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ABSTRACT

The Nimbus-6 satelllite's SCAnning Microwave Spectrometer
(SCAMS) observed the earth's surface radiometrically at
nadir and six off'-center angles with two frequenciles
(22.2 and 31.6 GHz.) Presvious theoretical work indicated
that physical parameters of the ground surface should bs
discernable from these radiometric soundings.

Automatic classification methods based on pattern recog-
nition were applied to the data; geo raphical classes
were generated representing sea-1ice %lce age subclasses),
firn (accumulation rate subclasses), water, and fresh
anow over ice. Characteristlic SCAMS signatures produced
by the various snow and lce types were also identirfled.

Further analysis of the data over Greenland and Antarctlca
at three distinct times of the year indicated the quanti-
tative ability to detect long-term accumulation rates and
changes in the temperature profile of the snow. A semi-
empirical method has been devised to process the observa-
tions and invert for some of the physical perameters of
the snow. Accumulation maps of Antarctica and Greenland
as predicted by this data are included.

Thesis Supervisor: David H. Staelln

Title: Professor of Electrical Engineering
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CHAPTER I -- INTRODUCTION

The microwave brightness temperature of an object,
Tpb, 1s defined as the temperature of a blackbody which
emlts the same amount of raaciation as the observed object.
The Raylelgh-Jeans approximation can be employed at micro-

wave frequencles:

T, =~ .__:a—Kﬁ [ w(T) (1-1)

where W(T) (watt m-2 rad-2 hz'l) i{s the radiance of the
blackbody at a specific temperature, T is the physical
temperature, K 1s Boltzmann's constant and A is the wave-
length of the radlation. Emissivity 1s defined as the ratio
of the brightness temperature to the physical temperature of
an object.

I have applied automatic pattern recognition technlques
to satellite-observed brightness temperatures at 22.2 and
31.6 GHz. covering the Arctic (700 - 80°N) and Antarctiec
(700 - 80°S) regions. This both enables automatic class
jdentification (without predetermining the possible classes)
and provides an efficient manner to study brightness tempera-
ture variation with angles.

Furthermore, radiometric observationa of snow at micro-

wave frequencles have shown low values of emissivity (0.65-0.9)
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over the firn of Greenland and Antarctica. (Firn is hard-
packed snow which has accumulated over terrain for many

years.) Absorption by the snow and the emissivity of the
air-snow boundary alone do not properly explain these results
unless volume scattering of radiastion by the snow medium 1s
included.l Models explaining the scattering properties of

the snow have been deveioped. Chang et al2 and Zwally3

modeled the snow as spherical crystals and calculated the
Rayleigh and Mie scattering. Pisherlts5 and Tsang et al§'7

have analyzed scattering based on one-dimensional (laminar)

and three-dimensional statistically stationary and nonstatlonary
refractive index fluctuations. Since the scattering and absorp-
tion of the snow are functions of its temperature, density, and
particle size, the physical parameters of the snow should be
observable. Zwa11y3 corre;ated snow particie size with ob-
served emissiélty and used these data to calculate the accumu-
lation rate at a few select areas.

My method of inverting for accumulation attempts to
further Zwally's work; using a linear atatlstical process, it
finds the accumulation rate from the cbserved emissivity and
groundtruth. Undetermined coefficlents in a theoretical equa-

tion, relating emissivity to snow accumulation and temperature,
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are empiricatiy fitted to grounatruth data (in a least-
squares sense.) I then generate my own accumulation

maps on a second pass using these coefficlents, the observed
emiassivity, and the ten meter temperature. These derived

maps wWill on the average resemble the groundtruth accumulation
maps which served as the data base, but may differ in speciflic
areas, The change 1n brightness temperature between seasons
has also been analyzed; using 22.2 and 3..6 GHz. data, the
effects of varintions of temperature with depth in snow can

be observed.
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CHAPTER 2 -- THE SATELLITE AND THE GROUNDTRUTH

The Scanning Microwave Spectrometer, on board the
Nimbus-6 satellite, continuously maps the earth at 22.2,
31.6, 52.8, 53.8, and 55.,4 GHz.B The latter three fre-

quenclas are used to probe the atmospheric temperature
profile.? The 22.2 and 31.6 GHz. frequencies map the
earth's surface with a resolution of approximately 150 km.
by 150 km. at seven angles relative to the nadir: 0.,0°,
7.29 14.4°, 21,69, 28.8°, 36.09, and 43.3°. The polar-
ization is dependent on the scan angle & of the satellite
such thst Tp=Th cosl@+ Ty sin?@ where Th and Ty are the
brightness temperatures due to the horizontally and ver-
tically polarized radiation components respectively.,

Nine Hundred vector datasets for both the Arctic
(709 - 80°N) and Antarctic regions (709 - 80°3) at three
seasons were collected. Each vector has fourteen components
(nadir and the six angular brightness temperatures at 22.2
and 31.6 GHz); the latitude and longitude of each point are
used as identifiers., Vectors with missing components were
excluded from the automatic pattern recognition processing;
approximately seven hundred valid vectors remain. Since the

satellite covers oﬁly a limited part of the globe every day,
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weekly averages were usad,

The groundtruth date for surface temperature and snow
accumulation for Antarctica and Greenland areas were ob-
tained from references 10 and 11. The mean surface temper-
ature maps (Maps 1 and 2) are reported to be very reliable
in contrast to the accumulation maps.lo The temperature
at ten meters depth, designated here as T10, 1s assumed to
be equal to the mean seasonal surface temperature. It is
pradicted that the ten meter temperature is within 1.59K of
the mean surface temperature at any time.l0 In what is
termed the "coreless" offect,*z the mean temperature is far
below the middle of the yearly warm to cold temperature ex-
tremes caused by the long, constantly cold, sunless winter.

In order to effectively analyze microwave radiometric
data, an accurate description of the snow's temperature pro-
file is required. BulllO reports that the temperature at any
depth is approximately exponential, i.e. of the form

T(z)= Ty, + Tq exp (-fz) . .  (2-1)
where T10 1s the ten meter temperature, £ 1s the decay con-
- stent, and T} is the difference between TG and the surface

temperature at the time of observation, However, it is

clear that this 1s only an approximation; better fits have
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10 METER FIRN TEMPERATURES
REDUCED SY MEAN ATMOSPMENC |
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Map 1: Ten meter temperaturg map for Antarctica taken
from Bentley et al.l
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Map 2: Ten meter temperature map tor Greenland. il
(Broken lines represent constant altitude
contours in Greenland).
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have been obtained with a semi-empirical thermal model 3
which predicts that
T(z) = T1o + T{ cos (ay1z -apt + a3)
.exp(-fz) (2-2)

where T{ is the maximum seasonal change, aj, ap, and a3
are constants determined by the nature of the snow, and ¢t
1s the time of year; a pericd of one year 1s represented by
t equal to J!EE; . Flgher harmonic terms, beyond the cosine
dependence of equation 2-2, have been observed to propagate
in layered media, such as lunar dust,13 which have related
electrical characteristics similar to snow. In my work? I
have assumed that the period of November 20-30 nepresgents .
e "constant" temperature profile (1i.e. T1 = 0) and that
January 20-30 and September 20-30 are the times when Ty is=
elther a maximum or a minimum and the exponential profile
(equation 2-1) 1s a good approximation. In Chapter 7, I
shall show thet the difference in brightness temperature in
November between 22.2 and 31.§ GHz. frequencies is largely
due to these temperature gradients in the snow.

