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_ Spectral Radiance of Snow and Clouds
, in the Near Infrared Spectral Region

© . 1. INTRODUCTION

. The pur pose of this investigation was to evaluate the near infrared spectral — - -
radiance measurcments of snow and cloud backgrounds tuken by the Air Foroe
Geophysics Laboratory's flying luboratory (NKC-135 aireraft) so that o reconnmen-
dation could be made for a sensor on the Defense Meteorological Satellite DProgran
(DMSP) satellite to discriminate snow from clouds, Automated snow foreeasts are »
a requirement of the Air Weather Service., At the present time, cloud and/or snow . _'
analyses arce limited due to the difficulty of discriminating between suow and clowlds
from sutellite imagery.  An operational snow/cloud discrinunating sensor on-1-aed

the DMSE satellite could eliminate these limitations and provide unique real-tine

data for improved analyses and foreciasts,

The speetral reflectance of snow in the near infrared has been reported by

and 5000 c.n‘.’l (L6 and 2,0 gm). Studies of the near wfrared reflectance propertivs

Received for publication 17 November 1974)
1. O'Brien, H.W., and Munis, R.H, (1973) Red and Near Infrared Speetral

Reflectance of Snow, HRDP No, 332, lfﬁﬁz\x‘m_\' Cold Reglons Resciarch ad
Engincering Laboratory, Hunover, Ni, 18 pp,
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. ‘ O'Brien and fMunis. ! The lowest reflectance values of snow occur around 6667
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of snow using Skylab 5192 data (Band 11) have been reported, 43 Again, the low
reflectance of snow in the near infrared (Band 11 of the Skylab 5192 Experiment)
6452-5714 cm-1 (1.55-1.75 jun) is a potentinl featurc in discriminuting clouds

from snow,

2. AIRCRAFT MEASUREMENTS

In September 1976 and April 1977, the Air Force Geophysics Laboratory (AFGL)
collected signatures of sncw and cloud buckgrounds in the near infrared, lhe
spectral measurements were made with a Michelson interferomceter with a ficld-oi-
view of 1.6°, full angle at a spectral resolution of 3. 8 cm” ! in the 4000 to 3300 cm ™!
(2,5 to 1,2 um) region. This instrument is onc of muny used by AFGL. on the
NKC-135A aircroft, which is an infrared flying laboratory. A full description of
the aireraft, instrumentation, and buckground meagvrrements was reported by
Sandford et u1.4

The various backgrounds were measured st a 45° depression angle from the
aircraft to record the snow or cloud background below the nircraft. When the
sclected snow or cloud measurement area 3s reached, the aireraft caters into o
45° right bank that is held for a full 360° orbit. Thus, the background is observed
over a full 360° range of aspect angles.

The scan tinie for cuch interferogram from the interferometer is 1 sec, and
the approximate average of 15 interferograms is used in the data analysis, The
aspect angle changes 2.4° per sec so that the snow or cloud backgrounds ure averages
over sectors of 36° centered at the main aspect angles of 0°, 90°, 180°, and 270°,
The four main aspect ungles are defined aad shown in Pigure 1,

The Scientist-Director of the flight was solely responsible foir choosing the target
buckground and making notes pertinent to the run, A 16 mm camera coaligned with
the interferometer was usea to record the background scene. Relevant meteorologi-
cal data such as 31 NEPH, radiosonde, and surface observations were obtained from
the USAY linvironmental Technical Applications Center (ETAC) for ground/cloud

truth verification.

2, Harnes, J.C,, and Bowley, C.J, {19377) Study of Near-Infrared snow Reflectance
Lging Skylab 5192 Multispectral Scanner Data, LRT Document No. J4714 T,

p -ontract No. anvironmental Research & Technology

Inc., Concord, MA, 48 pp.

Valovein, 1. R, (1976) Snow/Cloud Discrimination, AFGL.-TR-76-0174, 16 pp.

Ca

. Sandford, L,P., Schummers, J.H., Rex, J,D,, shumsky, J., Huppi, R.J., and
Sluder, R, B, (1976) Aircraft Signatures in the Infrapred 1, 2 to 5.5 Micron
Region, Volume 1 Instrumentation, Volume IT Backgrownd Measurements,
ATGL-TR-TC-0133 (1) 8D pp and (II} 72 pp.
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SUN
Figure 1. Aircraft Aspect Angles

A total of 124 spectra messurcinents (Snow 56, Cirrus 32, and Cumulus 16)
were colleeted by the AFGL sirceraft and analyzed at AFVGL/OPI, Pertinent param-
cters of the buckground runs of the varicus spectra ure summarized in Appendix A,

All spectra in this study are presented in absolute spectral radiunce (.\EU), us
seen from the aircraft, in umts of watts per c:m2 per steradian per wavenumber
(W vm-zsr-](cm-l)_ b, The absolute spectral radiance (Nu) can be converted to
units of (N u)‘ watts per (31\12 per steradian per micron (W cxn_ESl" lum_l), as

follows:
X = . 12- -4
1\“- Nu #7110

In the majority of illustrations, the abscissa scale
In addition, euch data point represents a

