
AFGL-TR-78-0289 (A

.0 Spectral Radiance of Snow and
0 Clouds in the

Near Infrared SoectraI Region

FRANCIS Rt. VALOVCIN

C 17 November 1978

[Approved for public release; cdistributon unlirmit dj.j~ c

OPTICAL~~~ PHSCDIIINPOET77

OPIALR PHOSCS DIISONPROJECS LABRAOR

HANSCOM AFS, MASSACHUSETTS 01731

AIR FORCE SYSTEMS COMMAND, USAF

79 0'3 22 036
p.- .~/W



This report has been reviewed by the ESD Information Office (01) and is
releasable to the National Technical Information Service (NTIS).

This technical report has been reviewed and
is approved for publication.

FOR THE COMMANDER

Cef Scientist

Qualified requestors may obtain additional copies from the
Defense Doci nentation Center. All others should apply to the
National Technical Information Service.



Unclassified
SECURITY CLAISSIFICATION OF THIlk -- k311 (Menne. SI~.n,.od)

REOR DOUMNATO PAG BEFORE COMLETNGOR

1. 019FRT OAMI3OCROCATALOTION HAMS
AirFoL-rceGephsis abraor8(9 ,.-T-- 07

Air~~~~~A FocFepyic aoaoy O) (jI) 7N-m 7

PL7SCUTRSASHEIOULE

IS. AITIUTHOR. ITT.EN (ohRAC Oft GRAT p..l)r

9S SPPLE70MENTAR MORGNZTIO AEADADES 0..OPVISME RJC.TS

Hansceolectanc

1.MNTheIN Gnear i-NrarEd speR5ctral radian cef melasuremfient of. S nowIT CAnd. c.tirrs and a)

cuprulus clor udli betweaen 550adisrbto unli/mited. 2 )wrdermn.

19.oK/YlORD lS(Cont inue on tvosdifncesayan d bemden~r by utliain aw se nsrinte550t
Snow00/cmi spectral region. ae nteaayi fteedtcranso

Thou desrignfparaetedwr dniid hti.soeo h spectral radiance mesueensorsowan..,u3 n

cumlu cloud bakgo unds take by tOV Air Forc ONeOoThysics Laoatr'
flynglaortoy reevlute. ro teCRT an lysisIPCT Of the S P12 E spctan fobtained,Ih pcrlrdacno elcac jhrceitc fakwadcru n

cu uls lud btee 500ad 00j m-r-I.8-143eý)wee eer ind
Snowclou iscimintio ca emd yuiiig esri h 50t

7001~ ~ ~ ~ c- seta ein.Bsdo h nayi fteedaa eti nw



Unclassified
IECURIT% CLASSIFICATION OF THIS PAOE(Wha. DOC.. AnterdJ

20. (Cont)

absolute spectral and/or total radiance, and the location and value of the maxi-
mum spectral radiance for the snow and cirrus and cumulus cloud backgrounds.
Finally, specific recommendations are made for an optimal operational snow/
cloud discrimination radiometer.

Unclassified
SECURITY CLASSIFICATIO,, OF THIS PAGE(WSe Da1 nte 8-6-d)



f

Preface

Thf. author wishes to acknowledge the participation and assistance of Brian P.

Sandford arid the technical crew members on the AFGL KC-135 who flew the various

missions and collected the data, and to thank Mr. C. Elam of the USAF Environ-

mental Technical Applications Center (ETAC) for supplying the ground truth data

in the formats of ID NE?1H. radiosonde, and surface observat.ons, and Mr.

Vincent Falcone for introducing me to the research subject. Also, special thanks

to Dr. Robert MeClatchey who critically reviewed the manuscript, Ed Lefebvre for

his invaluable programming skills, and Kathy Lowe for typing the manuscript.

3 . o.t ...



I

Contents

1. INTRODUCTION 9

2. AIRCRAFT MEASUREMENTS 10

3. SPECTRAL RADiANCE OF BACKGROUNDS 11

3.1 Snow Backgrounds 11
S3.2 Cirrus Backgrounds 14

3.3 Cumulus Backgrounds 18
3.4 Comparison of Backgrounds 21I 4. SNOWICLOUD DISCRIMINATION SENSOR DESIGN PARAMETERS 22

4. 1 Absolute Spectral Radiance 22
4. 1. 1 Averages 23
4 1.2 Ratios 26

4.2 Maximumn Spectral Radiance 28
4.3 Location of the Maximum Spectral Radiance ')9
4.4 Slope of the Spectral Radiance i 0

5. RECOMMENDATIONS 31

5. 1 Narrow Spectral Band Radiometer-Imager 32
5.2 Three-Detector, Narrow-Spectral-Band, Noar-lR Radiometer 33

