Eispertikel berechnet. Volumenstreuung durch 
die einzelnen Eispartikel im Schneefe ld verringert m erklich d ie berechnete Emission bei P a rtikelradien, die 
grosser sind a ls einige Prozent der Mikrowellenlange. Da die mittlere J ahrestemperatur und die Akkumula 
tionsratc trockenen, pola ren Firns die Korngrossen wesentlich beeinflussen, von denen wiederum die Mikro
wellenemiss ion abhangt, sind diese beiden Parameter in erster Linie fiir die Erscheinungen vera ntwortli ch , 
die in d er 1,55 cm-Emiss ion iiber Gronla nd und Antarktika mit d em Abtast-Radiometer von Nimbus-5 
beobachte t wurden. Fiir n ormale Schneepartikelgrossen stammt der Gross teil der berechneten Strahlung 
a us einer Schicht mit einer Dicke von etwa 10 m bei einer Wellenlange von 2,8 cm, aber we niger bei kiirzeren 
Wellenlangcn. Ein betrachtlicher Zuwachs an Strahlung lasst sich beim Vergleich zwischen feuchtem und 
trockenem Schnce voraussagen, ein Ergebnis, das durch Beobachtungen besta tigt wird. Die Modellergeb
nisse zeigen, dass die cha ra kteristischen Korngrossen in den strahlenden Schichten, die Akku m ulat ionsraten 
fur trockenen Firn, die Gebiete mit sommcrlichcr Schmclzc und physikalische Temperaturen aus multi
spektra len Mikrowellenbeobachtungen ermittelt werden konnen. 

I. I NTROD UCTION 

R ecent observations using the electronically scanned microwave radiometer (ESMR) on 
board the N imbus-s satellite over the continental ice sheets of Greenland and Antarctica 
(Gloersen and others, 1974) have been puzzling in that there is a complete lack of correlation 
between microwave brightness temperature and physical surface temperature in Greenland, 
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whereas in Antarctica there is a loose correlation over wide areas. T his has provided an 
additional incentive for developing an applicable analytical model for explaining the micro
wave emission from snow and glacier ice. In addition, other experimenta l observa tions made 
on board aircraft sensor platforms over smaller glaciers, snow fields, and sea ice have been 
difficult to interpret in terms of existing models. 

A useful insight into the microwave emission from snow fields has been provided by a 
macroscopic volume scattering model (England, 1974), which was also developed for other 
solid dielectrics such as moist soil. England's treatment involves specifically a parameter 
called the volume-scattering albedo, Wo, which is the ratio of the volume-scattering coefficient 
to the total-extinction coefficient. The extinction coefficient includes both the resistive losses 
and the scattering. The analysis involves sp ecifying a value for W o and then computing the 
brightness temperature or emissivity based on this single parameter. The model may be used 
to calculate the emissivity or the brightness temperature of finite slabs of snow and ice with 
varying composition. 

In this paper, a snow-particle scattering model using a microscopic approach is developed 
in which it is assumed tha t the snow field or snow cover consists of randomly spaced scattering 
spheres which do not scatter coherently. These assumptions then permit the utilization of the 
Mie scattering theory (Stra tton, 1941 , p . 563- 73; Deirmendjian, 1969, p . 11- 19, 119- 24; 
Van de Hulst, 1957, p. 119-30) in computing W o and its several components. The treatment 
is similar in many respects to tha t used in calculating microwave and optical properties of 
clouds (Gaut and R eifenstein, 1971 ; Curran and others, 1975) . One im por tant similarity is 
that the particle size is comparable to the wavelength of the microwave radia tion within the 
particle in both cases, since the particle sizes encountered in snow fields are sufficiently larger 
than cloud droplets to compensate for the lower index of refraction of the ice particles. An 
important difference in de tail of this treatment is that the imaginary part of the dielectric 
constan t of ice is orders of magnitude sma ller than for water droplets, grossly reducing the 
absorption cross-section of the particle. 