Snow accumulation maps are more difficult to generate
and less reliable than those for temperature profiles., A

variety of methods have been found useful, including measure-
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ment of snow precipitation with gauges, measurement of
snow accumulation uslng stakes, and 1sotope studies.lh

We will use Maps 3 and .; as our groundtruth accumulation

contours.
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watatuinty 3 p 5

Map 3: Accumulation rate map_ for Antarctica similar to
thet of Bentley et all0 (Broken lines are fault
lines for Antarctica and should be 1gnored).
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CHAPTER 3 -- DATA CLASSIFICATION

Pattern recognition has an edvantage over other means
of processing microwave data since a theoretical model
is not needed.l6 Our method of clustering uses a hler-
archical approach; similar vectors are automaticaily
grouped together into classes.15 There i1s no guarantese
that the resulting classes will be meaningful or will
correspond to physical parameters (after all, even vectors
with random noise would cluster.) However, our results
can be judged by two criteria; first, if we have meaning-
ful clusters, geographically connected areas should be
grouped in the same class since nelghboring areas will
often have the same physical characteristics. Second,
since the brightness temperatures observed are, at 1eqst.
partially, functions of accumulation and temperature, we
would expect some classes to follow contours of constant
accumulation and temperature.

Two separate processes occur in the automatic pattern
recoghitlon procedure: the clustering of the date and the
dispiaying of the data in the form of a dendrogram (tree-
like graph.) When the clustering process first begins,
each vector 1s treated as a one-member cluster. The

Euclidisn distance between each vector and every other
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vector in the dataset 1s computed and stored. Then,
the distance thresholad for which two cluéters are com-
bined, designated as the varlable "thresh", increases
monotonically to form new clusters. Many options exlist
for computing the distances of vectors from a newly formed
cluster; we have used two technliques: single-1link and
complete-1ink clustering. Complete-link clustering as-
signs as a measure for the newly formed ecluster the furthest
distance of any of the new cluster's vectors to each of
the other vectors in the dataset while single-link cluster-
ing uses the closest distance.

The clusteriﬁg procedure will now be demonstrated
with reference to the dendrograms @f: Figures 1 and 2,
For example, imagine four vectors located in two ddimensional
aspace: vector 1 (referred to as vl) at (0,0), vector 2 (V2)
at (0,1), vector 3 (V3) at (0,3), and vector 4 (V4) at
(0,5.5). The clustering program computes the distance for

both silngle and complete link clustering as follows:

Vi ve V3
v2 1.0

Vi 3.0 2.0

V4 5.5 4.5 2.5
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DENDROGRAMS

Figure 1: A sample dendrogram for Complete-link clustaring.

+-
r
A

o | 2 ' 3 4 5

Figure Z; A sample dendrogram for single-link clustering.



The threshold is now increased monotonlcally. For com-
plete clustering (Figpll,Vl and V2 combine when thresh = 1.
With the new vector, called V1-2 in our notation, the new

distance matrix is formed as follows:

Vi-2 V3
vy 3.0
vy 5.5 2.5

Note that V1, now one of the two components of V1-2, has
determined the distance of V1-2 from V3 and V4. V3 and V0
combine when thresh equals 2.5; ‘then V1-2 and V3-4 -
combine when thresh equsls 5.5.

For single-link clustering, (Fig.-2), V2:and V3 again
combine when thresh equals 1. However the new dlstances

are as follows:

vi-2 V3
V3 2.0
v 4.5 2.5

V1-2 will combine with V3 when thresh equels 2 while V1-23
and V4 combine when thresh equals 2.5.

The tendency of large clusters to attract stragglers
when using single-1link clustering is called chalning.

Complete clustering will tend to form "convex" clusters
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(in our fourteen-dimensional space) while single-link
clustering will allow "bridging™ between two distinct
clusters. The threshold continues to rise until all
vectors in the dataset have been coliected into one
cluster,

A dendrogram which displays the nine hundred vec-
tors and the states of thes clusters for discrete values
of threshold 1s formed to present the resuits. Two
types of dendrcgrams are possible. A linear dendrogram
computes the maximum threshold needed to gather all the -
vectors into one group and diasplays these states at equal
intervals between zero and the maximum threshold. (For
example, if the maximum threshold needed to group all the
vectors into one :cluster was two hundred and fifty and
twenty five equal intervals were used, the dendrosram wiil
display the state of the clusters at thresh = 10, 20, 30...
250.) A non-linear dendrogram snables the user to input non-
uniformly spaced values of the threshold at which he wishes
to see the state of the clusters. Sample output dendrograms
are shown in Figures 3 and L.

Once the clusters have been formed, four processing
methcds were used. First, the groups of ¢lusters at dif-

ferent levels of thresh were replotted into geographical maps.



20

vre .- . cu0e LA - e . .
(le®®000®0cagee 7), gl ===y 1 1

g === i i

“y) ===y i I

cle ===je==y )

Il e==y )

J 31! m==] i
[(.'Ooooﬂtiiqtcghl. KT.XY eas]| 1
(Ce®0aaabanngi o] i, TYTIN eae| i

103 ===y 1

cel  ===] 1

IS5.%%avpengapee Ble -1, L 1

B8U,®%e000bengde /,, K1 ——] 1

l,.o.. ateasgue 313 cme| 1

sbe === 1

eba -<=1B i

Ul eem]e=e-y i
“Ue ===l | lemeemmranaa]
1S === 1 1 1
e~ === 1 1 1
308 === 1 1 1
f3e=®00o ve%e) . J/¢ ===y i i 1
le,vsace0voaavay gy, can  ===j 1 i 1
{e,3R00a00000ve 9/, 3o ===| i i 1
l13,90000%000090 Yp, KY.Y} ——-] 1 i i
(D,9ecenev0es90)]], cle === 1 1 i
l4,v0000®R00guu |1y, v c—wejoa-] 1 1
l#.--nco VUV Yy, 3l ee=] i 1 1
(Peblg 00000000 ()4, 3ly ===y 1 i 1
lcev®c0o®vaegvo 4], 3Yn  ea=] 1 1 1
/l.w0ccavveaatog)y, “l3 === [l [} i
evaapke 77, wcy === i i 1
[3,%°%00a00000%0 po, 365 ===] i 1 1
[3.°%00080000v0 ]2y, /3 =e=] i i 1
36 ===} 1 1 )
wyn  =e=] 1 ) 1
/3,vv00080a000¢] )y, 3/i ===l i i i
/3.90c0a000004vG ] |, 3le === : i I
13,9%00a0080g00 4o, a0/l e==] 1 ) 1
fc.,9%an0®c0agve Jy, JYY =ee] L= i 1
19,%800008000gue 14, gk === 1 1 1 i
l3,°%00c08enagvagyy, 33y ===] 1 1 1 1
B, v®ce00bouawa] . 1ol ===| i ) ) i
Ii."’“'““““¢°'¢~53 wu/ -==] ) 1 i i
lbovsasasccuguc] |, 3¢l === i i A 1
/3.9%0ap@vuagea [y, Jos  ma=] i i i I}
129908000000V T] e el we=] i i i i
lee9Tln,0u90untu) oy, 3¢ ~e=] i 1 i 1
1349%00u00avave ]y, 303 e==jm==y Iy ) i
(/900000000000 |4, 18! ee=] 1 1 i I
[D.9%060C08UY0 KLy, coY === ) '} i 1
[€e9P000va800V 0, 309 =e=] 1 1 1 i
/l.9®c00000oaBuchne, “l]l ===l ] : 1 1
OU.2900huc,vov0 rpe Jo ===y [l i 1 1
ARALITA AL L LY PTY Yy me=] 1 I I 3
I9,9900080805v0 yyu, Y == 1 ) ) i
Ii.noooooooo-o. lTie lin ===} i 1 1 )
13,9900000asavog jp, ICY ===] 1 ] ) i
/¢.2®%c0ceadgbe /], Syl === i i i 1
sl =e=y 1 i 1 1
l3.,v%sc08vasgvo /., Joe ===y i i [} 1
[ERALLT A AL A LA L ST Y- EYARRE LYY 1 ) ) 1
[5,%00080880a%0cYu. cl ---llg N 1 i i
29l em=]eeey i i 1
/3,%%c0enceca®acyn, Jeg ===y 1 1 1 1
[LAALLLALA DAL Z-1 ceus ===} i 1 1 i
Im COARRBOLA-CGn o BT -——- i 1 ) )

Figure 3: A linear dendrogram. Letters on dendrogram
correspond to identical positions in Figure .