5.3 Multispectkal Radiometer 34
5.4 Conclusions 34

APPENDIX A: Mission Parameters 35

APPENDIX B: Spectral Radiance Normalized and Ratios 39



Illustrations

1. Aircraft Aspect Angles 11

2. Spectral Radiance Over Snow, Quarterly Means 12

3. Spectral Radiance Normalized Over Snow--All Spectra, N 56 13

4. Snow--± Sigma-All Spectra, N ý 56 14

5. Maximum Spectral Radiance Measured Over Snow 15

6. Spectral Radiance Over Cirrus, Quarterly Means 16

7. Spectral Radiance Normalized Over Cirrus--All Spectra, N 32 16

8. Cirrus-- ± Sigma-All Spectra, N = 32 17

9. Maximum Spectral Radiance Measured Over Cirrus 18

10. Spectral Radiance Over Cumulus, Quarterly Means 19

11. Spectral Radiance Normalized--Cumulus--All Spectra, N - 36 20

12. Cumulus Y- ± Sigma-All Spectra, N - 36 20

13. Maximum Spectral Radiance Measured Over Cumulus 21

14. Spectral Radiance Normalized--All--Cumulus, Cirrus, and Snow 22
S15. Spectral Radiance Averaged 50 to 500 em"l--cumulus 23
16. Spectral Radiance Averaged 50 to 500 cm -Cmirrus 23

17. Spectral Radiance Averaged 50 to 500 cml-i-snow 24

18. Ratio Cumulus/Cirrus 27

19. Ratio Cumulus/Snow 27
20. Maximum Spectral Radiance for Cumulus, Cirrus, and Snow 28

21. Location of the Maximum Spectral Radiance for Cumulus, Cirrus,
and Snow 29

22. Ratio of Radiance at 5500-5615 cm- to Radiance at 5715-5825 cm"1 30

23. Ratio of Radiance at 5715-5825 cm 1 to Radiance at 6060-6125 cm- 31

Tables

1. Maximum Mean Spectral Radiance and its Location for
Snow-Quarterly Means 12

2. Maximum Mean Spectral Radiance and its Location for
Cirrus -- Quarterly Means 15

3. Maximum Mean Spectral Radiance and its Location for
Cumulus -Quarterly Means 19

4. Spectral Radiance of Snow, Cirrus, and Cumulus Averaged
Over 50 cm-1 Wavenumbers 25

5. Maximum Spectral Radiance 2916



Tobles

6. Slope of Spectral Radiance 31

7. Radiometer Bandwidth vs Optimum Spectral Band 32

8. Three-Way Thresholding 33

A1. Mission Parameters for Snow, N r 56 36

A2. Mission Parameters for Cirrus. N = 32 37

A3. Mission Parameters for Cumulus. N = 36 38

B 1. Spectral Radiance Normalized and Ratios-All 40

7



MA06m pjp

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

1. INTROD)UCTIJON
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radiance rne:'survnivnts of snow nd cl utc
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Refl ectance lof hnow. i1AW No. 332, RKi~~(11iegionls l~aIl 1
Enlginevring UUabni2tor, 1m.lilosci, M I , 181p



of snow using Skylab 5192 data (Hand 1M) have been reported. 3 Again, the low

reflectance of snow in the near infrared (Band 11 of the S-kylab 8192 Experiment)
-1

6452-5714 cmn (1.55-1.75 jtin) is a potential feature in discriminating clouds

from snow.

2. AIRCRAFT MEASUREMENTS

In September 1916 and April 197!,the Air Force Geophysics Laboratory (A'GI)

collected signatures of snew and cloud backgrounds in the near infrared. ' lie

spectral measurements were made with a Micihelson interferoincter with a field-of-
view of 1. 60, full angle at a spectral resolution c 3. a8 cm 1 in tile 4000 to 3300 cm-1

(2.5 to 1. 2 gin) region. This injtrument is one of many used by AlG. on the

NKC-135A aircraft, which is an infrared flying laboratory. A full description of

the aircraft, instruniratation, and background 0lQ4s211t remnentS was reported by

Sandford et al.

The various backgrounds were measured at a 450 depression angle from the

aircraft to record the snow or cloud background below the aircraft. When the

selected snow or cloud aeasurement area is reached. the aircraft enters into a

45' right bank that is held for a full 360' orbit. Thus. the background is observed

over i full 360' range of aspect angles.

Thu scakn tiii-, for ca~ l intcrfcrogram from the interferonieter is I see, and

the approximate iverage of 15 interferograns is used in the data analysis. The

aspect angle changes 2.40 per sec so that the snow or cloud backgrounds are averages

over sectors of 36' centered at the main aspect angles of 00, 90% 180'. and 270'.

The four main aspect angles are defined aad shown in Figure 1.