X . -1
where v is wavenember in ecm
is given in wavenumbers and microns,
spectral resolution of 1, 9287 cm ! averaged over a 21, 2157 cm"1 interval,

3. SPECTRAL RADIANCE OF BACKGROUNDS

3.1  Snow Backgrounds

The absolute spectral radiance of snow was measured with the AFGL aireraft
altitudes ranging from 26, 000 to 33, 000 feet. A total of 56 snow spectra were ob-
tained in Scptember 1976 and April 1977. In September 1976, the measurcments
were obtained in the states of Oregon, Washington, und Alaska, In April 1977,
measuremcnts were obtained in the Province of Quebec, Canada,

Yach snow spectrum was analyzed individually and categorized according to the

total integrated amount of measgured speectral radiance between 5500 and 7000 cm‘l

11

el




These values of spectral radiunce were arranged in inercasing

(1, 82-1,43 um).
order, and the lTowest—(highest) 25 percent of the snow spectra were designated us

|

L i the 1st Quarter—(4th Quarter). IEach quurter represents the sum of 14 snow ypecetra,
i The shsolute spectral radiance of snow {or the four guarters as o function of wave-
!

number is shown in IFiguie 2,

! The maximuwm mean spectral radiance and its location fur snow backgrounds for

the four quarters is given in Table 1,
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Figure 2, Spectral Radiance Over Snow, Quarterly Means

Table 1, Maximum Mean Spectral Radiance and its Locatian for

E sSnow—Quurterly Means
\atue of Maximum lT.ocation
Mean Wavenumbet Wavelength
-l - - - -
Quarter (W ecm “sr 1(cm l) 1) (cm 1) (fim) N

1st 1950 % 1078 5713 1,75 3
: 2nd 4.112 % 1078 5713 1.75 -

3rd 6.297 % 1070 87134 1.75 ‘

4th 17.224 % 1078 5825 1,72
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Although the location of the maximum value of the 4th Quarter mean is technically
at 5825 cm” L, the value at 5713 en:” ) is 17. 208 or 99.9 percent of the raaxiriam.
The spectral radiance rormalized to the muximum mean for all 56 snow spectra a3
a Tunction of wavenumber is shown in Figure 3. The value of the maximum mean

2&;1*_1~’cm"1)‘l and is iocated

speatral radiance (ordinate = 1) is 7.394 X 1wl wem”
at 5713 em~ 1. Presentaticn of the data in tiiis format allows one to vompare the
pzrcentage of the meximum mean spectrai radiance as a tunction of wavenumber.
The filte: curve between 5989 and 6780 cm” ! represente a preliminary DMSP snow/
cloud discrimination sensor design that was evaluated on the aircraft-collected
spectra. ’

Another feature that mcy be seen fron. Figure 3 is the siope of the reilected
racdiance as a functicr of wavenuwuber for snow specira, It is large and positive he-

tureen 5500 and 5713 cm-l. and large and aegative betwean 5825 and 5300 em” L
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Figure 3. Spectral Radiance Normalized Over

Snow—All Spectra, N = 53

The mean (X) and the standard deviation (0} as a function of wavenumber for all
the snow spectra are shown in Figure 4. The ordinate (0-25) was maximized for the

snow background spectra. The negative values of the mean minus sigma (X -0) in

13




Figure 4 ig an indication that the deviations among the snow spectra in the spectral
interval 6100 to 7000 cm-1 are large, Also, it indicates that the sample N = 56 is

not large encugh to be completely and statistically representative of snow backgrounds.
For example, at 6612 cm-l, 51 snow spectra have a spectral radiance value of

less than 10 X 10-8. and the remaining 5 snow spectra have values between

10 and 25 X 1078,

WAVELENGTH (MICRON]
1.60  1.76 1.70 1.85 1.80 1-56 1.60 1.46
SNOW

X+SIGMA

AlL

35

20.

15

10.

,JM\J

T —— ——

s 57 53 o7 HWW
WAVENUMBER {(CM-1)

Figure 4. Sncw—X & Sigma—All Spectra, N = 56

SPECTRAL RADIANCE [W.CHM-2.S5R-1CHIN10-B
S

The maximum spectral radiance for snow (Figure 5) was measured by the AFGL
aircraft on 25 April 1977 on the west bank of Lake Crescent in Quebee, Canada, on
Mission 703, Run 5.

3.2 Cirrus Backgrounds

The majority of the cirrus background measurements were made at altitudes
ranging from 31, 000 to 39, 000 feet. The separation between the aircraft and the
tops of the cirrug clouds was from 200 to 2000 feet. The optical thicknesses of the
cirrus clouds ranged from semi-trausparent to opaque. On some nccasions, lower
alto-cumulus or alto-stratus were visible through the cirrus. A total of 32 cirrus
spectra were obtained by the AFGL aircraft.

Each cirrus spectrum was analyzed incividually and categorized according to

14
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the total integrated amount of measured spectral radiance between 5500 and 7000 cm-l.