7l.%%ececcccese 7,

Filgure

“ln
e
Y
«le
n
n
Joe
“le
18)
cl
rL1d

3
33
Joc
e
wwl
«l,
TS
ase
Jovy
LR
rd. L
nan
ato
ele
dcv
anr
e
9=
“id
“cy
I65
an
Jle
“iY
s
e
anT
-
nh
43
Isl
wuy?
il
Jo-
Fai-)
ETX)
KLY}
sl
ey
385
“ll

e
v

e
(%2
Jev
97
E1E]
Jez
Al
rLx4
ey
Jur
05
cO¢

- 1 Je~memmece=e}
- 1 1
l=a= 1 ]
1 1 T
B i il bt | [~eemreccceccacmnnacanan] 1
l=mmanea] i 1 1
cmsmeccsasan] [ —— 1 1 i
cmee=] l==ccanny ta==1
cemmtcana -] 1
R 1 -1 1
- mmmen mmee=] 1 !
ae-- 1 1 lesmccmecaccacacimnn]
- metececnearacacas] :---------------| I
- 1===1
i . B
- 1 - -
- 1
- 1
- 1
- 1 t
- Jemmecmeaman] 1
- .=l fmmmcceaian 1
- I 1 1
- [ " 1
: ! i C
- -l |eamccananns
- 1
- 1
- }
~ 1== 1 1
1 1 I
1 leccmesasmca--an]
leaa ] 1
1 1 1

[P |

- s e B S S Bt Bt S Bt B B Bt B P Bt G P an B B B S B e Bt S mn B Bt o 8 S =t e Bt B B Pt B B Pt B e Ty a8 Bt S P et A ot e e e S O P T B e e B e e

|essecenncnancnapmnccaa=]
1
1 1
- 1 1
1 1
te==l 1
B R | i
Jeccscecancnccccane=] 1
{ 1 1
.= 1 1 1 1 1 1
et csmececane=] Jome=] |=ecemascncccmmnaan=] ]D
-1 1 1
- 1 1 1 1
|-------_-------l l l
1 = Jesemenana=] 1
] I 1 1 1
mme=] . 1 1 i
1 1 1 1 ]
—————— 1 Jereccaccccnnmnanan=] |-------]
1 -1 1 1
meecncwemacaana] |=ecncncanea] I
1 1
1
- 1
= ; - B
-ne 1 1
- 1
1 1
- 1 1 1

A non-linear expanded dendrogram.

Letters

on dendrogram correspond to identical

positions in Figure 3.



28

Contour plots were made for Antarctica and Greenland.
Second, the mean values and the varlances of the bright-
ness temperatures were plotted as a function of angle for
each ciuster at both 31.6 and 22.2 GHz. Third, a K-nearest

16 this program takes vectors

neighbors routine was used;
which are calculated from new experimental data and com-
pares them with sample vectors in predetermined classes,

The K most similar sampie vectors to the.-experimental vector
are found; the experimental vector 1is then assigned to the
class which contalns the greatest number of these K vectors.
For example, 1f we assign arbitrarily K = 5, and if the
closest vectors to the experimental vectors are in class 1,
class 2, class 1, claés g,and class 2 respectively in order
of increasing distance from the experimental vector, then
the experimental vector will be assigned to class 2. (If

X = 3, the vector would have been assigned 'te class 1.)
Fourth, a rotation program using the : Kaphunen-T.o8ve

method was used.17 The rotation program computes the
correlation matrix for the fourteen-dimensional vector

space and rotates the coordinste system to polnt along the
orthogonal trends in the datsset. The significant trends

in the data can be discriminated from repetitlvevand non-

usefﬁl informetion. This method cen be used to reduce a

fourteen-dimensional vector space to a more manageable size.
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CHAPIER 4 -- EXPERTMENTAL CLUSTERING RESULTS

Excellent results were obtained for the clustering
of the brightness temperature data. Distinct geographical
clusters appeared for the Arctic and Antarctic regions for
three seasons with both complete- and single-link cluster-
ing. The maps analyzed were produced by complete clustering.

Maps 5, 6, and 7 show three levels of clustering for
Antarctica in September, 1975. Even though Map 5 has -
thirty-three cilusters {a high number of classes), interesting
geographical features are visible., The band structure of the
clusters is characteristic of the accumulation contours. Low
accumulation clusters formed in the regions: 309K 77° to
79°S and 4OOE, 779t0:799S; other reglons of higher accumu-
lation levels (symbols 4, 5, 7, and 8) are also visible on
the meap. The clusters in order of increasing accumulation
rate are symbols B, C, 9, A, 0, 1, 2, 3, 4, 7, 8, 5 and 6,
New sea ice at around 30@W,". 759 to 79°S 1s represented by
clusters O and P (alLso found at 150°W.) The area of low
accumulation at approximateiy 120% stands out distinctly.

Reducing the number of classes to ten helps clarify the
clusters, as seen in Map 6. Clusters 4,..0; 1, 3, -2, and 6

represent, in order of increasing accumulation rate, the
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196 I

Map 5: Clustered map for Antarctica in September uaing

’ 33 clusters. Symbols are arbitrary. (¢ and O
are distinct clusters). Not &ll clusters are
shown.
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120°

Map 7: Clustered map of Antarctica for September with
6 clusters. Symbols are arbitrary for the clusters.
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areas of firn in Eastern Antarctica. Cluster 5 1is mostiy
firn in Western Antarctica with a siight overiap onto sea
ice., I will show later in this chapter that firn has a
lower brightness temperature than sea ice. However, as
the accumulation rate increases in Western Antarctica,
the brightness temperature increases and the firn looks
more and more like sea ice. In Map 6, sea ice 1s shown by
clusters 7, 9, and 6 in order of increasing age.

Map 7 shows the entire region using only six clusters.
The firn in the Eastern area of Antarctlica 1s represented
by five clusters, symbols 3, ¢, 1, 2, and L, in order of
increasing accumulation rate. All of the sea ice (and un-
fortunately, a small part of Western Antarctica) 1s grouped
in Cluster 5. Since the resolution is only 150 km. by
150 km., boundary areas, where the radiometer sees a mix-
ture of both ice and firn, are poorly classified (as can
be seen near the coast of Antarctica at approximately
165°E. ) |

In Map 8, the Arctic region 1s clustered and processed
for September 1975, the summer in thls area. The clustering
contours in Greenland can be seen to follow the accumulation
contours. Clusters 5, I, H, snd E are representative of the

permanent ice pack (as outlined from groundtruth by the
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Map 8: Clustered map of Arctic for September, 1975 with
4O clusters. Not all clusters are shown; symbols

for different clusters are arbltrary.
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broken line.) Permanent ice can also be found to the esst of
Greenland, shown by the presence of data polnts grouped

into clusters G and H. The open expanses of water, in-
dicated by the low brightness temperatures of clusters

S, Z, and T, and bare ground, clusters N and O in Slberla,
are also visible. As the seasons progress, the microwave
signatures show the freezing of the open water areas around
}45°E and the covering of Siberia with snow.

The mean values of the brightness temperatures for each
cluster are next plotted as a function of angle. Typical
signatures can be seen in Figures 5 and 6. Observations of
the surface show the following general order of increasing
brightness temperatures: (a) water, (b) firn (brightness
temperature increasing with accumulation), (c) multi-year
sea ice (brightness temperature decreasing with age),

(d) snow over land, and (e) first-year 1ice.

