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FOREWORD 
In 1976, the Satellite Ozone Analysis Center (SOAC) was established at the Lawrence Livermore Laboratory 

under the sponsorship of the High Altitude Pollution Program (HAPP) of the Federal Aviation Administration. 
SOAC's initial objective is to determine the feasibility of monitoring the spatial and temporal variability of atmos
pheric ozone through the radiance measurements of a satellite-mounted multichannel filter radiometer (MFR) sensor. 
An agreemen* provides for the MFR data to be shipped from the Air Force Global Weather Central to SOAC. The 
Environmental Data Service of the National Oceanic and Atmospheric Administration archives the data. 



ABSTRACT 

A total ozone retrieval model has been developed to process radiance data gathered by a 
satellite-mounted multichannel filter radiometer (MFR). Extensive effort went into theoretical 
radiative transfer modeling, a retrieval scheme was developed, and the technique was applied to 
the MFR radiance measurements. The high quality of the total ozone retrieval results was deter
mined through comparisons with Dobson measurements. Included in the report are global total 
ozone maps for 20 days between May 12 and July 5, 1977. 

A comparison of MFR results for 13 days in June 1977 with Dobson spectrophotometer mea
surements of ozone for the same period showed good agreement: there was a root-mean-square 
difference of 6.2% (equivalent to 20.2 m.atm.cm). The estimated global total ozone value for 
June 1977 (296 m.atm.cm) was in good agreement with satellite backscatter ultraviolet data for 
June 1970 (304 m.atm.cm) and June 1971 (preliminary data—299 m.atm.cm). 
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TOTAL OZONE RETRIEVAL FROM SATELLITE 
MULTICHANNEL FILTER RADIOMETER 

MEASUREMENTS 
EXECUTIVE SUMMARY 

Over the past decade, scientists have become in
creasingly aware of the need for accurate global ozone 
data to monitor redistribution processes and to assess 
potential threats to the ozone layer. The threats can be 
somewhat broadly divided into two groups: those posed 
by nature (solar flare activity, polar cap absorption 
events, volcanic eruptions, etc. J and those posed by 
man (release of chlorofluoromethanes to the J'tmos-
phere. aircraft exhaust emissions in the stratosphere, 
.•jtmrvinhnrir nnclp;»r explosions, etc.). Accurate data 
are also required to validate atmospheric models of 
global ozone and to investigate ozone's potential role in 
climatic change. 

A world-wide network of observatories was estab
lished in Ihe late 1950's to measure total atmospheric 
ozone. Stations within this network, while supplying 
observations from which important atmospheric in
sights have been determined, are not uniformly distri
buted about the Earth; most are located on continental 
land masses in the Northern Hemisphere. This spatial 
distribution of the observations produces uncertainties 
in global applications, despite the fact that many of 
these stations have maintained excellent records. For 
example, global studies of these data are unable to es
tablish conclusively whether an apparent trend is the re
sult of an actual ozone increase (decrease), or whether 
the apparent change is the result of a sampling defi
ciency introduced by the distribution of the observatory 
locations. Ambiguities of this nature can be resolved 
only by collecting data that provide the necessary tem
poral and spatial coverage. 

A major step toward collecting total ozone data on a 
global basis was taken in the last decade with the ad
vent of remote radiometric measurements by sensors 
onboard earth-orbiting satellites. Global ozone data 
were first derived from the Nimbus 3 infrared inter
ferometer spectrometer (IRIS; data. Later, the Nimbus 
4 IRIS and the backscatter ultraviolet spectrometer 
(BUV) experiments provided additional global ozone 
observations. Radiance measurements, useful for de
riving ozone data, were taken by the Nimbus 4 BUV 
instrument until mid-1977. 

Infrared radiance data became available from a new 
series of satellites in March 1977.* A multichannel fil
ter radiometer (MFR) mounted on the first satellite (Fl) 

in the series began transmitting simultaneous radiance 
measurements from channels in the l).0-fxm ozone 
bands. 15-ju.m carbon dioxide bands. 18- to 30~/am ro
tational water vapor bt'nd. as well as from Ihc atmos
pheric "window" near i2 fxm. The sensor is unique in 
that h provided the first ozone measurements by a 
cross-track scanning sensor, thereby increasing the 
amount of data collected as well as providing essen
tially daily global coverage. Another advantage was 
that the measurements were made at a higher spatial re 
solution and lower noise levels than previous satellite 
sensors. The infrared MFR sensor made both daytime 
and nighttime observations; up to a maximum of 
67.500 observations were measured every 24 hr. 

The second satellite (F2)* began transmitting MFR 
measurements in July 1977, and the third in the series 
(F3) began transmitting in May 1978. The F2 and F3 
sensors and an MFR on a fourth satellite in the series, 
yet to be launched, are expected to provide ozone 
radiance measurements into the 1980V Additionally, 
radiometric observations useful in deriving atmospheric 
ozone are planned for the National Aeronautics and 
Space Administration Nimbus G satellite and the 
TIROS N/NOAA series oi satellites of the National 
Oceanic and Atmospheric Administration. Projected 
satellite launch dates extend from late-1978 into the 
mid-1980's. Spectral radiance data presently beiiig ac
cumulated by the F2 and F3 MFRs are the only global 
total ozone data available to fill the satellite data void in 
the time period between the shutdown of the satellite 
BUV instrument in mid-1977 and the launch of TIROS 
N and Nimbus G later in 1978. The remote elec
tromagnetic measurements from the sensors on these 
satellites are expected to be a source of global oz^ne 
information into the late-1980V 

A model has been developed by SO AC for deriving 
total atmospheric column ozone values on a global 
scale from the radiance measurements made by the Fl 
MFR sensor. The global atmosphere was divided into 
eleven zonal latitude bands. Through an extensive at
mospheric transmittance modeling effort simulated 
MFR radiances were calculated from historical sets of 

•The satellites are operated by the U.S. Air Force its pan of Ihe 
Block 5f> scries of tlic Defense Meteorological Satellite Program. 

*During the life of the Fl MFR sensor (March-July IV77) in
strumentation ami initial data processing problems precipitated 
sporadic data collection. The F2 spacecraft has had fewer instrumen
tation difficulties and Ihc initial data processing problems of the 
AFGWC have been corrected. As a result, ihe data coverage by the 
F2 MFR has increased over the coverage provided by the Fl MFR. 



ozonesondes within each band. These simulated 
radiances and the total ozone amounts that went into 
calculating the simulated radiances were the input 
parameters to linear regression analyses. These analy
ses determined the coefficients of the ozone retrieval 
models for the zonal bands. 

Total ozone values have been calculated, using, the 
retrieval models, from 20 days of C0 2 , 0 ;, and window 
channel radiance sets that we/e collected during the 
period May-July 1977. During the 20 days. 461,593 
total ozone values were retrieved world-wide. These 
equated to an average of 23.079 total ozone values uŝ .d 
to produce each daily global analysis. 

The MFR-denved data and data taken from ground-
based observatories have been found to be in good 
agreement. For example, a statistical comparison of 
Dobson spectrophotometer total ozone observations 
with the MFRderivcd values during 20 days in May, 
June, and July 1977 indicates an RMS difference of 
6.6% or 21.5 m.atm.cm. The agreement was also good 
when a subset of 13 June days was compared with Dob-
son data: the June 1977 MFR vs Dobson RMS differ
ence was 6.2% or 20.2 m.atm.cm. A similar RMS 
difference of 21.6 m.atm.cm was found when a com
parison was made between the June 1970 measure
ments of a satellite BUV sensor and Dobson data. 

Global total ozone maps have been prepared based 
on the MFR-derived data. The daily global patterns of 
total ozone show features similar to those presented 
earlier by other investigators. The maps clearly indicate 
that: 

• The greatest amount of ozone was located at 
subpolar latitudes and the lowest amount was near the 
equator. 

• Total ozone maxima and minima in the higher 
latitudes of the Southern Hemisphere moved with a 
greater eastward velocity than did those in the Northern 
Hemisphere during June. 

In the 1970*s scientists have become increasingly 
aware of potential threats to the ozonosphere and of a 
corresponding need for accurate ozone data. The 
threats may be broadly grouped into two categories: 
natural occurrences (e.g., solar flare activity, polar cap 
absorption events, volcanic eruptions, etc.) and an
thropogenic (man-made) activities (e.g., atmospheric 
release of chlorofluoromethanes, aircraft exhaust emis
sions in the stratosphere, nuclear explosions, etc.). Ac
curate ozone data are needed not only to determine the 
validity of hypotheses concerning the above threats, but 

• Total ozone maxima and minima changed little 
from day to day in the middle latitudes of the Northern 
Hemisphere during the kite spring and early summer. 

In addition to supplying the basis for the above in
terpretations, the maps arc also useful in estimating the 
movement of mass into and out of the stratosphere. For 
example, the maps indicate that during mid-June the 
Southern Hemisphere troposphere/stratosphere mass 
exchange was approximately four times that of the 
Northern Hemisphere. 

A mean June 1977 global total ozone map has been 
prepared based on the daily total ozone analyses. The 
June map shows that the Southern Hemisphere 
(winter), in contrast to the Northern Hemisphere 
(summer), has well-defined and evenly spaced plane
tary waves, as inferred from the total ozone trough/ 
ridge locations. 

Based on the dai'v aloha! nvpraop n7onp. values, the 
global mean total ozone for June 1977 was estimated to 
be 296 m.atm.cm. This may be compared with corres
ponding amounts determined using BUV data for June 
1970 (304 m.atm.cm) and June 1971 (preliminary 
data—299 m.atm.cm.. Once again, good agreement 
was found: the -VJFR-denved ozone value was within 
2.7% of the BUV values. 

In summary, this report describes a methodology and 
presents results that prove the feasibility of using MFR 
radiances to derive accurately the total atmospheric 
column ozone on a global scale. The capabilities de
veloped are particularly significant in that the MFR was 
the first satellite sensor to provide simultaneously: 

• Day-night (infrared) measurements 
• Cross-track scanning capabilities 
• High spatial resolution 
• Low noise level radiances 
The value of the MFR sensor data is further en

hanced by the fact that they are the sole source of global 
ozone data, now that BUV measurements have ceased. 
As suchi they are a vital link in the global assessment of 
man and nature's impact on the ozonosphere. 

also to validate atmospheric models of global ozone 
and to investigate possible climatic change. 

Beginning in the late I950*s, a network of obser
vatories was established throughout the world to meas
ure total atmospheric ozone. Data from this network, 
while supplying observations from which many im
portant meteorological insights have been derived, are 
sparse on a global scale because most stations are lo
cated on continental land masses in the Northern 
Hemisphere. In spite of the excellent records at many 
of these stations, the spatial distribution of the observa-

INTRODUCTION 



tions leads to uncertainties in many global applications. 
For example, analyses detecting apparent ozone In
creases (or decreases) are unable to establish conclu
sively whether the trend identified resulted from actual 
increases (decreases) or from a redistribution of global 
ozone, such as might occur with a shift in the position 
or amplitude of planetary waves. Ambiguities of this 
type can be resolved only through the use of data pro
viding the necessary temporal and spatial coverage. 

In the last decade with the advent of ren.">te "ozone 
specific" radiometric measurements made from satel
lite sensors, a major step toward compiling total ozone 
data on a global basis was taken. Global ozone data 
were first derived (Prabhakara et at., 1970) from the 
Nimbus 3 IRIS data (Conrath et «/., 1970). Later, ad
ditional global ozone observations were provided by 
the Nimbus 4 IRIS fHanel et «/., 1972) and the BUV 
experiments (Nimbus Project. 1970). Radiance meas
urements, useful for deriving ozone data, were 5aken by 
the Nimbus 4 BUV instrument until mid-1977 
(Krujger. 1978). 

In March 1977 infrared radiance data became avail
able from a new series of satellites, the Block 5D De
fense Meteorological Satellite Program (DMSP) system 
operated by the U.S. Air Force. A multichannel filter 
radiometer (MFR) on the first satellite (Fl) began 
transmitting simultaneous rzJiance measurements from 
the channels in the 9.6-jxm ozone bands. I5-(xm carbon 
dioxide bands, 18- to 30-/im rotational water vapor 
band, as well as from the atmospheric window near 12 
//.in. The sensor is unique in that it provided the first 
ozone measurements made with a cross-track scanning 
instrument. Another advantage was that the measure
ments were made at a higher spatial resolution and 

King U956) was the first to suggest that remotely 
sensed electromagnetic measurement.* of the infrared 
radiation emanating from the Earth and its atmosphere 
could provide information about the gt "lysical prop
erties of the Earth-atmosphere system, and that meas
urements made at multiple viewing angles could be 
used to determine those properties. Kaplan (1959) 
suggested that measurements made at different points 
in the spectral regions of atmospheric gaseous absorp
tion bands could also be used to determine atmospheric 
properties. 

Over the past two decades numerous researchers 
have used the concepts set forth by King and Kaplan. In 
general, it has been found that investigations into re
mote sensing of planetary atmospheres, the design of 

lower noise levels than any previous satellite ozone 
sensor. The infrared MFR sensor made both daytime 
and nightt.me observntiuns, with up to a maximum of 
67.500 observations each day. 