The absolute spectral radiances for the four quarters, as previously defined for the

cirrus background as a function of wavenumber, are shown in Figure 6. Each
Note that the ordinate scale

quarter represents the mean of eight cirrus spectra.
(0-100) for cirrus clouds is four times that of the ordinate scale for snow in Figure 2.
The maximum mean spactral radiance and its location for cirrus backgrounds

for each of the four quartersis given in Table 2.

WAVELENGTH (MICRON)
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|
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=3

]
i
L e .
55 58 5. 64 67
WAVENUMBER {CH-11x100

Figure 5. Maximum Spectral Radiance Measured

QOver Snow

Table 2, Maximum Mean Spectral Radiance and its Location for
Cirrus—Quarterly Means

Value of Maximum Location
Mean Wavenumber Wavelength 1
Quarter (W cm-zsr-l(cm-l)'l) cm” ! (um)
1st 5.902 x 107° 5938 1.68
2nd 23,892 x 1078 7000 1.43
3rd 43,679 x 1078 5825 1.72
ath 67.315 x 107" 5825 1.72
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The spectral radiance normalized to the maximum mean for all 32 cirrus spectra

as a function of wavenumber is shown in Figure 7. The value of the maximuin mean
8w em 2sr Hem ™! and is lo-

T T e ey -

spectral radiance (ordinate = 1) is 34.687 X 107

cated at 5825 cm—l.

The slope of the reflected radiance as a function of wavenumber for cirrus

e e ——— ———t— ——

spectra can also be seen in Figure 7. A positive slope is seen between 5500 and
i 5825 em” !, a negative slope between 5825 and 6750 em”!, and a positive slope
between 6750 and 6880 em™L,

Figure 8 shows the mean () and standard deviations (0) as a functicn of wave-
H number for all of the cirrus spectra. Comparing Figure 8 with Figure 4 for snow

! spectra, it can be seen that the means and standard deviations for cirrus as a func-

tion of wavenumber are larger than those for snow.
The maximum absolute spectral radiance for cirrus was measured by the AFGL
aircraft-on 28 April 1977 on Mission 705, Run 10, and is shown in Figure 9, The

R a2 e T

; . o
b f maximum spectral radiance is 84, 457 X 10 8w em %sr lem™ )Y and is located
S at 5827 cm L.
E : WAVELENGTH (MICRON)
H . 1.0 1.5 1.0 1.85 1.60 1.56 1.50 1.45
b ¢ g
' : CIRRUS
i ; .
b H o Y+SIGHMA
E ¢'3 ALL
. =g
4 p =
o
! g
F vg
i £°
{ .
‘ el “\f‘\_\ﬁr\/‘
{ w rva
=Y i
i ée[j
¢ o
5 3
. { g:é[ NH#,Junr~ﬁu-\va
i g
] &
3 o
; & W
3 i @
[ o
) i & —————
' g /JH._ ——— S A
Eﬁ &% 51 87 89

81 [ 65
WAVENUMBER (CM~11X100
Figure 8, Cirrus—X # Sigma—All Spectra, N = 32

17

bt o P




WAYELENGTH {MICRON)
1-66 1.60 1.85

s 1.80 1.76 1.70 1.50 1.48
g
. CIRRUS
(=2
@
®
o -
e
~8
P
< .
| 8
a
)
N
VoW
r
L)
X g
— 0
w
g .
@
o
[«
™
2
|
[«
E .
O&
ad
o
w .
2
s se 57 20

61 64
WAVENUMBER 1CH~11%100

Figure 9. Maximum Spectral Radiance Measured Over
Cirrus

3.3 Cumulus Backgrounds

The cumulus background measurements were made over stratocumulus and
altocumulus clouds whose tops ranged between 6000 and 20, 000 feet., The separa-
tion between the aircraft and the tops of the cumulus clouds was between 10, 000
and 25, 000 feet. A total of 36 cumulus spectra was obtained by the AFGL aircraft.

Again, each cumulus gpectrum was analyzed individually and categorized
according to the total integrated amount of measured spectral radiance between
5500 and 7000 cm-l. The absolute spectral radiance for the quarterly means for
the curmnulus backgrounds as a function of wavenumter is shown in Figure 10. Note
that the ordinate scale (0-150) for cumulus is a factor of 1.5 greater than the scale
¢f cirrus {Figure 6), and a factor of § greater than the scale for snow (Figure 2).
Each quarter represents the mean of nine cumulus spectra.

