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1. INTRODUCTION:

The documentation for this data set was originally on paper, kept in NSSDC's

Data Set Catalogs (DSCs). The paper documentation in the Data Set Catalogs have been
made into digital images, and then collected into a single PDF file for each Data Set
Catalog. The inventory information in these DSCs is current as of July 1, 2004. This
inventory information is now no longer maintained in the DSCs, but is now managed in
the inventory part of the NSSDC information system. The information existing in the
DSCs is now not needed for locating the data files, but we did not remove that inventory
information.

The offline tape datasets have now been migrated from the original magnetic tape to
Archival Information Packages (AIP’s).

A prior restoration may have been done on data sets, if a requestor of this data set has
questions; they should send an inquiry to the request office to see if additional
information exists.



2. ERRATA/CHANGE LOG:

NOTE: Changes are made in a text box, and will show up that way when displayed on
screen with a PDF reader.

When printing, special settings may be required to make the text box appear on the
printed output.

Version Date Person Page Description of Change

01

02



3 LINKS TO RELEVANT INFORMATION IN THE ONLINE NSSDC
INFORMATION SYSTEM:

http://nssdc.gsfc.nasa.gov/nmc/

[NOTE: This link will take you to the main page of the NSSDC Master Catalog. There
you will be able to perform searches to find additional information]

4. CATALOG MATERIALS:
a. Associated Documents To find associated documents you will need to

know the document ID number and then click here.
http://nssdcftp.gsfc.nasa.gov/miscellaneous/documents/

b. Core Catalog Materials


http://nssdc.gsfc.nasa.gov/nmc/
http://nssdcftp.gsfc.nasa.gov/miscellaneous/documents/
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REQ. AGENT RAND # ACQ. AGENT
DAD V0014 RNH

T e
L

SAGE
METEROLOGICAL, EPHEM, RAW DATA ARCH

FA

h 79-013A-014A

This data set catalog consists of 233 data tapes. The tapes are
9 track, 1600 BPI, binary and multi-filed. The tapes were created on
a CBC computer. Time spans and number of files are as follows:

Dt . FILES TIME SPAN
D-42920" 117 03/05/79 - 03/08/79
D-42921 94 03/09/79 - 03/12/79 |
D-42922 81 03/13/79 - 03/16/79
D-42923 118 03/17/79 - 03/20/79 |
/ D-42924 108 03/25/79 - 03/28/79
D-42926 112 04/01/79 ~ 04/04/79
D-42927 121 04/05/79 - 04/08/79
D-42928 111 04/09/79 - 04/12/79
D-42929 119 04/13/79 - 04/16/79
D-42930 119 04/17/79 - 04/20/79
é%@ D-42931 119 04/21/79 - 04/24/79
L D-42932 119 04/25/79 - 04/28/79
D-42934 73 05/24/79 - 05/29 79
D-42935 89 05/29/79 - 05/31/79
D-42936 119 06/01/79 - 06/04/79
D-42937 118 06/05/79 - 06/08/79
D-42938 82 06/09/79 - 06/13/79
D-42939 34 06/19/79 - 06/28/79
D-42940 38 07/01/79 - 07/04/79
D~-42941 36 07/15/79 - 07/18/79
D-42942 46 07/19/79 - 07/22/79
D-42943 37 : 07/23/79 - 07/25/79
D-42944 36 08/02/79 - 08/06/79
D-42945 53 08/06/79 - 08/09/79
D-42946 57 08/10/79 - 08/13/79
D-42947 54 08/15/79 - 08/17/79
D-42948 37 08/18/79 - 08/21/%9
D-42949 56 08/22/79 ~ 08/25/79
D-42950 50 08/26/79 - 08/29/79
D-42951 30 08/30/79 ~ 08/431/79
D-42952 35 09/13/79 - 09/17/79
D-42953 43 09/18/79 - 09/26/79
D-42954 49 09/27/79 - 09/30/79
D-42955 56 10/01/79 - 10/04/79
. D-42956 42 10/05/79 - 10/08/79
P D-42957 39 10/09/79 - 10/12/79

. 42958 42 10/13/79 - 10/16/79
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D-42959
D-42960
D-42961
D-42962
D-42963
D-42964
D-42965
D-42966
D-42967
D-42968
D-46070
D~46071
D-46072
D-46073
D~46074
D-46075
D-46076
D-46077
D-46078
D-46084
D-46080
D-46081
D-46082
D-46083
D-46079
D-46085
D-46086
D-46087
D~46088
D-46089
D~46090
D-46091
D-46092
D-46093
D-46094
D~46641
D-46642
D-46643
D~46644
D-46645
D-46646
D-46647
D-46648
D-46649
D-46650
D-46651
D~46652
D-46653
D-46654
D~46655
D-46656
D-46657
D~46658

D-46659 ¢

D-46660

38
39
26
59
60
30
52
58
59
58
97
113
117
115
84
59
119
117
119
113
46
82
15
30

52
58
52
26
22
27
57
59
49
42
51
55
53
16
22
45
60
59
59
59
59
60
60
14
58
60
53
59
59
44

10/17/79
10/21/79
10/26/79
11/21/79
11/25/79
11/29/79
12/05/79
12/09/79
12/13/79
12/17/79
02/21/79
02/25/79
03/01/79
03/21/79
03/29/79
04/29/79
05/01/79
05/05/79
05/09/79
05/13/79
05/16/79
06/09/79
06/29/79
07/05/79
07/10/79
09/01/79
09/05/79
09/09/79
10/30/79
11/01/79
11/05/79
12/01/79
12/21/79
12/25/79
12/29/79
01/01/80
01/05/80
01/09/80
01/13/80
01/27/80
01/29 80
02/01/80
02/05/80
02/09/80
02/13/80
02/17/80
02/21/80
02/25/80
02/29/80
03/01/80
03/05/80
03/09/80
03/13/80
03/17/80
03/21/80

10/20/79
10/25/79
10/29/79
11/24/779
11/28/79
11/30/79
12/08/79
12/12/79
12/16/79
12/20/79
02/24/79
02/28/79
03/04/79
03/24/79
03/31/79
04/30/79
05/04/79
05/08/79
05/12/79
05/16/79
05/17/79
06/13/79
06/30/79
07/09/79

07/14/79 .~

09/04/79
09/08/79
09/12/79
10/31/79
11/04/79
11/20/79
12/04/79
12/24/79
12/28/79
12/31/79
01/04/80
01/08/80
01/12/80
01/14/80
01/28/80
01/31/80
02/04/80
02/08/80
02/12/80
02/16/80
02/20/80
02/24/80
02/28/80

03/04/80
03/08/80
03/13/80
03/16/80
03/20/80
03/24/80
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D-46661
D-46662
D-46663
D-46664
D~46665
D-46666
D-46667
D-46668
D~46669
D-46670
D-46671
D~46672
D-46673
D~46674
D-46675
D-46676
D-46677
D-46678
D-46679
D-46680
D-46681
D~46682
D-46683
D-46684
D-46685
D-46686
D-46687
D~-46688
D~-46689
D-46690
D-46691
D-46692
D-46693
D-46694
D~46695
b-46696
D-46697
D~46698
D-46699
D-46700
D=-46701
D-46702
D-46703
D-46704
D-46705
D-46706
D-46707
D-46708
D-46709
D-46710
D-46711
D-46712
D-46713
D~46714
D-46715
D-46716

39
59
59
60
60
38
44

60
60
58
45
56
59
60
60
60
59
59
30
61
45
60
60
45
59
60
60
60
60
60
60
45
59
60
59
53
60
60
60
29
60
58
56
59
59
15
60
60
60
60
59
60
50
27

60

03/25/80
04/08/80
04/11/80
04/15/80
04/19/80
04/23/80
04/27/80
05/09/80
05/13/80
05/17/80
05/21/80
05/25/80
05/29/80
06/01/80
06/05/80
06/09/80
06/13/80
06/17/80
06/21/80
06/25/80
06/29/80
07/01/80
07/05/80
07/21/80
07/25/80
07/29/80
08/01/80
08/05/80
08/09/80
08/13/80
08/17/80
08/21/80
08/25/80
08/29/80
09/01/80
09/05/80
09/09/80
09/13/80
09/17/80
09/21/80
09/25/80
09/29/80
10/01/80
10/05/80
10/09/80
10/13/80
10/17/80
10/31/80
11/01/80
11/05/80
11/09/80
11/13/80
11/17/80
11/21/80
11/25/80
11/29/80

04/10/80
04/14/780
04/18/80
04/22/80
04/26/80
04/29/80
05/12/80
05/16/80
05/20/80
05/24/80
05/28/80
05/31/80
06/04/80
06/08/80
06/12/80
06/16/80
06/20/80
06/24/80
06/28/80

- 06/30/80

07/04/80
07/20/80
07/24/80
07/28/80
07/31/80
08/04/80
08/08/80
08/12/80
08/16/80
08/20/80
08/24/80
08/28/80
09/01/80
09/04/80
09/08/80
09/12/80
09/16/80
09/20/890
09/24/80
09/28/80
09/30/80
10/04/80
10/08/80
10/12/80
10/17/80
10/20/80

11/04/80
11/08/80
11/12/80
11/16/80
11/20/80
11/24/80
11/28/80
11/30/80



D-46717
D-46718
D-46719
D-46720
D=46721
D-46722
D-58566
D~-58567
D-58568
D-58569
D-58570
b-58571
D-58572
D-58573
D-58574
D~-58575
D-58576
D-58577
D-58578
D-58579
D-58580
D-58581
D-58582
D~58583

D-58584.