Tile Scientist-Di rector of the flight was solely responsible fo: choosing the target

background and making notes pertinent to the rin. A 16 111111 camera coaligned with

the interferonieter was used to record the backgroutnd scene. Relevant mneteorologi-

cal data such as 31) NE'PII, radiosonde, and surface observations were obtained from

thit USAI l nvironmental Technical Applications Center (I,-AC) for ground/cloud
trutth verification.

2. Barnes, J.C., Land Rowley, C.j. (1977) Study of Near-infrared Snow Reflectance
Using Skylab Sl192 Multispectral Scanner D

1
•ta. ERT Document _N3To171,

Final Report, Contract No. AA-635201. E'nvironmental Research & Technology
Inc. , Concord. MA, 4B pp.

3. Valovcin, F. 11. (1976) Snow/Cloud! Oiscrimination. AllGh,'-TI'-76-0174. 16 pp.

4. Sandford, B. I'. . Schumniers. J. It. . Rex. ), . Shunisky. J., , I 1 1ii. I.J.° and
Sluder. I%. 13. (1976) Aircraft Signatures in the Infrared 1. 2 to 5. 5 Micronltgon. Volume I lnstrnuzentation.;\ou1e lla,-kronc Mevastrenn.nts,

AIT LTR-7P-0l33 (I 89 pp and(if 72pp.
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S t
SUN-180* BACK SCATTERILA

OSU N

Figure 1. Aircraft Aspect Angles

A total of 124 spectra measurements (Snow 56, Cirrus 32. and Cumulus 36)

were collected hy tht" AI"L aircraft and analyzed at AIGL/,)'I. Pertinent p,,ram-

eters of the background runs of the various spectra are summarized in Appendix A.

All spectra in this study are pret;ented in absolute spectral radiance (N,,), tis

seen from the aircraft. in units of watts per cm2 per steradian pcr wavenumber
l- 2 i-1I - I- 1

(W em1ar-(ci-l)-). The absolute spectral radionce (N ) can be convertt.d to

units of (N ,1 watts per cm2 per steradian per micron (W cx Isr ur-), a!s
follows:

Ng N 1,2. -4

whe-re v, is wavenvilber in e~n- In the majority' of illustrations, the abscissa scale

is given in wavenumbers and microns. ln addition, each data point represents a

spectral resolution of 1. 9287 cm- I averaged over a 21. 2157 cn1I interval.

3. SPECThI,\I. RAIDIANCE OF HACKGROUNI)S

3.1 Suow lBackgrou.ds

The absolute spectral radiance of snow was measured with the Al,'UL. aircraft

altitudes ranging from 26, 000 to 33, 000 feet. A total of 56 snow spectra were ob-

tained in September 1976 and April 1977. In September 1976, the measurements

were obtained in the states of Oregon, Washington, and Alaska. In April 1977,

measuremcnts were obtained in the P1rovince of Quebec, Canada.

].Each snow% spectrum was analyzed individually and categorized according to the

total integrated amount of measured spectral radiance betwe, a 5500 and 7000 cm-It 11



(1 21.43 timl). lhireuvvluesoit spuctral radiisnce were iiirramge iq increcasing

the 1st (Qoartcr-(4ti QuIelter). Each quariter epricseiAts the sunm of 14 snow spectra.
Tlir Asiustlilte spiectral rntiza oe of snow for tiht four' qa r'tcrs as at function of wave-

nuzah1er' i's Shown inl l'gri-C 2.

'Tlhu Iloan llmu in o onapt tl cad111 ritdincet m il its loct'ito n tor snow ha ckgrcoonds for'
tVW fourT' quartetI's is givenl Ill labe 1.

WAVELENGTH (MICRONI
It-.%C It 7b I.70Q .88 '860 1l.1 !.60 1.48

SNOW

CL

so a'A

WAEUME JXN-I)X, V

Qua te (\ 8il- 1, e ) 63 8) 87 89 pil

Ist 1.I959X N10 JMH E 5 (C3l1,X15

2ign r 2 . 11etra xidte 10 ve 8nw 57 rtt 13 1.7a5

'4tble 1. . 224ux mon 10ea S5rta ttite 25 a isIra 72 o

SnowQuarrr'l Mt.a12



Althlough the location of the maximumj ralue of the 4tn Quarter mean is technically

at 5825 cm- 1, the val.ue at 57 13 cnm.-l is 17. 208 or 99. 9 percentc of the rnaxinaum,
The spectral radiance normalized to the maximum mean for all 56 snow spectra a9

a function of wavenumber is shown in Figure 3. The value of the maximum mean
- 8 -2 -1. -I -I

spectral radiance (ordinate = 1) is 7. 394 X( lo W em Isr :cm ) and is located

at 57113 cm .Presentation of the data in tais format -allows one to compa re the

percentage of the rmaximumn mean spectral radiance as a function of wavenomber.
The filtez, curve between 5989) and 6780 cm 1 represents- a prehzninary [)MSP snow!

cloud discrimination sensor design that was evaluated on the aircraft- collected

spectra.