The maximum mean spectral radiance and its location for cumulus backgrounds

for each of the four quarters is given in Table 3.
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Table 3. Maximum Mcan for Spectral Radiance and its location for
Cumulus—Quarterly Means

Value of Maximum L.ocation
Mean Wavenuinber Wavelength
N Quarter (W cmgzsr_l(cm‘l) 1 (em™ 1 (um)
1st 17.796 x 1078 5871 1.70
2nd 28,566 x 10°8 5981 1.67
3rd 54,222 x 10°8 6027 1.66
4th 121,630 x 10”5 6156 1.62

Figure 11 shows the spectral radiance normalized to the maximum mean for
The value of the maximum
1 and

all 36 cumulus spectra as a function of wavenumber.

mean spectral radiance (ordinate = 1) is 55,040 X 1078 W em ™ %se l(em™
1

is located at 5985 cm~
' The slope of the reflected spectral radiance for cumulus spectra is also shown

1 Figure 11. A large positive slope is seen beireen 5500 and 5825 cm-l, a zeru

* slope between 5825 and 6200 cm-]. and a large negative slope starting at 6400 cm’

and continuing to 6800 emL,

1
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The means (X) and standard deviations {9} as a function of wavenumber for all
36 cumulus spectra are shown in Figure 12. The negative values of the mean
minus sipma (X -¢) curve in the spectra intervals 5500 to 5560 cm™! and 6700 to
7000 em ™! in Figure 12 are an indication that the deviations from the meun are
large and that the sample of 36 cumulus spectra is not large erough to be completely
representative of cumulus backgrounds.

Finally, the maximum spectral radiance over cumulus (Figure 13) was measured
on 28 April 1977 on Mission 795, Run 16, in the vicinity of L.ewiston, Maine., The

maximum spectral radiance was 202,95 X 1078 w em %ar Mem™ ™! and is located
at 6156 cm” !
WRAVELENOTH (HICRON)
g' l'-au 1.76 1.70 lv-ls 4 \.80 1.88 1.60 1.45
N (umLys
2l

150.

25 -

1

SPECTRAL RACIANCE (W.CH-2.5R-1CHM)IX10-8
50 . 5. 100.

26,

R R R R R R A A A T R R R R I )
WAVENUMBER (CM-11X100

Figure 13, Maximum Spectral Radiance Measured

Over Cumulus
3.4 Comparison of Backgrounds

The spectral radisence normalized to the value of the cumulus maximum

(55.04 X 10.8 W cm'?‘sr'-l(cm-l)'l and located at 5984. 8 cm-l) for all cumuius,
cirrus, end snow spectra is illustrated in Figure 14 and tabulated in Table B1 1n
Appendix 3. The range of the spectral radiance of snow backgrounds, when com-
pared to the maximum spectral radiance of cumulus cloud backgrouncs, has a
minimum of 1.5 percent at 5500, 7 cm™! and a maximum of 13. 4 percent at
5712.8 cm-:. The range of the speciral radiance of cirrus backgrounds has a
minimum of 28. 4 percent at 5500, 7 crn'1 and a maximum 63,0 percent at 5824.7 cm
(see Table Bl). When ail cumulus, cirrus, and snow spectra are considered, it can
be seen that the location of the maximum spectral radiance measured is a function
of wavenumber (wavelength), The location of the maximum mean spectral radiance

for cumulus 1s 5985 cm 1, for cirrus it is 5825 em”™ ), and for snow it 15 5713 ¢cm™ L.
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Figure 14, Spectral Radiance Normalized—All—Cumulus,
Cirrus, and Snow

4. SNOW/CLOUD DISCRIMINATION SENSOR DESIGN PARAMETERS

Based on the analysis of the 124 spectra measurements obtained by AFGl.'s
flying laboratory, the reflectance characteristics of snow and cirrus and cumulus
clouds are significantly different in the 5500 to 7000 cm'l spectral range; conse-
quently, it appears that a sensor can be used to make snow/cloud discriminations
in that spectral range. Many parameters were investigated and the following
specific sensor design parameters will be reported:

Absoclute spectral radisnce, averages and ratios
Maximum spectral radiance
Location of the maximum spectral radiance

Slope of the spectral radiance.

4.1  Absolute Spectral Radiance

1"1) was averaged

InSection 3, the absolute spectral radiance (W em sr Yem”
over 11 data points or 21. 2157 cm"1 and plotted at intervals of 1.9287 em L, The

maximum spectral radiance averaged for the 56 snow specira was 7,394 X 10'8,
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for the 32 cirrus spectra it was 34, 687 X 10'8, and for the 36 cumulus spectra it

was 55.040 X 10~

8 w (‘m-zsr‘l(cm—l)-l.

4.1.1 AVERAGES

Spectral radiances averaged over 50 to 500 wavenumber intervals between
5500 and 7000 cm'1 and plotted at intervals of 50 cm'l for cumulus (36 spectra),
cirrus (32 spectra), and snow (56 specira) are shown graphically in Figures 1%,

16, and 17 respectively. The averaging is performed by summation of all the
spectral radiances over 50 to 500 cm-]. moved at intervals of 50 cm'l. and plotted
at the maximum wavenumber in the interval. All averages start at 5500 cm-l and
end at 7000 r‘m'l. Thus, the average 50 cm-l (100 cm‘l, etc. ) represents the

sunimation of the spectral radiances between 5500 and 5550 cm-l, 5550 and 5600 cm

etc, (5500 and 5600 cm'l. 5500 and 5650 cm-]. etc.). Note that the ordinate values
of spectral radiance in Figure 17 (snow) are a factor of 10 less than the ardinate
values in Figure 15 (cumulus) and Figure 16 (cirrus). Table 4 lists the spectral
radiance as a function of wavenumber interval for all snow, cirrus, and cumulus

spectra averaged over 50 .