D-58585
D-58586
D-58587
D-58588
D-58589
D-58590
D~58591
D-58592
D~-58593
D-58594
D-58595
D-58596
D~58597
D-58598
D-58599
D-58600
D-58601
D-58602
D-58603
D-58604
D-58605
D=58606
D-58607
D-58608
D~-58609
D-58610
D-58611
D~58612
D~-58613
D-58614

59
59
56
60
57
58
57
60
60
60
60
45
59
57
60
60
60
55
58
56
25
43
60
60
45
60
60
53
60
60
30
60
51
58
58
59
58
58
11
60
59
73
15
60
75
75
55
51
56
60
12
58
50

19

12/01/80
12/05/80
12/09/80
12/13/80
12/17/80
12/21/80
01/09/81
01/13/81
01/17/80
01/21/81
01/25/81
01/29/81
02/01/81
02/05/81
02/09/81
02/13/81
02/17/81
02/21/81
02/25/81
03/01/81

03/05/81 -

03/17/81
03/21/81
03/25/81
03/29/81
04/01/81
04/05/81
04/09/81
04/21/81
04/25/81
04/29/81
05/01/81
05/05/81
05/09/81
05/13/81
05/17/81
05/21/81
05/25/81
05/29/81
06/05/81
06/09/81
06/13/81
06/30/81
07/01/81
07/05/81
07/10/81
07/15/81
07/19/81
07/23/81
07/27/81
07/31/81
08/01/81
08/05/81
08/09/81
08/15/81

12/04/80
12/08/80
12/12/80
12/16/80
12/20/80
12/24/80
01/12/81
01/16/81
01/20/81
01/24/81
01/28/81
01/31/81
02/05/81
02/08/81
02/12/81
02/16/81
02/20/81
02/24/781
02/28/81
03/04/81
03/06/81
03/20/81
03/24/81
03/28/81
03/31/81
04/04/81
04/08/81
04/12/81
04/24/81
04/28/81
04/30/81
05/04/81
05/08/81
05/12/81
05/16/81
05/20/81°
05/24/81
05/28/81
05/30/81
06/08/81
06/12/81
06/30/81

07/04/81
07/06/81
07/14/81
07/18/81
07/22/81
07/26/81
07/30/81

08/04/81
08/09/81
08/10/81
08/16/81
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D-58615
D-58616

D-58617;

D-58618
b~58619
D-58620
D-58621
D-58622
D-58623
D-58624
D-58625
D-58626
D-58627
D-58628
D-58629
D~58630
D-58631
D-58632
D-58633
D-58634
D-58635
D-58636
D-58637

60
60
42
15
60
59
60
59
60
60
30
14

57
60
59
60
45
57
58
58
59
27

08/17/81
08/21/81
08/25/81
09/04/81
09/05/81
09/09/81
09/13/81
09/17/81
09/21/81
09/25/81
09/29/21
10/01/81
10/12/81
10/13/81
10/17/81
10/21/81
10/25/81
10/29/81
11/01/81
11/05/81
11/09/81
11/13/81
11/17/81

08/20/81
08/24/81
08/27/81

09/08/81
09/12/81
09/16/81
09/20/81
09/24/81

- 09/28/81

09/30/81
10/04/81

10/16/81
10/20/81
10/24/81
10/28/81
10/31/81
11/04/81
11/08/81
11/12/81
11/16/81
11/18/81
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MERDAT TAPE CHARACTERIT “f‘ICS

AND DATA ORGANIZATION

This data is on 9-track, 1600 CPI, unlabled magnetic tapa
in fixed length 616 CDC word (60 RIT) binary records. Each SACH
event is comprised of one record of Meteorological and Epheneris
data (combined) plus ten or more consecutive four second telemat XYy
data records followed by an end-of-file mark. The last event will
be followed by two end-of-file marks or end of tape. The numbor
of records and number of events will vary. There will b2 no
padding of missing telemetry data, however, MET and/or EPIHBEMERTS

data dropout will result in zero fill of the appropriate words in

record 1 of cach file.



- e HERDAT GROSS PORMAT

EVENT 1
MEY clnﬂ LPHR?I. DATA

‘‘‘‘‘ B T I\Cv

EVENT 1
'li, LEMETRY DATA 1

e ERG

-
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-

'EVENT 1
TELEMETRY DATA N
- "EOF_1

BVvENT 2
MET and EPNL’I DATA
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EVENT 2
T 3‘§ZJTRX DATA .'I.

e IRG.
Lvrwm 2
TELEMETRY DATA 2

o EBOFN-L T

EVENT I
MET and IIPHDM. DATA 1

o IRG._
'\71’“\“’) I\;!
MET and EPHEM. DATA 2

'
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14-32
33-51
52-70
71-89

80-108

MERDAT MET AND BPUEMERIS

DETALL DESCRIPTION

The first 616 CDC word record in cach file
will contain the following:

BT DATA

DESCRIPTION POl

Satellite Code P2t
Instrument ; &
Year | , . ' X
ronth I

Day 2z
Hour X2
Minute 12
Second 2
Latitude g
Longicoude 2&7
Event UWypo &7
No. -Bvents in Day | E | o g 2
This Event No. in Day ‘ o iz
Tempaerature Deg K or $899. ' Real
Tem;. Lrror Deg XK oxr 299. Leal
Altitude in Meters ox ©29999. Real

. 3 ' §
Density g/m~ or 99939, , : Roal

Density Error

The first 18
levels in millibars: pun
lOOO,850,700,500,400,300,250,200,150,10 ,70,50,30,
10,5,2,1,0.4 -

The 19th value is derived at the variable tropopausae
pressure.
4



CDC

Word #

109
110
111
112

113

KN
}—J
[0}

417--51
616

192}

MERDAT MET AND EPHEMERIS DETAIL
DESCRIPTION (cont.)

EPHEMERIS DATA

Description (All CDC Floating Point Words)

Date of 1st EPH point (YYMMDD.O)
No. days since Jan. 0 of year (DDD.O)
Seconds of Day (SSSSS.S)

Time interval between Eph. points (seconds)

X [ Position (DUL)

) d

14 Vector (DUL)

7, \ 1 (DUL)

VX [ Velocity (DUL/DUT)
VY { Vector (DUL/DUT)
Va { 1 (DUL/DUT)

49 Additional vector component sets like 113-118

Time of 1lst Eph. point in this record (DUT)

Time interval between Eph. poihts (DUT)

Epoch time (centidays since 0 Hr. Sept. 18, 1957)k(DUT)
Greenwich hour angle at epoch tiﬁe‘(radians)

Repeat of 109-307 for next available Eph. set

Twelve bit one's complement add checksum with end-around carry



SAGE TELEMETRY DATA

DETAILL DESCRIPTION

h

Each physical record contains 4 scconds of SAGE data.
(32 minor frames with Goddard Space I'light Centor GMT tags

and quality cstimate codes.)
Minor Frame Gross Format (1 MF = 1152 BITS)

A. Telemetry Minor Frame — See GSFC document (include d)

Data Reduction Notes for Heat Capacity Mapping Mission

(HCMM) and Stratosphere and Aerosol Gas Experimant (SAGE) .

BITS 1-1024
B. A/D FLAGS BITS 1025-1036 (Figure 1)
C. DAY BITS 1037-1045

'MSEC OF DAY BITS 1046-1072
D. TELOPS COUNTERS (Figure 2)
E. TELOPS FLAGS (FIGURE 3)
F. FILL/EDIT FLAGS (FTGURE 4)

G. Twelve bit one's complement add cheoecksun with end—-around

o
oy
b

carxy. (Supplied by LaRC in the last word (616) of each

record and not read from the GSFC SACE Experimenter Ta\e}-




Events contained on MERDAT have been edited for slow

scan guantity only.
MET data missing single mcasurements are f£illed with 9's.
DUL refers to DOD unit of length. 10,000 km = 1 DUL.

DUT refers to DOD unit of time 864 se

LN
[

1%

c = 1 centiday = 1 DUT.
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F5 = BIT sLipPAGE
N

F7 = BIT ERR025 19 Fsiy

A
F9 = A0S FLAG

,M-~M_M

Figure 1

i .
}f F10 = LOs FLAG
F6 = INPUT DATA TERINNATION
— [,__-.._w_._

F& = rrame SYNC NOT RECOGNZE

e e e

} F12 = spane
fo) ” P3g = PARITY ON 35 B1Ts OF T

e et e e

| P2 = PARITY O 27 BITS 045
- -

Analog-to-Digital Flags

e Ao Ay
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Figure 2 {TELOPS Countcrs

ITEM DESCRIPTION

STATE

COUNT OF 1HIPUT FRAMES
FRAME COUNT ERROR
SFARE »

NCONRECTED TELEMETRY MODE WORD
(ONLY IF PIODE VWORD CORRECTED)

T e, L,
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§ Figure 3 TELOPS Preedit Ilags
oo .

eiT
NUMBER DESCRIPTION
{(LTORY
1 DECODING FRAME SUSPECT
2 PARTIAL FRAME (PADOED)
3 MODE ERNONB
4 RODIFIED T RAME
5 FRAME IMMD AFTER DATA GAP
G- FRAME COUNT ERROR
7 SPARE
8 POSITIVE S/C ERROR
9 NEGATIVE S/C ERRCR
10 POSITIVE UTC ERAOR
11 NEGATIVE UTC ERROR
i2 FRAME COUNT JUMP
13 SPARE _
14 POSITIVE S/C JUMP
15 NEGATIVE §/C Jump
16 POSITIVE UTC JUMi
17 NEGATIVE UTC JUMP
18 ILLEGAL UTC FROM G/STA
19 QUESTIONABLE FRAME COUNTER
20 SUSCOM il ERIORK {SYNC)
21 SURCOM til ERRCN [COUNTER)
22 VERIFIED MODE CHANGE
23 FRACTION START |
24 FRIACTION £MND
“5 DATA FOINT CUTSIOE OF FRACTIONS
%5 QUESTIONARLE §/C CLOCK
27 QUESTIONARLE UTC VALUE
28 SPARL
29--32 COUNT FEALIT SYHT BIT FRROKS 8Y PLE.
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Figure 4

Fdit Flag Identification (AEM-B)

DESCRIPTION STATUS i ’E"’r’g U

FRAME LOUNTER VERIFIED 0
FRAME COUNTER COBRECTION 1 !
SPACECRAET CLOCK VERIFIED 0

B SPACECRAFT CLOCK CORRECTION 1 * '
COMMAND CLOCK VESIFIZD 6 T
COMMAND CLOCK cos:t;gcrzom 1 3
COMMAND CLOCK STASL o ] )
COMMAND CLOCK RESET 1 !