The snow-particle scattering model provides many more reflecting surfaces than any 
reasonable multi-layer model (resulting from seasonal sn ow accumulations or melting) 
or variable dielectric model would provide. Consequently, the Mie scattering effects should 
provide the major contribution to the volume extinction coefficients at the microwave wave
lengths and sub-surface snow-particle sizes encountered . The resul ts show tha t the penetration 
depths vary from IQ to 100 wavelengths depending on the snow and ice conditions encountered. 
Thus, the effects of snow cover dominate in most observat ions of snow-covered glaciers at the 
wavelength of 1.55 cm used in the Nimbus-5 ESMR. 

2 . ANALYT ICAL APPROACH 

The far-field solution for scattering of electromagnetic waves by spherical particles was 
obtained by Mie (1908). Since the snow and ice fields of interest generally consist of non
spherical particles that are not well separated, two assumptions are required for application 
of the Mie theory. It is first assumed that the scattering particles are spherical. Secondly, 
it is assumed that the particles scatter incoherently and independently of the path length 
between scatterers. These assumptions are not expected to influence the qualitative nature 
of the results. The Mie theory is then used to calculate the extinction a nd scattering cross
sections of the individual pa rticles as a function of particle radius and the complex index of 
refraction for given wavelengths A. Subsequently, these quantities are used to solve the radia
tive transfer equation within the snow m edium and calcula te the radiative emission from the 
model snow-field surface. 

The extinction cross-section <re, scattering cross-section as and absorption cross-section aa 
for particles of radius r and the complex index of refraction n can be written as: 
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( I) 
m = l 

00 

m = 0 

and 

where a", and bm are the complex Nlie scattering coeffi cients which contain Bessel and 
Neumann functions of t integer order. The coefficients are : 

[A~n + ~:~ ] Jm+! (2~r) _ Jm-t (2~r) 
am = -.=-[ A--;-,;-n +-2-m7T--:-~ J~[~J-m-+-'j (7-2-~--;-r )-+-i-( -==---1 )-m J-_--'-m-_!--'-('2-~r--;-)-=;J---'------'------ , (4) 

- Jm-t C~r) + i ( - I)mJ-m+! C~r) 

[Amll+ ::~J J",+! C~r) -Jm-! (2~') 
bm - =-------,-=-:=--~=-:---:---=---"'---'--,-------:-=;--'------'-------- , (5) 

- [Amll+ :~J[Jm+! (2~r) + i(- I ) mJ-m-t C~r) ] 

_ Jm-! (2~r) + i ( _ I)mJ-m+1 (2~r) 

mA [Jm -. (T)l 
Am = - 27Tr1l + (27Trn) ' 

J1II+1 A 

(6) 

where A is the free-space wavelength , r is the particle radius, 11 is the complex index of refrac
tion, Jm denotes a Bessel function of order m and J-m denotes the corresponding N eumann 
function. The extinction cross-section for spherical ice particles with refractive index 11 = 
I . 78 + i 0.0024, which corresponds to m easured values in the centimeter wavelength ra nge of 
pure water ice near its melting point (C umming, 1952 ; Evans, 1965), is calculated for several 
wavelengths and particle sizes. The resul ts of the calculations in terms of the extinction 
coefficient (see Equations (8) and (15)) , are shown in Figure I. By using this relatively high 
value of Im 11, the importance of the scattering contribu tion to the extinction cross-section is 
emphasized, since it dominates even at this value of Im 11. The computation illustra tes the 
dependence of volume scat tering on particle sizes in this wavelength range. 