Another feature that may be seen fron. Figure -3 is the s~ope of the reflected

4radiance as a function of wavenuniber for snow speetra. It is large and positive he-

t,.'een 5500 and 57.13 cm-1. and large and negative betwe.ýn 5825 and '3300 crnc

WPVEtENGIH ('liCROIN
1.60 t 1.7' It ES 6 1.60 I -5b 1i-0 1.5

SNOW4!' ALL

Vtý

SNOWIC;LOU!

c; 54115CR -

wRvENUSSSERIC'lfllXIDr 6'

Figure 3. Spectral, R-adiance Normalized Over
Snow-All Spectra. N = 53

The mean MX and the standard deviation (a) as a function of waventiimber for all

the snow specti a 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 -a) in

13



Figure 4 is ar. indication that the deviations among the snow spectra in the spectral

interval 6100 to 7000 cm- 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- 1 , 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 10 8.

WRVELENGTrH (I11CR0N
1.60 1.75 1.70 1.65 1. 1.50 1.45

SNOW

YiSIQMA
ALL

-J

WAVENUMBER 'CM-I1)J U -

Figure 4. Sncw-± * Sigma-All Spectra, N 56

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 Quebec, 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 cirrus clouds was from 200 to 2000 feet. The optical thicknesses of the

cirrus clouds ranged from semi-transparent to opaque. On some occasions, 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 in('ividually and categorized according to

14



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

quarter represents the mean of eight cirrus spectra. Note that the ordinate scale
(0- 100) for cirrus clouds is four times that of the ordinate scale for snow in Figure 2.

The maximum mean spectral radiance and its location for cirrus backgrounds
for each of the four quarters is given in Table 2.

WAVELENGTH u1ICRON3
I.s0 I.li 1.OD 1.65 3.6 0 1.65 I.so l.AS5

11\"

FiI

WRE UM E [C -I- O

Fiue5 Mxmu pcrlRdineMaue
OverSno

Tal F2 aigur u5 Meaimu Spectral Radiance a editLoatired o

Cirrus -Quarterly Means

Value of Maximum Location

Mean Wavenumber Wavelength

Quarter (W cm-2 sr-1 (cn 1 )- cin (Am)

It5. 902 )< 10- 5938 1.68
2d23. 892 X 10- 7000 1.43

43. 679 X 10-8 5825 17

th67. 315 x 10-8 5825 17
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WARVELENGTH (fICRON C
1. 0 l-O. --1.15 1.-70 [AI"ls 400-l |1.55 t |-t46

CIRRUS

z T:

s5 57 59 61 63 65 67 69
WAVENUMBER (CM- _)XIO0

Figure 6. Spectral Radiance Over Cirrus, Quarterly Means
L

WAVELENGTH (MICRON)
o 1 .60 1.195 1 .7 1.65 1.60 1.55 1.50 1.4s

L 
CIRRUS

4.69 x 6-8 6 1Att

ac

a

a SNOWICLOXJI
SENSORSDMS P

qS 6,6 5r 98 59 60 0162 63 64 6ý 65 60 69 7Q1
WAlVENUMIBER (CM1-1)XIO0

Figure 7. Spectral Radiance Normalized Over Cirrus--All
Spectra. N = 32
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ij 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 maximum mean

spectral radiance (ordinate= 1) is 34. 687 X 10-8 W cm 2sr- (cm-l )- and is lo-

I cated at 5825 cm I
I The slope of the reflected radiance as a function of wavenumber for cirrus

spectra can also be seen in Figure 7. A positive slope is seen between 5500 and
5825 cm- . a negative slope between 5825 and 6750 cm-. and a positive slope

-1
jbetween 6750 and 6,850 ern,=

Figure 8 shows the mean (X) and standard deviations (a) as a function of wave-

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, Hun 10, and is shown in Figure 9. The

maximum spectral radiance is 84, 457 X 108 W cm" sr (cm'- and is located

at 5827 cm 1

WAVELENGTH (MICRON]
.0 IO 7.75 7.70 1.A5 1.60 1.65 -So 1.45

P - CIRRUS

a XYtSIGIIR
ALL

F C

a

8.

WRVENUMBER 1CM-I)XIOO

I Figure 8. Cirrus-X t Sigma-All Spectra, N = 32
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WAVELENGTH ¶KICRON)
14,0 ! -76 1.70 1-66 t .60 ! ,65 1 .50 1.45

CIRRUS

Cý

IAR

<C;

r

Lo

WRVENUMIBER LCM-I ]X]00

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 spectrum was analyzed individually and categorized

according to the total integrated amount of measured spectral radiance between

5500 and 7000,cm- 1. The absolute spectral radiance for the quarterly means for

the cumulus backgrounds as a function of wavenumber is shown in F•igure 10. Note

that the ordinate scale (0- 150) for cumulus is a factor of 1. 5 greater than the scale

9f cirrus (Figure 6), and & factor of 6 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.