T COMMAND REPLICA VERIFIED T Q .
COMMAND REFLICA ERAON 3 v
 ShActcnarTID vemEeD o 1

G

[ e > et e

SPACECRAFT ID CORRECTION

S -

F’?.Sfu‘f'r\i VERFIED

PCM FORMAT CORRECTION

T e e e e

PCM FORMAT CONTINUOUS
- ] a
FCM ECHMAT CHAMGE 1

UTC ACCEPTASBLE

UTC QUESTIORABILLE

UTCINTERPOLATED

10

UTC EXTRAPOLATED 3 7
COMTINUQUS GROUND Tive 0 ‘ "
GRIOUND THAE DISCONTINUITv T N
DAT/A CONTINUOUS ) 0 1 )
LOSS OF FRAME SYNC T - 2
TELEMETRY DATA FHZorrr 0 T M:*mm
FILL DATA PRECE0T 1 3
T GATA QUALITY COOn T,
] 14

SUsSPECT DA"A

SEGMENT INCOALL S
= - SO . . N [ 15
SEGMENT TERMINATION i
AND CLOCK VERIFITD o
S e e H
COMMAND CLOCH u./am:f:r;o 1 *J




Inversion of stratospheric
aerosol and gaseous
constituents from spacecraft
solar extinction data in the

0.38-1.0-um wavelength region

W. P. Chu and M. P. McCormick

a reprint from Applied Optics
volume 18, number 9, May 1, 1979
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Inversion of stratospheric aerosol and gaseous constituents
from spacecraft solar extinction data in the 0.38—-1.0-um
wavelength region

W. P. Chu and M. P. McCormick

Inversion techniques for the retrieval of stratospheric aerosol, ozone, neutral density, and nitrogen dioxide
vertical profiles from numerically simulated spacecraft solar extinction measurements have been analyzed.
The analysis is applied toward the space flight mission of the Stratospheric Aerosol and Gas Experiment
(SAGE), which will be flown on the Applications Explorer Mission B (AEM-B) spacecraft. The instrument
has four radiometric channels located at selected intervals in the 0.38-1.0-um wavelength range. The ex-
pected retrieval accuracies are deterniined from inverting simulated data with various experimental errors
included. The results from this analysis assuming a horizontally homogeneous atmosphere indicate that
aerosol, ozone, and neutral density vertical profiles can be retrieved to an accuracy better than 10% with
about 1-km vertical resolution over most of the stratosphere. The results also show that nitrogen dioxide
can be inverted to an accuracy of about 25% in the 25-38-km altitude range. In addition, the effects of hori-
zontally inhomogeneous distributions of aerosol and ozone on the retrieval accuracies are analyzed based
on a simple inhomogeneous model of the atmosphere and found that there is only a small perturbation on

the inversion accuracies.

Introduction

The minor constituents in the upper atmosphere,
such as aerosols and ozone, have received great attention
in recent years because of concerns over their roles in
affecting the global environment with subsequent al-
teration of activities in the biosphere. With mankind’s
increasing activities in both the stratosphere and tro-
posphere, and naturally occurring events such as vol-
canic eruptions, large changes in stratospheric aerosol
and/or ozone loading could be induced directly or in-
directly through various photochemical reactions. A
realistic assessment of this problem is still not possible
due to the lack of information on the distribution,
chemistry, and dynamics of most of the constituents in
our atmosphere. Global monitoring of ozone has been
carried out by different instruments on-board space-
crafts since the early part of this decade. Monitoring
of stratospheric aerosols will begin with the Nimbus-G
satellite in 1978 using data from Stratospheric Aerosol
Measurement II (SAM II), which will cover the near-
polar high-latitude region of the globe.! Another mis-
sion, the Stratospheric Aerosol and Gas Experiment

The authors are with NASA Langley Research Center, Hampton,
Virginia 23665.
Received 16 June 1978.
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(SAGE), will begin global monitoring of stratospheric
aerosols and ozone with the Application Explorer
Mission-B (AEM-B) satellite in 1979.1

In this paper we shall discuss a possible data retrieval
technique for SAGE. The SAGE instrument has four
radiometric channels centered at 1.0-um, 0.6-um, 0.45
um, and 0.385-um wavelength. The 1.0-um channel is
sensitive primarily to aerosol scattering. The 0.6-um
channel is located at the peak of the ozone Chappius
absorption band for providing an ozone measurement.
The 0.45-um and 0.385-pm channels will provide in-
formation on nitrogen dioxide and aerosol short wave-
length scattering properties. The experimental ap-
proach is solar occultation as viewed from an orbiting
spacecraft. Each radiometric channel has a field of
view (FOV) of 0.5-min of arc. which will provide atmo-
spheric vertical resolution of approximately half km
altitude. The radiometer will track the solar disk
during each sunrise and sunset event in order to produce
atmospheric extinction profiles at the four wavelengths
down to cloud top vertical altitudes or approximately
below 10 km.

The accuracy of the inference of aerosol and other
gaseous constituent vertical distributions from the
SAGE four channel radiometric data depends to a large
extent on the accuracy of the measurement by the in-
strument. The understanding of the measuremental
errors will dictate the proper inversion method to be
used with the experimental data. In this paper, we will
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describe a data reduction procedure for minimization
of experimental errors based on a detailed simulation
of the measurement sequence. An efficient and accu-
rate inversion method will then be used for the retrieval
of all the constituent vertical profiles.

The effects of horizontally inhomogeneous distri-
butions of the constituent vertical profiles are also in-
vestigated based on available data of their global dis-
tributions. A simple horizontally inhomogeneous
model of stratospheric aerosol and ozone will be used
to estimate this perturbation on the retrieval accura-
cies.

Description of the Experiment

The data acquisition mode for the SAGE radiometer
is illustrated in Fig. 1. The two solid lines denote, re-
spectively, the image position of the top and bottom of
the solar disk during a sunset event as viewed from the
spacecraft platform. The gradual shrinking of the
vertical sun shape image is due to atmospheric refrac-
tion. A ray trace technique based on Snell’s law has
been used to compute this effect.2 The left vertical
ordinate denotes relative angle measured from the
spacecraft coordinate system in min of arc, while the
right vertical ordinate denotes the corresponding ver-
tical tangent altitude. The horizontal abscissa denotes
event time in seconds corresponding to a sunset event
in which the sun-satellite vector lies in the spacecraft’s
orbital plane. During a typical data taking sequence,
the radiometer vertically scans the solar disk up and
down with respect to earth’s horizon. This is repre-
sented by the dashed line in the figure. The nominal
scan rate will be 15 min of arc/sec. For a spacecraft
sunrise event, the data taking mode is similar with the
time sequence reversed. The radiometric data from
each channel will be sampled at a rate of 64 samples/sec
and will be digitized to 12 bits.

Simulation of Experimental Data

In order to determine the inversion accuracy for the
SAGE solar extinction experiment, a detailed under-
standing of the various experimental errors and their
effects on the retrieval of atmospheric constituent
profiles will be required. This type of analysis can serve
the purpose of guiding the design of the experiment and
assessing the success of the experimental approach.
There are two types of experimental errors associated
with the SAGE measurement. The first type of error
is the usual random noise associated with each mea-
surement. The second type is the so-called pointing
error, which is uniquely associated with solar extinction
measurements. This error arises from the uncertainty
in assigning to each measurement the viewing direction
of the instrument with respect to both the atmosphere
and the solar position and is caused by several different
factors such as inaccurate spacecraft ephemeris data,
errors in scanning and tracking of the instrument, and
spacecraft drift due to residual angular momentum. To
appreciate the magnitude of this error, let us assume the
spacecraft ephemeris data are off by 1 sec. With the
sun’s vertical motion of about 3-km/sec as viewed from
the spacecraft platform, this will correspond to an al-
titude offset error of 3 km.

The simulation of the experiment is based on the
experimental geometry as illustrated in Fig. 2. The
atmosphere is assumed to be spherically symmetric.
The effects due to a horizontally inhomogeneous at-
mosphere will be considered in a later section. The
radiometer is situated on the circularly orbiting satellite
with velocity V. Each instantaneous view angle 6
measured from V will define a unique tangent altitude
h; for the sun ray. In the inertial frame fixed on the
spacecraft with the sun approximately at infinity, the
instantaneous irradiance H) measured by the instru-
ment at centered wavelength X and time ¢ is given as

Hy(t) = L . L  Fr0.0)8,0.0.0 Ty (0)d0ax, 1)

where F\(6,¢) is the radiometer’s field of view function,
¢ is the azimuthal angle, Q is the solid angle, T',(f) is the
transmission of the atmosphere as a function of view
angle 8, and S, (8,9,t) is the extraterrestrial solar radi-
ance profile for wavelength A. In order to account for
atmospheric refraction effects on the solar radiance
distribution as described in Fig. 1, an atmospheric re-
fracted solar radiance distribution has to be used in Eq.
(1).

Using the Bouguer law, the transmission function
T,(0), with the change of variable from 6 to h;, is given
by

Ty(he) = Exp — [f8a(h)dpa(h)], {2)

where (,(h) is the total extinction coefficient of the
atmosphere vs altitude h for wavelength X, and py(h) is
the sun ray optical pathlength. The integral is evalu-
ated from the spacecraft position through the atmo-
sphere at h; to the sun. For SAGE with spectral
channels located within the spectral range of 0.38-1.0
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um, the total extinction coefficient 8, at each altitude
is composed of contributions from

B = Bno(N) + Bo,(N) + Brno(X) + B (N), (3)

where Bnp(A) is the extinction coefficient at A for neu-
tral atmospheric density (Rayleigh scattering); 8o,(7),
Brnos(N), and B,(X) are, respectively, ozone, nitrogen
dioxide, and aerosol extinction coefficients at wave-
length A. The Rayleigh scattering term is described by
the well-known inverse fourth power law dependence
on wavelength. For the gaseous constituents, ozone and
nitrogen dioxide, the extinction coefficient is equal to
the product of number density and the absorption cross
section at the specific wavelength. The aerosol ex-
tinction coefficient is a function of aerosol size distri-
bution, shape, and index of refraction. For homoge-
neous spherical aerosol particles, the extinction coeffi-
cient is given by the following equation?:

m0)=j:ommMNUMn )

where N(r) is the size distribution function for aerosol
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particles, a(n,r,A) is the extinction cross section at A for
particle with index of refraction n and radius r. The
extinction cross section ¢(n,r,A) can be computed from
Mie theory for homogeneous spherical particles.
Figure 3 shows extinction contributions from each at-
mospheric constituent vs wavelength at an altitude of
18 km. The ozone number density is assumed to be 4
X 1012/em3, NOy number density is assumed to be 3 X
10%/ecm3. Two aerosol extinction models are shown in
the figure corresponding to a background model and a
moderate volcanic model. Both aerosol models are
computed from Rosen’s log normal size distribution
with refractive index of 1.43 corresponding to compo-
sition of 75% H2S0, and 25% H;0.5 The background
model assumes a modal radius ry of 0.0725 yum and a
spread oy of 1.86, while the moderate volcanic model
assumes a modal radius rg of 0.097 um and a spread o,
of 2.02. The total aerosol number density in both
models is assumed to be 10/cm3.