A lthough the added complexity of calculating for various profiles of temperature, snow 
density, and particle size with depth is well within the capability of the computational 
technique, a simplified model is constructed for the purpose of illustration (Fig. 2). A layer 
of uniformly sized spheres (the snow cover) of complex index 11 is situated on top of a perfectly 
a bsorbing medium (the glacier ice). The physical temperature in the snow cover is taken to 
be uniform at 250 K for simplicity. The actual tempera ture of the underlying glacier ice, 
taken to be 270 K , will be importa nt only for very thin snow covers. Since the change in the 
dielectri c constant from ice to air would give less than 10 % refl ectivity, and since the presence 
of the snow cover above both mitigates this abrupt dielectric change and introduces opacity 
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Fig. I. Extinction coefficient as a function of microwave wavelength for several ice-particle radii. 
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Fig. 2 . Sketch of model mow field overlYing solid ice. 
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between the ice and radiatively cold outer space, this model is reasonable except in the limit 
of vanishing snow thickness. Since the snow temperature is 250 K , the appropriate index of 
refraction is n = I.78 + io.ooo 5 (Cumming, 1952). An additional simplification is that only 
the radiation emanating normal to the surface is calculated. In this case, the distinction 
between the two polarizations breaks down due to symmetry. 

At microwave frequencies and at temperatures typical of the Earth and its atmosphere, the 
Rayleigh- J eans approximation to Planck's function is applicable, giving the thermal radiative 
intensity (radiance) from a black body as proportional to its temperature. For non-black 
bodies, or in general, the radiance is usually expressed a s a brightness temperature Tb, 
which is proportional to the physical temperature. Thus, the radiative transfer equation of 
Chandrasekhar (1950, p. 8- 14) with axial symmetry may be written as: 

'" 
dTb (O,Z) YsJ . 

cos 0 d Z + YeTb (O, Z) = -;- Tb (Os, Z) F (O, Os) sm Os dOs+ YaT(Z) 
o 

where z (the distance below the snow surface) is used instead of the optical depth 
< 

(-T == J Ye dz), where Tb is the radiance in the direction 0, and the re-radiated energy term 

o 

is proportiona l to the thermodynamic temperature, T(z), of the absorbing m edium. 
Also, Ye, Ys, and Ya are the extinction, the scattering, and the absorption coefficients 

respectively, defined as 

(8) 

where Hr is the number of particles of radius r per unit volume. The volume scattering 
albedo, 

Wo = ysfye (9) 

is independent of the density of scatterers. F ( 0, Os) is the scattering phase function which is 
defined as the fraction of incident energy scattered into unit solid angle about a direction 
which makes an angle El with the 0 and Os: 

,\z 
F (O, Os) = 817z {I S, ( El)l2+ISz( ElW} (10) 

where S, ( El) and S2 ( El) are scattering amplitude functions 

(II ) 

et) 

S2 ( El ) = L m~::: ) {bmII 1II+ a1ll7111 }, 
111 = 1 

am and b1ll are as defined in Equations (4) and (5); II1II and 7 111 are functions of Legendre 
polynomials 

II1II = P1ll (cos 0), 

d 
7m = cos 0 II m- sinz 0 -d --0 ( IIm). 

cos 

https://doi.org/10.3189/S0022143000031415 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000031415


JO U RNAL OF GLACIOLOGY 

Equation (7) is solved numerically after rewriting it as: 

dTb (O, Z) 
cos 0 dZ + Ya( Tb (O, Z)- T (Z)) 

= :8 f Tb (Os, Z)F(O, Os) sin Os dOs- Ys Tb (O, Z )· (15 ) 
o 

The right-hand side represents the angular distribution of radiation resulting from the 
scattering, and equals zero for a non-scattering medium. To solve the complete Equation 
(15), the snow cover is first divided into a number of smaller layers . Between 50 and 100 
layers are chosen to maintain the optical thickness of each layer typically less than about 0.0 I , 