In July 1977 the second satellite {¥2t began trans
mitting MrR measurements, and the third satellite (F3) 
in the series was launched into orbit in April i97«. The 
F2 and F3 sensors and an MFR on a fourth satellite in 
the series, yet to be launched, are expected to provide 
ozone radiance measurements for several years. Addi
tionally, radiometric observations useful for inferring 
atmospheric ozone are planned for the Nimbus G si»:el-
lite and TIROS N/NOAA satellites with projected 
launch dates from late 1978 into the mid-1980's. The 
DMSP Block 5D MFR series provides ozone data con
tinuity between the shutdown of the BUV in mid-1977 
and the 1978 launching of the NOAA and NASA sys
tems. These remote mcasi ire men's are expected tc be u 
source of ozone information for monitoring total global 
ozone into the late 1980*s. 

Only through caret id interpretation of the radiomet
ric data is the retriev;>i of accurate ozone information 
from satellite sensor measurements possible. A re
trieval model has been developed to process the 
radiance data gathered by the DMSP MFR sensors 
mentioned above. A description of tfc extensive 
theoretical radiative transfer modeling efforts, the de
velopment of a retrieval scheme, and the application of 
the technique to the Fl MFR radiance measurements 
arc presented in this report. The high quality of these 
total ozone retrievals (as determined through compari
sons with Dobson measurements) is also confirmed. 
The feasibility of convening MFP. radiances into total 
column ozone data on a global scale is demonstrated. 

radiometric sensor systems, and the development of 
geophysical information retrieval techniques (regres
sion n-ethods excepted) require that the radiative 
transfer processes be well-understood and accurately 
modeled. Theoretical atmospheric minsmittance pro
files—applied in calculating simulated remote elec
tromagnetic measurements (which enter into inverse 
solutions from actual measurements)—are required to 
be sufficiently accurate to avoid unreasonable results. 
The theoretical approach, in spite of potential prob
lems, must be used when sufficient information does 
not cxts* for traditional empirical approaches. The un
availability of the substantial, well-defined, represen
tative data sets of simultaneous remote and conven
tional geophysical parameter observations, or the 

RETRIEVAL TECHNIQUE DEVELOPMENT 



choice of any retrieval scheme other than a regression 
method forces the use of theoretical transmittauce mod
els. 

In order to avoid the uncertainties inherent in a re
gression approach involving remote and conventional 
observations, an extensive theoretical effort has been 
undertaken. The radiative transfer processes in the 
spectral regions corresponding to selected channels of 
the MFR have been modeled. The modeling effort 
(Weichcl. 1978a). described in this report, was under
taken to develop a retrieval scheme for deriving total 
atmospheric column ozone content from global MFR 
radiance measurements- Accurate simulation ol the re
mote observations was essential, since it was through 
the empirical relationships between these simulations 
and the data from which they were calculated that "ob
served" atmospheric parameters wi e derived from the 
actual radiometric measurements. 

Overview of Retrieval Technique 
Development 

The necessary atmospheric transnn'itnnces have been 
modeled in a way that permits the calculation of simu
lated satellite measurements for widely varying atmos
pheric conditions and sensor viewing angles. A 
technique employing regression-derived temperature 
dependence, as determined from high-resolution. 
line-by-line calculations for fixed geometric models 
(model atmospheres at fixed vertical pressure levels) 
was used to calculate molecular absorption coefficients 
for the 9.6-/u.m ozone bands and the 15-ju.m carbon 
dioxide bands (Weiclit'I. !97Sb). These coefficients 
were used to determine Iransmitlance profiles for the 
various channels, given the temperature and optically 
active gas concentration profiles. Transmiltances due lo 
the water vapor continuum absorption in the atmos
pheric window were calculated with an "e type" 
model (Burch. 1970, and Bignell. 1970). A regression 
model (Weichcl. 1978c) based on data from line h>-
huc calculations plus continuum effects was used for 
the ionospheric water vapor trnnsniiltance ..-aleulations 
in the I5-/U.m spectral region. A Goody nndom band 
model (Goody, 1%4) was tmrployeu to ctricukne the 
iransmittances due to the 14-ju.m ozone hand. Wherever 
necessary, the total atmospheric transmittances were 
determined as the product of the individual gas trans-
mittances convolved with the filter response functions. 

Simulated MFR measurement sets were calculated 
from a historical sample of vertical temperature and 
ozone soundings. The atmospheres of the historical 
samples were further defined by instiling climatologi-
cal water vapor (relative humidity), randomly selected 
cloud conditions (heights and amounts), surface temp
eratures, and an assumed uniformly mixed CO.. con 

ccntralion. The effects of atmospheric aerosols were 
assumed negligible. These simulated radiances and the 
total o/one amounts that went into calculating the 
simulated radiances were the input parameters to a 
linear regression analysis. Empirical relationships be-
Iween the simulated incnsuren.;nt sets and lite corres
ponding total ozone values weie the basis of the re
trieval scheme employed. 

Radiat ive Transfer T h e o r y and 
T r a n s m i t t w i c e M o d e l i n g 

Theory 

The upwardly directed terrestrial radiance N emerg
ing from die lop of Ihe atmosphere al wavenumber u 
and zenilh angle U can he expressed (given a nonscat-
tering atmosphere in Men! then adynamic equilibrium) 
h\ the radiative tiansfei equation in the form: 

Nl/'.fll -- l iO ' .T, I r l r . f l .p j 

..f7J

R„,T i, ).>ir^p.)_dx,P,. , i , 
JM<1» dx(p) 

where: 
B(r . r „ ) - ( > 7 [ c x p K V V - 1.0] f2) 

is ihe Planck radiance ;il wavemmiber v and leriipcra-
ture T, p is pressure. C, and O are known constants, 
the subscript s indicates the surface (lower boundary of 
the atmosphere) conditions, and r is the monochro
matic tnmsmittance ol" the atmosphere hetween the 
pressure level p and the top ol' the atmosphere, where 
T P . 1 M . - 1.0 The function x(p) is the altitude coordi
nate, which is a function of pressure. 

The intMip'-hroniutk- trat^tuittaucc is defined as: 

TlrJKp) 

r <'"" , "i 
- exp - J kn-.T.p) sec fldu(p) . (3) 

where k is the absorption coefficient and u is the inte
grated vertical column density of the ahsorhinc gas. 
which is (Jul ihe top of the atmosphere and u:, at level p. 
Satellite radiometers usually jm-asnrc the emergirm 
radiati'Mi over some small spectral interval rather than a 
monochromatic radiance. The atmospheric transmit-
tance for an individual channel of the radiometer is ex
pressed in terms o\' the transmittancc for the spectral 
interval involved, weighted by the spectral response 
function </>(iM of the channel. This transmiuance can he 
expressed as-

7(i'(Ap) - J i0.t9,p)*A,(Ht!r. (4) 



where */»i(tr) i.s the normalized spectral response tunc-
tion lor the i"' channel and i»j is the nominal central 
wavenumher. Usually, the transinillaiiccs are not 
known monochrnmatically. but generally are deter
mined for Unite spectral intervals. 

The ave-raize transniiltanee lor a sufficiently small 
interval. - i c h defined as; 

f(i'.O.p) 

Replacing the monochromatic transmitiuncc in Fq. (4 | 
with the mean iransinittance from Kq. o ) results in the 
i'1' channel traiwrimantc I unction heinu represented by: 

Y 
rUv^-Pl - £ . 11i-.rt.pi .f>,<i<) . lb) 

where Ai>, is defined .is the inieival for which </>,('') 
0.(1. Then the radiau\e transfer equation foi die i'1' 
channel of the infrared radiometer is given In: 

/ - \ tp. i 
liir J\ti\; dx(p) 

lor a cloudless atmosphere. 
The radiance emcrizmg horn the top oi the atmos

phere for the i1'1 channel limn an atmosphere that con-
tains net more ilum two I'uvKkmUy distributed layers i>f 
clouds can he rcpic.sefiled l>> (Smith ft <//,. 1970): 

N<r,.0) - Bo-,. t \ y T< i',.H.pj 

J*'"> dx(p) ' 

A, Y,ti\,tf.T.p,-> A,. YL.(*>1,»,'l\pI.), 18> 

where the subscripts U and 1- refer to the upper and 
lower cloud layers, respecinely. A is die '•effective 
radiative amount" of clmtds in the layer (the actual 
fractional amount of clouds times their emissivity). A* 
- Aj (1.0 A t ) is tlie amount of the lower layer ek-nd 
thai can he observed tssuining random correlation of 
cloud elements., and A, V, ant! A*Y.. arc the adjust
ments to the radiation field to account for the effects of 
no more than two layers of clouds, liquation (8) re
duces to liq.(7) love loud-tree aiftwspheve'i, &\\\\ Y, ;md 
Y., are defined as follows: , 

- B( ivT r ( i . ) r (^ .# ,P L - ) 

C' B („T„) * ^ L „ « p ) . (9; 
J*<Pr> dx(p) 

and 

(9b) 

Y a i ; V « T . P i . ) - B U v T J r O v t M U 

- B ^ . T ^ T O ^ P , . ) 

J B(v,.i u) — F dx<p) , 

The atmospheric transmittance profiles required by 
IA). (8i for most infrared spectral intervals used in re
mote sensing applications include the effects of several 
rudiatively active gases. The total atmospheric trans-
romances are determined by multiplying the transmit-
tanees for the appropriate individual gases. 

Radiometric' Modeling 

Tlic atmospheric iransmittances discussed in the pre
ceding section must generally be determined theoreti
cally. Various techniques have been developed in re
cent years for modeling the necessary atmospheric gas 
tnmsmiuanc^s. The most accurate approach is the so 
called ••line-by-fine" or ' 'point-by-point" technique. 
in which the absorption coefficients of all spectral lines 
contributing to the absorption within very narrow 
spectral "truer, als are summed, and an integration over 
the atmospheric path is carried out te .g. . Dray son. 
1966). less accurate and low-resolution results are 
visually obtained through band model calculations 
(e.g.. Goody. I%4. Rodgers. 1976. and Tiwari. 
1976). The relative contribution of a particular gas 
transmiuance to the total atmospheric transmittance 
within specified spectral regions and the accuracy of 
available transmittance modeling techniques usually 
dictate the approach employed. 

In this investigation the atmospheric gas transmit-
lances were modeled for spectral intervals correspond
ing to several of the channels of the DMSP Block 5D 
MFR (Table I). Note thai the channel sensing in the 9.6 
Urn ozone bands is centered at 9.8 fim. The filter re
sponse functions for the MFR channels used are shown 
in figure I. The optical properties of the filters for the 
selected Fl MFR selected channels arc given in Table 
2. The iraiisinittanee modeling techniques employed 
are discussed in the remainder of this section. 

IJite-bv-Une Derived Regression Model. Becaus. 
high accuracy was required, a line-by-line derived re
gression technique (Weichel. 1978b) was used to de-

5 
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Table 1. Nominal MFR channel characteristics11 

Center Hair 
width Channd 
Hair 

width 
number (Mm) (cm •') ( c m - 1 ) Species NESR" 

1 15.0 468.5 3.5 CO, 0.30 
2 14.8 676.0 10.0 CO, 0.09 
3 14.4 695.0 10.0 CO, 0.10 
4 14.1 708.0 10.0 CO, 0.11 
5 13.8 725.0 10.0 CO, 0.11 
6 13.4 747.0 10.0 CO, 0.12 
7 12.0 835.0 8.0 Window 0.11 
8' 18.7" 535.0 16.0 H , 0 0.15 
9 24.5" 408.5 12.0 H , 0 0.14 

10 22.7" 441.5 18.0 H.O 0.09 
II 23.9" 420.0 20.0 H , 0 0.12 
12 26.7" 374.0 12.0 H.O 0.18 
13 25.2" 397.5 10.0 H.O 0.16 
14 28.2" 355.4 15.0 H , 0 0.25 

15 28.3" 353.5 11.0 H , 0 0.33 
16 9.8 1022.0 12.5 o, 0.05 

i | i | i 

Numbers = 

i ' i 

; channels 

T 

0.7 
5 7 16 

-
0.6 _ 2 | 

n *\6 I — 
0.5 | -
0.4 ilium -
0.3 -
0.2 -
0.1 

n lill i . , , / J 1 

'After Nichols (I97S)-
''NESR = Noise Equivalent Spectral Radiance in 
m\V7(nr sr cm' 1 ) . 

'Not on Flight Mode l ] . 
''Not used in this investigation. 

650 750 850 950 1050 1150 
Waven umber — cm" 1 

Fig. I. Filter response functions for Fl MFR selected channels. 

Table 2. Optical properties of Fl MFR selected channels. 