1
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Figure 15, Spectral Radiance
Averaged 50 to 500 cm -1 —~Cumulus
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Table 4. Speciral Rediance (W em™%sr (em”
and Cumulus Averaged Over 50 em”

Lode Al od o

1

Wavenumbers

y"1) of Snow, Cirrus,

Wavenumber
Interval
{ecm™1?) Snow Cirrus Cumulus
- —r -
55005550 9.258 X 106 | 1.045x 1077 5.670 X 1075
5550-5600 2.218 X 1078 1,339 X 100 1,270 X 1077
5600 5660 2.816 X 10°5 1,448 X 107 1718 107
5650-5700 3.414 % 1075 1,618 X 1077 2.162 X 1077
3 - 3. [ A
dRUR | mon ) dEhD ) b
5800-5850 «3 540 % 1070 | #1.701x 1072 2.548 % 1072
5850 -5900 3.472 x 10°8 1,690 X 1072 2.650 X 1072
5900-5950 3,375 % 1079 1,663 X 107 2,660 % 10°2
5950 -6000 2. 221x 1078 1,636 X 1072 *2. 508 X 1072
6000-6050 2 124 % 1078 1,599 X 1072 2. 679 x 1072
6050 -6 100 2.970x 1070 | 1.526% 1073 20617 X 1072
6100-6150 2.951% 10_% 1,539 X 1075 2,677 X 1072
61506200 2,854 x 1078 1,614 x 1072 2,642 X 1072
6200-6250 2,827 x 1078 1,420 X 1070 2.421% 1070
6250-6300 2.488%x10°8 | 1354 x 1073 2,390 X 1072
£300-6350 2.372x 1075 | 1,335 %107 2.413 % 1070
6350-6400 2.257 x 1078 1,271 x 1072 2.386 X 1072
C400-6450 2.257 x 1028 | 1.240x 1003 2.455 X 1072
8800220 S 0aax 108 | Tilmx108 | Foeex 19
6550-6600 1.890 X 10°° 1,061 x 1072 2.104 x 1072
5550 -66 -890 X 10 _¢ -061 X110 _g - 10 -5
GED0-6650 1736 » 10 _¢ 8,779 X 10 g 1.828 X 10 ¢
deon | MR iRg | i
6750-6800 +8. 872 X 1077 B.853 X 1070 8. 400 x 1078
6800 -6850 9,644 x 1077 1,000 X 1072 7.811x 1028
o -6 ‘ -5 -8 -6
6850-6900 1.119 X 1078 1,200 X 1070 6,123 X 1078
6900 -6950 9,451 1077 1.256 % 102 5.921 x 10_8
£950-7000 1,022 X 10 1,337 X 10 %5, 130 X 10
5500-7000 6.014 x 107 4,019 1074 5.870 x 104

*Denotes maximum/minimum values,

The maximum/minimum values in Table 4 are :lesignated by an*, Note in Table ¢4

that the spectral radiance averaged over 50 c‘m"1 for cumulus, in general, is greater
than cicrus, which in turn is greater than snow.

Also note in Table 4 that the

spectral radiance for cumulus backgrounds is greater than that for cirrus back-

grounds between wavenumber interval of 5650 ta 6750 emL

However, between the

wavenumber intervals of 5500 to 5650 cm ™ ! and 6759 to 7000 vm'l, the spectral

radiance of cirrus backgrounds is greater than that of cumulus backgrouuds,

" . -1 -
The absolute spectral radiance averages over 50 to 500 em ~ for 32 cirrus

spectra as a function of wavenumber are shown in Figure 16,
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each line labeled 50 to 500 (‘m'1 in Figure 16 represents the maximum or end
wavenuniber for maximum spectral radiance ratios between cumulus and cirrus,
The 1ncations of the hexagons are obtained by taking ratios of the apectral radiance
of cumulus to cirrus at the same wavenumber interval, and then plotting the loca-

tion of the maximum ratio.
Figure 17 shows the absolute spectral radiance averaged over 50 to 500 cm-1
intervals for 56 snow spectra as a function of wavepumber. The boxed X in Mig-

Lo Ly

ure 17 on the line marked 500 om'l represents the approximate spectral radiance
that would be observed by the preliminary DMSP snow/cloud discrimination sensor
design, The 50 percent transmission curve of this sensor lies between 6135 and
6625 vm_l. 'T'he * on each line in Figure 17 represents the maximum or end wave - F
number for maximum spectral radiance ratios between cumulus and snow.

Bascd on the analysis of the 56 snow spectra collected by the AFGL aircraft,
the DMSP snow/cloud discrimination sensor could he improved by maving the i
50 percent transmission approximately 150 cm'l. s0 that it senses reflected energy
in the 6300 to 6800 cm-l spectral region, Again, depending on the averaging over
50 to 500 vm'l intervals, the maximum spectral radiance ratios between cumulus
and snow are found at the maximuwmnm wavenumber between 6600 and 6800 cm-l. as
comparcd to the ratios between cumulus and cirrus where the maximuam wavenumbers

are located between 6550 and 6700 om'l.