but as large as 0.05 for the snow covers having the highest optical thicknesses. The isotropic 
upwelling radiance at the bottom of the snow cover is given by the chosen lower boundary 
condition. In order to compute the angular radiance distribution term, the angular variable 
is divided into 20 equal intervals. The r edistribution of the isotropic upwelling radiance by 
the lowest layer into the 20 angular intervals is determined by the scattering phase function, 
and the radiance scattered into each interval is summed. The calculation proceeds upward 
layer by layer. At each layer, the redistribution of the upwelling components from the 
previous layer is calculated . The down welling components from each layer are stored for 
subsequent calculation. At the top layer, the boundary condition specifies that no downward 
radiation is received from outside the m edium. The down welling radiance is then similarly 
calculated downward layer by layer while storing the recalculated upwelling components. 
This procedure is reiterated , maintaining the boundary conditions, until the emitted radiance 
that is calculated on successive passes deviates by less than one kelvin ; five passes were suffi
cient for all cases in this study. The method of solution is a variation of the Gauss-Seidel 
itera tion (Hildebrand , 1956, p . 439-43) . 

3. COMP UTATIONAL R ESULTS 

Using the formalism d eveloped in the preceding section, the primary computational result 
is the brightness temperature of the snow surface normal to the surface. A set of brightness 
temperatures is calculated for wavelengths of 2.8r , 1.55, and 0.8r cm, for snow-cover thick
nesses from ro cm to 20 m, and for ice-particle radii from o . r mm to 5 mm. The density of 
scattering particles Nr depends on the particle radii as follows: 

3P 
N r = -

477r3 
( r6) 

where P is the packing fraction (snow density/ice density) . 
A snow density typical of moderately packed snow (480 kg/m 3) is chosen, glvmg 

Nr = (2r )-3 for the computations. The calculated surface brightness temperatures are 
displayed in Figures 3, 4 , and 5. In these figu res, an asymptotic behavior is apparent when 
the thickness of the snow cover becomes large compared with the wavelength, implying that 
little radiation emanates from depths greater than the p enetration depth defined by such 
asymptotic thicknesses. For a particle radius of 0.2 mm, which is typical of fresh snow, the 
asymptotic thickness is approximately IQ m for ,\ = 2.8r cm , 5 m for ,\ = 1.55 cm, and 2 m 
for ,\ = 0.8 cm. The asymptotic value of the brightness temperature as the snow thickness 
is increased depends only upon Wo, the scattering albedo. The asymptotic brightness tem
peratures calculated for 2.8 1, 1.55 and 0.81 cm wavelengths are plotted in Figure 6 as a 
function of w o' Also shown is the emissivity (€ == Tb (o, o) / T (o)) of the asymptotically thick 
snow cover. 
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Fig. 3. Surface brightness temperature as a JUlZction of ice-particle radius f or several values of the snow thickness and for a microwave wavelength of 2 .81 CIII . 
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Fig. 4. Surface brightness temperature as a fimction of ice-particle radius f or several values oJ the snow thickness and for a microwave wavelength oJ 1.55 CIII. 
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Fig. 5 . Surface brightness temperature as a function of ice-particle radius for several values of the snow thickness and for a 

microwave wavelength if 0.81 cm. 
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The consequences of varying the index of refraction in the ice particles has also been 
examined . The impurity level in ice is known to affect the real part of the index only slightly. 
On the other hand, the imaginary part of the index varies by many orders of magnitude with 
the introduction of impurities in the temperature range 260-273 K (Hoekstra and Cappillino, 
I 97 I ) . While it is approximately 0.002 4 for pure ice near o°C, it can be as high as o. I for 
first-year sea ice at the same temperature. Such variations are attributed to the lowering of 
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Fig. 7· Volume-scattering albedo as a .fullction of ice-particle radius for several values of the imaginary part of the index oj 
refraction andfor a wavelength of 2 .81 cm. 
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Fig. 8. Volume-scattering albedo as a func tion of ice-particle radius for several values of the imaginary part of the index of 
refraction andfor a wavelength of / .55 cm. 
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the melting point of the ice and the existence of a two-phase system over a broader tempera
ture range with the presence of metal salts. The variation of the imaginary part of the index 
of refraction leads to different values of W o for a given wavelength ,\ and particle radius r. 
This is illustrated in Figures 7, 8 and 9 for the three wavelength values 2.81, 1.55 and 0.81 cm, 
respectively. These curves show that Wo is a strong function of the loss tangent which, in turn , 
depends on the physical temperature of the snow. This suggests that in order to determine 
the ice-particle size by remote sensing, multi-spectral m easurements are n eeded. Curves such 
as those shown in Figure 10, in which W o has been eliminated as an intermediate parameter 
from the curves of Figures 6- 9, illustrate this requirement. Determination of the average 
particle radius from m easurements of Tb and an a priori knowledge of the physical temperature 
would be straightforward using the curves of Figure 10 except for the complicating factors of 
particl e-size variation with depth (to be discussed later ), variation of p enetration depth with 
microwave wavelength, and temperature gradients in the snow. 