Channel 
number 

Optical 
center 
( c m 1 ) 

Equivalent 
band width 

(cm" 1) 

Half-width 
of filler 
(cm") 

Half power 
throughput 

(*) 

Tenth-width 
of filter 
{cm" 1) 

Peak 
throughput 

1 669.02 1.73 3.10 57.30 6.59 40.40 
2 678.30 6.92 11.62 85.65 15.99 58.80 
3 693.99 5.83 11.44 8S.52 15.44 50.75 
4 708.10 5.44 9.99 87.15 13.01 52.90 
5 72S.65 6.44 10.22 85.66 14.02 64.21 
6 746.82 5.18 9.57 79.86 14.61 53.73 
7 835.66 5.44 7.19 64.40 15.67 62.66 

16 1019.59 8.56 11.63 68.51 22.78 63.40 

termine the atmospheric gas transmittances in the 
9.6-fim ozone and 15-|icm carbon dioxide absorption 
bands. Regression-derived equations for the tempera
ture dependency of high-resolution point-by-point 
summed absorption coefficients were employed to de
termine the summed absorption coefficients for any de
sired temperature profile. Consideration was then given 
to various absorbing gas distributions and viewing 
angles for each temperature profile. An overview of the 
development of the technique is given below. 

Line-by-line absorption coefficient calculations were 
made at high resolution (four Gaussian integration 
points within a 0.01-cm -1 interval) for both the 9.6-jum 
ozone and 15-^m carbon dioxide absorption bands. A 
fixed 21-level geometric model (Table 3) and the fol
lowing selection of climatologically derived tempera

ture profiles (Weichel, 1978b, and COESA, 1962 and 
1966) were used in computing summed absorption 
coefficients for each layer and each Gaussian point in 
the spectral regions: 
Tropical (15° North Annual) 
Tropical +20°K 
Tropical -20°K 
30° North Summer 
30° North Winter 
U.S. Standard (1962) 
45° North Summer 
45° North Winter 
60° North Summer 
60° North Winter 
60° North Winter+20°K 
60° North Winter -20°K 
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Table 3. Twenty-one level geometric model 
(Welchel, 1978b). 

Pressure 
Level (mbar) 

1 0.01 
2 0.10 
3 1.00 
4 5.00 
5 10.00 
6 20.00 
7 30.00 
8 SO.OO 
9 70.00 

10 100.00 
11 150.00 
12 200.00 
13 250.00 
14 300.00 
15 400.00 
16 500.00 

n 700.00 
18 850.00 
19 1000.00 
20 1026.50 
21 1043.50 

These results formed the input data for regression 
analyses of temperature dependencies so that 
high-resolution, summed absorption coefficients could 
be determined quickly for any temperature profile. 

The summed absorption coefficients k(u,T,p) were 
determined at each Gaussian point from: 

k(»,T,p) = X k,("Xp), (10) 

where the summation is over all absorption lines i, 
contributing to the absorption at wavenumber v. The 
ki's were calculated, except at pressures less than 2 
mbar, by assuming the Lorentz line shape profile: 

W«,T,p) 
S,(T)a,(T.p) 

it (» - *o,)3 + oi'(T,p) 
(11) 

where k, is the absorption coefficient for the t , h line at 
wavenumber v and is a function of temperature T and 
pressure p; a is the half width of the absorption line, 
and v0i the line center; S is the integrated line intensity, 
defined as: 

0 k tMdi . . (11a) 

The line intensity is temperature-dependent and can 
be determined from: 

S,(T) = S,(T„) Qv(T„) Q»(T„) 
Qv(T) Q„(T) 

1.4388(T-T„) 
exp 

l"l,4388(T-T„)E"1 
I (TT„) J ' (12) 

(McClatchey el al.. 1976), where the induced emission 
term has been intentionally omitted, E" is the lower 
state energy level, Q v and Q K are the vibrational and 
rotational partition functions, respectively, and T„ indi
cates the reference temperature. All the necessary line 
parameter data are given by McClatchey et al. (1973), 
and their data (updated in 1977) were used exclusively 
in these calculations. 

The temperature and pressure dependency of the half 
width of a Lorentzian-shaped absorption line is given 
by: 

«i(T,p) = ailTo.Po) 
-i 1/2 

(13) 

where T,i and P 0 are reference temperature and pressure 
values, respectively. 

Regression equations for determining the summed 
absorption coefficients k(u,,T,p) as a function of tem
perature T for the Gaussian point v, in the spectrum and 
pressure p were sought of the form: 

k(K„T,p) = M c . T , ii.P) cOvp) 

l)y.c..p)fi£k-)]. ( 1 4 ) 

where the subscript B indicates "base" values, and -v,, 
the regression coefficients determined for the fi, func
tions of T/TFJ. The constant in each regression equation 
is c(u,,p). The "base" values selected for these 
analyses were those for the U.S. Standard Atmosphere 
(COESA. 1962). 

The set of f( 's selected as terms for the regression 
equations consisted of: 

and 
$ " • 

(14a) 

The accuracy of the regression-derived summed ab
sorption coefficients, k*, evaluated through the expres
sion: 
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k(l. i,T,W - k*(»i,T,p) 
k(i/„T,p) 

(14b) 

for the dependent data, was better than 0.01%; i.e., E 
< 0.0001, and in most intervals at most levels, better 
by several orders of magnitude. 

The high-resolution, regression-derived, summed 
absorption coefficients were determined for an atmos
pheric temperature profile through application of Eq. 
(14). These coefficients were then combined with the 
absorber mass and zenith angle for the evaluation of the 
transmittance r at a level p and over an interval Au = 
0.01 cm ' as indicated in Eq. (5). A four-point Gaus
sian quadrature integration with respect to wavenumber 
was used due to the rapid variation of the summed ab
sorption coefficients within the 0.01 cm"1 intervals. 

The transmittances for each desired combination of 
temperature, absorbing gas distribution, and zenith 
angle are averaged to 0. J cm"' resolution, and are con
volved with the normalized spectral response function 
of the desired channels of the MFR—Eq. (6). The 
channel specific transmiuanc.es are then interpolated to 
the levels of the 71-level geometric model (Table 4) for 
multiplication with tmnsmlttaaces of other gases opti
ca ily active in the same spectral regions; they enter the 
radiance calculations through Eq. (8). 

Goody Random Band Model. The transmittances 
due to the "weak" ozone band near 14 nm must be 
considered when calculating radiances for the carbon 
dioxide channels (13 to 15 fxm). These transmittances 
have been determined using a Goody random band 
model (Goody, l%4). The approach of McCIatchey 
i't al. (1976) has been adopted. 

The average transmittance for a spectral interval 
must contain sufficient absorption lines, so that the as
sumptions of randomness with respect to line frequency 
and exponential distribution of line intensities can be 
made. This average transmittance may be expressed as 
(McCIatchey etaf.. 1976): 

Table 4. Seventy-one level geometric model 
(Weichel, 1978a). 

u£s. 

kv 
1 ?s, V 

(15) 

The average transmittances were modeled for 5-cm "J 

intervals centered 1 cm' 1 apart for the ozone absoiption 
lines in the spectral region from 13 to 15 /tm. The re
quired parameters (the sums of line intensities and the 
sums of the square roots of the products of line inten
sities and half widths) were determined from the data of 

Pressure Pressure 
IjCVel (inbar) Level (mbar) 

1 0.0100 37 115.3873 
2 0.0304 38 126.1725 
3 0.0707 39 137.6591 
4 0.1394 40 149.8740 
5 0.2461 41 162.8440 
6 0.4012 42 176.5966 
7 0.6161 43 191.1595 
8 0.9027 44 2O6.£605 
9 1.2738 45 222.8281 
10 1.7428 46 239.9907 
11 2.3238 47 258.0775 
12 3.0315 48 277.1175 
13 3.8811 49 297.1403 
14 4.8886 50 318.1757 
IS 6.0703 51 340.2539 
16 7.4431 52 363.4053 
17 9.024S 53 387.6605 
18 10.8324 54 413.0506 
19 12.8853 55 439.6069 
20 15.2021 56 467.3608 
21 17.8022 57 496.3443 
22 20.7054 58 526.5895 
23 23.9319 59 558.1287 
24 27.5025 60 590.9946 
25 31.4382 61 625.2202 
26 35.7607 62 660.8386 
27 40.4919 63 697.8834 
28 45.6541 64 736.3882 
29 51.2700 65 776.3870 
30 57.3629 66 817.9142 
31 63.9561 67 861.0042 
32 71.0737 68 905.6918 
33 78.7398 69 952.0119 
34 86.9791 70 1000.0000 
35 95.8165 71 1043.5000 
36 105.2773 (Variable surface 

P« 1043.5) 

McCIatchey el al. (1973). The parameters were calcu
lated for nine temperatures ranging from 180 to 320°K 
using .'he teirperature dependencies expressed in Eqs. 
(13) and (14). Coefficients were determined through 
least squares solutions for each parameter in each 
spectral interval so that the parameters could be com
puted for any temperature by means of: 

r^sicnj 

= 2S>CT»' exp a u R + b,,,Rsl (16) 

http://transmiuanc.es


exp a 2 J R + b2,,R2 (17) 

where j refers to the j l h spectral interval; aj, b,, a.;, and 
b2 are the coefficients to be determined; and R = 

T - T 0. Equations (16) and (17) arc used to make rapid 
adjustments in the parameters for band model calcula
tions. 

Band model average transmittance calculations were 
made for levels 2 through M [where p(M) is the pres
sure at the surface] of the 71-level model of Table 4, 
and T J i m at level m = 1 (top of the atmosphere) was as
sumed to be unity for all intervals j . The mean trans
mittance to space for each level was found for each 
interval by: 

fj.m = Tj . m - , e x p / -

j u m £s,(T„,)j 
(18) 

K>4 
K " [ ? v , 3 3 5 r o ] J ) / y 

where um is the ozone integrated column density in the 
layer pm_, to p m , p m is the average pressure of the layer, 
and j indicates the spectral interval. These transmit-
tances were convolved with the individual C0 2 channel 
spectral response functions—Eq. (6)—and were then 
included in the total atmospheric transmittance calcula
tions for the channels in the region from 13 to 15 jam. 

Water Vapor Regression Model. Atmospheric gas 
transmittances due to tropospheric water vapor absorp
tion in the spectral region from 13 to 15 ̂ tm were also 
considered in the total atmospheric transmittance cal
culations for channels in that region. A regression 
technique (Weichel, 1978c) based on line-by-line cal
culations, with continuum effects included, has been 
used to model the required transmittances. 

This regression model employs various representa
tions of the tropospheric water vapor, continuum ab
sorption, and temperature as input parameters to linear 
regression equations. Water vapor transmittances, 
which already contain the channel spectral response 
function consideration, were calculated for the tropos
pheric levels for the three carbon dioxide channels 
sensing in the lower troposphere. These transmittances 
for water vapor also entered the total atmospheric 
transmittance calculations for those channels. 

Water Vapor Continuum "e-Type" Model. At
mospheric gas transmittances due to the water vapor 
continuum absorption in the spectral regions of the 
9.8-/im and 12-/im window channels have been mod
eled after Burch (1970), Bignell (1970), Burch et at. 
(1974), and Gryvnak et al. (1976). The model can be 
used to calculate directly the transmittances for any 
temperature and water vapor profile. 

The total absorption coefficient k„ (assuming that all 
absorption is due to the continuum) is expressed in the 
form; 

k|/,s e + K,, N P, (19) 

where k u.s is the absorption coefficient for the self-
broadening (e-type) absorption, k u . N is the absorption 
coefficient for foreign (due to other atmospheric gases) 
broadening absorption, e is the partial pressure of the 
water vapor, and p is the total pressure. Temperature 
dependencies and base values for each of the contribu
tions have been determined from the published data of 
the previously mentioned authors. The final e-typr 
model is expressible in the form: 

MT,p,e) 

~" *V,l •{iWM$(z> (20) 

where the subscript 0 indicates reference values, and the 
absorption coefficients k w represent average values for 
the spectral region of the channel under consideration. 
Transmittances for the lower tropospheric level of the 
71-level model are determined from: 

H M . P ) 

: exp 
p(P) 

k(i>i,T,p,e) sec 9 du(p) (21) 
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Transmittances determined for the window channel are 
used directly, while those near 9.8-jim are multiplied 
by the ozone transmittances to get the total atmospheric 
transmittanccs. 

The total atmospheric transmittances determined 
through the various models for the selected channels of 
the MFR have been used to calculate simulated MFR 
measurements from which a total ozone retrieval 

scheme has been developed. Sample calculations are 
discussed in the next section. 