The shapes of the curves are very informative although
separate polarization information 1s lacking. As discuased
later, scattering within the bulk of the snow has a large
effect on the brightness temperature (the Larger the
scattering, the lower the brlghtness temperature.) Since
the multi-year sea ice's brightness temperature decreases

with increased angle from the nadir, the scattering must be
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Microwave S gnatures af Firn
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Microwave Signatures of Tce and Water
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Figure 6: Typlcal microwave signatures of 1ce and water
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strongly anisotropic and incressing with angle. 1In
contrast the brightness temperature of rfirn increases as
the angle increases. Thils may indlcete a coiumnar structure
for ice and a relatively isotroplc one for firn,

A basic research problemle that should be solvable
using these results 1s the ability to distinguish between a
mixture of new sea ice with water and old sea ice. From
nadir data alone this is difficult; since new sea ice is very
bright (approximately 240°K) and water is very dark (approx-
imately 160°K), an equal mixture of the two will be approx-
imately 200°K, the same temperature as old sea ice. However,
the angular data will differ for cthe two surfaces. Since
water brightens as the angle inoreases;19 the brightness
temperature of a mixture of new sea 1ce and water should show
an increase with angle while the brightness temperature of
multi-year sea ice decreases.

Preliminary studlies of the orthogonal vector components
using the fourteen-dimensional axis rotating program indicate
that each fourteen member vector has at most six or seven im-
portant componenta. An initial clustering process on the first
seven orthogonal components was attempted. The resulting map '
(Map 9) is very similar to theclustering map which uses the
primary data, indicating that 1little important information was



Map 9: Clustered map of Antarctica based on seven

e
orthogonal components of the orlglinal September
dateset. Symbols for the different clusters are

arbitrary.
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lost in reducing the fourtesn dimensional space to seven
dimensions. I suggest that additional runs be made to
observe the significance of each orthogonsl component
and the physical parameters to which they correspond.

A K-nearest neighbors program was used W@hich tests ex-
perimental vectors and assigns them to classes based on
thelir K closest pre-defined vectors. Using data from Jan-
uary as the ten defined classes, each with ten vectors, the
datasets from November, September, and January were tested.
Maps 10, 11, and 12 show the results. Migration of the
contour lines towards the poles during the summer can be
observed, presumably following seasonal temperature varia-
tions. Note how cluster 9 expands to fill Eastern Antarctica
in the winter and follows the decrease in surface temperature.
Cluster 8 represents the extent of sea ice., Future work will
include the selection of a set of theoretical vectors to bet-

ter identify experimental data.



180°

Map 10: K-nearest nelghbors map using ten ciasses defined
from January data on the September dateset.
Symbols for the different clusters are arbitrary.
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Map 11: K-nearest neighbors map of Antarctica using
10 classes defined from January dats on the
November dataset. 3ymbols for the clusters

are arbitrary. (The "5-7" cluster represents
a mixture of the "5" and the "7" cluster).
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CHAPTER 5 -- THEORY OF SNOW SCATTERING

In this chapter, I shall analyze the observed bright-
ness temperature of snow using two parameters: the scat-
tering and absorption constants of the snow medium.

Assuming an absorption coefficlent and a temperature pro-
file which are constant with depth in the firn.end a

linear relation.between the scattering coefficient and the
depth, a closed form solution to the equation of radiative
transform ylelds equation 5-8. A relation between the
accumulation rate and the scattering parameter is then cal-
culated; equation 5-29, which relates the microwave
emissivity to the accumuiation and the ten meter temperature,
enables the conversion of observed brightness temperature to
predictions of accumulation rates.

’The radiation measured by a satellite observing the
earth's surface has thres components: (1) the radiation
emitted from the ground ard attenuated by the atmosphere,
(2) the downwelling radiation of the atmozphere which is
reflected by the snow and then attenuated by the atmosphere,
and (3) the upwelling radiation of the atmosphere, Kunzi
et ai.l have shown that the effects of the latter two com-

ponents of radiation and the attenuation of the atmosphere
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can be ignoredfor the Antarctic and éreenland reglions.
Thus, the brightness temperature observed by the Nimbusa-6
satellite 1s approximately the brightness temperature of
the snow due to 1ts internal radiation flux.

The brightness temperature depends on both the absorp-
tion and scettering coefficients of ths snow. Thg equation
of radlstive transfer in the medium can be approximated in

the case of a small gcattering to absorption ratio as:3
f‘l‘(z)e(z)g(z)dz - (5-1)
(-]

where Tp is the brightness temperature, T(z) is the physical

Ty =

temperature of the -snow as a function of depth, and e(z) 1is

the emittance or albedo of the snow:

__L_(z.,____T) (5-2)
Ke(2,T)

— 2,T)

- ‘iﬂh,T?*‘“&(ﬁ)T’

e =

Here Ky (z,T), Kg (2,T) and K¢ (2,T), which are the absorp-
tion, scattering, and extinction coefficients respectively,
are functions of depth and temperature. g(z) is the raaia-
tive transfer function which, for small scatterlng, can be

approximated as:

g(z) = Ke(2,T) '-"P[‘r(z)] (5-3)
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Tto)= [ Kelz7)d= -

Thus equation 5-1 now becomes

Ti = T Kl 1) expl-J kel Tz

(5-5)
I will now analyze equation 5-5 using Zwally's assumptions3
that the scattering and absorption coefficients of snow can
be modeled as
Kq(z,T) = Kz (5-6)
and
K,(2,T) = Kg(T) (5-64)

The viaebility of this physical model of the snow will be
discussed later in this chapter.

Two specific cases can be readily analyzed:
(1) T(z) = T4 and (2) T(z) = Tiexp(-fz). For Case 1,

equations 5-5, 5-6, and 568 result 1in

To=To { () ap{-! [t kz]desdz v

T, VW exp f-L k 2+ K@ T*
.exp'_’jsg_)_]’lz Kf!_ }
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Here Ky and K are properties of the medium for a specific

frequency.

X= %.F ana y= K [24 !i;‘{-(ﬂ]

We now have

To=2Tox exp (x"‘))ﬂxf (el (5-8)

Let

Z0)~ T S5 =fr (¥ [exp{;(“]] [ 1-s00] (5-84)

where ¢ (x) is the standard error function. Note that Z(x)
equals the emissivity E of the medium when the temperature
profile 1s a constant. The emlissivity is displayed as a
function of x In Figure 7 for this case.
A rational expressisn for 7(x) will now be derived. A
very good approximation for the error functionﬁ {x) 1s20
¢o<)= exp(")(‘) Ei"(q' P'I"Q..raf q’ rJ)] (5-9)

where |
r = (l+px)”! (5-10)

and p = .47047, a; = .34802, a, = -.09587, ana 8y = 74887,
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The 2 function now becomes

2= x(o,reaur™+@r?)  G-n)

For the second case, T(z) = Tlexp(-fz), the brightness

temperature 1s computed as

(T) ICK.,(T)"'f] (5-12)
.e,f,g $ L(kITT+ k] doSde

The Integrals in equations 5-5 a1d 5-12 are identical
except for the change from Ka(T) to [Ka(T) + I‘]

Therefore, for case 2,

T Kell) 5 (SalD2f
s g 2% )

(5-13)

Actually any combination of constant or exponential dependence
of temperature and constant or linear dependences of absorp-
tion and scattering with firn depth can be solved using some
variation of the parameters K,(T) and K in the function Z,

In my analysis, the scattering coefficlent varied linearly and

the absorptioncoefficient remained constant with depth;

1,
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these choices appear to model the snow properties correctly
as the following discussion shows.