Before proceeding to the simulation of the experi-
mental data, different models of the atmosphere have
to be constructed. We computed the atmospheric
transmission profiles at the four SAGE wavelengths by
dividing the atmosphere into homogeneous spherical
shells of 0.15-km thickness. The optical pathlength
through each layer is computed from the ray trace
method properly taking atmospheric refraction into
account. Different sets of aerosol, ozone, and nitrogen
dioxide vertical profiles are then used to construct
transmission vs tangent altitude profiles at the four
wavelengths. Figure 4 illustrates typical computational
results showing atmospheric transmission vs tangent
altitude profiles at the four wavelengths. The vertical
distribution for each constituent used in computing
these transmission profiles is shown in Fig. 5 in terms
of extinction profiles at a given wavelength. The neu-
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tral density and the ozone extinction profiles are com-
puted from the 1976 Standard Atmosphere.® The ni-
trogen dioxide extinction profile is computed from
Concorde measurements,’ and the aerosol vertical
profile is computed from a typical dustsonde mea-
surement in the 1972 period.® The optical model for
the aerosol used in the calculation is the same as illus-
trated in Fig. 3 for the background aerosol model.

The actual simulation of the experimental data is
derived based on Eq. (1) together with the experimental
sequence as illustrated in Fig. 1. We have assumed that
the spectral bandpass for each radiometric channel is
sufficiently narrow so that a single wavelength repre-
sentation for each channel can be justified. Since the
field of view of the instrument, which is 0.5 min of are,
is much smaller than the angular extent of the solar
disk, we made the approximation of replacing F,(6,¢)
in Eq. (1) with the line spread function of the instru-
ment to calculate the measured irradiance. The line
spread function is determined from instrument speci-
fication for the SAGE experiment.! Pointing errors
associated with the instrument in the form of scan rate
fluctuations are then incorporated into the simulation.
Moreover, for each measured irradiance, random noise
with a fixed maximum magnitude representative of the
worst case instrument errors is added. Each simulated
measurement is then quantized to 12 bits. Figure 6
shows a typical simulated data set for the 1.0-um
channel during a sunset event. The simulation begins
when the suntop is situated at a 92-km tangent altitude.
The solar limb darkening profiles used in all the simu-
lations have been tabulated by Allen.?

Reduction of Measured Data to Transmission Profiles
of the Atmosphere

The reduction of measured data from the SAGE four
radiometric channels, such as those illustrated in Fig.
6, is accomplished through the following procedure.
First, each measured irradiance is related to view angle
with respect to the earth’s atmosphere in terms of tan-
gent altitude and with respect to the solar disk in terms
of position on the limb darkening curve. This rela-
tionship in principle can be established through a cal-
culation with the spacecraft and solar ephemeris data.
Accurate determination of this relationship for all
measured data during a complete sunrise or sunset
event, however, will be difficult due to the atmospheric
refraction effects and the pointing uncertainty of the
instrument. We have developed, therefore, an iterative
method to establish this relationship through a fitting
of the measured sun shapes to the computed sun shapes.
In this method, the function ®(h,), which is the sum of
squares of the time differences between the measured
sun edge crossing time and the computed sun edge
crossing time with reference altitude h,, is mini-
mized.

B(hy) = 5 [l — ALO(R,) — 25t]2 (5)
i=1

1.00
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Fig. 6. Simulated experimental data for solar extinction measure-
ment at 1.0-um wavelength.

where At{™ is the measured sun edge crossing time for
the ith scan, At{' (h,) is the computed sun edge crossing
time for the ith scan with reference altitude h,, and 6t
is the sun edge spreading time which is determined by
the amount of edge smear produced by the imaging
optics and by the intensity threshold level selected for
the definition of sun edge. The iterative process begins
by making an initial guess of the reference altitude h/*
to compute the function $(h,). The following equation
is then used for the update of h,:

REFD = pB) 4 o 5 (g8 — At (h,) — 26¢], (6)
where the superscript % is the iteration number, and ¢
is a positive scaling constant to control the speed of
convergence of the iteration. The absolute magnitude
of ¢ is proportional to the scan rate and is determined
by trial and error. The iteration stops when a minimum
of the function ®(h,) has been located. The iterative
procedure described above has been applied to simu-
lated experimental data with a range of pointing error,
and the iteration always converges to within 0.2 km of
the true reference altitude in about ten iterations.

The second step in the data reduction procedure is
to utilize the self-calibrating property of this type of
measurement by making the first few high-altitude
scans of the solar disk where the atmospheric extinction
is assumed to be zero as the extraterrestrial solar limb
darkening profiles. Atmospheric transmittance values
for each subsequent measured irradiance are then de-
termined by forming the ratio with the calibrated limb
profile at the proper solar limb position. This generates
a large number of transmittance values for each wave-
length at different tangent altitudes. In order to fa-
cilitate the inversion and to minimize the random noise
effect, the transmission data are grouped into prede-
termined altitude steps. The arithmetic mean of the
transmittance values within each altitude step is then
taken as the representative average transmittance for
the particular layer. In this study, we have divided the
atmosphere into 80 homogeneous layers from 10 km to
50 km with thickness of 0.5 km. The improvement in
the signal-to-noise level based on this averaging process
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can be demonstrated with simulated events as illus-
trated in Fig. 7 where the sunset event of Fig. 6 is used.
Instrumental errors of 0.5% random noise on each
measurement and 0.5-min of arc/sec scan rate error were
introduced into the simulation sequence. These sim-
ulated irradiance data are then reduced by first estab-
lishing a best fit reference altitude from the sun shape
measurements. Subsequently, all irradiance data are
normalized to the first scan limb profile to determine
the atmospheric transmittance values. Figure 7(A)
shows the percentage error associated with the reduced
transmittance from each measurement as a function of
tangent altitude for the 1.0-um wavelength channel.
Figure 7(B) shows the percentage error associated with
the mean transmittance values after averaging the re-
duced transmittance values within each 0.5-km altitude
step. Generally, a significant improvement of signal-
to-noise level can be achieved through this simple re-
duction process.

Inversion of Transmission Profile to Extinction Profile
for each Constituent

The inversion of the mean transmittance profiles at
the four wavelengths to extinction profile for each
constituent is based on inverting the integral equation
as described by Eq. (2). Rewriting Eq. (2) in terms of
optical thickness 7(h;), where 75(h;) = In[1/T\(h,)],
we have

ralhe) = fB8ah)dpath). (7)

The integral can be approximated with a sum over
N discrete atmospheric layers with each layer having
an averaged extinction coefficient 8 ;(\). Equation (7)
can then be replaced by a system of linear equations

(A = % B; (M pij
J=i

where p;; is the sunray’s pathlength in the jth layer with
its tangent height at the ith layer, and 8;()) is the av-
eraged atmospheric extinction coefficient for the jth
layer at wavelength X. 8;(A) can be separated into
contributions from each constitutent as described by
Eq. (3). Combining Egs. (8) and (3), we have

fori=12,...m, (8)

N
7N = 2 pii () + Boy (M) + Bnoy(M) + BaM)}; (9)
j=i

fori =1.2,...m.

Equation (9) describes four coupled systems of linear
equations corresponding to the 1.0 um, 0.6-um, 0.45-um,
and 0.385-um SAGE wavelength measurements. Due
to the constraint on the number of wavelength mea-
surements available from the instrument, it is only
possible to retrieve a maximum of four independent sets
of vertical constituent profiles. It is well known that
nitrogen dioxide distribution in the atmosphere peaks
at 30 km, while aerosol peaks at 15-20 km with negli-
gible contribution above 25 km. To make full use of the
spatial separation of aerosol and NO, vertical distri-
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butions in the atmosphere, we are inverting the NOg
vertical profile above 25 km while inverting a two pa-
rameter model for the aerosol layer below 25 km.

There are two approaches for the inversion of mul-
tiwavelength transmittance profiles into extinction
profiles for each contributing constituent. The first
approach is based on two successive steps of inversion,10
In the first step, Eq. (8) is inverted independently at
each wavelength channel to give total extinction coef-
ficients vs tangent altitude profiles. Then in the second
step, the inverted total extinction coefficients for all
wavelength channels are used at each altitude to invert
the contribution from each constituent. The inversion
stops when the complete altitude range has been cov-
ered. There are inherent difficulties associated with
this type of inversion approach. First, the input to the
second inversion step is by itself an inverted quantity.
Estimating the uncertainty associated with this input
for the second inversion process would be difficult, and
either an overestimation or underestimation on this
uncertainty is undesirable and will affect the final in-
version results. Second, this approach does not provide
enough flexibility to incorporate a vertical smoothing
constraint on the retrieved constituent profiles.

The second approach is a direct one-step inversion
from the multiwavelength transmittance profiles to
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each constituent vertical profile. We have developed
this inversion approach based on the consideration that
each wavelength channel is most sensitive selectively
to an individual constituent. Figure 8 illustrates this
point by showing the ratio profiles of 8,/8tota1 at 1.0 um,
Boy/Btotar at 0.6 um, Bnp/Brotal at 0.385 um, Ba/Botal at
0.45 pm, and Bno,/Biotar at 0.45 um. The atmospheric
model used in Fig. 8 is the same as illustrated in Fig. 5.
It is obvious that the contributions by aerosol, ozone,
and neutral density are heavily weighted at the 1.0-ym,
0.6-um, and 0.385-um wavelengths, respectively, with
a variable contribution from nitrogen dioxide and
aerosol at the 0.45-um wavelength. This consideration
leads us to formulate an iterative approach in which
each constituent is inverted at the wavelength channel
which is most sensitive to its contribution. A set of
initial-guess constituent profiles is first selected. The
inversion process begins, for example, at the 1.0-um
wavelength channel by computing the initial aerosol
optical thickness 7 at 1.0 um:

N
ol =10 = L p; (8% + 88 + 8%l (10)
i=i .

where 7[" is the measured total optical depth at 1.0 um,
B, BYY, and B, are, respectively, the initial-guess
profile for neutral density, ozone, and NOy. The first
update of the aerosol extinction profile g’ at 1.0 um is
then inverted from the following equation:

N
W0 =3 pijBaj- (11)
I=1

In this study, Eq. (11) is inverted with Twomey’s
modification of Chahine’s nonlinear relaxation meth-
od.!! The iterative equation in this case

)]
Tai

i
BY =@ {1+ | —F— 1] 23], (12)

N pii
0,
¥ piBY
j=i

where 8 is the initial-guess profile for aerosol extinc-

tion at 1.0 um. The absolute value sign in Eq. (12) is to
insure a positive solution. Each 7% value is used to
update the aerosol extinction 8% at the j-level con-
nected by the matrix element p;;. The matrix p;; is
sharply peaked at the diagonal and slowly decreasing
toward the off-diagonal elements. It is found that by
truncating the weighting factor p;;/p;; to levels close to
the diagonal insures the stability of the inversion. This
will at the same time provide sufficient smoothing on
the retrieved vertical profile. In this work, the
weighting factor p;j/p;; is truncated at 4 km above the
diagonal element. After the first updated aerosol
profile has been obtained, the inversion process pro-
ceeds on to the 0.6-um wavelength. An updated ozone
profile can be calculated with Eq. (12) using the first
updated aerosol profile together with the initial profiles
for other constituents. The process is continued at 0.45
um and then at the 0.385-um wavelength. A complete
set of updated constituent profiles is obtained in this
manner. The inversion process then repeats itself
starting at the 1.0-um wavelength. This iterative cycle
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will continue until a certain convergence criterion has
been met. We have used a convergence criterion based
on the absolute value of the residual between the com-
puted transmittance value and the measurement at each
atmospheric level to be less than or equal to the stan-
dard deviation associated with the mean transmittance
value deduced from the radiometric data. After the
convergence criterion is satisfied for all the atmospheric
levels in each wavelength channel, the iteration stops.
It is found that the inverted solutions show no depen-
dence on the initial-guess profiles, however, the speed
of convergence does depend on how closely the shape
of the initial guesses and the actual profiles corre-
spond.