1.0 

-----------------

.5 

Ao O.81cm 

0.0 ':B;,..-+----:---------:!------ --------!. 
.1 .2 .5 

RADIUS (mm! 

Fig. 9 . Volume-scattering albedo as a func tion of ice-particle radius fJr several values of the imaginary part of the index of 
refraction andfor a wavelength of 0.8/ cm. 

Values of the azimuthally integrated differential scattering cross-section, F ( 8, 8s) (see 
Equation (9)), have been calculated and are shown in dimensionless form in Figure I I. The 
data are parameterized in terms of the particle size parameter ex _ 27Tr j '\ and are divided by 
27T,\2 so that these are valid for all wavelengths. Note that for ex = 0.02, the forward and 
backward scattering are essentially equal and the scattering to the side is about half as large. 
As the particle size increases, the n ear-forward scattering increases much more than the near
backward scattering. (Note the curve for ex = 1.12, Figure I!, ) What is more important, 
however, is that the differential scattering cross-section increases rapidly as ex increases, which 
accounts largely for the behavior of W o as a function of the particle radius (Figures 7- 9), 
It can be seen from these curves that the scattering effects become significant for the lower 
values of the loss tangent when the particle radii are greater than a few hundredths of a micro
wave length. 

https://doi.org/10.3189/S0022143000031415 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000031415


MICROWAVE E MI SS ION FROM SNOW AND IC E 

'\ 
\ 
\ 
\ 

.6 

.4 

.2 

.1 .2 .5 

\ 
\ 
\ 

A :: 2.B1 cm 

\ 
n . 1.78 + i (0.1) 

\\ " = 1.78 + i (0.0024) 

1.55,m \ / 
, /WIND - BLOWN DRY SNOW 
\. SURF ACE BELOW 

\ SNOW SURFACE 

2.8 1 cm:x/'81 cm SNOW 
" SUBJ ECTED 

TO 
" FREEZE 

" THAW 
" CYCLES 

:--................. ..........-~ 

--::-===-~.::::::.:;.-=--
- n = 1.78 + iO.OO055 

RADIUS (mlT'l 

33 

Fig. I Q . Emissivity oJ the snow cover as a Ju!Zction oJ ice-particle radills Jor three different values oJ the imagina>:y part oJ the 
index of rifraction andJor three different wavelengths. 
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Fig. I1 . Unit volume differential scattering cross-sectiollJor three different values oJ the particle-size parameter IX. The quantitie s 
shown i ll parentheses are the scale Jactors to be applied to the , -axis. 
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4. OnSERvATIONS AND DISCUSSION 