4.1,2 RATIOS

The ratio of the absolute spectral radiance of cumulus/cirrus and cumulus/snow
averaged over 50 te 700 cm‘l intervals as a function of wavenumber between 5500
and 7000 \:m_l is shown in Wigures 18 and 19 respectively, ‘The spectral radiance
ratio between cumulus and cirrus is shown in I'igure 18, and generally runs be-

Brn L

tween 0.4 and 2.0 over the wavenumbher interval of 5500 to 7000 om'l, depending i
on the averaging of 50 to 700 vm_I. Values less than 1.0 indicate that the cirrus
backgrounds have a greater spectral radiunce than that of cumulus hackgrounds. ‘
The maximum ratios of 1,8 to 2. 0 are found in the wavenumber interval of 6500 :
to 6700 cm ™), The range of maximum spectral radiance ratios between cumulus

and cirrus is 2.0, averaging over 50 cm ™Y intervals between 6500 and 6550 cm L,

and 1,8, averaging over 700 cm'1 intervals between 6000 and 6700 vm'l. The

maximum ratio between all cumulus and cirrus spectra that would be observed by

the DMSP’ sensor would be 1.9. Cumulus/cirrus discerimination on an individual

basis may be difficult. See Table 8, Section 5. 1.
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The spectral radiance ratios between cumulus and snow is illustrated in Fig-
ure 19, In the 5500 to 7000 crn-1 interval, the ratios have values between 5 and
11, depending on the averaging interval between 50 and 700 cm-l. The maximum
ratios of 10 and 11 are found in the wavenumber intraval of 6600 to 6300 cm'l. The
range of maximum spectral radiance ratios between cumulus and snow is 11. 2,
averaging over 50 cm'l between 6550 and 6600 cm'l, and 10.3, averaging over
700 cm ! intervals between 6200 and 6900 cm ™) (1,61-1,45 wm). The DMSP sensor
would observe a reflectance ratio of 10.3 between cumulus and snow; again, suffi~

cient to discriminate between cumulus and snow backgrounds.

4.2 Maximum Spectral Radiance

The maximum spectral radiance values in the spectral range of 5500 to 7000 cm"1

for each of the 124 measured spectra are shown in Figure 20. The range or lowest
and highest values of the maximum speciral radiance observed for snow and cirrus
and cumulus clouds is shown graphically to the right of spectra No. 125. These

values are tabulated in Table 5.
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Table 5. Maximum Spectral Radiance (W cm 2ar Yem™H7Y)

ralue Snow Cirrus Cumulus
8

Lowest 8,417 x 107° 2.041X 10° 1.215 x 1077
Highest 2,905 X 1077 8,446 X 10™7 2.020 x 1078

In general, the maximum spectral radiance of snow on any given day is lower
than that of either cirrus or cumulus. Thresholding the maximum spectral radiance

at a value equal to 1 X 10'7, the number of spectra categorized as under (over) for

the three different backgrounds are as follows: snow 43 under (13 over), cirrus
7 under (25 over), cumulus 0 under (36 over). Increasing the threshold value to
1.5 X 10-7, the number of spectra categorized are as follows: snow 47 under (9
over), cirrus 9 under (23 over), cumulus 2 under (34 over),

4.3 Location of the Maximum Spectral Radiance

Figure 21 shows the spectral location of the maximum spectral radiance for the

124 collected spectra. Aboui 93 percent (52 out of 56) of the snow spectra show
the location of the maxiinum spectral radiance to be between 5650 and 5825 cm-l.
In the case of cumulus, approximately 89 percent (32 out of 36} of cumulus spectra
show the location to be between 5860 and 6435 cm'l. The location of the maximum
spectral radiance of cirrus spectra, on the other hand, is similar to that of snow,

sometimes similar to that of cumulus, and sometimes its location is unique —such

as the seven spectra located at 7000 cm L.
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Figure 21, Location

of the Maximum Spectral
Radiance for Cumulus,
Cirrus, and Snow
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4.4 Slope of the Spectral Radiance

The slope of the spectral radiance for the three different backgrounds was
discussed in Section 3. Another way of analyzing the slope of the reflected radiance
as a function of wavenumber for the 124 collected spectra for the three different
backgrounds may be seen in Figures 22 and 23. By taking the ratios of the spectral
radiance in the wavenumber interval 5500 to 5615 cm-l to the spectral radiance in
the wavenumber interval 5715 to 5825 cm~1. the slope characteristic for ooth snow
and cumulus spectra is positive-large. As can be seen in Figure 22, the ratio values
for snow and cumulus are in general between 5 and 50, which is defined as large.

In the case of cirrus, the ratio is generally less than 2.5 (defined as small), as
depicted by the hexagons in Figure 22, and thus th: slope is positive-small for cirrus
backgrounds. The value of the slope between wavenumber intervals of 5500 and

5825 em™! may be used to discriminate cirrus from snow or cumulus.