Inversion Results for a Horizontally Homogeneous
Atmosphere

The data reduction scheme and the inversion ap-
proach described above have been applied to simulated
experimental data assuming various amounts of ex-
perimental error. Figure 9 shows a set of typical in-
version results for each constituent extinction profile.
The input profiles which are identical to those shown
in Fig. 5 are denoted by solid lines, The background
aerosol model illustrated in Fig. 3 has been assumed.
Experimental errors consisting of a random noise of
0.5% and scan rate error of 0.5 min of arc/sec have been
included in the simulation process. These error levels
correspond to twice the worst-case expected perfor-
mance of the SAGE instrument. Ten independent
simulations, reductions, and inversions have been per-
formed on the same input profiles. The bars represent
one standard deviation in the inverted mean profiles for
the ten simulations. In the inversion calculations, a
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linear relationship between aerosol extinction coeffi-
cient and wavelength has been assumed. This as-
sumption is not strictly correct, but the errors intro-
duced in the retrieval of ozone and neutral density
profiles are sufficiently small due to the small aerosol
contributions in the 0.6-um and the 0.385-um wave-
length regions. The inversion results indicated that a
vertical ozone extinction profile at 0.6 um can be re-
trieved to an accuracy of about 10% between 12 km and
49 km with better accuracy at the peak of the profile.
The neutral density vertical profile can be retrieved to
a few percent accuracy from 10 km to approximately 40
km. Aerosol vertical extinction profiles at 1.0 um and
0.45 un can be retrieved to about 10% accuracy between
13 km and 24 km, extending over the full altitude range
of the stratospheric aerosol layer. Nitrogen dioxide
vertical extinction profile at 0.45 um can be retrieved
to an accuracy of about 25% between 25 km and 38 km.
The vertical resolution achievable is approximatly 1 km.
The accuracy of retrieving Oz, NO,, and ND above 40
km can be improved by increasing the altitude interval
over which the data are averaged with, of course, a
concomitant loss of vertical resolution. Simulations
and inversions have also been performed on different
sets of input profiles. For input ozone profiles showing
fine-scale vertical structures, the inversion results show
similar retrieval accuracy over the altitude range from
12 km to 42 km. For different input aerosol profiles
ranging from moderate volcanic profiles with a corre-
sponding aerosol optical model to background-level
profiles showing extinction peaks at various altitudes
between 14 km and 22 km corresponding to profiles
observed at different latitude regions on the globe, the

inversion results at 1.0 um and 0.45 pm generally show
about 10% accuracy over the full altitude range of the
aerosol layer. For nitrogen dioxide input profiles
showing a high level of concentration such as those re-
ported by Brewer,!? a small bias error within the alti-
tude range from 10 km to 20 km could be introduced in
the retrioeved ozone profile and aerosol profile at 0.45
pm. This bias error arises from neglecting the nitrogen
dioxide contribution within this altitude region and,
therefore, can be minimized by including a mean NOg
profile at this region in the inversion.

Effects of Horizontally inhomogeneous Aerosol and
Ozone Distributions

The assumption of spherically symmetric geometry
in our modeling of the atmospheric parameters for the
solar extinction measurements is only an approxima-
tion. Vertical distributions of atmospheric variables
over different latitudes or longitudes on the globe gen-
erally show variations due to atmospheric dynamical
and chemical effects. Since the inversion method dis-
cussed here implicitly assumed a spherically symmetric
atmosphere, effects due to horizontally inhomogeneous
distributions of the atmospheric constituents can be
considered as a source of error for the inversion process.
In this section, the data retrieval method that was dis-
cussed previously will be applied to a simple horizon-
tally inhomogeneous atmospheric model in order to
assess this type of perturbation on the retrieval ac-
curacies.

The four atmospheric constituents—neutral density,
aerosol, ozone, and nitrogen dioxide—all show certain
degrees of horizontal inhomogeneity. Variations of
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Inversion results from the four wavelength solar extinetion data. Error bars denote one standard deviation from the mean of ten in-
dependent simulations and inversions.
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atmospheric vertical density profiles are generally small
over the approximate 300-km horizontal pathlength for
SAGE. Aerosol spatial distributions can be more
variable, especially during the period of initial volcanic
injection and dispersion. Lidar measurements of
stratospheric aerosol vertical profiles have shown that
during the first 3 months after a large volcanic eruption
whose effluents penetrate the stratosphere, that large
variations in aerosol vertical distribution were consis-
tently observed. Subsequently, a quasi-steady-state
distribution is reached showing a rather smooth vertical
profile which persists for a long period of time.!3 Lidar
data have also shown horizontal homogeneity over
hundreds of kilometers during these times which are
representative of the normal background aerosol. No
observational data currently exist on the horizontal
distribution of stratospheric aerosol during the initial
dispersion phase (first 3 months) after a volcanic in-
jection event. Global aerosol and ozone distribution
data at different seasons have been obtained from both
balloon and satellite measurements.1415 No observa-
tional data currently exist on the global distribution of
nitrogen dioxide. Extinction contributions from ni-
trogen dioxide in the visible spectrum are usually small,
however, and the horizontal variation will be neglected
in this analysis. In our modeling of the inhomogeneous
atmosphere, therefore, we will only consider the hori-
zontally inhomogeneous distributions of aerosol and
ozone.

The vertical distribution of aerosol and ozone will be
described in terms of mixing ratios profiles M(h,x),
where h is the vertical altitude and x is measured along
the horizon in earth-center-degree (equivalent to degree
latitude or longitude). The mixing ratio profile is
considered here because it is this quantity which is
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conserved in atmospheric transport processes that do
not involve mixing. Moreover, aerosol vertical mixing
ratio profiles near polar and equatorial regions have
been observed to vary as a simple shift in altitude with
respect to tropopause height.1* We model the hori-
zontal inhomogeneity of aerosol and ozone distributions
by assuming that the constant mixing ratio levels are all
parallel lines with a horizontal gradient K = dh/dx. To
extend this assumption over the entire altitude range
of the stratosphere would be a worst case consideration.
The horizontal variations of the mixing ratio profile
M(h,x) in this case are described by the following
equation:

Mth,x) = Mh + K(x — xg), xo}, (13)

where xg is the horizontal tangent coordinate of the
experimental geometry, and M(h,x() is the vertical
mixing ratio profile at xo. Typical values of K deduced
from inspection of latitudinal cross-sectional charts for
both aerosol and ozone distributions vary from 0.2 km
per degree lattitude near polar and equatorial regions
to a maximum of 1.0 km per degree latitude at midla-
titudes near the jet stream region.14:15

In order to analyze the difference between a hori-
zontally inhomogeneous and homogeneous atmospheric
model,- the atmospheric transmission profiles at dif-
ferent wavelengths for the two models are computed.
Figure 10(a) shows the percentage difference between
the two calculated transmission profiles at wavelengths
of 1.0 pm and 0.6 um. The vertical profiles for each
constituent are the same as those shown in Fig. 5, and
they are identical at the horizontal tangent coordinate
xo for the two models. For the horizontally inhomog-
neous model, the aerosol and ozone mixing ratio profiles
were computed directly as 8,/8xp and Bo,/Bnp, Te-
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spectively, with K equal to 1.0 km per degree angle for
both profiles. The resultant differences of the two
transmission profiles which are equivalent to a “noise”
term added in the inversion are either less than or equal
to the total instrumental noise level as shown in Fig. 7.
By including this level of modeling noise in the simu-
lation, one can conclude that the inversion results
should not be perturbed to a large extent. This con-
clusion is confirmed by the inversion results for aerosol
at 1.0 um and ozone at 0.6 um as illustrated in Figs. 10(b)
and 10(c), respectively. As for Fig. 9, ten independent
simulations, reductions, and inversions have been per-
formed on the horizontally inhomogeneous atmospheric
model including the same level of experimental errors
as discussed previously. The inverted results denoted
by error bars of one standard deviation are shown su-
perimposed on the input profiles (solid lines) at the
tangent coordinate. Comparison with Fig. 9 shows that
the perturbation on invarsion accuracies due to hori-
zontal inhomogeneity is small. Inverted results for
neutral density, nitrogen dioxide, and aerosol extinction
at 0.45 um are also similar to the results shown in Fig.
9. Additional analysis with K values less than 1.0 km
per degree produced proportionally smaller differ-
ences.

Effects of a horizontally inhomogeneous atmosphere
with aerosol and ozone profiles showing more vertical
structure have also been analyzed. Typical results are
illustrated in Fig. 11. A moderate volcanic aerosol
profile!® and an ozone profile with additional vertical
structure were used as inputs in the simulations with K
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equal to 1.0 km per degree. The accuracies of the in-
version results are approximately the same as those il-
lustrated in Fig. 9 and 10.