18



00 1.70 1.70M (M'ICRON)

.6 1. 76 1.70 1.08 1.00 1 .56 1.60 1.46

9; CUMULUS

. VI ..- .____.••

3.i /

C;~

Z .;

HI1',ENUMBER ICM-!AX).l0

Figure I0. Spectral R~adiance Over Cumulus.
Quarterly Means

i Table 3. Maximum Mean for Spcctral Radiance a~nd its Location for

Cumulus--Quarterly Means.

Value of Maximum L~ocation

Mean ',Aavenuoiber WV velength

-2 -1; -1-1M-

Quarter (V cm2sr-(cm )I) (cmaI

-uast 17.796 x i02s 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 8 6156 1.62

Figure 11 shows the spectral radiance normalized to the maximum mean for

all 36 cumulus spectra as a function of wavenumber. The value of the maximum

mean spectral radiance (ordinate = 1) is 55. 040 x 10-8 W cm- 2sr (cm- )-I and

is located at 5985 cm-l.

The slope of the reflected spectral radiance for cumulus spectra is also shown

in Figure 11. A large positive slope is seen be,.,een 5500 and 5825 cm- 1 a zero

slope between 5825 and 6200 cm- 1 and a large negative slope starting at 6400 cm-

and continuing to 6800 cm- I.

19



WAVELENOTH (MICRON;
o 1.g0 1 .76 1.70 7.' k6 0 1.65 1 .90 1.45

7)T CUMULUS

0SS, X10-8

I.J.

Spectra, N = 36 .S.-

k~ie

SAVELENCTH SMTSR.,NIR

1.t 80 1 .15 7.70 7-65 1.60 7.0 , 7 .50 45,

'cc'

U C,

06 a' i LI 63 656 a9

WRVENIUMBER I0CT-I)XIOo

Figure 12. Cumulus.± Sigma-All Spectra, N 36

0 1.75 2.01...
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The means (7) and standard deviations W as a function of wavenumber for all

36 cumulus spectra are shown in Figure 12. The negative values of the mean

minus sigma (X -U) curve in the spectra intervals 5500 to 5560 cm1 and 6700 to

7000 cm- I in Figure 12 are an indication that the deviations from the mean are

large and that the sample of 36 cumulus spectra is not large enough to he completely

representative of cumulus backgrounds.

Finally, the maximum spectral radiance over cumulus (Figure 13) was measured

on 28 April 19N7 on Mission 795, Run 16, in the vicinity of Lewiston. Maine. The
maximum spectral radiance was 202. 95 X 108 W cm 2r (cm-)1 and is locatI'd

at 61b6 cm-1

WAVELENOTH (MICRON)
I .0 1.16 1.70 1.66 1.60 1.66 1.60 1.46

(UL1US:* ,I 0

O U

Cc)

MO.-
0 .• )

6'

WAVENUMBER (CM-IIXIO0

Figure 13. Maximum Spectral Radiance Measured
Over Cumulus

3.4 Compariaon of Backgrounds

The spectral radiance normalized to the value of the cumulus maximum

(55.04 X 10-8 W cm 2sr- (cm-I )1 and located at 5984.8 cm" 1) for all cumulus.

cirrus, rnd snow spectra is illustrated in Figure 14 and tabulated in Table B1 in

Appendix B. The range of the spectral radiance of snow backgrounds, when com-

pared to the maximum spectral radiance of cumulus cloud backgrounds, 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 spectral radiance of cirrus backgrounds has a-1l
minimum of 28.4 percent at 5500.7 cm and a maximum 63.0 percent at 5824.7 er-

r (see Table 13). 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

L of wavenumber (wavelength). The location of thc maximum mean spectral radiance

for cumulus is 5985 cm 1 . for cirrus it is 5825 cmrn and for snow it is 5713 cm'.

21



NRVELENUrN (MICRON)
I.6O 1.76 1.70 1.5 . .60 1 .65 1.560 1.46

m ALL

LUKLUS

- .

C3

cr

- SHOW

6 60 6? 68 ~9 80 62 --6 6666-6666
99 O '61 a3 5• as .11 _6 0 . I.