Figure 23 shows the slope of the spectral radiance in the wavenumber intervals
of 5715 to 5825 cm-1 and 6060 to 6125 cm_] for snow and cumulus spectra. All 56
snow spectra show a negative slope (value greater than 1). In the case of cumulus
backgrounds, 29 out of 36 cumulus spectra show a positive slope (value equal to or
less than 1). Thus, the slope between 5825 and 6125 c:m-1 for cumulus backgrounds
is generally positive-small, and for snow it is negative. Again the value and sign
of the slope between wavenumber interval 5715 and 6125 cm-l may be used to dis-

criminate snow from cumulus.
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60606125 cm=1

The various properties of the slope are summarized in Table 6.

Table 6, Slope of Spectral Radiance

1 1

Between 5715-6125 em’

Between 5500-5825 cm’~
(1. i5-1,63 pm)

(1.82-1,72 pm)

A) Cumulus Positive-Large (>5,0) *Positive (<1, 0)*
B) Cirrus *Positive-Small (<2.5)* Positive/Negative
C) Snow Positive-Large (>5.0) *Negative (>1,0)*

xCan be used to discriminate between cumulus/cirrus/snow.

5. RECOMMENDATIONS

Analysis of the 124 AFGL-measured spectra of snow and cirrus and cumulug
clouds shows marked differences in their spectral reflectance characteristics in the
near IR spectral region. These differences in the 5500 to 7000 cm-l spectral region
could be used in snow/cloud discrimination. Specifically, a snow/cloud discrimina-

tion sensor design in the near IR spectral region should consider the following
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pararﬂeters: absolute spectral and/or total radiance; slope of the spectral radiance;
and thé location and value of the maximum spectral radiance. Based on the analysis
of the spectra measured over snow/cloud backgrounds, the following recommenda-

tions aiv made for an optimal operational snow/cloud discrimination sensor design,

5.1 Narrow Spectral Band Radiometer-lmager

As designed, this preliminary DMSP snow/cloud sensor should be more than
adequate in snow/cloud discrimination. However, a slight improvement may be
obtained in the cumulus/snow signal ratios by moving this experimental snow/cloud
SSP sensor 150 cm” ! to larger wavenumbers (shorter wavelength), The 100 percent
transmission that presently lies approximately in the interval of 6375 to 6450 em™!
(1,57-1.55 pm) should be moved to the interval of 6525 to 6600 cm™ ! (1.53-1.52 um).
The 50 percent transmission that lies in the 6135 to 5625 cm_l interval(1.63-1,51 um)
should be moved to the interval of 6285 to 6775 cm'l (1.59~1.48 um) for maximum
spectral radiance ratios between cumulus and snow.

On the average, the absolute spectral and/or total radiance for cumulus back-
grounds is greater than that for cirrus backgrounds which in turn is greater than
that for snow backgrounds. The reflectance characteristics of the three different
backgrounds in the near IR could be categorized or defined as follows: cumulus-high
{white), cirrus-medium (gray), and snow-low (bluck}. Using this definition, a
narrow spectral band radiometer or imager could be designed for maximum cumulus/
snow (white/black) or cumulus/cirrus (white/gray) spectral radiance ratios, as

shown in Table 7 below.

Table 7. Radiometer Bandwidth vs Optimum Spectral Band

Radiometer Optimum Spectral Band Spectral Radiance Ratios
E\andwidth Wavenumber Wavelength | Cumulus/Snow Cumulus/Cirrus
(cm™ 1) cm™ icm‘IE

50 6550-6600 1.53-1,52 11.2 2.0
100 6500-6600 1.54-1.52 11. 2 2.0
200 6400-6600 1.56-1.52 11,1 2.6
300 6400-6700 1.55-1.49 10.9 1.9
400 6350-6750 1.58-1.48 10. 8 1.9
500 6300-6800 1.59-1.47 10. 7 1.8
600 6200-6800 1.61-1.47 10. 4 1.8
700 6200-6900 1.61-1.45 10. 3 1.8

The preliminary DMSP snow/cloud SSP sensor would require a visible channel
for comparison in a snow/cloud discrimination decision. In addition, a thresholding
capability should he utilized on the sensor. The value of thresholding could be
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two-way (snow/cloud) or three-way (snow/cirrus/cumuius). Using the response

curve of the preliminary snow/cloud sensor and assigning a value of total radiance
less than § X 107> W em ™ 2gr ™!
sults on the aircraft-measured spectra are as follows: snow 48/56 or 86 percent

to define black, the snow/cloud discrimination re~

and clouds 57/68 or 84 percent would be correctly observed. Further discrimina-
tion with clouds could be accomplished by using a three-way thresholding value such
as black, less than 5 X 10°° W cm'zsr'l; gray, 5 X 1079175 x 1074

greater than 1,75 X 10°% W cm™%sr” ). The results are shown in Table 8.