Conclusions

This paper has demonstrated that simulated solar
occultation data from the four channel SAGE instru-
ment can be inverted to produce aerosol, ozone, neutral
density, and nitrogen dioxide vertical extinction profiles
in the stratosphere. A data reduction scheme has been
developed to reduce the multiwavelength radiometric
data into atmospheric transmittance profiles. An it-
erative inversion approach is then used to retrieve all
the constituent vertical profiles directly from the mul-
tiwavelength transmittance profiles with the assump-
tion of a horizontally homogeneous atmosphere. Based
on simulations of the experimental events including
various instrumental error sources and 1-km height
resolution it is found that ozone vertical extinction
profiles between 12 km and 42 km can be retrieved to
an accuracy of about 10% with much better accuracy at
the ozone peak, neutral density profiles can be retrieved
to a few percent accuracy up to about 40 km, aerosol
extinction profiles at 1.0 um and 0.45 pym can be re-
trieved to about 10% accuracy over the full altitude
range of the stratospheric aerosol layer, and nitrogen
dioxide extinction profiles at 0.45 um can be retrieved
to about 25% accuracy from 25 km to 38 km. Accuracies
above 40 km can be improved by vertical smoothing, i.e.,
averaging over larger height intervals.

The effects of horizontally inhomogeneous distri-
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butions of aerosol and ozone on the retrieval accuracies
have also been analyzed. A simple one parameter
model describing the horizontal variations of aerosol
and ozone profiles was constructed based on global
observational data. Inversion results obtained from the
inhomogeneous atmospheric model indicate that the
perturbation on the retrieval accuracies is small for a
greater than typical amount of horizontal inhomo-
geneity exhibited in the atmosphere.

The authors thank T. J. Swissler and the SAGE Team
comprised of R. A. Craig, D. M. Cunnold, G. W. Grams,
B. M. Herman, D. E. Miller, D. G. Murcray, T. J. Pepin,
W. G. Planet, and P. B. Russell for their many discus-
sions concerning the development of this inversion
technique.
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ABSTRACT:

The objective of the Stratospheric Aerosol and Gas Experiment (SAGE) is to deter-
mine the spatial distribution of stratospheric aerosols and ozone on a global scale. -
Specific objectives are -- (1) to develop a satellite-based remote sensing technique
for stratospheric aerosols and ozone, (2) to map aerosol and ozone concentrations on
a time scale shorter than major stratospheric changes, (3) to locate stratospheric
aerosol and ozone sources and sinks, (4) to monitor circulation and transfer phenomena, |
(5) to observe hemispheric differences, and (6) to investigate the optical properties
of aerosols and assess their effects on global climate. The SAGE instrument consists
of a telescope and a spectrometer subassembly which separates and measures the attenu-
ation of solar radiation at four wavelengths (.38, .45, .6, and 1.0 micrometers) during
solar octultation. As the spacecraft emerges from the earth's shadow, the sensor scans
the earth's atmosphere from the horizon up, and measures the attenuation of solar

' radiation in different atmospheric height layers. This procedure is repeated during

%%% spacecraft sunset. Two vertical scannings are obtained during each orbit, with each

/_scan requiring approximately 1 min of time to cover the atmosphere above the tropo-

sphere. The instrument has a field of view of approximately 0.5 arc minutes which
results in atmospheric height resolution of less than 1 km.

SUMMARY:

The AEM 2 spacecraft was launched February 18, 1979. Eight months of instrument
data have been collected to date and are currently being merged with spacecraft _
ephemeris and meteorological data for routine data processing. Correlative obser-
vations have also been made at. several sites and preliminary data analysis indicates
excellent comparison with the coincident satellite observations. A complete error
analysis of the satellite data is underway as part of the data validation required
- prior to archival. V

During the period April 14-20, 1979, volcano La Soufriére erupted in the Caribbean
area. A volcanic plume was observed to penetrate into the stratosphere by an air-
craft laser radar while performing ground-truth measurements for SAGE sensor..
Inmediately after the volcanic eruption, the SAGE sensor was able to map the eruption
region in latitude and longitude, and obtain information on the strength and spatial
distribution of the injection. These data are currently being analyzed to determine
the spreading of the volcanic plume and its influence on stratospheric acrosol
loading.’




L ' . 2

The spacecraft since June 11, 1979, has experienced a general degradation in the
battery resulting in low power capacity. The instrument module continues to work
extremely well when adequate power is available for operation but approylmately
SO/ data loss has been experienced.
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Cover Photograph: Picture of the flight model of the Stratospheric Aerosol and Gas Experi-
ment (SAGE) presently flying on the Applications Explorer Mission II spacecraft. SAGE,
built by the Ball Aerospace Systems Division for the NASA Langley Research Center and
launched in February 1979, is a four spectral-channel sensor measuring profiles of strato-
spheric aerosols and ozone. For more details, see the article by McCormick et al, which

begins on page 1038.
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Abstract

The potential climatological and environmental importance
of the stratospheric aerosol layer has prompted great interest
in measuring the properties of this aerosol. In this paper we
report on two recently deployed NASA satellite systems
(SAM II and SAGE) that are monitoring the stratospheric
aerosol. The satellite orbits are such that nearly global
coverage is obtained. The instruments mounted in the space-
craft are sun photometers that measure solar intensity at
specific wavelengths as it is moderated by atmospheric
particulates and gases during each sunrise and sunset en-
countered by the satellites. The data obtained are “inverted”
to yield vertical aerosol and gaseous (primarily ozone)
extinction profiles with 1 km vertical resolution. Thus,
latitudinal, longitudinal, and temporal variations in the aerosol
layer can be evaluated. The satellite systems are being vali-
dated by a series of ground truth experiments using airborne
and ground lidar, balloon-borne dustsondes, aircraft-mounted
impactors, and other correlative sensors. We describe the
SAM II and SAGE satellite systems, instrument character-
istics, and mode of operation; outline the methodology of the
experiments; and describe the ground truth experiments. We
present preliminary results from these measurements.

1. Introduction

Nearly 20 years ago Junge ef al. (1961) carried out a
series of measurements on the aerosol content of air
in the upper troposphere and lower stratosphere using
balloon-borne particle counters. They found that the
total number of particles per milligram of air decreases
with altitude, but that just above the tropopause
there is a substantial increase in the concentration of
large particles in a region several kilometers thick.
This layer of large particles is called the stratospheric
aerosol or, sometimes, the Junge layer. It might be
noted, however, that the existence of a stratospheric
particulate veil was postulated much earlier. In fact,
for centuries scientists have been speculating that the
brilliant sunsets commonly observed after volcanic
eruptions are due to volcanic dust injected into the
stratosphere. But the measurements by Junge and
subsequent investigators provided the first quanti-
tative information on the properties of the stratospheric
particles. Thus, we now know that the “large’’ particles

! Systems and Applied Sciences Corporation, Hampton,
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exist in a well-defined layer in the lower stratosphere
from slightly above the tropopause to less than 30 km,
that they are distributed in size primarily between 0.1
and 1.0 um diameter in either a unimodal or polymodal
size distribution, that they are probably primarily
composed of an impure solution of sulfuric acid and
water, that they are quite numerous shortly after
violent volcanic eruptions, and that the number
density slowly decays with an e-folding time of about
1 year (McCormick et al., 1978). Excellent reviews
of the characteristics of stratospheric aerosols exist in
the literature (Junge ef al., 1961; Rosen, 1969; Cadle
and Grams, 1975; and Toon and Pollack, 1976).

Besides causing colorful twilights, the stratospheric
aerosol may both affect weather by being a source of
high-altitude cloud condensation nuclei and exert an
important influence on climate by modulating the flux
of incoming solar radiation and outgoing long wave-
length earth radiation (Hansen et al.,, 1978). For
example, it is believed that the eruption of the volcano
Tambora in the Dutch East Indies in 1815 (Stommel
and Stommel, 1979; Toon and Pollack, 1977) had a
significant impact on global weather patterns. In
Europe, 1816 was called a “year without a summer”’
and record low summer temperatures were recorded in
New England and elsewhere. The. resultant crop
damage led to high prices for food and even famines in
parts of Britain, France, and Germany.

If we are to expand our knowledge of the stratospheric
aerosol, the question arises regarding the best way to
measure its properties. In his early work, Junge used
impactors and supersaturation chambers carried aloft
by balloons, which allowed him to measure total
particle number densities. In this country, a group at
the University of Wyoming (J. Rosen, D. Hofmann, and
T. Pepin) are making stratospheric measurements with
balloon-borne optical counters (dustsondes) that allow
for differentiation between particles of radius >0.25
um and particles of radius >0.15 ym. Rosen and
coworkers have probably made in situ profile measure-
ments of the stratospheric aerosol at more different
geographic locations than any other group. The data
they have compiled and published are the most compre-
hensive description of the latitudinal and vertical
distribution of the aerosol layer to date. Rosen's
work also includes a measurement of the boiling point
of the stratospheric particles, showing it to be con-
sistent with that of a 759 sulfuric acid and 259, water
solution (Rosen, 1971).
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Another technique for studying the aerosol layer is
by analyzing backscattered laser light. Some of the
earliest work with this technique was carried out by
G. W. Grams, now at Georgia Institute of Technology,
and G. Fiocco, now at the University of Rome (Fiocco
and Grams, 1966). Presently, a number of investi-
gators are studying the stratospheric aerosol with lidar
systems. Among these investigators are P. B. Russell
at SRI International, M. P. McCormick’s group at the
NASA Langley Research Center (LaRC), and non-U.S.
groups such as those of M. Hirono in Japan, J. Blamont
in France, R. Reiter in Germany, B. R. Clemesha
in Brazil, and V. Zuvev in the Soviet Union.

Other methods presently used for measuring the
properties of the stratospheric aerosol include the wire
impactors flown on a U-2 aircraft by N. Farlow at the
NASA Ames Research Center, a quartz crystal micro-
balance impactor flown by D. C. Woods of NASA
LaRC, a polar nephelometer flown by G. W. Grams,
and a filter impactor flown by A. Lazrus of the National
Center for Atmospheric Research.

All of these techniques (except for the airborne
systems) give only a localized picture of the strato-
spheric aerosol. By patching together the results of a
large number of measurements distributed in time and
space, one can draw a sketchy picture of the geographic
and temporal characteristics of the aerosol laver.
However, it is not yet known whether or not the
aerosol layer exhibits any systematic longitudinal
variations, nor is it known whether or not there is a
residual nonvolcanic component to the layver that is
maintained by gas and particulate diffusion from the
troposphere followed by particle growth in the strato-
sphere. The size distribution and composition of the
particles are still uncertain and the radiative properties
of the layer are poorly determined.

The last volcanic eruption to inject a significant
amount of matter into the stratosphere was Volcdn de
Fuego (14.5°N), which exploded in mid-October 1974.
Stratospheric particles attributable to this volcano
were observed at mid-latitudes (37.1°N) on 26 Novem-
ber 1974 (McCormick et al., 1978). The latitudinal
spread of the volcanic veil would have been very
interesting to observe since it is an excellent tracer
for stratospheric latitudinal diffusion. This information
is essential in the development of models to evaluate
the spread of volcanic dust and in formulating models
to determine. the climatic impact of volcances. The
effects of Fuego on climate have not been well evalu-
ated, but Hansen et al. (1978), using a 1-dimensional
radiative convective model, showed that Agung, which
erupted on Bali in 1963, caused a significant average
global tropospheric cooling of a few tenths of a degree.
This calculated result agrees well with available data
on global temperature fluctuations during the 1963-67
period (Newell and Weare, 1976).