WAVENUMBER [CM-I IXIOl)

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-1
clouds are significantly different In the 5500 to 7000 cmo 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:

"* Absolute spectral radignce, averages and ratios

"* Maximum spectral radiance

* Location of the maximum spectral radiance

0 Slope of the spectral radiance.

4.1 Absolute Spectral Radiance

In Section 3. the absolute spectral radiance (W er. sr 1 (cm-) I) was averaged

over 11 data points or 21. 2157 cm1 and plotted at intervals of 1.9287 cm-. The

maximum spectral radiance averaged for the 56 snow spectra was 7.3994 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 cm- 2sr- (cm-n "I.

4. 1. 1 AVERA GES

Spectral radiances averaged over 50 to 500 wavenumber intervals betweenS-1 -

5500 and 7000 em and plotted at Intervals of 50 om- for cumulus (36 spectra),

cirrus (32 spectra). and snow (56 spectra) are shown graphically in Figures 15.

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-I and plotted

at the maximum wavenumber in the interval. All averages start at 5500 cm-1 and

end at 7000 rm"I. Thus. the average 50 crn" (100 cm- . etc. represents the

* summation of the spectral radiances between 5500 and 5550 cmnI 5550 and 5600 cm

etc. (5500 and 5600 cm-1, 5500 and 5650 cm 1. etc.). Note that the ordinate values

of spectral radiance in Figure 17 (snow) are a factor of 10 less than the ordinate

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 cm

325 .35

2Th 71Ž25

Figure 15. Spectral Radiance
Averaged 50 to 500 cm- 1 --Cumulus

75 0

2'00

WAVFIMMOR ICM-Iý x IM
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Table 4. Spectial Lndlance (W cm'2sr-'(cm) 1 ) of Snow. Cirrus,
and Cumulus Averaged Over 50 cm- Wavenunibers

Wavenumber
Interval
(c011-1) Sfnow C i rrus Cumulus

5500-5550 9.258 x 0-6 1.045 X 10 5. 670 x IO

5550-5600 2.218 X 10- 1.339 X 105 1.279 X 10-5

560n-5650 2.816X 10-6 1.448X 1Q0" 1.718 X 10-5

5650-5700 3.414X 106 1.618x 10" 2.162x 10-5

5700-5750 3.491X 10_-6 1.6.55 x 105 2.314 X 105

5750-5800 3.452 X I0_ 1. 664 X 105 2.409 X 10_5
5800-5850 *3.549 X 10 6 1. 701 X 10_ 2.548 X 10"
5850-55100 3.472 X 106 1. 699) X 10" 2. 650 X 10
5900-5950 3. 375 X C_ 1.663 X 10_ 2. 669 x 10"
5950-6000 3.221 X 106 1.636 X 10" 5 2. 698 X 10 _

6000-6050 3.124 X 10 1.599 x 10" 2.679 X 0_5
6050-6100 2. 970 X 106 1.526 X 10-r 2. 617 X 10_
6100-6150 2.951 X 10-6 1.539 X 10- 2. 677 X 10_5

6150-6200 2.854 )< 10 6 1. 51.1 X 10 - 2. 642 X 10 5

6200-6250 2.527 X 10 " 1.420 X 10 "5 2.421 X 10 5

6250-6300 2.488 X 10" 1.324 X l0- 2.399 X 10_-5

6300-6350 2.372 X 10-6 1.335 X 10 5 2.413 X 105_

6350-6400 2.-257 X 10 - 1.5271 X 10-5 2. 386 -5 10 -5

C400-6450 2.257 X 10- 1.240 X 10- 2.455 X 10"5
6450-6500 2.160 X 10- 1. 190 X 10" 2.401 X 1095

6500-6550 2.044 X 10- 6 . 117 X 10"5 2. 268 X 10".5

6550-6600 1.890 x 10- 1.061 x 10" 2. 104 X 10 _
6 6 110 - fi fil5 o 1 . 7 3 6 x, 10 - 6 P. 7 7 ) X 1 0 - 6 1 . 3 1.8 x 1 0 -5

6650-6700 1.485 X 10- 9.26 ! 10- 1.585 x 10l
6700-6750 1.157 X 10- 1 i. 698 x 10-6 1.169 X 105
6750-6800 ,8. B72 X 10- 8.853 X 105 8.409 X 10_6
6800-6850 9. 644 X 106 1.09 x 10-5 7.811 X 10
6850-6900 . 119 X 107 1.300 X 109 ft. 123 X 106
6000-6950 9.451 1.256 0-5 5.921 X 106 -

6950-7000 1.022 X 10 1.337 X 10 5. 130 X 10

5500-7000 6.914 X 105 4.019 X 10 5. 870 X 10

11Denotes maxhmumn/minimn)m valut3.s

The maxinmum/minimum values in Table 4 are ;lesignated by an .. Note in TabLe 4

that the spectral radiance averaged over 50 cmi for cumulus, in general, is greater

than cirrus, 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 wavenumnber interval of 5650 to 6750 cm- . However, between the

wavenumber intervals of 5500 to 5650 cm and 6750 to 7000 cmn , the spectral

radiance of cirrus backgrounds is greater than that of cumulus backgrouiods.
-1

The absolute spectral radiance averages over 50 to 500 cm for 32 cirrus

spectra as a function of wavenumber are shown in Figure 16. The hexagons on

25
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each line labeled 50 to 500 cmr 1 In Figure 16 represents the maximunm or end

wavenunber for maximum spectral radiance ratios between cumulus and cirrus.