; and white,

Table 8. Three-Way Thresholding

Total
Radiaréce
(W em~¢sr-1)
-5 -5 -4 -4
(<5 X 10 7) (5 X 10 "-1,75 X 10 ) (>1.75 x 10 7)
Color: Black Gray White
Snow 48 (86%) 8 (14%) 0 (0%)
Cirrus 8 (25%) 16 {50%) 8 (25%)
Cumulus 3 (8% 17 (47%) 16 (44%)

As seen in Table 8, three-way thresholding would not make any significant con-

tribution to cirrus/cumulus discrimination.

5.2 Three-Detector, Narrow-Spectral-Band, Near-IR Radiometer

If the spectral radiance or reflectance is sufficient, serious consideration should
be made for a three-detector, narrow-spectral-band, near-IR radiometer that
utilizes the slope of the spectral radiance. As previously discussed, the slope of
the spectral radiance for cirrus in the 5500 to 5825 cm-1 interval is positive-small
iless than a factor of 2, 5), whereas for snow and cumulus it is positive-iarge (greater
than a factor of 5). This feature should allow one to discriminate cirrus from snow
or cumulus clouds. Next, in the case of snow backgrounds, the slope of the spectral
radiance in the 5825-6125 em’! interval is negative, whereas it is positive for
cumulus backgrounds, This feature should allow one to discriminate between snow
and cumulus,

The three-detector, near-1R radiometer could be designed as follows: ietector
No. 1 should sense the reflectance in the 5500 to 5615 cm—l spectral band; Detector
No. Z in the 3715 to 5825 cm”} spectral band, and Detector No. 3 in the 6060 to
6125 cm_l spectril band. The instrument could be preprogrammed to compare the
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reflectance of the three detectors. If the comparisons between Detectors No. 1 and
No. 2 give a small value (that is, a value less than a factor of 3), the background is
cirrus, If the value is large {that i3, a value greater than a factor of 5), compare
Detector No, 2 with No. 3; if the value is positive (negative slope) the background
is snow, If the comparison of Detector No. 2 with No. 3 gives a negative value
(positive slope) or zero value, the background is cumulus. In addiijon, a threshold-
ing capability on Detectors No. 2 and No. 3 could aid in discriminating snow from

cumulus (that is, large reflectances on either Detectors would represent a cumulus

rather than snow background).
If we utilize this principle on the aircraft-measured spectra, the snow/cirrus/

e e e e A —— .+

cumulus discrimination results are as follows: cirrus, 31/320r 97 percent correct;

snow, 52/56 or 93 percent correct; and cumulus, 30/36 or 83 percent correct. In

E general, the above percentages are a definite improvement over those for the instru-

ment described in Section 3.1

5.3 Multispectral Radiometer

. A multispectral radiometer operating in the spectral interval of from 5625 to
B 6450 cm-l with a spectral resolution of 15 to 20 cm-1 could be designed in order
to utilize the location and value of the maximum spectral radiance for discrimina-

tion between snow and cirrus and cumulus cloud backgrounds,

i If we utilize this principle on the aircraft-measured spectra, the snow/cirrus/

cumulus discrimination results are as follows: snow, 52/56 or 93 percent correct;

cirrus, 21/32 or 66 percent correct; and cumulus, 33/36 or 92 pcreent correct.

5.4 Conclusions

Based on the results of the analysis performed on the aircraft-measured spectra,

it appears that the three-detector, near-IR Radiometer described in Section 3.2

would have the highest potential of discriminating snow and cirrus and cumulus
' 4 ' clouds, In addition, this type of instrument that utilizes the slope of the spectral

radiance could obviate the need of a visible channel for comparison purposes, and e e

could easily be preprogrammed for on-board processing of the signal, The data

rate from this type of instrument could be very minimal, -
The Radicmeter-Imager described in Section 3. 1 should be adequate for snow/ .

cloud discrimination. lHowever, when the attempt is made to discriminate cirrus
from cumulus, it may be difficult. It would probably require a variuble thresholding

capability as a function of latitude and solar elevation angle to optimize the cirrus/

' cumulus discrimination. The need of a visible channel for comparisun purposes and

the data rate required would be a negative feature of this instrument.

Finally, the multispectral radiometer could be quite useful for snow/cumulus

discrimination. Nothing would be gained by using this instrument intrying to

identify cirrus backgrounds.



Appendix A

Mission Parameters

A number of relevant parameters are listed for each snow (Table A1), cirrus
{Table A2), and cumulus (Table A3) background run performedin September 1976

and 1977, The information for each heading follows:

Spectra No.
Mission No,
Run

Date

Time

l.at N

Long W
Solar Az
Solar El
ALt T
Remarks

Reference number used in main text
Reference number for mission identification
Reference number for run identification

Day, mcnth, year

Universal time, hours and minutes

North latitude, decimal degrees

West longitude, decimal degrees

Solar azimuth, true bearing, decimal degrees
Solar elevation, decimal degrees

True altitudes of aircraft, feet

Information relative to location, height, and texture
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Appendix B

-
Spectral Radiance Normalized and Ratios
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