Procedures for Simulation of Remote MFR 
Measurements 

The radiative transfer modeling techniques discussed 
in the previous section under the heading "Radiometric 

Atmosphere 
loop 

Angle 
loop 

( Start ) 

Filter response 
function processing 

Atmospheric profile 
processing; random 
surface temperature 

k(i>,T,p) for 9.6-fim 
and 15-jum CO, 
bands; line-by-fine 
derived regression 

Planck function 
calculations B(V|,T ) 

T c o 2 ("j.0.P) 15*tm 
I nterpolate to 
71 level 

TQ JvitB,p) 13-15 jum 
Random band model 

r H 2 0< I ' i ' e 'P) 13-15fim 
Water vapor regression 
model 

TH o("i'9<P) 9.8and 12*im 
e-type continuum model 

T(VV6,P) total 

atmospheric 
transmittances 

N(e i r0) clear 
atmospheric 
radiances 

Random generation 
of clouds; levels 
and amounts 

Planck function 
calculations for 
cloud surfaces 

N(f|,9) cloudy 
atmosphere 

c Stop J 
Fig. 2. How diagram for steps of simulation program (Wclchel, 1978a). 
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Modeling," have been applied to determine total at
mospheric gas transmittances for selected channels of 
the MFR. Atmospheric temperature and absorbing gas 
distributions were derived from historical ozonesonde 
data (temperature and ozone concentration profiles) 
along with climatological relative humidity data and an 
assumed, uniformly mixed carbon dioxide concentra
tion. Cloud conditions (amounts and levels) for no 
more than two uncorreiated cloud layers and the surface 
(boundary) temperature were established randomly. 
Several different cloud conditions and zenith angles 
were considered for each atmosphere. Simulated MFR 
measurements were calculated for each combination of 
specifications using Eq. (8). The basic steps in the cal
culation of the simulated radiances can been seen in the 
flow diagram presented in Fig. 2. Details of the various 
aspects of the calculations are provided in the para
graphs that follow. 

Specification of Atmospheric Profiles 
The atmospheric data input to the singulation 

software had been preprocessed. Historical ozone-
sondes (e.g., Hering and Borden, 1964) were selected 
based on their completeness and interpolated to the 
71-level model. Ozone concentrations above the high
est reported level were generated using the ozone con
centration of the highest reported level (a constant 
mixing ratio was assumed). Temperatures above the 
highest reported were determined from climatology 
(COESA, 1962 and 1966). The lower levels of the 
climatological temperature profile were adjusted to 
provide a smooth transition to the temperature of the 
highest reported level. 

In the simulation program, tropospheric water vapor 
data, frequently not available from the ozonesondes, 
were generated from climatological relative humidity 
data (Valley, 1965). The values used are shown in 
Table 5. This approach inserted the most water vapor 
into warmer atmospheres. A uniformly mixed carbon 
dioxide concentration of 334 ppmv was assumed for the 
sample calculations. Surface boundary temperatures 
(skin temperatures) are not reported in the ozonesonde 
data. Therefore, a surface boundary temperature was 
determined randomly from a normal distribution de
fined by a climatological mean and standard deviation. 
Planck radiance calculations were made at this point for 
the temperature profile for each channel central 
wavenumber as detennined from the filter data (Barnes 
Engineering Co., 1975). The atmospheric data were 
then interpolated to the 21-level model for the absorp
tion coefficient calculations by the line-by-line derived 
regression model. 

Radiometric Mode) Calculations 
The high-resolution absorption coefficients for the 

9,6-/<m ozone and 15-fn.m carbon dioxide bands were 

Table 5. Relative humidity model 
(Weichel, 1978a). 

Level Relative humidity 
44 0.158 
45 0.190 
46 0.226 
47 0.257 
48 0.282 
49 0.313 
SO 0.343 
51 0.364 
52 0.378 
53 0.391 
54 0.406 
55 0.421 
56 0.452 
57 0.464 
58 0.476 
59 0.491 
60 0.507 
61 0.522 
62 0.533 
63 0.544 
64 0.562 
65 0.588 
66 0.615 
67 0.643 
68 0.673 
69 0.703 
70 0.734 
71 0.765 

calculated from the regression equations derived from 
line-by-line calculations (Weichel, 1978b). Summed 
absorption coefficients were detennined for each layer 
of the 21-level model and at each integration point in 
the respective spectral regions. These calculations are 
relatively inexpensive, and have essentially the same 
accuracy as direct, high-resolution, line-by-line results. 
The absorption coefficients are used in the transmit-
tance calculations for selected zenith angles. 

The MFR scans side to side in discrete steps of 4° 
(Nichols, 1975), At an altitude of 25-km, these scan 
angles convert to zenith angles as indicated in Table 6. 
The Earth-projected scan pattern for the MFR sensor is 
shown in Fig. 3. Calculations of atmospheric gas 
transmittances were made for selected zenith angles for 
each atmosphere. Once an angle was selected, the 
high-resolution gas transmittances in the spectral re
gions of 9.6-fim and from 13 to 15 /Jim were calcu
lated. The convolution with the filter response func
tions was accomplished through Eq. (6), and channel 
specific transmittances were interpolated to the levels 
of the 71-level model (Table 4). 

II 



Table 6. MFR scan angles (Weichcl, 1978a). 

Step" 
Viewing ingle 

<°> 
Zenith angle* 

o 
1 0.0 0.0 
2 4.0 4.5 
3 8.0 9.0 
4 12.0 13.5 
5 16.0 18.1 
6 20.0 22.6 
7 24.0 27.3 
8 28.0 31.9 
9 32.0 36.6 

10 36.0 41.4 
11 40.0 46.4 
12 44.0 51.4 
13 48.0 56.8 

"Nadir to cither side. 
"At an altitude oF 25 km. 

The 14-/Lim ozone band model—Eq. (18)—water 
vapor regression model, and e-type model—Eq. (21)— 

transmittances were calculated for the specified atmos
phere and angle. The individual gas transmittances 
were multiplied to obtain the total atmospheric gas 
transmittances required in Eq. (8) for spectral regions 
with more than one optically active gas. The total 
transmittance has now been defined for each of the 
channels for a cloud-free atmosphere. 

Specification of Cloud Conditions 
The upwelling infrared radiance observed by a satel

lite radiometer is strongly affected by the presence of 
clouds within the field of view (FOV). For modeling 
purposes, clouds were inserted into no more than two 
layers. The levels for cl"ad tops and amounts of clouds 
to be inserted were selected randomly. Allowable cloud 
top levels are shown in Table 7 for arbitrarily selected 
climatological divisions of the globe. Probabilities for 
the insertion of clouds into the atmosphere at various 
levels are also given in Table 7. These are arbitrary 
values. Multiple cloud combinations were used with 
the same gas transmittance profiles. All variables in 
Eq. (8) have now been specified for each channel, and 
the simulated radiances have been computed. 

Suborbital 
track 

oooooooooooofo i Q 2 i 2 k ^ 
^ojioooooooooocp 

" Field of i'iew 
39.3 km diam 

Fig. 3. Earth-projected scan pattern for MFR (after Nichols, 1975). 

1 1 9 x 6 4 . 5 km 

Table 7. Allowable cloud top levels" and probability weights'* 
(Wefchel, 1978a). 

Mid-latitude Mid-latitude High latitude High latitude 
Cloud Ironical Sub-tropical winter summer winter summer 

category 20"N-20°S 20-30"NSS 30-70°N&S 30-55°N&S 70-90"NSS 55-WN&S 

Higk 36-55 44-55 49-55 47-55 53-55 51-55 
(60)* (60) (50) (40) (35) (25) 

Middle 56-65 56-65 5645 56-65 56-65 56-65 
(30) (25) (20) (15) (35) (20) 

Low 66-70 66-70 66-70 66-70 66-70 66-70 
(20) (20) (15) (10) (45) (25) 

"Rebn to pressure levels of 71-level model. 
"Probability weights appear in parentheses, in %. 



Results of MFR Simulation 
The procedures and radiometric modeling techniques 

described in the preceding sections have been im
plemented for sample realistic atmospheric conditions. 
Results of various phases of the calculations and the 
simulated measurement sets produced are presented 
here to demonstrate the capability and utility of the ap
proach. 

For the purpose of demonstration, a description is 
presented of the calculations made for a June 23, 1963, 
Albuquerque, New Mexico, ozonesonde (temperature 
and ozone profile—Fig. 4). A uniformly mixed carbon 
dioxide concentration of 334 ppmv has been assumed. 
Figure 5 shows the theoretical carbon dioxide trans-
mittance profiles for the six carbon dioxide channels. 
These transmittances were determined from the 
lirx-by-line derived regression model calculations con
voluted with the filter response functions for a zenith 
angle of 0°. Note that a weak wide band-pass leak in the 
filter for channel 1 of the MFR on Fl allows the chan
nel to sense some tropospheric and surface radiation. 

The total atmospheric transmittances for the eight 
channels in this investigation are shown in Fig. 6. The 
transmittances for channels 1 through 6 are the product 
of the carbon dioxide transmittances from the line-by
line derived regression calculations ' c i g . 5), the 14-/im 
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Fig. 5. Theoretical carbon dioxide transmittance profiles for 
MFR channels I through 6 for June 23, 1965; Albuquerque 
ozonesondc data for II = 0.0° (Weichcl, 1978a), 
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Fig. 4. Temperature and ozone profiles for June 23, 19*5; AN 
buquerque ozonesonde (total integrated ozone = 299.8 
m.Mm.cm—Weichtl, 1978a). 

Fig. 6. Theoretical total atmospheric transmittance profiles for 
MFR channels I through 7 and 16 tor June 23,1965; Albuquer
que ozonesonde data for 8 - 0.0° (Weichel, 1978a). 



ozone transmittances determined with the random band 
model, and the tropospheric water vapor transmittances 
from the regression model. A comparison with the 
curves of Fig. 5 indicates the effects of the ozone and 
water vapor absorption. The transmittanccs for channel 
16 are the product of line-by-line derived regression 
transmittances for the 9.6-fAm ozone bands and e-type 
water vapor continuum transmittances in the lower 
troposphere. The transmittancc profile for channel 7 
(the window channel) is from e-type model calculations 
only. 

Transmittances corresponding to those of Figs. 5 and 

6 for the same atmosphere at the zenith angle of 56.8° 
(maximum scan angle) are shown in Figs. 7 and 8. 
They have been determined in the manner described 
above. The total atmospheric transmittances of Figs. 6 
and 8 were used in Eq. (8) to calculate sample simu
lated measurements. 

The simulated MFR measurements generated for the 
June 23, 1965, Albuquerque ozonesonde data, using 
the theoretical transmittances for the eight channels 
considered, are presented in Table 8 for several sky 
conditions. The effects of clouds are obvious in these 
results even in channel 1 because of the filter leak. 
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Fig. 7. Theoretical carbon dioxide transmittancc profiles Tor 
MFR channels I through 6 for June 23, 196S; Albuquerque 
ozonesonde data for 0 = 56.8° (Weichel, 1978a). 

Fig. 8. Theoretical total atmospheric transmittance profiles for 
MFR channels 1 through 7 and 16 for June 23, 1965; Albuquer
que ozoncsonde data for 0 s 56.8° (Wcichel, 1978a). 

Table 8. Sample simulated measurements11 (Weichel, 1978a). 

Zenith 
angle 
O 

Calculated radiances 
mW/(m! «r cm"') Cloud conditions 

Cite 

Zenith 
angle 
O 1 2 3 

Channel 
4 5 6 7 16 

1st 
level 

Layer 
amount 

2nd 
level 

Layer 
amount 

1 0.* 63.5 48.7 47.0 63.2 83.7 96.6 117.2 62.7 - none - none 
2 0.0 62.8 48.7 46.3 54.1 60.1 62.9 61.8 33.9 49 0.76 none 
3 •.0 63.4 48.7 46.9 62.0 80.1 91.2 106.1 56.6 51 0.13 67 0.44 
4 56.8 67.1 52.0 46.6 55.5 72.8 86.9 115.4 54.6 - none none 
5 56.8 66.5 52.0 46.5 50.8 54.8 56.2 51.6 27.4 50 ft.<?5 - none 

< 56.8 66.9 52.0 46,6 55.0 67.8 76.9 88.0 42.5 57 0,64 - none 

"SlmilAledradiMiccfc^ifttedto 



Ozone Retrieval 

The simulated measurement sets generated from the 
radiative transfer calculations described in the previous 
section were used in the development of a total ozone 
retrieval model. The empirical relationship between the 
simulated measurements and the corresponding total 
ozone, amounts was determined through linear regres
sion analysis. 

Total ozone was modeled as a linear combination of 
selected MFR channel radiance measurements, non
linear functions of the ozone and window channel 
radiances, and the secant of the zenith angle. The non
linear functions were included primarily to account for 
the effects of clouds and background. 

Extremely cloudy conditions and high-latitude cold 
backgrounds were found to present a significant re
trieval problem. The reduced radiances (colder scenes) 
provided smaller signal-to-noise ratios and essentially 
masked the total ozone information. For this reason, 
simulated radiance sets corresponding to extremely 
cloudy conditions and very cold background tempera
tures *ere removed prior to the regression analysis. 
This was accomplished by testing on the window chan
nel scene temperature. 

The window channel scene temperatures, TSccm-7-
were determined from the inverse Planck function: 

T _ c ' y ? , (22) 
""""'' /n{[C, »vW(M)] + 1 0 } 

where N(i>7,6) is the simulated window channel 
radiance from Eq. (8). All radiance sets that had win
dow channel scene temperatures less than a limit (Tc = 
Tsl.™r + 4"K) were removed from the regression input 
data. T s „ n c j is the average window channel scene 
temperature for fhe full set of simulated radiance data, 
under clear and cloudy conditions. This same cloud-
background problem affected the lower tropospheric 
carbon dioxide channels (channels 3 through 6) for all 
conditions, and they were not used in the retrieval 
model. 