An example of the spectral variation in the microwave emission of a snow-covered tem
perate glacier is shown in Table I. By neglecting the temperature gradient in the snow, 
calculations from the simplified model can be used to determine the emissivity, and conse
quently the diameter of an average scattering particle. The emissivity is taken as the ratio 
of the brightness temperature to the physical temperature of the surface, obtained both by 
remote measurements with an airborne 10 !Lm radiometer and from surface reports (Schmugge 
and others, 1974). Assuming that the appropriate loss tangen t Ivr snow on a temperate 
glacier is 0.001 4 (Im n = 0.0024), the curves of Figure IQ were used to obtain the particle 
radii also listed in Table 1. Note that the average radius increases with the wavelength. 
Since the optical depth is greater for the longer wavelengths, the longer wavelength radiation 
is predominantly from greater depths where the snow grain sizes are larger, and the shorter 
wavelength radiation is from nearer the surface . T hese average radii are consistent with 
estimated grain sizes in the snow-pack which range in radius from o. I 5 mm n ear the top 
to 0.5 mm at the bottom (private communication from M. F. Meier in 1974). Although the 
model calculations presented do not include variations in the grain size, temperature, and 
density with depth, the simplified model does provide emissivities for different grain sizes 
which are consistent with the observations and at least qualitatively correct for wavelengths 
up to 2.8 cm. For the longer wavelengths, part of the radiation emanates from the glacier 
itself, and curves such as those in Figures 3 to 5 apply. 

TABLE r. M[CROWAVE BRIGHTNESS TEMPERATURES OF THE 8.4 m SNOW COVER ON 

SOUTH CASCADE GLACIER ( STATION P-3, ELEVATION 2 040 m, MARCH [ 97 [ DATA) 

• r 
A T b (T = 267 K ) Wo (for Im(n) = 0.000 5 ) 

cm K mm 
0 .8 [ 206 0·77 0·7 0· [5 

1.55 [ 94 0·73 0.8 0 ·5 
2.8 [ 224 0.84 0.6 0·5 
6.0 [ 238 0 .89 0·5 1.0 

[ [ .00 256 0.96 0·3 [ - 1.5 

Since the microwave radiation emanates from a range of depths which d epends on the 
microwave wavelength , the physical temperature gradient in the snow should have a 
wavelength-dependent effect on the brightness temperature. Therefore, if the physical 
temperature increases with d epth, the brightness temperature should also increase with 
wavelength, as is generally observed above. However, since the observed 60 K range in 
brightness temperature is considerably larger than any realistic range of physical temperature 
in the snow, the scattering effect must be dominant. Neglecting the temperature gradient is 
therefore justified in the foregoing analysis. 

The computational results show that volume scattering from the individual grains is also 
a dominant factor in determining the emissivity of dry polar snow and firn, based on limited 
knowledge as to the particle sizes occurring in the snow cover. While this complicates the 
measurement of the near-surface temperature by microwave radiometry, it does provide a 
potential for m easuring other parameters of glaciological interest, for example the extent of 
summer melting and snow accumulation rates. 

As pure ice nears the m elting point, the loss tangent increases rapidly. In fact, for the thin 
liquid film that forms on the crystals, the loss tangent reaches a value the order of 0+ Under 
these conditions, the scattering albedo Wo is n early zero (Figs 7- 9) and the emissivity is nearly 
unity (Fig. 6) . This represents a plausible explanation of the sudden increase in brightness 
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temperature of snow observed n ear its melting point (Edgerton and others, 197 I; Gloersen 
and others, 1974) . This effect should permit the mapping of the annual variations of the 
dry-snow zones versus percolation or soaked zones in Greenland, for example. 

A more detailed rationale is required to show the relation between snow accumulation 
rates and microwave brightness temperatures. It is known (Gow, 1969, 1971 ) that the crystal 
size in dry firn is a function of time t and temperature T: 

( 17) 

where D2 is the cross-sectional area at time t, D o2 is the initial cross-sectional area, ko is a 
constant, E is the activation energy of the growth process per unit volume, and R is the gas 
constant. Also, the age t of a crystal at a particular depth z is a function of the snow load cr 
and the mean accumulation rate A: 

cr (z) 
t - -- A . ( IS) 