Studies of the spread of a volcanic veil would also

shed light on the question as to whether the post-
volcanic layer consists of particles injected directly
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Fic. 1. Sunrise as observed during the Apollo-Soyuz Test
Project (Rev. 95, 100°E, 43°S). Note the flattening of the
solar disk near the horizon due to refraction.

into the stratosphere or if secondary particle formation
and growth is a significant process.

A capability to monitor the aerosol layer in a con-
tinuous manner over a wide geographic area has not
been available until very recently. In the remainder
of this article we describe two new satellite systems
that will yield a nearly continuous time coverage of
the aerosol layer over most of the surface of the earth.

2. SAM 11 and SAGE

During the 1975 Apollo-Soyuz Test Project one of the
experiments carried on Apollo was the Stratospheric
Aerosol Measurement (SAM). The SAM instrument
was a lensless single spectral channel sun photometer,
which the astronauts pointed at the sun during two
satellite sunrises and two satellite sunsets and with
which they obtained measurements of the solar intensity
in a band centered at 0.83 um wavelength during these
events (Pepin et al., 1977). A series of photographs of
the sun rising over the horizon, as observed from Apollo,
is shown in Fig. 1, where one notes the interesting
optical phenomenon of the apparent flatfening of the
solar disk due to atmospheric refraction. When the
sun's rays reach the satellite they have traversed a
portion of the atmosphere and, as described below, the
attenuation of the sunlight due to scattering by aerosol
particles gives information on the aerosol properties.
To interpret these data, however, the effects of refrac-
tion must be understood and included in the inversion
calculations.

Once the SAM experiment demonstrated the feasi-
bility of the approach, the SAM Il and the Strato-
spheric Aerosol and Gas Experiment (SAGE) programs
were developed by NASA with the collaboration of
Science Teams drawn from the scientific community.?

3 Science Team for SAM II1: M. P. McCormick (leader),
NASA-LaRC; G. W. Grams, Georgia Institute of Technology;
B. M. Herman, University of Arizona; T. J. Pepin, University
of Wyoming; and P. B. Russell, SRI International. Science
Team for SAGE: all of the above and, in addition, D. M.
Cunnold, Massachusetts Institute of Technology; D. E.
Miller, British Meteorological Office; D. G. Murcray, Uni-
versity of Denver; W. G. Planet, National Environmental
Satellite Service; and R. A. Craig (deceased), Florida State
University.
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FiG. 2. A sunset as viewed by the Nimbus-7 satellite. The
instrument starts to scan the solar disk at a tangent height
(&) of about 350 km, and follows it down until the sun dis-
appears. Note that different layers of the atmosphere are
successively sampled during the event.

The instruments are, essentially, satellite-mounted sun
photometers designed to measure solar intensity profiles
during each sunrise and sunset event encountered
by the unmanned satellite as it orbits the earth. Since
the satellite orbital period is roughly 1} h, there are
approximately 30 sampling opportunities per day (15
sunrises and 15 sunsets) for each instrument. These
events occur at different latitudes and longitudes,
depending on orbital parameters. Tailoring the satellite
orbit for optimal coverage can give a nearly global
picture of the stratospheric aerosol. This will be
illustrated later for SAM Il and SAGE. Longitudinal
and latitudinal variations as well as seasonal and short
period temporal variations in the layer can then be
determined.

Additionally, the data can be utilized to study
aerosol sources and sinks in the stratosphere, aerosol
transport, aerosol radiative and climatological impli-
cations, the effects of sudden warmings, the injection
of particulate matter into the stratosphere through
the intertropical convergence zone (ITCZ), and,
possibly, the development and dispersion of volcanic
veils. Furthermore, the experiments will be useful in
studies of mesospheric aerosols, noctilucent and
nacreous clouds, and thin cirrus clouds near the tropo-
pause. There will also be occasions under cloudless
conditions when information on tropospheric aerosols
will be obtained.

Figure 2 illustrates the geometrical constraints on
the system, showing how the satellite measures solar
intensity at different altitudes during a single sunset
event. Note that the path of a ray of light from the
sun to the satellite successively passes through different
air masses, depending on the orbital position of the
satellite. The effects of refraction illustrated in Fig. 1
are not shown in Fig. 2. The ‘“tangent height’ % is the
vertical distance from the surface at the ray tangent.
During a typical event, measurements are taken from
a tangent height of 350 km, where there is no atmo-
spheric attenuation, to the surface or until the sun is
obscured by clouds. The technique, therefore, is
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partially self-calibrating since the instrument measures
unattenuated sunlight before each sunset and after
each sunrise.

SAM II was launched 24 October 1978 on the
Nimbus 7 satellite. The payload incorporates several
other experiments, including sensors to determine the
earth radiation budget; concentrations of various
atmospheric trace gases including ozone, H.0, CHjy,
CO, NOy, and HNO;3; pictures of cloud coverage; and
other measurements.

The Stratospheric Aerosol and Gas Experiment
(SAGE) was launched 18 February 1979 on a dedicated
Applications Explorer Mission (AEM-B) satellite. It is
providing measurements of scattering due to aerosols
and molecules, as well as absorption due to ozone
and nitrogen dioxide. This paper addresses only the
aerosol measurements.

An important component of these satellite measuring
programs is the associated validation or “‘ground truth”
experiments (Russell ef al., 1978; Russell, 1978). These
experiments, which are considered in more detail in
Section 4, are a concerted study of the stratospheric
aerosol utilizing nearly all the techniques presently
available. A variety of individual experiments sample
the aerosol in the same air mass that is being simul-
taneously monitored by the satellite. It is felt that
these collaborative efforts alone will lead to significant
new insights into the properties and nature of the
aerosol layer.

3. Satellite and instrument characteristics

As mentioned above, the SAM Il instrument is mounted
on the Nimbus 7 satellite (Fig. 3). This satellite isin a
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TasrE 1. SAM II geographic coverage (Northern Hemisphere, April—]x;ne 1979).
Longitude (°E.)
Latitude
(°N.) 0-40 40-80 80120 120160 160-200 200240 240-280 280-320 320-360
79-77 15* 13 14 14 14 13 14 14 13
77-75 12 15 13 15 13 15 12 14 15
75-73 13 11 13 12 13 11 14 12 12
73-71 10 12 10 11 10 i1 10 12 11
71-69 13 11 14 11 13 12 13 12 12
69-67 10 12 9 12 10 11 11 11 11
67-05 15 15 16 15 15 16 15 15 16
65-63 S1 52 50 51 50 51 50 52 51

nearly circular, retrograde orbit with inclination of 99°
and orbital altitude of 955 km. The orbit is high-noon
sun-synchronous, that is, each equatorial crossing
occurs either at 12:00 noon or midnight, local time.
The orbital period is 104 min. The satellite encounters
sunsets in the polar regions (64°~80°N) of the northern
hemisphere and sunrises in the polar regions (64°~
80°S) of the Southern Hemisphere. Table 1 illustrates
the geographical coverage obtained by SAM II during
a typical three-month period.

The SAGE instrument is mounted on a dedicated
AEM-B satellite (Fig. 4) with orbit inclined at 33°, an
apogee of 660 km, a perigee of 548 km, and period of
96.8 min. This highly precessing orbit provides aerosol
profiles distributed around the earth between 79°N and
79°S (depending on the season). Figure 5 gives an idea
of the breadth of geographic coverage of the data
obtained from SAGE. Indicated in Fig. 3 are the
tangent points of the sunrise and sunset events en-
countered by SAGE during a single month.

The SAM II instrument, a one-spectral channel sun
photometer, is illustrated in Fig. 6. The passband,
centered at a wavelength of 1 um, is in a region of the
spectrum where absorption by atmospheric gases is
negligible. Consequently any attenuation of sunlight
is due to scattering by aerosol particles and by mole-
cules (Rayleigh scattering).

In operation, the instrument is activated just before
a sunrise or sunset. When the wide field-of-view sun
presence sensor indicates a sun intensity of at least
59, relative to the unattenuated sun, the instru-
ment searches for the sun in azimuth. When the sun is
nulled to within == 1 arc minute the scan mirror (Fig. 6,
right) ‘“fast’ scans (3° s7!) in elevation until the sun is
acquired. The mirror then ‘“slow” scans vertically
across the face of the sun at arate of 0.25° s™1, reversing
itself each time a sun limb crossing occurs. Light from
the sun is reflected by the scan mirror to the entrance
of a small Cassegrainian telescope. The entrance
window of the telescope passes light of wavelength
greater than 0.9 um. A circular aperture placed at the
image plane of the telescope serves to define the
instrument’s instantaneous field of view to be 0.01°
providing an atmospheric vertical resolution on the
horizon of approximately 3 km altitude. The output

Fi16. 4. The Stratospheric Aerosol and Gas Experiment
(SAGE) is mounted on a dedicated Applications Explorer
Mission Satellite. The orbit of the satellite allows for viewing
sunrise and sunset events in the range of latitudes from 79°N
to 79°S.
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F1c. 5. SAGE sunrise and sunset tangent locations for
February 1979. Successive events are shifted slightly in
longitude and latitude. The 4 symbols represent sunsets and
the - symbols represent sunrises.
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of the telescope is directed through a broadband inter-
ference filter that rejects all but the 1 um wavelength
(=£0.02 um) passband to a photodiode detector. The
output of the photodiode is digitized at a rate of 30
samples per second, recorded, and telemetered back to
earth where the intensity of received light for each
scan across the sun can be reconstructed.

An example of the radiance data is presented in
Fig. 7, which shows plots of raw data obtained during a
sunrise observed on the 27th SAM II orbit. The scans
are alternately upscans and downscans after solar
acquisition. Thus, the scan centered at { = 28 s is an
upscan. The bottom of the sun is encountered at about
¢t = 27.8 s corresponding to a tangent height above the
earth’s surface of about 2 = 5 km. The dip in the
radiance near the lower edge of the sun is due to a
tropospheric cloud layer. This cloud shows up again
on the next scan (at ¢ = 29.2). The features near the
top of the scans between 30 and 33 s are attributable
to the stratospheric aerosol layer. At times £ = 39, 41,
and 43 the dips in the radiance curve may be due to
nacreous clouds in the antarctic (the altitude of these
features is about 25 km). Finally, it is interesting to
note the narrow dip at { = 46.8 s, which shows up
again at 48.7 s, 53 s, and 55 s. This repeating feature
independent of the earth’s atmosphere is a sunspot,

Also given on the same plot are the angle of the
scan mirror and the integrated signal from the sun
presence sensor. It should be kept in mind that Fig. 7
is a plot of total solar intensity received by the instru-
ment as it scans the sun.