Because of the large number of MFR measurement 
sets returned each day, retrieval accuracy and compu
tation speed were considered in selecting and limiting 
the complexity of the model. The total atmospheric 
ozone model (vertical column) was defined as: 

7 

Oa = ft + 2 l£» f ° ( N , f l ) ] + e' ( 2 3 ) 

n= I 
where f„(N,fl) represent the linear and nonlinear func
tions of the radiances N and zenith angle fl, the /8s are 
the coefficients determined through linear regression 

analysis, and £ designates the total error (true 0 3 -0 3 ) , 
where ft is the retrieved total ozone amount. The 
functions f„ were chosen to include physically mean
ingful quantities—from consideration of the radiative 
transfer equation, Eq. (8)—determined to be linearly 
related to total ozone. The following ate the seven 
functions selected for the inference model: 

1. 03RAD (channel 16 radiance, 1019.6cm-') 
2. C02RAD1 (channel 1 radiance, 669.0 enr 1 ) 
3. C02RAD2 (channel 2 radiance, 678.3 enr ' ) 
4. WINDOW (channel 7 radiance, 835.7 cm"1) 
5. 03CORR (see below) 
6. SECANT (secant of zenith angle fl) 
7. TW-TO3 (see below) 

where: 
03CORR = 03RAD - (0.55 s«'A s i T) • BACKGND, 
and TW - TO3 = WINDOWTEMP - 03TEMP + 
(3.5 - 3 .5 S B C A X T ) . BACKOND is the radiance WIN
DOW converted to its equivalent radiance in channel 
16; i.e. the 9.8-jiun region. The term 0 . 5 5 S E t A v r repre
sents a ""zenith-angle-corrected" mean transmittance 
(T) at tropopause level (see, for example, channel 16 
Yransmittances in Tigs. 6 and &>. WINDOWTEMP and 
03TEMP are the scene temperatures (inverse Planck 
function) of the radiances WINDOW and 03RAD. The 
term (3-5 - 3.S S E C A N T ) represents an approximate 
zenith-angle dependence temperature adjustment for a 
path through a mean ozone distribution. 

The function 03CORR represents the ozone channel 
radiance with background effects removed. TW - T03 
represents the temperature difference between the 
background (as observed in the window channel) and 
the combined ozonosphere and background as observed 
in the 9.8-/tm channel. These functions represent two 
approaches to separating out the ozone signal from the 
combined ozone and background (troposphere and 
surface) signals found in the 9.8-/am measurement. The 
separation process is necessary because of the "trans
parency" of this region of the spectrum. 

The coefficients /3„ through ft were determined by 
regression analysis of the f„'s and the corresponding 
total ozone values. The f„'s were evaluated using, the 

Table 9. Noise inserted into simulated 
measurements, 

RMS noise 
Channel nfWJtm* sr enr*) 

1 1.00 (see text) 
2 0.15 
7 0.1S 

16 0.10 

15 



simulated measurement sets. The coefficients were 
selected to minimize the quantity: 

J 

j = l 
over the J simulation sets. Normally distributed random 
noise was inserted into the simulated measurements to 

In the preceding section a technique was described 
for deriving atmospheric ozone from remotely sensed, 
narrow-band, infrared radiance measurements. In this 
section the technique will be expanded to include the 
global domain of satellite data coverage. The first step 
is to divide the global atmosphere into zonal bands. 
Simulated MFR radiances are then calculated from 
historical sets of ozonesondes within each zone. These 
simulated radiances (and corresponding total ozone 
amounts) are the input parameters to a linear regression 
analysis for determining the coefficients of the ozone 
retrieval model for each zonal band. 

Historical Ozonesonde Data Sets 
This historical ozonesonde data base consists of ver

tical ozone soundings (ozonesondes) for which vertical 
temperature measurements are also available. The 
soundings have been collected by the Air Force Cam
bridge Research Laboratory Ozonesonde Network 
(Hering and Borden, 1964) and the World Ozone Data 
Center (WODC, operated by the Atmospheric Envi
ronment Service of Canada in cooperation with the 
World Meteorological Organization, WMO). This data 
set starts in the early 1960's and continues to the pres
ent. The data base now contains approximately 5000 
archived ozonesondes. Selected subsets of these data 
arc used in the radiative transfer calculations under the 
heading, "Retrieval Technique Development," to gen
erate simulated MFR radiances. 

Partitioning by Latitude and Season 

The ozonesonde data base was organized in two dif
ferent ways: by separate latitude bands (where the data 
are located) and by 3-month sets (when the data are 
taken). The partitioning of the ozonesonde data base 
into latitude zones closely approximates a natural de
lineation of the atmospheric ozone distribution and 
variability. The seasonal mean and temporal variability 
of the vertical structure of ozone and temperature tend 

approximate instrumental and experimental measure
ment noise (see Table 9). This noise is inserted in order 
to reduce the sensititivy of the retrieval model to noise 
in the jctual measurements. A large noise value was 
used for channel 1 because of the filter leak on Fl that 
allows it to sense cloud and background radiation. The 
expansion of the retrieval method to the global problem 
is discussed in the next section. 

to be uniquely defined within latitude bands. Table 10 
delin :ates the 11 latitude bands chosen as the partition, 
along with the respective ozonesonde stations. Some 
boundaries, particularly in the Southern Hemisphere, 
were positioned in order to include an ozonesonde sta
tion believed to be representative of the region. 

The ozonesonde data base was temporally par
titioned into twelve overlapping 3-month sets. 
Ozonesondes for each of the twelve "seasons" were 
selected from the ozonesonde data base of each band 
for a 3-month interval in order to cover the expected 
range of atmospheric variability common to the central 
month of the "season." The total ozone model—Eq. 
(23)—for the 11 bands and 12 seasons can be expressed 
as: 

7 

n= 1 

where Ott,j> is the total ozone value within the i I h season 
and j , h band; /3„(i J ( and / 3 n , u , are the regression derived 
coefficients; and the fn are functions of the radiance 
measurements, N, and zenith angle, 6, as discussed in 
the previous section under the heading, "Ozone Re
trieval." 

Generation of Simulated Measurements 
The procedures described in the previous section for 

generating simulated MFR measurements were im
plemented for 20 selected historical ozonesondes in 
each latitude band for the May-June-July season. The 
sets of 20 selected ozonesondes were picked randomly 
from all available ozonesondes in the above categories. 
Statistical and eigenvector analyses were performed on 
the selected sets to ensure that they were representative 
of all available ozonesondes for each category. 

The surface boundary temperatures were generated 
randomly for each ozonesonde. A normal distribution 
defined by the mean and standard deviation of the am
bient air temperature at the lowest reported level of all 
available ozonesondes in each category was assumed. 

EXPANSION OF RETRIEVAL METHOD TO GLOBAL SCALE 
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Table 10. Zonal bands and ozonesonde stations in respective bands. 

Zonal Station Station Zonal Station Station 
band name latitude band name latitude 

90N-70N Thule 77N 35N-2SN Kagoshima 31N 
Resolute 74N Tallahassee 30N 

70N-55N Fairbanks 6SN 25N-20S lurks Island 21N 
Chun-hill S9N Hilo 

Canal Zone 
20N 

9N 
55N-45N Goose Bay 53N Canton -S 

Berlin 
Uccle 

S2N 
51N 

LaPaz ies 

Hohenpelssenberg 48N 20S-35S LaPaz I6S 
Seattle 
Sapporo 

47N 
43N 

Aspendalc 38S 

35S-5GS Aspendale 38S 
45N-3SN Seattle 47N Puerto Montt 4IS 

Payerne 
Green Bay 

47N 
44N 

Christ Church 43S 

Sapporo 43N 50S-65S Puerto Montt 41S 
Madison 43N Christ Church 43S 
Bedford 42N Wilkes 66S 
Ft. Collins 
Boulder 

4IN 
40N 

Syowa 69S 

Lisbon 39N 65S-80S Wilkes 66S 
Elmas 39N Syowa 69S 
Sterling 39N King Bedouin 70S 
Topeka 39N Hallet 72S 
Wallops 
Tateno 

38N 
36N 

Byrd 80S 

Albuquerque 35N 80S-90S Byrd SOS 
Point Mugu 34N Antundsen*Scott 90S 

This approach produced boundary temperatures that 
were generally discontinuous in relation to the ambient 
air temperatures just above the surface—a condition 
that was expected to be similar to actual observations. 

Simulated measurements were calculated at four 
zenith angles for each of the 20 ozonesondes in each 
band. Zenith angles of 0.0°, 18.1°, 36.6° and 56.8° (see 
Table 6) were chosen to produce the empirical relation
ships resulting from optical path length considerations. 
At each of the zenith angles, five different cloud condi
tions were assumed. 

One set of simulated measurements was generated 
assuming a cloud-free atmosphere, and four sets were 
calculated for randomly selected cloud conditions. The 
"no more than two uncorrected cloud layers" ap
proach described earlier was assumed. The selection of 
cloud top heights was based on the probabilities shown 
in Table 7. 

As a result of the combinations of cloud conditions 
and zenith angles, 20 sets of simulated MFR measure
ments wer* generated for each of the 20 ozonesondes 

selected for a latitude band. The resulting 400 simu
lated measurements sets, which certain information on 
the relationship between radiances and total ozone 
along with extensive cloud and background noise, were 
inserted into the regression analysis. 

Determination of Regression Coefficients 

The simulated measurement sets generated for each 
latitude band and season category and the total atmos
pheric column ozone corresponding to each set of 
measurements form the basis for the empirical retrieval 
scheme. As discussed under "Ozone Retrieval." 
measurement sets corresponding to excessively cloudy 
sky conditions or extremely cold boundary tempera
tures were eliminated prior to the regression analysis if 
they failed to satisfy screening tests for a temperature 
threshold in the window channel. Approximately 50% 
of the simulated measurement sets (200) in each band 
were eliminated on this basis. Also, expected instru-
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men! noise was inserted into the simulated measure
ments (see Table I). 

A regression analysis of the remaining measurement 
sets, represented by the functions described under 
"Ozone Retrieva'," was performed to determine the 
coefficients for the total atmospheric ozone 
model—Eq. (23). The model describes the empirical 
relationship between the functions of the measurements 
(including the effects of clouds, background, and 
noise) and the total atmospheric column ozone. A 
separate analysis for each latitude band and season 
category produces the sets of coefficients—Eq. 
(24)—required for global application. The method of 
implementation is discussed in the next section. 

Retrieval Method Continuous 
in Space and Time 

Partitioning the globe into subdomains of latitude 
bands and the calendar year into subdomains of distinct 
seasons is an artificial discretization of two continuous 
domains. A unique retrieval model was developed for 
each subdomain, and retrievals from two neighboring 
discrete subdomains (either spatial or temporal) might 
exhibit a discontinuous character despite the continuous 
nature of the atmosphere. 

To minimize any spatial or temporal discontinuities 
that may result from these artificial boundaries, the re
trieval models were blended between neighboring sub-
domains. For the spatial domain, distance dependent 
weighting between band centers was used to blend the 
retrieval model coefficients. The weighting is ex
pressed by: 

dS^„ 
d!S<f„ + dfr-V, 

(25) 

where d8 is the distance in latitude from the k , h MFR 
measurement to the central latitude of band B+„ d{ is 
the distance in latitude from the central latitude of band 
B„, and /„, /+, are the half widths (in latitude) of the re
spective bands. Note that wS = 1 - wf. See Fig. 9 for 
the geometry of the terms. 

The blended retrieval coefficients can now be rep
resented as: 

« u - *w-u,+ •w^,.- n = 0 7 < 2 6 ) 

where the superscript k indicates the k l h radiance set in 
the global domain. Then, for the k i n radiance set, the 
total ozone may be expressed as: 

OV„ = 
7 

+ e. (27) 

Similarly, a weighted combination of the seasonal 
models for a given band may be calculated to provide a 
continuous transition from one "season" to the next. 
This approach was not implemented, because models 
were developed only for the May-June-July season. 
The weighted seasonal models for each band would be 
applied spatially as indicated above. 

For computational efficiency, the temporal weights 
for the models would be determined once per day, 
while the spatial weights for the models are calculated 
for each retrieval. 

Blend 
region 

Band center 

*+1 d£ ^ _ ^ - (Location of k t h 

-—"~ MFR measurement) 

eo d 1 
Band center 

Band B + 1 

Band B n 

Fig. 9, Geometry of coefficient Mending scheme. 



APPLICATION OF RETRIEVAL METHOD TO MFR RADIANCES 

The theoretical development of a technique for de
riving total atmospheric column̂  ozone from the MFR 
radiance data and the expansion hf that technique to the 
global problem have been discussed in previous sec
tions. In this section, processing df the MFR data, ap
plication of the total ozone retrieval technique to 
MFR-calibrated radiance data, and the global rep
resentation of the derived total ozone field by spline 
surface fitting methods are discussed. 

Data Processing 

The MFR sensor data used in this investigation were 
received by SOAC from the AFGWC in an unproc
essed (sensor bit stream) form. The AFGWC incorpo
rated satellite ephemeris information into the data 
stream. Computer codes for unpacking, calibrating, 
and Earth-locating the sensor data were also obtained 
from the AFGWC. A description of the calibration and 
location methods and modifications to the AFGWC 
software is provided in Appendix B. 