The two parameters Kg(T) and K determine the obsérvod
emissivity uniquély. The absorption coefficlent Ko(T) 1s

computed asl

K.(T) = aryet - (5-14)

where 'v is the radlatlion frequency, ¢ is the speed of
light, and 6“ and eN are the imaginary and real parts of

the dlelectric constant of the snow respectively. G!

i1s independent of frequency and temperature while €"
increases with temperature at a rate of approximately 1.6%/°K
and increases slightly with frequency. To facilitate com-
putations, the temperature dependence of eﬁ 1s approximated
as linear and its frequency dependence 1s neglected., Both

€. and eP' are dependent on snow density, which varies
for Antarctica from 0.35 to 0.55 grams cm-3. For this density
range, €' =1.8 and e" =6.3x10-l4 at 256%K and 3.0x10-4 at
2139%. Using these parameters, the absorption coefficient

Kag(T) has been calculated from equation 5-15 as a function of

I/ and T and is presented in Table 1. We have

k() = 154 Y (30 xi0™% [ 220" Fr-us])

(5-15)



ABSORPTION COEFFICIENTS

T V=31 GHz. Y=22 GHz.
213 .15 .10
218 .17 .12
223 .18 .13
228 .20 N
233 .22 .15
238 2l .17
2l 3 .26 .18
248 | .28 .20
253 30 21

Table 1: Absorption coefficients Kq 83 a function
of ground temperature (nepers/meter).
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where l/ is measured in GHz. Our assumption of a constant
eoefficlent Kq(T) in equations 5-12 and 5-5 implies a
constant denslity of snow as a function of depth and a
reasonably constant temperature profile. Since Ky (T)
varies only with the most extreme temperatures found in
Greenland and Antarctica by a factor of 2. and more de-
talled information on the temperature gradient is unavail-
able, this approximation appears both necessary and
reasonable.

Calcuiratlion of the theoretical scattering coefficient
1s more difficult since the exact model to be used is not
immediately appasrent. Chang et al.Z and Zwa11y3 used a
spherical model for the snow crystals while Fisher® modelad
the snow crystals by introduecing chrea-dlﬁensional fluctu-
ations in the refractive index. Second, Zwa11y3 found it
necessary to multiply the theoretical scattering parameter
of the spherical model by 0.12 to obtaln egreement with
observed emissivities. Third, it 1is difficuit to find all
the groundtruth needed to generate the theoretical emissivities
and scattering parameters for any assumed model.

Since the scattering coefficient cannot be obtained from
avallable groundtruth data, a semi-empirical approach will be

taken., We will assume, a priori, that the scattering
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coefficient i3 a Linear function of depth; that is
Kg(z) = Kz. (The physical valldity of this assumptlion
i1s discussed later in this chapter.) We wiilL then solve
for K at each observed area from equation 5-8, the ten
meter temperature (and hence the dry snow absorption co-
efficient), and the observed radiometric emissivities.
The relation between the scattering parameter and
the accumulation rate must now be considered. An under-
standing of how snow crystals grow 1s essential for our
analysis. For Antarctic temperatures (217°K to 2507K),
the crystals are larger for warmer temperstures and for
lower accumulation rates when the snow density 1ls constant,

Gow21 reports that a crystal radius r grows at a rate.

2
re = ro? 4 Kjexp(-Kp/T)t (5-16)

where r. is the initial radius, T the tempersture, t the

o
amount of time the crystal has been growing, and K, and Ko
are positive constants (as yet undetermined.) Moreover, the

time that a crystal 1s on the ground and 1ts depth are

1= ,.Eki | (5-17)

where.’i 13 the snow density and A 1s tne accumuiation

related by

rate (both assumed constant). However

r3 = ro3 + az (5-18)
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fits the crystal size data for the top ten meters of snow
better than equation (5-19); @ is a constant determined by
the snow in each location. Assuming that r =0,

equations 5-17 and 5-18 gilve

r3 = sﬁ—t— (5-19)

Equations 5-16 and 5-19 are reconcliled by making the approxi-
mation that, for the first ten meters of snow, ?2 should be

replaced by r3 in equation 5-16 to give

r*= Ky exp (~ke/T)

= kg exp (“KQ/T)@Q

The approximetion that r; = 0 13 weak since, for the first

- (5-20)

few meters of snow cover, the size of the crystal 1s in-
fluenced by the initial starting slze as well as the rate of
growth.21 However, the scattering effect due to this initial
crystal size will be incorporated into the empirical co- ‘
efficients Ky and Kjj of equation 5-29; the scattering
effect which 1s caused by both the initial particle size and
the increasing crystal size will be attributed entirely to
the latter effect.

If we use the spnerical crystal approximation, Gow's
data21 indicates that we are deairing with Raylelgh scattering

which 1s proportional to r® for an individual crystal. Since
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the number of scatterers in a packed volume is propor-

"tional to 53, Ks(z) is proportional to r3 which implies
that
Ks(2) = Ks exp ("Kf/T) %"’ (5-21)

We now see why our choice of a lLinear relationship between
the scattering and the depth have pnyslicati meaning. Since
Kg(z) = Kz, we have

K = Kéexp (-Ku./T)/A (5-22)

Equation 5-8 related the emissivity to the scattering
coefficlent of the snow. With equation 5-22, I have like-
wise correlated the scattering coefficient to the accumula-
tion rate. By combihing these equations together,. my goal
of inverting for accumulation rate from microwave emissivities
will be achiéved. |

From equation 5-22, we see that
"";L—-' = k’ exp(ﬁf /T) VA (5-23)
2K |
Multiplyling equation 5-23 by the absorption coefficient, we
get

___..'?ﬁ(ﬂ =K(1 Ky exp(Ke/ TV IRy,
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Kg(T) can be expressed from equation 5-15 as

Kg( n= KQ, [ 1+, 015‘ (T—l; 3)] (5-25)

where K, 1s a frequency-dependent variasble. Defining

ce=[a+ 056 (T-IUJ)] | (5-26)
then
KalT) - (1) Kqevp (Kp/TNA (5-27)

Jak

Taking the Z(x) function of each side of equation 5-27 and

using equation 5-8 we find

y4 CC(T) KQ Qxl)(K?/T)mj: Z [%[U (5-23 ).
. _ EE

where E 1s the emlsslvity (equation 5-8) for the constant
temperature profile case., Defining an inverse functlon to

=i
equation 5-8 such that Z [E]’X squation 5-28 becomes

e = x* (5-29)
o= C_l(ﬁ Ko €XP (Ku /7) A
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Equatlon 5-29 1s the desired expression which gives the
non-1iinear relationship between the emissivity, the temper-
ature and the accumulation. Groundtruth data will be used

to determine the parameters Ky snd Kjj,

Several problems arise, however, with this model when
Rayleigh scattering 1s assumed. First, the scattering
parameter K, as determined from ground-based data, is over-

estimated and requires an empirical correction factor.of 0.12.3

Second, the observed frequency dependence of the emissivity
does not agree with the Rayleigh scattering model, for which
crystal sizes are much less than a wavelength. In the con-
stant temperature profile case, the emissivity observed by

the 31 GHz.radiometer is glven by Equation 5-8 as

= Z[MJ (5-30)
6 Z [ Rall -

where the subscripts refer to the radiometric frequencies,
Since Kgq is proportional to frequency and K to frequency to
the fourth power in the Rayleigh approximations, the observed

22 Ghz. emissivity should be related to the 31 Ghz emissivity

= 3 V = Z Kayy 31\ (s.31)
Fum 2 (e ho=2(2L 4

However, observations contradict this conclusion. Table 2

by




59
shows ten random points from Antarctica. Note that the
actual brightness temperature at 22 GHz. 1s approximately
equal to that at 31 GHz. The same results are obtained
from the Greenland data.