O" (z), which is the integral over the curve of density versus depth , a lso depends weakly on T 
and A. To illustrate that the dependence of 0" ('::) on A can be neglected, a comparison of 
Maudheim (lat . 71.00 S., long. 1O.So W. ), where T = 256 K and A = 37 gjcmz, with Wilkes 
(lat. 66.1 0 S., long. lIO.6° W., where T = 254K and A = 13gjcm2 , indicates that the 
snow load at Z = 25 m differs by less than 10% w hile A differs by a factor of three (Cow, 

1.4,.--- - - --------- - - - ----------------- ------, 

1.2 

1.0 

2 0.8 

o 

" a: 
-' 

" ~ 0.6 
a: 
() 

0.4 

0 .2 ---

, BYRD STATION (80 0 S. 1200 W) 

2 CAMP CENTURY 177. ,0 N, 60.90 El 

3 PLATEAU STATION (79.2° S, 40.7° E) 

4 SOUTH POLE (900 SI 

(CU RV ES BASED ON DATA FROM 
GOW 1969, 1971 I 

1 16 1 T : 247 .2 K 
37 

3 2.5 l 
) T = 2 19 "+ 3 K 

4 7 

O~,0~----------~,~.0-----------~,~0-----------~,0·0 

SNOW DEPTH (111 ) 

Fig. 1 2 . Ice crystal radius as aJullctiOll oJ snow depthJor several values oJthe accumulation rate A and the average temperature T. 
The values oJ the temperature are not shown with error limits; the minus refers to the smaller value oJ A and the plus to the 
larger value. Note that the variation with accumulation rate oJ the ice crystal radius in each bracketed pair oJ curves TUns 
counter to the trend that would be caused by temperature variat ion alone within that pair. 
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1968, 1969). Therefore, for a given temperature, the profile of crystal size with depth depends 
on the accumulation rate, which is the parameter of in terest: 

0- ( z) 
D2(Z) = D02 + ko exp (-EjRT) A. 

One must, of course, take into account the difference between crystals and grains, which are 
typically composed of one or two crystals (Gow, 1969) and are a more likely measure of the 
size of scattering centers. However, grains and crystals have been observed to maintain a 
fairly constant mean size ratio of 1.4 : 1 (Gow, 1969). 

In general, the gradient of D2(Z) increases with increased Tor decreased A, as can be seen 
from Equation (19). The dependence on A and T is clearly indicated in Figure 12, where 
crystal-size profiles obtained at four different field measurement sites are illustrated. 

Now, for the range of grain sizes encountered, the corresponding portions of the emissivity 
curves of Figure IQ can be approximated by: 

where D2 = 1TT2. 
Since the curves of Figure 10 were calculated on the basis of uniform particle sizes, it is 

necessary to replace D2 in Equation (20) by D2, which is an average of Equation (19) over z, 
weighted by the radiative transfer properties. As A increases, both D2 (Equation (19) ) and 

r - -~ 

- ,,) .-1 

-= V 

Fig. 13. Contollrs of constant emissivity at a microwave wavelellgth of 1.55 cm Oil Greenland. The emissivity values were 
obtained by taking the ratio of the brightness temperatures obtained at wavelellgths of 1.55 cm to those obtained at wavelengths 
of ID p.mfrom instruments on board the Nimbus-5 satellite. The data were obtained on a relatively clolld-:free day ( Il 

January 1973). 
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jJr will decrease and E (Equation (20)) will increase. Therefore, emissivity and accumulation 
rates should b e directly correlated over areas of constant temperature. 

W e have in fact observed a remarkable correlation between the brightness temperature 
contours of the Nimbus-5 ESMR (G loersen and others, 1974) and the known accumulation 
rate patterns in Greenland (Mock, 1967) and Antarctica (Bull, 197 I ), despite the fact that the 
spatial variations of the physical temperature are included. Since a 10% variation in emissivity 
is roughly equivalent to a 25 K variation in temperature, it is not too surprising that emissivity 
variations dominate. 