Upon receipt of the data. SOAC screened them to 
remove erroneous data arising from instrument, re
cording, and transmission errors. Data were checked 
for errors, such as bit counts, sequences of bit patterns, 
and the values of date and time words. Such error 
checks were made to avoid the possibility of erroneous 
interpretation and spurious total ozone retrievals. Sen
sor data passing the error checks were calibrated and 
Earth-located; the bit counts were transformed into 
radiance data sets for use in the retrieval process. 

Retrieval of Total Ozone 
The calibrated, Earth-located radiance data sets 

passed to the retrieval scheme were not all used for de

riving total ozone. The procedure described under the 
headings, "Ozone Retrieval" and "Determination of 
Regression Coefficients," to eliminate radiance sets 
over extremely cloudy or very cold backgrounds was 
applied to each data set to reduce spurious o7one re
trievals. A discussion of the procedures follows. 

The cutoff window channel scene temperature Tv— 
see Eq. (22)—was established from the simulated mea
surement sets. It was used to limit the input to the re
gression analyses for determining the coefficients of the 
ozone retrieval model for each latitude band. The cutoff 
was defined as: 

T,j = T„.j + 4 K , 

where T w , is the mean window channel scene tempera
ture determined from all simulated data for the j l h zonal 
band. Because the coefficients of the retrieval equa
tions were weighted between zonal band centers in 
order to have a continuous retrieval function across 
zonal band boundaries—Eq. (26)—it was necessary to 
also consider the value of Tc, in adjacent bands during 
the ozone retrieval process. The technique used to 
apply the cutoff values is discussed, with the aid of Fig. 
10. 

The primary band B„ is the latitude band in which the 
MFR measurements were made. An adjacent or 
neighboring band is indicated as B+,. The blending re
gion is shown as the upper half section of B„. An actual 
MFR window channel scene temperature observed in 
the blending region for the k"1 radiance set is T*. For a 
radiance data set to be retained for a total ozone re
trieval in the blending region, both of the following 
tests must be satisfied: 

i T*o 
and 
T,. + T,.. T*.; 

e 0 

Blend 
region I 

< (Location of k t h 

MFR measurement) Band center 

Band B. 

Band B n 

Fig. 10. tteometryoftcmperalurectitofTblcndingschemc. 



where Ihe T,.'s are the cutoff values established for the 
bands. Radiance sets that failed these tests were re
jected (no total ozone retrieval attempted). All radiance 
sets that passed tile various error checks and the cold-
background/cloud contamination test were processed 
for total ozone retrievals. 

A total ozone value was calculated by first comput
ing ihe weights «. as shown in Eq. (25). and then de
termining the retrieval model coefficients /3. as shown 
in Eq. (26). It follows from Eq. (27) that the retrieval 
model is represented by: 

i 

<>i - #!„„ + £ /3f,lu,f„(R.fl)k. «28) 
n - I 

where i\\ is the retrieved total oz.one for the k"1 MFR 
radiance set (R.W)k located in the i"1 season and j " ' z.onal 
band and R is the selected MFR measurements at zenith 
anelc I). The functions l'„ arc defined under "Ozone 
Retrieval." The retrieval error, e" = OJ - 08, where 
Oj! is the true total ozone, can be determined only 
when the true total ozone value is known. An estimate 
of the retrieval error. €K, was obtained by comparison 
with independent ground-based measurements. 

Satellite-derived total ozone retrievals located close 
to selected Dobson observatories were stored during the 
processing for use in statistical comparisons (see sec-
lion entitled • 'Comparison with Ground-Based Obser
vations") witli Dobson-derived total ozone values. 

Data Mapping and Gridding 

Each daily set of MFR-derivcd total ozone values (all 
retrievals between 0000 GMT and 2400 GMT of the 
same day! was mapped on a two-dimensional global 
projection of the Earth's surface. A cylindrical, 
equidistant map base was selected for the presenlation 
and analysis of the total ozone data.* The mapped data 
were interpolated (using bicubic spline functions) to a 
grid for isoline analysis. 

Data Mapping 

The Fl spacecraft is in a nearly sun-synchronous, 
polar orbit about the Earth. The northbound portion of 
the Fl track crosses the Earth's equator (ascending 
node) at approximately 1130 LST (local sun time), and 
during the southbound portion of its track (descending 

*For example see Appendix D. 

node) at approximately 2330 LST. Because of the de
lineation of our data day by the Greenwich day and the 
Fl spacecraft orbil, the first ascending node of a day is 
slightly west of the International Date Line (180° to 
I54°E longitude), and the first descending node is 
slightly west oV ihe Prime Meridian (0° to 26°W lon
gitude). The nodal longitudes of the last satellite rev
olution of the day are just to the cast of the nodal lon
gitudes of the first satellite revolution of the day. A 
time difference in the data of nearly 24 hr, therefore, 
occurs just to the east of the first data of the day. How
ever, because both northbound and southbound satellite 
ozone retrievals were mapped together on the same 
map. the time discontinuity in the data normally did not 
exceed 12 hr for a full day's data. 

Every region on the Earth is sampled, in general, two 
or more times each day: e.g.. a maximum of twice a 
day in the tropics, once every 12 hr, and fourteen times 
a day near the poles, once every satellite revolution 
about the earth. However, mapped ozone data occur 
less frequently in the following cases: in the spatial gap 
occurring between consecutive passes at the lower 
latitudes (45°N to 45°S). in regions void of one or more 
satellite data readouts, and in regions where no ozone 
data were retrieved because very cold Earth-
atmosphere surfaces were within the field of view of 
the MFR (see section entitled. "Retrieval of Total 
Ozone"). Data void or data sparse regions, on the order 
of 10° latitude by 10° longitude or larger in size, are 
filled by linearly intcrpolating/extrapolting from the 
surrounding regions (see Appendix C). 

Interpolation to a Grid 

Bicubic spline functions (B-splines) were used to 
interpolate the mapped ozone data to grid points at 2° 
latitude and longitude intervals. The spline interpolat
ing functions were fit to the data by the method of least 
squares. This empirically derived functional fit to the 
data removes, or filters, some of the variability in the 
individual o~one retrievals: i.e.. actual small scale 
features in the ozone distribution and random retrieval 
error. The effect of the filtering on the analysis is indi
cated by the RMS difference between the MFR-derived 
and the spline-fitted total ozone values at the position of 
the satellite retrievals. The RMS difference was typi
cally 3 to 4% of the mapped ozone values. The proce
dures used for applying the spline interpolation are dis
cussed in Appendix C. 

Contour analysis was performed on the 2° interpo
lated data to provide isolines of total ozone. The con
touring was accomplished through the application of 
splines under tension (Clinc, 1973). 
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COMPARISON WITH GROUND-BASED OBSERVATIONS 

Total atmospheric column ozone retrieved from ihe 
MFR daia is compared with independent ground-based 
measurements in order to evaluate the MFR-retrieval 
methodology, The ground-based measurements used as 
the standard of comparison in the evaluation were pro
vided to SOAC by a selected network of Dobson obser
vatories. Statistical analyses for 20 days (during the 
period of May 12 to July 5, 1977) are discussed in 
which comparisons are made between the Dobson-de-
rived ozone measurement and (i) the satellite-derived 
total ozone, and (2) the spline-fitted, satellite-derived, 
total ozone value at the position of the Dobson obser
vatories. • 

Dobson Data Used for Comparison 
This set of data consists of Dobson spectrophotome

ter total ozone observations, which are taken close in 
time to the satellite MFR radiance measurements. The 
Dobson observatories that participate in this program 
(the SOAC Satellitc/Dobson CAIibrution Program 
Network, hereafter referred to as SCAN) provide a 
standard for evaluating the MFR-derivcd ozone obser
vations. 

SOAC analyzed the historical data from the ap
proximately 100 active stations in the world lota! ozone 
network and selected a high quality subset, consisting 
of thirty-three Dobson observatories,* to participate in 
the evaluation program. The geographical coverage of 
the Dobson observatories in SCAN extends from 90°S 

*Additionu] observatories may he added to SCAN during I 'J7S. 

to 75QN (Fig. II). The greatest number of SCAN ob
servatories are in North America. Europe, and the 
Australia-New Zealand area. Recently, the Dobson in
struments at most of these observatories were compared 
against either the WMO primary standard Dobson 
spectrophotometer or against the regional secondary 
standard. 

The North American Air Defense Command (Col
orado Springs) satellite tracking facility provides or
bital parameters for the .satellites with MFR sensors on
board. SOAC applies subpoinl prediction software to 
these orbital parameters to produce a prediction of daily 
satellite passage times over each of the participating 
Dobson stations. Tabic II is an example of the predic
tions of the satellite passage times for the month of June 
over the Dobson observatory at Aspendale. Australia. 
Observatories in SCAN are provided the satellite pre
diction times at monthly intervals. 

These observatories have agreed to transmit their 
provisional total ozone observations to SOAC at 
weekly or monthly intervals by either telex or air mail. 
The data from SCAN are integrated into the SOAC data 
base. Multiple total ozone observations are taken b) 
many of the SCAN observatories within minutes of the 
satellite passage time (sec Table 12 for an example of 
the type of observations taken at the Hohenpcissenberg 
Observatory). The total ozone amount, ihc sky condi
tion during the observation, the specific ultraviolet 
svavelcngth pair, the optical air mass fx. and the precise 
time of the observation arc included. Hohenpeissenberg 
has provided a number of observations at 2-min inter-
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fable 11. Satellite Fl MFR predicted overpass 
times for Aspendale, Australia, 

June l-2», 1977. 

Overpass times" 

Dale Hr Mln 
1 3 13 
2 2 55 
3 2 38 
4 2 21 
S 2 4 
6 1 47 
7 3 10 
8 2 52 
9 2 35 
10 2 19 
II 2 1 
12 1 44 
13 3 7 
14 2 50 
15 2 32 
16 2 16 
17 1 58 
18 1 42 
19 3 4 
20 2 47 
21 2 30 
22 2 13 
23 1 56 
25 3 1 
26 2 44 
27 2 28 
28 2 10 
29 1 58 

"Greenwich mean time. 

vals on either side of the predicted MFR passage time. 
It is important that the SCAN observatories take their 

observations as close in time to the satellite MFR 
measurement as possible. The greater the elapsed time 
between the MFR and SCAN observations, the greater 
the possibility of the two instruments sampling atmo
spheric columns containing different amounts of total 
ozone. The rapidity with which total ozone can change 
in an atmospheric column has been well documented by 
Kerr (1973). He indicated that during the 1971-1972 
period, when the Toronto Dobson spectrophotometer 
was being used to obtain high temporal resolution total 
ozone measurements by the standard direct-sun 
technique (AD), total ozone was observed to fluctuate 
by as much as 50 m.atm.cm in 1 hr (nearly 1 
m.atm.cm/min), This was an extreme case, but Kerr 
(1973) indicated that his observations showed short-
term changes of total ozone of 10 m.atm.cm over 
periods of 30 to 60 min. Therefore, it is necessary to 

eliminate as much uncertainty as possible with regard 
to the simultaneity of MFR and ground-based total 
ozone observations. 

The first SCAN observatories began taking observa
tions keyed to predicted satellite overpass times in June 
1977. More than half of these observatories were taking 
observations based on the predicted overpass times by 
August 1977. However, only a small number of SCAN 
observatories were able to provide nearly simultaneous 
measurements for use in this report. Invercargill, N.Z., 
for example, provided observations during June that 
averaged within !5 min of satellite passage time. Fu
ture MFR data comparisons will come from an in
creasing number of SCAN observatories that now take 
observations nearly simultaneous with the MFR. Data 
were not received for June 1977 from three SCAN sta
tions. In order to increase the number of comparisons, 
several Dobson observatories outside of SCAN, whose 
data were made available, are used for comparison in 
this report. The SCAN data are used in our evaluation 
program as a standard with which to compare the satel
lite MFR-derived total ozone values. The statistical 
analysis of this comparison is discussed in the follow
ing section. 

Statistical Analysis 
The satellite ozone measurement retrieval system 

was evaluated by comparing satellite-derived total 
ozone amounts with Dobson-derived total ozone 
amounts. Although both systems measure total ozone, 
they differ in ways that affect the comparison and its 
interpretation. Specifically, these differences allow the 
assumption of independence between Dobson and 
satellite ozone inference errors. In addition, because of 
differences in the temporal and spatial colocation of the 
satellite and Dobson observations, an atmospheric var
iance term contributes to the discrepancy between Dob-
son-derived and satellite-derived total ozone. 

Error independence is assumed because the satellite 
and Dobson ozone data are derived from different 
physical measurements, and by different retrieval mod
els. This assumption is further supported by the 
theoretical development of the satellite ozone retrieval 
model independent of Dobson-derived data. 