Two explanations of this ohsarved frequency.dependency -
seem feasible, First, the ma jor scattering effects may be
caused by nearly resonant-sized particles. If the particle
dimensions were on the order of a wavelength, one ‘would
expect a scatterling coefficlent proporticnal to )’i rather
than v‘ . For a frequency squared relation of the scat-
tering coefficient (without considering any other effects)
the brightness temperature ... 31 GHz. equals thst at 22 GHz.

since
Kq.u ) Z( Kaaa (5-32)
Va_Kaa |

Likewise, for scattering caused by three-dimensional
fluctuations of the dielectric constant for which the
correlation lengths in the media are on the order of a
wavelength;s the scattering coefficlent again depends on
V& and ylelds approximately constant brightness tempera-
tures at 22 and 31 GHz. Analysis of the variation of bright-
ness temperature with angle should assist in determining the

correct model for scattering,




T10
248
238
233
232
231
231
230
230
256
251
246
240
236

Table 2:

6l

COMPARISON OF 31 GHz and 22 GHz DATA

Tp3y

Tb22— - PREDI CiED

Ty0p--ACTUAL

21l
167
183
173
171
171
177
173
207
209
181
172
170

229
213
201

191

215
197
18y
174
171
173
176

169

Shown here for several typical polints in

(the ten-meter tempera-
ture), Tp3) (the 31 GHz. brightness tempera-
ture), Tyop--PREDICTED (the 22 GHz. brlghtness

Antarctica are Ty

temperature as predicte

tering proportional to
(the 22 Ghz. brightness tempersture actually

observed.) The Tpo

vt

d_from Tbﬁl by a scsat-

), and Tyoo=-ACTUAL

2--PREDICTED 1s on average

20° higher than the actually observed bright-

ness temperature.
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Our analysis thus indicates that the simple slingle
particle Rayleigh scattering which led to the proportlon-
ality between K and r3 does not correspond to the satelllite
obaervations of brightness temperature. However, we will

continue to assume a proportionality between K and r3 for

two pragmatic reasons: (1) The correlation distance for
the dielectric fluctuations in the media (or the resonant-
slzed snow crystals) und, hence, the scattering coefficient
K would reasonasbly be expected to increase with both time
and temperature at approximately the same rate as the in-
dividual crystals. (2) The assumption that K 1s propor-
tional to r3, which leads to Equation 5-29 gives remarkably
good predictiosns of snow accumulation as shown by both
Zwally3 and the present analysis. However, additional

theoretical studles are required to explain these observations.
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CHAPTFR 6 -- EXPFRIMENTAL RESULTS FOR SNOW ACCUMULATION

Snow accumulation maps, based on the sateliite radio-
metric data, willL now be derived. The basic relation between
snow sccumutation A temperaturs T, and emissivity B is:

[27%)] 1.‘ (5=
XL l(.,exP“(n/T)A 5-29)

A dataset of approximately 300 geographical points spread
uniformly over Antarctica for November' 1975 was'tsed

for which values oi ten meter temperature T, = T and snow
accumulation rate A were known.l0s1l The data were separated
into two independent groups, each of eight sub-groups wlthin
which the physical temperature is constant (to within five
degrees). Linear regression snalysis was used to calculate the
values of Ko @xp(Ky1/T) from equation 5-29, observed

values of emissivity at 31 GHz. and snow accumulation for each
temperature range (vlots of EZ-‘(Eﬂ‘a;[C(w& versus A
where z’l(E) and C(T) are obtalned from equstions 5-29 and
5-26 respectively.) A second least squares run was then per-
formed on the values of Kloexp(Kll/T)which were found at the
different temperatures for each sub-group, to calculate KlO

and K1). The data for this run is glven in Table 3; the fit

for Kyp and K1j are shown in Figure 8. The best values for

K10 end K11, obtalned by this analysls were Kjg = 6}(10"12
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LEAST SQUARES FIT DATA FOR K.I.O AND KJ‘1

Ty 1/T1ox103 Y
253 3.95 -5.07
2L 8 4.03 -4.51
24,8 }.03 -4.50
243 .11 -3.80
2443 4.11 -3.77
238 4.20 -3.73
233 4.30 -3.08
228 L.38 -3.09
228 4.38 -3.30
223 .48 -1.85
223 L .48 -2.14
218 4.59 -1.39
218 4.59 -1.39

Table 3: Data for lLeast squares analysis to solve
for KlO and Ky1, Basic equation 1is
y=1n(§10)+K11x where x=1/T10 and
y=1n for different values of TlO‘
(Only thirteen polnts are used here out
of a maximum sixteen. The other three

were not available.)
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Figure 8: The closest fit for the data in Table 3.
The best fit was K,y = 6 x 10-12 and
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and K11 = 5288, Using these values, equatlon 5-29 for

31 GHz. pecomes

C24D)] % G el e (FF2) A (6-1)

Maps of antarctic snow accumulation were made from equation
6.1 and the observed microwave emisslvity and physical tem-
perature data as a function of latitude and longitude.

Maps L3 and 14 compare the geographic contours of snow ac-
cumulation in Antarctica measured by ground data with that
predicted from 31 GHz. data.

Interesting similarities and digagreements between the
radlometric and the groundtruth data are noted. First, both
the banded structure of the accumulatlon rate trends in
Eastern Antarctica (between 0° and 150°E) and the two patches
of extremely low accumulation rate in the 77279°s,120°%E and
77279°S,30°E regions are similar in the two maps. The very
high accumulatlon areas of Western Antarctica and the area of
relatively low accumulation at 77279°s,120°-150°" are likewise
observed in both maps. Thls latter region is significant,
since a low temperature area of roughly the same shape occurs
at approximately 77°-79°3,100°W. If we had erroneously been

observing the effects of the temperature contours instead of
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Map 13: Groundtruth accamulation rate map for Antarctica.
Note the ellipitical projection used in this map
(compared to Map 5). Accumulation rates are
measured 1in gm/cmc-year.



Map 14: Accumulation rates in Antarctica based on 31 GHz
emlssivities. Contours often follow those in
Map 12. Accumulation rates are given in units of
gm/cm-_year,
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accumulation trends, the gradients on accumulation maps
would have been shifted to the east.

Some of the differences in the two maps seem to favor
the emissivity data over the grouna observations for pre-
dicting snow accumulation. The.groundtruth accumulation
map (by the American Geographical Society)lo indicates a
wedge shape contour of approximately 18 gm/cme-Yr. irn the.70°-
75°5,150° region that does not follow the band patterns.
Our data indicates, instead, that the band pattern continues
through this reglon.

The Greenland analysis was even more successful than
that for Antarctica, as can be seen by comparing Map 15
(groundtruth data) with Map 16 (radiometric data). This
agreement 13 particularly significant since the Greenland
groundtruth data 1s probably more accuratel! than that in
the Antarctic. Although the snow accumulation rate contours
in the two maps are essentially the same, the 15 gm/cmz-yr,
area in the northern latitudes of Greenland in Map 15 has
been resolved into the 9, 12, and 15 gm/cmzoyrstcontours of
Map 16. The irregular contour lines in the western part of
Greenland at 70°-72°N for the groundtruth data of Map 15 1s
now smoothed into a wedge-shsped region on Map 16, with ac-

éumulation rates ranging from 30 to 4o 8M/Cm2-yToL°f.3ndw. It



Map 15: Groundtruth accumulation rate map for Greenland.
Accumulation rate is mgasured in gm/cm“-year.
Note that the 15 gm/cme_year arga is in reality
composed of 9, 12, and 15 gm/cm~-year reglons.



Map 16: Accumulation rate map of Greenland for 31 GHz
emissivities. Note how contours approximately
follow those of groundtruth accumulation rate
map. _Accumulation rates are 1n units of
gm/cmz-year.
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must be emphasized that the Greenland data was not used 1in
selecting the coefficients K,, and Ky; (which were derived
solely from the Antarctic measurements) and therefore pep;
:esent an apparently successful and independent test of our
ﬁfoéedures.

The identical procedure was followed for the 22 GHz

observations. K;, and K;j yepe derived by the ssme regres-

sion analysis; the best fit was Ko = 2.55316"10'and K11 = yhh1.
The results in Antarctica are presented in Map 17.