In order to make a more direct comparison between emissivity and accumulation-rate 
patterns, an approximate emissivity has been obtained, i.e. the ratio of brightness temperatures 
obtained at the wavelengths of 1.55 cm and 10 !J.m. Such values cannot be obtained con
sistently because of persistent cloud cover, but were obtained on I I January 1973 for Greenland 
(Fig. 13) and Antarctica (Fig. 14). Again, the areas with the highest emissivities are approxi
mately those with the highest accumulation rates. In making these comparisons, it is necessary 
to consider regions with similar physical temperatures due to its effect on the rate of grain 
growth. In particular, the emissivity in Greenland (Fig. 13) d ecreases from the central summit 
(E = 0.85) to the northern region (E = 0.70) which has lower accumulation. It is approxi
mately constant (E = 0.75) from north-west of the summit toward Camp Century (see Fig. 12) 

Fig. 14. Contours of constant emissivity at a microwave wavelength rif 1.55 cm on Antarctica. The emissivity values were 
obtained by taking the ratio rif the brightness temperatures obtained at wavelengths of I .55 cm to those ob tained at wavelengths 
of TO fLmfrom instruments on board Nimbus-5 satellite. The data were obtained on a relatively cloud-free day ( r r January 
I973)· 
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and increases from EO = 0.70 on the low accumulation area on the south-west to E = 0.85 on 
the very high accumulation area on the south-east. In Antarctica (Fig. 14), the emissivity is 
low ( EO = 0.70) over the low accumulation area in the central plateau of East Antarctica 
(vicinity oflat. 80° S., long. 90° E.) . It is high (E = 0.85) in the high accumulation area at 
the base of the Antarctic Peninsula in contrast to a low value (E = 0.70 to 0.75) in the West 
Antarctic region draining into the Ross Ice Shelf (vicinity of lat. 82° S., long. 140° W. ) . In 
both southern Greenland and the "Byrd" station region of West Antarctica (lat. 80° S., long. 
120° W.), the Tb contours are parallel to the ice divides, which also mark regions of differing 
accumulation rates. 

In the case of the Lambert Glacier (lat. 72 ° S., long. 68° E.) in Antarctica, the emissivity 
is also high, about 0.85. It is known (private communication from W. F. Budd in 1974) that 
this glacier has extensive areas of exposed blue ice due to vigorous wind action in the area; 
such areas would be expected on the basis of this model to have very low scattering albedo 
and hence high emissivity (see Fig. 6). Thus, a high emissivity does not necessarily imply a 
high accumulation rate over a glacier. Therefore, some prior knowledge of the general 
characteristics of the snow field is required to interpret properlv the observed brightness 
temperatures. 

5. CONCLUSIONS 

A microscopic model, which considers the individual snow grains as the scattering centers 
and employs Mie extinction and scattering coefficients, has been used to obtain a qualitative 
explanation of the low brightness temperatures observed over snow fields and snow-covered 
glaciers. More quantitative descriptions will be provided by this model when the vertical 
grain-size distribution, physical temperature, and variation in loss tangent are taken into 
account. The present work has given essentially the same results as England ( 1974) obtained 
in terms of the variation of brightness temperature with the scattering albedo wo. The results 
differ in detail, however, because England assumed isotropic scattering in his model; Mie 
scattering, assumed here, is anisotropic. An additional result of the present analysis is the 
determination of the variation of Wo as a function of particle sizes, wavelength, and loss tangent. 
It has been shown that in the wavelength range from 0.8 to 2.8 cm, and for snow crystal sizes 
normally encountered, most of the microwave radiation emanates from a layer the order of 
IQ m or less in thickness. An additional important result of this analysis is the explanation of 
the signature of wet snow in terms of a wet surface on the snow grains, which causes a large 
increase in the loss tangent of the scatterers which, in turn, gives near-zero values for Wo, 

the scattering albedo. Finally, it is concluded that it may be possible to determine snow 
accumulation rates as well as near-surface temperatures by utilizing this model in conjunction 
with multi-spectral observations in the microwave region. 
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