In comparison with the Dobson system, the satellite 
MFR has high spatial sampling and a low temporal res
olution measurement capability. The SCAN data base 
described under "Dobson Data Used for Comparison" 
was established to minimize the temporal comparison 
problem. In general, the satellite measurement repre
sents a path and a time different from the Dobson 
measurement. However, even for matched paths and 
times, the satellite sensor and the Dobson do not sam
ple the same atmospheric volume because of instrument 
resolution and viewing geometry differences. As a re-



suit, a discrepancy between Dobson and satellite total The total discrepancy between Dobson and satellite 
ozone amounts may represent actual atmospheric var- ozone amounts may be partitioned into three compo-
iances. nents by the relationship: 

Table 12. Hohenpeissenberg Dobson spectrophotometer ozone observations for August 25-27,1977. 

Month 
S 

Year 
1977 

Time 
(GMT) 

Total 
ozone 

(m.atm.cin) 

Sky 
condillon 

(WODC code) 

Hohenpeissenbcrg 
Dobson No. 104 

Day 

Year 
1977 

Time 
(GMT) 

Total 
ozone 

(m.atm.cin) 

Sky 
condillon 

(WODC code) 

Wave
length 
pair 

Air 
mass 

25 6.22 323 0 C 3.038 
25 6.24 318 0 AD 2.990 
25 6.26 323 0 C 2.943 
25 6.28 319 0 AD 2.897 
25 6.30 324 0 C 2.854 
25 6.32 319 0 AD 2.811 
?.S 9.10 313 0 C 1.429 
25 9.12 320 0 AD 1.423 
25 9.14 313 0 C 1.417 
25 9.16 320 0 AD 1.411 
25 9.18 312 0 C 1.405 
25 9.20 320 0 AD 1.400 
25 10.45 308 0 C 1.262 
25 10.47 318 0 AD 1.261 
25 10.49 308 0 C 1.260 
25 10.51 319 0 AD 1.258 
25 10.53 308 0 C 1.257 
25 10.55 319 0 AD 1.256 
26 10.20 325 0 C 1.291 
26 10.22 325 0 AD 1.288 
26 10.24 324 0 C 1.286 
26 10.26 325 0 AD 1.284 
26 10.28 324 0 C 1.282 
26 10.30 326 0 AD 1.280 
26 10.34 326 0 C 1.276 
26 10.36 327 0 AD 1.274 
26 10.38 326 0 C 1.273 
26 10.40 326 0 AD 1.271 
26 10.42 326 0 C 1.270 
26 10.44 326 0 AD 1.268 
27 10.10 332 0 C 1.309 
27 10.12 331 0 AD 1.307 
27 10.14 334 0 C 1.304 a 

27 10.16 331 0 AD 1.301 
27 10.18 334 0 C 1.299 
27 10.20 331 0 AD 1.296 
27 10.22 333 0 C 1.294 
27 10.24 330 0 AD 1.292 
27 10.26 333 0 C 1.290 
27 10.28 329 0 AD 1.288 
27 10.30 332 0 C 1.2*6 
27 10.32 327 0 AD 1.284 



(Ofl - OS) 

= (OK - o;1,) - m - os) + to/; - os>, (29) 

where: 
OjV = Dobson-derived ozone 
O'/i = true value of ozone at Dobson location 
Og - satellite-derived ozone 
OJ = true value of ozone at satellite relrieval lo

cation 
The first term on the right represents the 
Dobson-derivcd ozone measurement error, the second 
term represents the sate Mite-derived ozone measure
ment error, and the third term represents a path and 
lime true ozone difference (atmospheric variance) bet
ween the Dobson and satellite retrieval locations. 

To evaluate the sum of the squares of the differences 
between Dobson and satellite ozone amounts, the right 
side of Eq. (29) is algebraically expanded as a sum of 
the squares. 

• 2 [oi!(i)-o^(i)]2 

= ^-.2) [OSW -OK')]* 

rs ; 

1 V r 
+ • ^ 2 [°K» -0?(i)] . (3D 

The mean square discrepancy is taken to be an upper 
bound on the error standard deviation of the satellite-
derived ozone amounts; i.e., 

N 
- 2 [Oi!(i) - o ^ i ) ] ' 

2 [ 0 « ( i ) - 0>J(i)]2 

= X l°» ( i> -OTM]~ 
i 

+ 2[o» i ) - 0 S ( i ) ] " 
i 

+ S [am -omf 
- 2 £ { [ o » i ) - o;;<i)] [o>4(0 - 03(f)]} 

i 
- 2 X {[ 0"s(i) - OI(i)] [ OW) - Oli)] } 

i 

+ 2 S {[°"W - OHO] [OKO - am>]}. 
1 (30) 

Howe r. the statistical expectation of each of the 
last three terms on the right is zero under the following 
four assumptions: 

• Dobson errors are independent of satellite errors, 
• Either the Dobson ozone amounts, or the satellite 

ozone amounts, or both, are unbiased. 
• Measurement errors are independent of the dis

crepancies due to atmospheric variances—i.e., inde
pendent of (OS - OJ). 

• The statistical expectation of (OS - OJ) is zero. 

Because these assumptions are reasonably consistent 
with the ozone retrieval techniques employed, the un
biased estimate of the mean squared discrepancy for a 
large number N of comparisons between Dobson and 
satellite-derived ozone amounts reduces to: 

3 -fiX [°» ( i ) _ ° a i ) ] " - <32) 

To control the magnitude of the third term on the 
right of Eq. (31) and thereby reduce the bound on the 
satellite retrieval error Eq. (32), Dobson and satellite 
total ozone amounts are paired for the smallest time and 
location differences. The satellite observation closest in 
distance to each Dobson location and within 300 min of 
the Dobson observation was paired with the observa
tion from that Dobson site that was closest in time to 
the satellite observation. Any pair separated by more 
than 200 km or 300 min was eliminated from the RMS 
calculation. This eliminates, for example, pairing 
nighttime satellite measurements with daytime Dobson 
observations. 

The total ozone values at 29 Dobson stations are 
compared with the MFR-derived total ozone values in 
Table 13. The table presents the comparisons for the 20 
days during the May 12 to July 5, 1977 period. 

Comparisons were made on 11 days with Invercar-
gill, New Zealand (Station 18) as indicated in Table 13. 
The itverage distance and time between the satellite re
trievals and the Invercargill Dobson observations were 
80 km and 15 min.. respectively. The comparisons at 
Invercargill had the smallest average time difference of 
all stations. The mean total ozone derived from the 
satellite MFR was 334 m.atm.cm, and the mean Inver
cargill Dobson total ozone amount was 343 
m.atm.cm—a difference of 9 m.atm.cm (-2.7%).* 
The RMS total ozone difference between the Invercar-

*AII percentages have been determined relative lo the mean Dobson 
values. 
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Table 13, Statistical summary of comparison between total ozone measured by Dobson spectrophotometers 
of SCAN and satellite MFR total ozone retrievals for 20 days in May, June, and July 1977. 

o,, 
Distance Time satellite 

Station 0 Days1 1 (km) (min) (m.atm.cm) 

1 New Delhi 6 74 242 288 
2 Edmonton 6 56 264 334 
3 Resolute 13 85 181 360 
4 Aspendale 7 40 34 317 
S Brisbane 5 81 18 284 
6 Mauna Loa 4 57 47 287 
7 Arosa 12 81 79 359 
8Ibronto 10 92 52 375 
9 Boulder 5 94 95 343 

10 Buenos Aires 3 87 125 303 
11 Hohenpelssenberg 1 62 67 366 
12 lateno 4 148 143 352 
13 Nashville 11 85 81 316 
14 Wallops Island 8 50 101 366 
15 Huancayo 13 75 50 242 
16 White Sands 8 103 103 330 
17 Perth 8 62 36 280 
18 Invercargill 11 80 15 334 
19 Naha 6 82 214 280 
20 Samnu 4 61 45 229 
21 Kagoshlma 3 114 175 313 
23 Lerwick 18 71 71 367 
24 Bracknell 2 153 28 351 
25 St. Helena Island 12 70 158 252 
26 Seychelles 9 73 215 244 
28 Bismark 12 80 129 364 
29 Tallahassee 13 57 75 313 
30 South Georgia Island 10 88 42 301 
32 Caribou 4 75 128 385 
Ail'Station average 
(or total day count): 228 77 101 319 

"SOAC station numbers are assigned to each observatory; note that 
within the 200-km and 300-mln criteria. 

hDays—number of days on which comparisons were possible. 

gill Dobson and the MFR value was 14.9 m.atm.cm or 
4.3%. Aspendale comparisons, with the closest aver
age distance of all stations (40 km), had the lowest 
RMS difference, -2.7%. Wallops Island comparisons, 
with an average distance of 50 km, had an RMS differ
ence of 2.9%. 

There were RMS differences greater than 10% at 
three stations: Buenos Aires, Bracknell and South 
Georgia. The number of comparisons at Buenos Aires 
and Bracknell were 3 and 2, respectively. Additionally, 
the average distance of 153 km between satellite and 
station measurement comparisons was the largest at 
Bracknell of any of the stations. The RMS difference 
for the South Georgia comparisons primarily results 
from an apparent systematic difference which averages 

<k RMS %RMS 
0 3 (Dobson) Difference difference difference difference/ 
(m.atm.cm) (m.atm.cm) Dobson (m.atm.cn) Dobson 

295 - 6 . 5 - 2 . 2 13.3 4.5 
351 - 1 7 . 1 - 4 . 9 32.3 9.2 
375 - 1 5 . 2 - 4 . 0 17.2 4.6 
315 2.1 0.7 8.6 2.7 
291 - 6 . 3 - 2 . 2 16.4 5.6 
298 - 1 0 . 0 - 3 . 4 14.7 4.9 
340 18.9 5.5 21.7 6.4 
380 - 4 . 9 - 1 . 3 24.9 6.6 
342 1.2 0.3 24.1 7.1 
306 - 2 . 2 - 0 . 7 36.9 12.1 
355 11.3 3.2 11.3 3.2 
347 4.6 1.3 23.6 6.8 
336 - 2 0 . 3 - t . O 27.6 8.2 
360 5.5 1.5 10.6 2.9 
246 - 4 . 2 - 1 . 7 9.4 3.8 
345 - 1 5 . 1 - 4 . 4 19.6 5.7 
295 - 1 4 . 9 - 5 . 0 21.1 7.2 
343 - 9 . 2 - 2 . 7 14.9 4.3 
302 - 2 2 . 3 - 7 . 4 24.7 8.2 
252 - 2 3 . 6 - 9 . 3 23.6 9.3 
317 - 3 . 9 - 1 . 2 11.1 3.5 
395 - 2 8 . 6 - 7 . 2 32.4 8.2 
361 - 9 . 8 - 2 . 7 54.7 15.1 
265 - 1 3 . 1 - 5 . 0 14.9 5.6 
266 - 2 2 . 3 - 8 . 4 24.4 9.2 
354 9.8 2.8 18.3 5.2 
332 - 1 9 . 1 - 5 . 8 23.7 7.2 
266 34.6 13.0 37.9 14.2 
395 - 9 . 9 - 2 . 5 19.3 4.9 

327 - 7 . 5 - 2 . 3 21.5 6.6 

22, 27, and 31 are not used because no retrieval was 

13% (Table 13). At South Georgia all ten MFR total 
ozone retrievals were larger than the Dobson spectro-
photometer-determined ozone values. 

A total of 228 SCAN vs MFR comparisons was 
made. The RMS difference for the 228 comparisons 
was 21.5 m.atm.cm or 6.6% (Table 13). The mean 
time arid distance for these comparisons were 101 min. 
and 77 km, respectively. 

A plot has been prepared that relates RMS difference 
of the MFR observation vs SCAN observation with re
gard to distance (Fig. 12). The mean of the RMS dif
ference over a 10-km interval has been plotted at the 
midpoint of each 10-km interval. The number of com
parisons within each interval are also shown. Note that 
as the distance increases the number of comparisons in 



Fig. 12. RMS difference of MFR and SCAN comparisons al 10-km increments; e.g., value plotted at 25 km consisted of 22 comparisons 
in interval 20-30 km (all comparisons arc taken at less than 300 mln; number below each point indicates number of comparisons in inter
val). 

the 10-km interval also increases (this increase in data 
count with distance is accounted for by the increasing 
size of the annulus area with distance). 

In the region between 100 and 300 km the RMS dif
ference comparisons are approximately 6.5%. This 
RMS difference is reduced to approximately 5.7% be
tween 40 and 100 km, and the RMS difference is 
further reduced to 4.7% in the closest interval between 
10 and 40 km. 

This improvement indicates that the atmospheric 
ozone spatial variability effect is important and must be 
considered in comparisons of this nature. Therefore, 
the atmospheric variance term—third term on the right 
in Eq. (31)—appears to contribute significantly to the 
total RMS difference; this term becomes larger when 
the time and distance differences become greater. The 
Dobson-derived ozone error—first term on the right in 
Eq. (31)—has an unknown contribution to the total 
RMS difference. 

Only one comparison was made at Hohenpeissen-
berg, not because of the paucity in Dobson observa
tions, but because of the lack of satellite retrievals. This 
lack was due to the elimination of radiance sets because 

of extremely cloudy/cold background conditions and 
missing satellite data. 

The average total ozone values at each station (taken 
from Table 13) are plotted in Fig. 13. The scatter of 
those values about a line of perfect correlation between 
the Dobson.and the satellite MFR derived values is in
dicated in this figure. 