Since K,y changes by a factor of 100, it would seem that
we have a serious problem. However, one must first examine
the nature of the data in Antarctica. The average ten meter
temperature 1s approximately 228°K; the ten meter temperature
rarely goes above 255°K. Thus we can write Kjpexp(Ky,/T) as
Ky0expP(K11/(Tg+AT)) where T is 235°%K and AT is a small in-
crement (or decrement) in temperaturs. This leads to the

approximaetion

i = & (- 4D) o2

and

- 8T
K,,ekmﬁ Ko € K"/T'-e T (6-3)



130°

Map 17: Accumulation rate ccatours based on_ 22 GHz
emlssivlzles. Accumulation rates are measured
in gm/cm©.year.



73

Kloexp(Kll/ﬂ) has almost the same value (approximately .043)
for both the 31 and 22 GHz. regression anaiyses. The 1im-
portant change occurs in the term exp(-Klllﬁ‘r/TOZ). For
positive AT, the predicted accumulation increases monotoni-
cally with K;9 for a constant emissivity, while for negative
AT , it decreases. In general,a larger vaiue of Ky,
provides a larger range of accumulation-vaiues for a given
range of temperature.

A new map has been generated for Greenland (see Map 18)
using the coefficients for 22 GHz. The shapes of the ac-
cumulation contours were simiiar to those found at 31 GHz.
However, consistently lower accumulation rates for the area in
Central Greenland than predicted by either the 31 GHz or the
groundtruth datsere found. A possible explanation of thls
phenomenon is given in the next chapter,

A third accumulation map was generated using a combination
of 31 and 22 GHz, brightness temperatures. A jolnt emissivity

was generated of the form Ep = Cy(T) E31¢(1-01(T3)322 where

Egi,'Egg"!hdtBrilro tus 31:0Hs, '220H%, and‘ the linearly
combined emissivities respectively and C1(T) 1is the welghting
factor for 31 GHz. (which 1s a function of temperature.)

Areas of Antarctica and Greenland which were differentiated

on the basis of thelr physical temperature were sexamined; glven

the accumulation and the temperature, one can generate a pre-
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Map 18: Accumulation rate map of Greenland based on
emissivities. Predictlons are consistently
than those of groundtruth accumuiatisn map.

mulation rates are in units of gm/cm@-year.

22 GHz
lower
ACCU~-



75

dicted emissivity Ep using equation 5-29. A least-squares
fit was made to find which varue of C1(T) would cause Ep
to best match Ep. It was found that the optimum approx.

imation for Cl(T) 1s:

Cy(T) = 1 T 223 (
6~
Cy(T) = 1-(_'2.'.2.?2‘_) 238> T2 223 H
15
C4(T) =0 T2 238

Thus low temperatures are best approximated by 3L GHz. data
alone and high temperatures by 22 GHz.

The scoumulation maps for the joint: 22-31 GHz observations
are shown for Greenland and Antartica (Maps 19 and 20). The
coefficilents Kyg aud h,, used for this map were K, = 5288 and
Ky = 6x10'12; Since very little difference exists petween
the 31 GHz. and 22 GHz. brightness temperatures, the basic
contours which were generated from these two datesets remaln
similar. These calculsted vslues of snow accumulation match

the measurements made on the ground to a high degree.
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Map 19: Accumulstion rate map for Antarctica using
composite 31 and 22 GHz emiﬁslvitias. Accu-
mulation retes are in gm/cm“-year.



Map 20: Accumulatior rate map for Greenland using composite
22 GHz and 31 GHz emisgivities. Accumulation rategs
are measured In gm/cm -year,
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CHAPTER 7 -- EFFECTS OF 'HE THERMAL GRADIFENT

I have shown previously that the scattering coefficlent
of the snow lLikely follows a frequency squared dependence.
Furthermore, the relatlon leads to the same value of brightness
temperature for a uniform temperature medlum irrespective of
frequency. However, the temperature variation with depth of
actual snow can account for differences in the brightness
temperatures at the two frequencies of observation.

The depth of penetration_dp of microwaves in snow

1
( d &V, o ~xr )
pv Kg(2,T) + Kgl2,T) ) tends to decrease with in-

creasing frequensy since both scattering and absorption
effects increase. For a non-constant temperature profile,
the 31 GHz. radiometric measurements are influenced by the
snow temperatures nearer the surface more than those at
22 GHz.

Figure 9, derived from equatlon 2-2, shows that a thermal
pulge at approxlmately two to three meters depth has formed
in Antarctica during the November transition from winter to
summer. The presence of this bulge was neglected previously
where a constant temperature profile was assumed. Figure 10

i1s a plot of the difference between the brightness temperatures

(A Tppzzdy = Te22-Tu3l)  as the scattering increases for
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Figure 9: A model temperature gradient for Antarctlca.
This 1s derived from equation 2-2 where
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Brightness Temperature 22 Ghz - 31 Ghz vs. Scattering
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Figure 10: T for Antarctica in November.

b22'Tb31

Solid 1line 1s the least squares fit
to the data. (Scattering is K x 103).



Latltudes from 74° to 75°S. At low levels of scattering

the radiation at both frequencies probably penetrates into

the negative temperature gradient reglon of the snow. As

the scattering increases the 31 GHz. radlation does not resch
to the negative temperature gradlent reglon, and higher bright-
ness temperatures result; the bri ghtness temperature at 22 GHz.
Is still influenced by the negative gredient.

The Greenland data for November ars also consdlstent
with this theory. As can be seen in Figure 11 (datapoints
trom 74° to 77°N), the low scattering coefficient areas have
slightly negetive values of AT 5.3y for regions with
higher scattering coefficients. However, in Greenland,

A Tbéé;ji increases positively whereas 1t was observed to
decrease 1n Antarctica. At this time of year the climate for
Greenland 1s trsnsitioning from summer to winter and the tem-
perature gradient near the snow surface is positive. There-
fore, 22 GHz. brightness temperature should lncrease, relative
to the 31 GHz. values, wlth increased scattering.

The 22 GHz. coefficlents which were derived from Antarctica
data were not satisfactory for the Greenland snalyslis. Since
the 31 GHz. emlssivity was less influenced by sub-surface
temperature gradients, these coefficients computed from

Antarctica data were accurate for Greenland predictions.
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Figure 11: TbZZ'TbBI for Greenland in November,

Solid line 1s the least squares fit
to the data. (Scattering 1s K x 103).
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However, the gradients in the snow affect adverseliy the
applicability of the 22 GHz. coefficients.

Near the polar regions, the exponential rate of decay
of temperature with depth 1is expectéd to be less in the
middlg of the winter than in the summer slnce the.cold eX-
treme 1s reached earller in the winter and lLasts longer,
This allows the thermal wave to penetrate deeper into the
snow than for the corresponding summer gradient. Thus, the
temperature gradients are not equal for summer and winter and
the average mlcrowave brightness temperature of the snow can-
not be obtalned by averaging the monthly readings.