Once the intensity (I) has been determined as a
function of tangent height (%), the transmission (7)
can be obtained from T = I/I;, where Iy is the un-
attenuated intensity (obtained from scans taken at
£ 2 350 km). Then, via inversion techniques described
in Chu and McCormick (1979), the transmission
profiles are ““inverted’’ to obtain the extinction (attenu-
ation per unit distance) as a function of altitude. Since
the contribution due to molecular scattering can, in
principle, be calculated, it is possible to determine the
extinction caused by aerosol particles. Then, using
model results or best estimates for particle size distri-
bution and index of refraction, one can evaluate the
aerosol number density as a function of altitude.

The errors associated with calculating the molecular
density depend on the temperature and pressure errors
in the rawinsonde measurement or the difference
betweén the actual values of these parameters and
any model atmosphere that is used. The errors in
retrieving the aerosol profile also depend on aerosol
loading, i.e., the relative aerosol-to-molecular extinc-
tion at a given altitude and instrument uncertainties.
Below approximately 25 km the total error in the
retrieved aerosol - extinction coefficient is typically
<109 in regions where aerosol extinction exceeds
molecular extinction by 509,. This means that even
under background or nonvolcanic conditions the extinc-
tion due to the stratospheric particles can be measured
to within 109} accuracy.
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F1c. 8. The SAGE sensor assembly.

SAGE measurements during sunrise and sunset
events are very similar to those of SAM II. But, as
mentioned above, the SAGE orbit is tailored to comple-
ment the SAM II geographical coverage. The SAGE
instrument is also somewhat more complex, being a
four-channel sun photometer as illustrated in Fig. 8.
For SAGE, spectral discrimination is achieved by using
a holographic diffraction grating that disperses the
different wavelengths in different directions. By placing
four sensors at appropriate positions with respect to
the grating, it is possible to measure light centered
at wavelengths 0.385, 0.45, 0.60, and 1.0 um. Intensity
measurements from these channels can be inverted
to obtain profiles of aerosol extinction as well as
extinction profiles that can be interpreted to give
concentrations of ozone, nitrogen dioxide, and total
molecular density. The ozone measurements by SAGE
will give accurate, highly spatially resolved ozone
profiles from the tropopause to 45 km. Thus, the
measurements include the altitude region (35-45 km)
where large ozone concentration changes due to the
effects of anthropogenic chloroflucromethane emissions
are postulated to take place (Stief et al, 1978). In
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addition, the simultaneous measurements of aerosols
and ozone will help to determine if aerosol radiative
effects influence ozone photochemistry or if there are
any other coupled effects, e.g., heterogeneous surface
chemistry.

4. The ground truth experiments

The ground truth or validation experiments are an
integral part of the SAM II and SAGE projects
(Russell et al., 1978; Russell, 1978). These consist of a
coordinated set of experiments in which aerosol content
and other properties of a given air mass are measured
with a variety of different instruments. The results are
designed not only to corroborate results of the satellite
measurements, but are also intended to independently
produce a large body of scientifically significant informa-
tion. The ground truth experiment sites for SAM Il and
SAGE are: Sondrestrom, Greenland (November 1978);
White Sands, N.Mex. (March 1979); Natal, Brazil
(April 1979); Poker Flat, Alaska (July 1979); and
Wallops Island (April, June, and October 1979). A
practice comparative experiment was carried out at
Laramie, Wyo. (September 1978). Other associated ex-
periments will be carried out in Japan, England,
Germany, Belgium, France, Australia, and the Soviet
Union by participating ground truth experiment teams.

The ground truth experiments are not all the same,
and the scientific components will vary. Nevertheless,
a good idea of the general type of activities carried out
is obtained by considering the Sondrestrom ground
truth experiment performed 20-25 November 1978.

Participating in the experiment were personnel from
NASA LaRC, NASA Wallops Flight Center, SRI
International, Georgia Institute of Technology, NCAR,
the University of Wyoming, and NOAA National
Weather Service.

The orbit of Nimbus 7 was such that during this
period the SAM II instrument made four measurements
of the air mass over Greenland. As the satellite passed
overhead, the NASA P-3 airborne lidar system studied
the aerosol content of the same air mass from below,
over the height range from 8-30 km. This required
flying the aircraft along the flight paths shown in
Fig. 9. At the same time, the NCAR Sabreliner was
flying in the stratosphere (tropopause to 135 km),
sampling the aerosol with a quartz crystal microbalance
impactor and a polar nephelometer. Finally, dustsondes
were launched by the University of Wyoming group,
measuring concentrations of aerosols in two different
size groups over the height range from ground level
to 28 km.

All of the experiments were performed without sig-
nificant problems. The P-3 and Sabreliner flew missions
daily from 22-25 November. Dustsondes were launched
on 22 and 23 November. In addition, several weather
balloons (radiosondes) were launched each day.

Interestingly, during the Natal, Brazil ground truth
experiment, there was a large eruption of Soufriére on
St. Vincent. The P-3 aircraft studied the voleanic plume
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F16. 9. Flight paths of the P-3 aircraft on 22-25 November
1978 during the SAM II Ground Truth Experiment at
Sondrestrom. The dashed lines are projections to the ground
of the portion of the atmosphere sampled by the SAM II
system during four sunset events. The satellite encountered
these events at the same time the airborne lidar on the P-3
was observing the aerosol layer from below. The crosses
represent a projection of the SAM II profiles on the surface of
the Earth.

with airborne lidar and the quartz crystal microbalance,
and SAGE made a number of measurements of the air
mass in the general vicinity of the volcano. A more
complete description is presented in a recent article in
Science News (West, 1979).

5. Data

The SAM II and SAGE missions and the associated
ground truth experiments will generate a large amount
of data that will be processed and made available to
the scientific community. The data processing involves
merging the data from the satellite sensor with meteoro-
logical data to carry out inversions and develop a set
of products that include derived aerosol extinction
profiles, modeled aerosol number densities, atmospheric
molecular extinction coefficients, and total extinction
ratios as a function of altitude for each sunrise and
sunset event. Additionally, SAGE data will include
ozone, nitrogen dioxide, and total molecular concen-
trations. All of this information will be archived on
magnetic tapes and on microfilm. ,

Display products from the data analysis consist of
profiles, cross sections, maps, and time histories. As an
example, the SAM II display products are listed in
Table 2. SAGE data products will be similar but with
the addition of O3 and NOa.
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Table 2. SAM II display products.
Title of display products Frequency  No./Year
Profiles

Solar irradiance vs time

(sunrise/sunset) Daily 730
Solar irradiance vs altitude

0-40 km (sunrise/sunset) Daily 730

40-160 km (sunrise/sunset) Daily 730
Aerosol coef. of extinction vs

altitude

(040 km (sunrise/sunset) Daily 730

(40-160 km (sunrise/sunset) Daily 730
Total extinction ratio

0-40 km (sunrise/sunset) Daily 730

40-160 km (sunrise/sunset) Daily 730
6 day avg.—aerosol coef. of ext. vs

altitude 1/6 Days . 61

Contours

Long. cross sections of aerosol coef.

of ext. vs altitude 1/6 Days 61
Aerosol no. density vs altitude 1/6 Days 61
Total ext. ratio vs altitude 1/6 Days 61

Lat. cross sections aerosol coef. of
ext. vs altitude

Aerosol no. density vs altitude

Total ext. ratio vs altitude

36/Quarterly 144
36/Quarterly 144
36/Quarterly 144

Maps
Aerosol coef. of ext.
Aerosol no. density
Total ext. ratio
Integrated no. density
Optical depth

14/Quarterly . 56
14/Quarterly’ 56
14/Quarterly 56
3/Quarterly 12
3/Quarterly 12

Time histories
Optical depth from given altitude
Alt. and peak ext. ratio

15/Quarterly 60
2/Quarterly ‘ 8

The raw data tapes as well as the products of the
data processing, including the ground truth and
supporting measurement data, will be archived at the
National Space Sciences Data Center at NASA Goddard
Space Flight Center, Greenbelt, Md. Additionally, the
ozone data products from SAGE will be archived at
the World Ozone Data Center, Toronto, Canada.
Archiving of the raw radiance has begun. The processed
products will be archived beginning in the fall of 1979.
Requests for data should be made to the archival
center.

6. Preliminary results and conclusions

Preliminary results from SAM II and SAGE indicate
that the instruments are performing optimally. Radi-
ance data show stratospheric aerosol concentrations at
high latitudes consistent with background levels pre-
dicted by models and in agreement with recent lidar
observations of the laver (McCormick ef al., 1978).
Interestingly, a number of measurements actually
give aerosol data well down into the lower troposphere,
indicating that some information on tropospheric
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aerosol content will be obtained. It is also interesting

to note that results from the first few SAM II orbits
show that the arctic (fall hemisphere) aerosol extends
to higher altitudes than does the aerosol layer over
the antarctic (spring hemisphere). The data also
indicate that the peak aerosol laver over the antarctic
gives a greater extinction than the arctic aerosol. This
result may be related to a seasonal variation of the
aerosol or may indicate a hemispheric difference in the
concentration or size distribution of the aerosol particles.
It is important to caution the reader that these results
are preliminary and based on quick analyses of a small
amount of data; we mention them here only to illustrate
the kind of information that will be obtained from the
satellite projects.

In conclusion, these two satellite systems are ex-
pected to give, for the first time, a near-continuous
global monitoring of the particulate matter in the
upper atmosphere. This information is of fundamental
importance in formulating and corroborating radiative
models and in evaluating the effects of anthropogenic-
ally-produced perturbations of the stratospheric aerosol.
Furthermore, as stated earlier, the results obtained
should shed light on the questions of aerosol formation
and sources and sinks of aerosol particles in the strato-
sphere, as well as on the properties and characteristics
of noctilucent and nacreous clouds.

Future plans for monitoring stratospheric aerosols
and gases include the development of SAGE 11, which
will be flown on a shuttle-launched spacecraft, and of
a downward-looking active-probing instrument (shuttle
lidar) to map both stratospheric and tropospheric
aerosol profiles.
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