The locations of the hexagons are obtained by taking ratios of the spectral radiance

of cumulus to cirrus at the same wavenuniber interval, and then plotting the loca-

tion of the nmaxin•um ratio. -1
Figure 17 shows the absolute spectral radiance averaged over 50 to 500 cm

intervals for 56 snow spectra as a function of wavenurober. The boxed X in Fig-

ure 17 on the line marked 500 cm1 represents the approximate spectral radiance

that would he observed by the preliminary DNISP snow/cloud discrimination sensor

design. The 50 percent transmission curve of this sensor lies between 6135 arnd

6625 cm-1 he .' on each line in Figure 17 represents the nmaximuum or end wave-

number for maximum spectral radiance ratios between cumulus and snow,

Basedi on the analysis of the 56 snow spectra collected by the AFGL aircraft,

the DNISP snow/cloud discrimination sensor could be improved by moving the

50 percent transmission approximately 150 cmn , so that it senses reflected energy

in the 6300 to 6800 cm 1 spectral region. Again, depending on the averaging over
-1

50 to 500 cn1 intervals, the nmaxinnum spectral radiance ratios between cumulun
and snow are found at the maximum wavenunmber between 6600 and 6800 cnJ-1 . as
compared to the ratios between cumulus and cirrus where the nmaximumin wavenunibers

are located between 6550 and 6700 cm"1

4, 1.,2 RATIOS

The ratio of the absolute spectral radiance of cumulus/cirrus anti cumulus/snow

averaged over 50 to 700 cma intervals as a function of wavenunber between 5500

and 7000 cm-I is shown in V'igures III and 19 respectively. The spectral radiance

ratio between cumulus and cirrus is shown in Figure 18, and generally runs be-

tween 0.4 and 2.0 over the wavenumber interval of 5500 to 7000 on-m 1 depending

on the averaging of 50 to 700 cn" . Valuies less than 1. 0 indicate that the cirrus
backgrounds have a greater spectral radiance than that of cumulus backgrounds.

The maximumn ratios of 1. 8 to 2. 0 are found in the wavenumber interval of 6500

to 6700 cm The range of mnaximuni spectral radiance ratios between cumulus
-I -1

and cirrus is 2.0, averaging over 50 cnI intervals between 6500 and 6550 cmn

ant I .8, averaging over 7 00 cm I1 intervals between 6000 and 6700 cm- 1. The

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

the I)MSI' sensor would be 1.9. Cumulus /cirrus discrimination 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 cm interval, the ratios have values between 5 and

11, depending on the averaging interval between 50 and 700 cm- 1. The maximum

ratios of 10 and 11 are found in the wavenumber intraval of 6600 to 6900 cm"1. The

range of maximum spectral radiance ratios between cumulus and snow is 11.2,
-1 -1

averaging over 50 cm between 6550 and 6600 cm , and 10.3, averaging over

700 cm intervals between 6200 and 6900 cm"1 (1.61-1.45 gin). 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'

for each of the 124 measured spectra are shown in Figure 20. The range or lowest

and highest values of the maximum spectral 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.

I,-.
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Table 5. Maximum Spectral Radiance (W cm ar- (cm-

"talue Snow Cirrus Cumulus

Lowest 8.417 X 10-9 2.041 X 10-8 1.215 X 10"7

Highest 2. 905 X 10-7 8. 446 X 10-7 2. 029 X 10.6

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
-7"at a value equal to 1 X 10- , 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. About 93 percent (52 out of 56) of the snow spectra show

the location of the maximum spectral radiance to be between 5650 and 5825 cm-1
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-. 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

70 , I" o ,

58

66

S64 0

Figure 21. LocationS62 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 lFigures 22 and 23. By taking the ratios of the spectral

radiance in the wavenumber interval 5500 to 5615 cm 1 to the spectral radiance in

the wavenumber interval 5715 to 5825 cm 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
4 -l

5825 cm 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- 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-l
less than 1). Thus, the slope between 5825 and 6125 cm 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-I may be used to dis-

criminate snow from cumulus.