This seasonal "coreless" efiect varles according to
latitude. Table 12 shows temperature extremes for each lati-

tude in terms of a parameter q where, for winter,

Tmin ¥ T10-9Tt (7-1)

and, for summer,

Thax = T10*(1-q)T¢ (1-2)

Here, Tt is the total temperature change during the year. At
latitudes below 67°S (where the sun rises and sets everyday,)
the snow temperature and its gradients are symmetrlical for the
summer and winter months and the average temperature can be

obtained from the monthly averages.
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The relation between the seasonal temperature gradlents
in the snow and changes in microwave brightness temperatures
will now be investigated. The varlestion of snow temperature

with depth will be assumed to follow the expression:
T(z) = T)o+T1exp(-fz) | (2-1)

where T(z) is the physical temperature, TlO is the ten meter
temperature, f is the decay coefficlent, and z 1s the depth
in the snow.lo For a physical temperature distribution of

this form, the brightness temperature is gilven by:

7§ oCr2f5@ 30+ [T EO3268083] s

where the first term on the right corresponds to the component
of brightness temperature due to a constant term in the tem-
pdrature profile (equation 5-8) and the second term to the com-
ponent due to a decaying exponential (equation 5-13). The dif-
ference between the September and the January brightness tem-
peratures will be designated Dq, and D,, for 31 and 22 GHz.
respectively. Designatlng T, as the difference between the
September and Novomber surface temperatures and:. To' as ' that betwes
November snd January, & modified form of equation (7-3) can be
written for the seasonal difference in brightness temperature

at 22 GHz which eliminates the constant term to glve:



85

Daa” {I%} mﬁ‘)] *ﬁ_ j][l(“‘“"f‘)] (7-1)

Here f4 and f, are the thermal decay constants for Sentember
and Januery respectively; the vemperature dependence of Kg
1s impiicit to simplify motation. The equation for D31 can
be written in the same form as equation 7-4.but with the sub-
script 22 replaced by 31.

Since our analysis'assumes that the absorption coefficient

X, 1s proportional to )’ (frequency) and the scattering co-

a

t K
efficient K4 to v » the expression for D31 can be written

from equation 7-4 (with the appropriate changes in subscripts)

ﬁ; G vf,] [Z (w)]+[T K«u*VfJ(z(‘?%%ﬂ

V= %:lz———'n"' =~ .7

Dividing equation 7-4 by equation 7-5, one obtalns
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EFFECT OF LATITUDE ON TEMPERATURE EXTREMA

Table L:

Lat
90
80
78
76
Th
72
70
67

a
.318
394
409
szl
440
456
472
.500

The effect of latitude on the tempera-

ture swing where T , =T,4-qT¢ (p

the winter temperature; T10

min is
is the ten-

meter temperature, and Ty 1s the total
temperature swing between summer and

winter.)
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data and on the foliowing rationale} the faster temperature
changes from mid-year to summer than from mid-year to winter
would be expected to iead to correspondingly larger tempera-
ture gradlents (greater values of f) and .coincidentally
corresponds to larger temperature excurslions.

Equations 7-7, 7-8, and 7-9 are next combined to give:

—a (7-10)

Defining

“a (7-11)

4 -U‘ 7-12)

Pas, "“1(2/%,::—)} = ‘?[@%ﬂ)]
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Equation 7-12 is complicated but contalns only one parameter
(f1) which was not previously determined by our analysis.
Thus, the value of the thermal decay coefflcient fl may be
calculated from the brightness temperatures at 22 and 31 GHz.
at both seasonal extremes. The geographical latitude, the
ten meter temperature, and the emisslvlty are also implicity
used 1n this calculation through q, K4, and K (equations 7-7,
5-15, and 5-8 respectively.)

This approach has two principal difficultles. First,
the seasonal surface temperature changes have not been
measured accurately in many locations. Second, the operating
frequencies are too close together fof accurate dual-frequency
measurements. A wider range of frequencies (such as those
available from the SMMR experiment scheduled for the Nimbug-7
flight to be launched in September, 1976) would provide greater
resolution, '

It is interesting to note that not all values of

D22/D31 are reasonable. 3Since the 22 GHz. waves penetrate
deeper than 31 GHz. 1into the snow (where changes of physical
temperature are less than those at the surface), the change
in the brightness temperature at 22 GHz. should be generally
less than that at 31 GHz. 'Equation T-12 can be used to

demonstrate the physically obvious result that as f; approaches

T
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zbro, D22/D31 approaches unity. Moreover as fl approaches
infinity (corresponding to large thermal gradlents near fhe
snow surtace), the lower limit of D22/D31 is )_’22/ )} 31

or approximately .7. Assuming an exponential model, the ratio
of seasonal brightness tempersture vafiations tor the two
radlometers Dpp/D3) must therefore lie within the range of

.7 to 1.0, irrespective of the temperature gradients in the
snow. These limits were: obeyed for seventy per cent:of our

three hundred point Antarctic dataset. Ten per cent were too

high (Dy, greater than D31) and twenty per cent were too low.
Pragmatically, fl was assumed equal to zero for those ratios
above the 1imit and to ten for.ratios below,

Maps 21 and 22 show geographical contours for the thermsl .
decay depth (f3)-l in both Antarctica and Greenland, which
were derived from the previous analysls. A .few trends are
Immediately notlceable. First, the areas of low and high
values of' f) cluster geographically. In Antarctica, geograph-
lcal areas with large temperature gradients are evident at
120°E, 30°E and at 90°W. Small temperature gradlents occur
near 80°E and 130°W. In Greenland, temperature changes pene-
trate deeper in the 77°-79°N latitude aréas than at lower

latitudes.
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Map 21: Depth of penetration of the thermal gradient
for Antarctica at the seasonal extremes.
Depths are measured in meters.
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Map 22: Depth of penetration of the thermal gradient
for Greenland at the seasonal extremes.
Depths are measured in meters.
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In reglons with similar surface temperatures, a high
snow accumulation rate is associated with larger temperature
gradients. This observation is physically defensible since
higher accumulation would result in powdery snow with low
thermal conductivity in the top few meters. 1In addltion, in
regions of similar snow accumulation, higher temperatures are
related to lower thermal gradients; this is consistent with
physical intultlon since thermal conductivity in snow gen-
erally increases with physical temperature. However, nelther
of these trends is strong enough to completely aécount for
the geographical distribution.of the thermal character of the

SnowW.




‘4

CHAPTER 8 -- SUMMARY AND CONCLUSIONS

With automatic pattern recognitlion techniques, the micro-
wave signatures of 1ce and snow surfaces at seven anglea, 1in-
cluding nadir, have been observed at two frequencies (22.2 and
31.6 GHz). For both the polar regions characteristic curves
for firn sea-1ce and water have been examined; results indicate
that valuable information i1s contained in the angular changes
in the brightness temperatures. The emissivity is definitely
not isotropic; based in part on the anguiar emissivity, sepa-
rate classes have been distingulshed for snow-covered sea-1ce
and firn,

A theoretical equation relating the accumulation, tem-
perature, and emissivity of snow has been derived and used to
generate accumulation maps.which show good correlation and
possibly even an improvement over those obtained previousiy
by ground measurements. Further studies evaluated the differe
ences: hetween 22:8Hz,and’ 31 GHz, for the November data and ob-
served the temperature changes between the seasons. The differ-
ences between the brightness temperatures at the two frequen- |
cles seem to be related to temperature gradients in the snow-and
to vary between summer and winter in a logical manner. The
avallable groundtruth and sateliite observatlions of brightness

temperatures were utilized to infer the .snow temperature gradient
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at a variety of locatlions.

With the advantage of belng able to scan areas in-
accessible to man, passive microwave radiometry can detect
the accumulation rate and other physical parameters of dry
snow in Greenland and the Antarctic. Our analysis indicates
that the use of two microwave fraquencles can yield profiles
of temperature and scatter . beneath the snow's surface?
However, the present asnalysis 1is limited by the narrow range
of frequencies which were used in the Nimbus-6 expsriments.
It is expected thet the Nimbus-7 radliometers, with flve use-
able frequencies at 7, 10, 18, 21, and 37 GHz, would provide
much greater resolution of both dry énd wet snow paremeters
and enable the evaluation of the relatilve merits of a layered
versus a particle-scattering model for the snow.

Finally this paper has used an empirlcal approach based
'on a simple one-flux radiative transfer model and single
particle scattering. It has not rigorously considered more
complex models 8:6,7 which may offer a higher degree of
precision., Our essential aim in this paper, as in preiious
papers,22 was to provide a preliminary analysis of the
wealth dr snow and ice data from the SCAMS experiment, It is
our hope that this data base may serve as tnput for further

evgiuation.
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