SA
!I

0 7
300

C

oCUMUtL'S SPECTRA NUMBERA

°~-l -

Figure 22. Ratio of Radiance at 5500-56 15 cm to Radiance at
5715-5825 cm-
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Figure 23. Ratio of Radiance at 5715--5825 cm to Radiance at
6060--6125 cm51

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

Table 6. Slope of Spectral Radiance

Between 5500-5825 cm 1  Between 5715-6125 cm 1

(1.82-1. 12 Lm) (1.5-1. 63 Anm)

A) Cumulus Positive-Large (>5.0) :::Positive (< 1. 0)*

B) Cirrus *Positive-Small (<2.5)" Positive/Negative

C) Snow Positive-Large (>5.0) *Negative (>I.O)*

':,Can be used to discriminate between cumulus/cirrus/snow.

5. RECOMMENDATIONS

Analysis of the 124 AFGL-measured spectra of snow and cirrus and cumulus

clouds shows marked differences in their spectral reflectance characteristics in the

near IR spectral region. These differences in the 5500 to 7000 cm"I 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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parameters: absolute spectral and/or total radiance; slope of the spectral radiance;

and the location and value of the maximum spectral radiance. Based on the analysis

of the spectra measured over snow/cloud backgrounds, the following recommenda-

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

5.1 Narrow Spectral Band Radiometer-hlager

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 1 to larger wavenumbers (shorter wavelength). The 100 percent

transmission that presently lies approximately in the interval of 6375 to 6450 cm-

(1.57-1.55 Mm) should be moved to the interval of 6525 to 6600 cm"1 (1.53-1.52 pm).

The 50 percent transmission that lies in the 6135 to 6625 cm-1 interval(l. 63-1. 51 Am)

should be moved to the interval of 6285 to 6775 cm (1. 59-1.48 gin) 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 (black). 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
Bandwjdth Wavenumber Wavelength Cumulus/Snow Cumulus/Cirrus

(cm-r ) (cm- ') (cm
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 2.0
300 6400-6700 1.56-1.49 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 1.6

The preliminary DIMSP 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/cumulus). Using the response
curve of the preliminary snow/cloud sensor and assigning a value of total radiance

less than 5 X 105 W cm- 2 lsr to define black, the snow/cloud discrimination re-

sults on the aircraft-measured spectra are as follows: snow 48/56 or 86 percent
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 W cm 2  and white,
greater than 1. 75 X 10-4 W cmn-2sr-1 The results are shown in Table 8.

Table 8. Three-Way Thresholding

TotalS~Radia ce
(W cm-5sr- -)

(<5 X 10 -5) (5 x 10-l5-.75X 10- 4 (>1.75 X 10-4

Color: Black Gray White

Snow 48 (8676) 8 (14%) 0 (0%)

Cirrus 8 (25%) 16 (50%) 8 (25%)

Cumulus 3 (8%) 17 (47%) 16 (44%)

"7 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 Radionieter

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
-1

the spectral radiance for cirrus in the 5500 to 5825 cm interval is positive-small

(less than a factor of 2. 5). whereas for snow and cumulus it is positive-targe (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 cm-1 interval is negative, whereas it is positive for

cumulus backgrounds. This feature shoulo allow one to discriminate between snow

and cumulus.

The three-detector, near-IR radiometer could be designed as follows: Detector
-I

No. 1 should sense the reflectance in the 5500 to 5615 cm spectral band- Detector

No. 2 in the 5715 to 5825 cm- spectral band, and Detector No. 3 in the 6060 to
-I

6125 cm spectrnl 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 ia, 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 addiLion, 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!

cumulus discrimination results are as follows: cirrus, 31/32or 97 percent correct;

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

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

ment described in Section 3. 1

5.3 Multiapectral Radiometer

A multispectral radiometer operating in the spectral interval of from 5625 to

6450 co" 1 with a spectral resolution of 15 to 20 cm- 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.

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; dnd cLumlus, 33/36 or 92 pcrcent 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

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

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

rate from this type of instrument could be very minimal.

The Radienteter-Imager described in Section 3. 1 should be adequate for snow/
cloud discrimination. Hlowever, when the attempt is made to discrininate cirrus

from cumulus, it may be difficult. It would probably require a variable thicesholding

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

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

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

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

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

identify cirrus backgrounds.
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Appendix A

Minion Parameters

A number of relevant parameters are listed for each snow (Table AI). cirrus

(Table A2), and cumulus (Table A3) background run performed in September 1976

and 1977. The information for each heading follows:

Spectra No. - Reference number used in main text

Mission No. - Reference number for mission identification

Run - Reference number for run identification

Date - Day, month. year

Time - Universal time. hours and minutes

Lat N - North latitude, decimal degrees

Long W - West longitude, decimal degrees

Solar Az - Solar azimuth, true bearing, decimal degrees

Solar El - Solar elevation, decimal degrees

Alt T - True altitudes of aircraft, feet

lRemarks - Information relative to location, height, and texture
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Spectral Radiance Normalized and Ratios
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