A RMS difference of 6.2% or 20.2 m.atm.cm was 
calculated separately for 13 days of data in June 1977. 
This value compares well with the June 1970 Nimbus 4 
BUV RMS difference from Dobson data of 21.6 
m.atm.cm (Fleig, 1978). 

The total ozone values at 31 Dobson stations were 
compared with the total ozone daily spline analyses 
(derived from the MFR) in Table 14. Four hundred and 
sixty-four measurement sets were compared, and an 
RMS difference of 6.2% (20.4 m.atm.cm) was ctlcu-
lated. The average total ozone values at the individual 
stations (extracted from Table 14) are plotted in Fig. 
14. Note the similarity of scatter of the total ozone val
ues in this figure and in Fig. 13. The integrity of the 
satellite-derived ozone retrievals was retained by the 
bicubic spline function interpolations. 
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Dobson total ozone — m. atm. cm 

Fig. 13. Average total ozone value at each SCAN station: Dobson spectrophotometer vs satellite Fl MFR (data used in figure were ex
tracted from Table 13; a line of perfect correlation has been drawn lor reference). 
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Table 14. Statistical summary of comparisons between total ozone measured by Dobson spectrophotometer 
of SCAN and spline interpolated satellite MFR total ozone retrievals for 20 days in May, June, 
and July 1977 (see Appendix D). 

1 * RMS %RMS 
03 (spline) 0 a (Dobson) Difference difference difference difference/ 

Station Days" (m.atm.cm) (m.atm.cm) (m.atm.cm) Dobson (m.atm.cm) Dobson 

1 New Delhi 12 293 293 0.4 0.1 14.9 5.1 
2 Edmonton 20 358 369 -11.6 -3.1 21.9 5.9 
3 Resolute 18 366 378 -11.4 -3.0 18.0 4.8 
4 Aspendale 14 324 327 -2.6 -0.8 14.5 4.4 
5 Brisbane 16 290 295 -4.8 -1.6 19.9 6.8 
6 Mauna Loa 12 287 297 -10.6 -3.6 14.0 4.7 
7 Arosa 14 369 347 21.8 6.3 25.4 7.3 
8 Toronto 14 361 373 -12.1 -3.2 28.5 7.6 
9 Boulder 10 344 342 1.9 0.6 14.0 4.1 

10 Buenos Aires 4 303 312 -8.8 -2.8 27.1 8.7 
11 Hohenpeissenberg IS 372 353 19.2 5.4 21.6 6.1 
12 Tateno 14 348 347 1.2 0.3 21.9 6.3 
3 Nashville 17 329 336 -6.9 -2.1 18.6 5.5 

. ' Wallops Island 19 360 360 0.7 0.2 12.8 3.6 
16 Huancayo 20 247 246 0.7 0.3 6.5 2.6 
16 White Sands 18 326 332 -5.7 -1.7 15.2 4.6 
17 Perth 16 287 292 -5.3 -1.8 12.8 4.4 
18 Invercargill 17 341 351 -10.1 -2.9 17.0 4.8 
19 Nana 17 286 295 -9.4 -3.2 12.9 4.4 
20 Samoa 16 230 252 -21.9 -8.7 22.5 8.9 
21 Kagoshima 13 322 314 8.4 2.7 15.1 4.8 
22 Sapporo 12 389 364 24.9 6.8 29.4 8.1 
23 Lerwick 20 366 398 -31.4 -7.9 36.8 9.3 
24 Bracknell 19 374 401 -26.7 -6.7 40.9 10.2 
25 St. Helena Island 15 253 265 -12.2 -4.6 15.0 5.7 
26 Seychelles 16 243 265 -22.9 -8.6 23.8 9.0 
27 Cologne 4 356 370 -14.0 -3.8 16.1 4.3 
2SBtsmark 20 354 354 -0.5 -0.2 19.5 5.5 
29 Tallahassee 19 320 332 -11.4 -3.4 15.0 4.5 
30 South Georgia Island 11 304 268 35.8 13.3 37.8 14.1 
32 Caribou 12 388 393 -5.5 -1.4 30.0 7.6 
All-station average 
(or total lay count): 464 325 331 -5.3 -1.6 20.4 6.2 

"Days—the number of days on which comparisons were made. 
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GLOBAL DATA ANALYSIS 

The ozone produced photochemically at high al
titudes in the equatorial regions is transported poleward 
out of the tropics and to lower altitudes by the divergent 
flow of the Hadley cells. Transient and standing eddies 
(cyclones, anticyclones, and the planetary waves) in 
the middle and higher latitudes redistribute and trans
port ozone from the lower latitudes towards the poles 
(see, for example, Reiter, 1969). These redistribution 
processes produce the highest ozone amounts in the 
subpolar latitudes and the lowest ozone amounts at low 
latitudes (see, for example, Dutsch, 1969; London, 
1976). The eddy redistribution processes are the pri
mary cause for large temporal and spatial variability in 
atmospheric ozone. Regions of high (low) total ozone 
amounts are closely correlated in location with those of 
pressure system troughs (ridges) in the upper tropo
sphere and lower stratosphere (Reiter, 1971). 

Twenty days of MFR-derived total ozone data are 
contained in this report: three days are discussed in this 
section and the remaining seventeen days are presented 
in Appendix D. These data span a period from mid-
May to early July 1977, a transition period during 
which the atmospheric general circulation in the North
ern Hemisphere (Southern Hemisphere) is in a state of 
decreasing (increasing) kinetic energy. At the same 
time the baroclitiic zones are more intense (less intense) 
in the Southern Hemisphere (Northern Hemisphere). 
The daily synoptic ozone variability may be studied by 
use of the analyses presented in this section and Ap
pendix D. 

Daily Global Analyses 
The global analyses of MFR-derived total ozone for 

June 20, 21, and 22, 1977 are discussed in this section. 
The data set locations at which the total column ozone 
was retrieved for each of the three days can be found by 
referring to Figs. I5a, 16a, and 17a. The total ozone 
global analyses for these davs arc shown in Figs. 15b, 
16b, and 17b. 

The figure indicating the location of toU ozone re
trievals (for example, Fig. 15a) provides information 
on data void areas, Note that less emphasis should be 
placed on the total ozone spline analyses in these re
gions. 

Each of the global analyses for the twenty days indi
cates clearly that the greatest ozone amounts were lo
cated at subpolar latitudes, and the lowest amounts 
were located in the equatorial regions. During the 
three-day period under discussion, individual total 
ozone centers of maximum and minimum amounts can 
be observed to change in intensity, and move with a 

variable speed and direction. In general, however, the 
ozone maxima and minima at higher latitudes in the 
Southern Hemisphere move with a greater eastward 
velocity than do those in the Northern Hemisphere 
during June. This is similar to the June 1969 analysis 
by Reiter and Lovill (1974). Note that during this 
three-day period (Figs. 15b, 16b and 17b) the maxima 
and minima in the equatorial regions have very little 
movement in any direction and exhibit small changes in 
ozone amount. Ozone maxima and minima have been 
shown to be closely correlated with stratospheric tem
peratures such mat relatively warmer (colder) strat
ospheric temperatures correspond to higher (lower) 
amounts of ozone (Lovill, 1972; Reiter, 1974; and 
Lovill, 1974). In this regard, the movement and change 
in intensity of maxima and minima of ozone during the 
three-day period may be interpreted as an indication of 
reg-ons where local changes in stratospheric radiative 
heating also are occurring. 

The ozone maxima and minima change relatively 
slowly in magnitude in the Northern Hemisphere (in 
contrast to the Southern Hemisphere). The maximum 
over Japan on June 20 (Fig. 15b) is 406 m.atm.cm. On 
June 21 (Fig. 16b) the value of this same feature is 404 
m.atm.cm and on June 22 (Fig. 17b) 398 m.atm.cm. 
This represents a change of only 2% during the period. 

Another region of stable total ozone features can be 
seen in the general area of Great Britain. In this area an 
ozone minimum is located at approximately 60°N and 
an ozone maximum at 45°N on June 20 (Fig. 15b). 
During the period of June 20 to 22 the maximum and 
minimum changed little in position and magnitude 
(maximum: June 20, 420 m.atm.cm; June 21, 397; 
June 22, 397; minimum: June 20, 315; June 21, 320; 
and June 22, 324). 

Stratospheric/Tropospheric Mass 
Transport Calculations 

The daily analyses can also be used to estimate 
stratospheric/tropospheric mass transport. The vertical 
mass transport can be estimated on the basis of the 
number of ozone maxima. The ozone maxima are typi
cal of cyclone waves that originate in the baroclinic 
flow of the troposphere (Reiter and Lovill, 1974). Such 
cyclone waves have been shown to have a major influ
ence on the temporal variation and global distribution 
of total ozone. Mahlman (1965) showed that large scale 
cyclogenetic processes entail the transport of large 
amounts of stratospheric air into the troposphere. The 
horizontal convergence of ozone-rich air in the strato
sphere and the divergence of ozone-poor air in the 
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lower atmosphere, associated with sinking motion in a 
vertical column, increase the total amount of ozone in 
the column. During the life cycle of a large-scale cy
clone (major sinking motion event), approximately 6 x 
10N kg of stratospheric air is carried into the tropo
sphere (Reiter and Mahlman, 1965). 

During the June 20 to 22 period (Figs. 15b, I6b, and 
17b) there were four large ozone maxima located over 
oceanic areas between 40° and 60°S in the Southern 
Hemisphere. One large ozone maximum in the North
ern Hemisphere was centered near Japan. Assuming 
each of these ozone maxima was associated with a 
major cyclogenetic system, then, during the multi-day 
life cycle of the cyclones, 24 x 10" kg of mass was 
transported out of the stratosphere in the early winter 
period of the Southern Hemisphere. The mass trans
ported across the tropopause during the early summer 
period in the Northern Hemisphere was 6 x I0 H kg of 
mass. Comparable mass transport estimates were made 
based on major ozone maxima located in the Southern 
Hemisphere during June 1969 (Reiter and Lovill, 
1974). The Southern Hemisphere stratosphere/tropo
sphere exchange is, therefore, approximately four 
times that of the Northern Hemisphere during mid-
June. These estimates are in good agreement with the 
expected difference of baroclinic activity between the 
winter and summer hemispheres. 

Planetary Scale Total Ozone 
Features for June 1977 

The mean locations of the planetary ozone waves and 
the centers of ozone maxima and minima for June 1977 
can be found in Figs. 18a and 18b (the Northern and 
Southern Hemispheres, respectively). These two maps 
were compiled from the 13 daily analyses (June 11, 12, 
15, 16, 18 to 22. 24, 25, 28, and 30) that are presented 
in Appendix D. The map for the mean June global 
analysis is given in Fig. 19 (compiled from the 13 daily 
June analyses). 

Figure 18a shows a mean total ozone distribution for 
the Northern Hemisphere, which depicts the planetary 
scale waves of the general circulation during the late 
spring/early summer period. The location of the plane
tary waves may be inferred from the total ozone 
trough/ridge pattern. 

Three ill-defined, asymmetric, planetary waves are 
discernible in the Northern Hemisphere. The most dis
tinct middle latitude ozone ridges (pressure troughs) are 
located over the Western Atlantic, Western Europe, 
and the Western Pacific. The maximum mean total 
ozone value in the Northern Hemisphere (394 
m.atm.cm) is located to the North of Japan. Two other 
maxima (380 m.atm.cm and 384 m.atm.cm) are lo

cated in Southeastern Canada and south of Great Bri
tain, respectively. 

The Southern Hemisphere has five planetary waves 
(Fig. I8b). In contrast to the Northern Hemisphere, 
these waves are well-defined and relatively evenly 
spaced. The maximum mean total ozone value (358 
m.atm.cm) is located over the South Indian Ocean. 

Mean total ozone maxima (Fig. 19} in the Southern 
Hemisphere have less ozone than those in the Northern 
Hemisphere (358 m.atm.cm vs 394 m.atm.cm). The 
strongest gradient of mean total ozone in either hemi
sphere is seen over Eastern Asia and is colocated with 
the mean position of the strong jet stream in that geo
graphical area. This relationship was first shown for a 
June 1969 wind field and satellite total ozone analysis 
over Eastern Asia (Lovill, 1972). Three broad regions 
of low mean total ozone can be seen in the tropics over 
the Western Pacific. South America, and Indonesia 
(Fig. 19). 

Global and Hemispheric Total Ozone 
Variability During the Period May 12 
to July 5, 1977 

The decrease (increase) of total ozone mass in the 
Northern Hemisphere (Southern Hemisphere) during 
the period of May to July has been described exten
sively (e.g.. Dutsch, 1969). Figure 20 indicates the av
erage, spline-interpolated, total ozone for the Northern 
Hemisphere, the Southern Hemisphere, and the globe 
for twenty days during the period May 12 to July 5. 
1977. The average total ozone of the Northern Hemi
sphere decreased fro:n 326 m.atm.cm on May 12 to 
305 m.atm.cm on Jjly 5—u decrease of 21 m.atm.cm. 
During this same interval the average total ozone of the 
Southern Hemisphere increased from approximately 
270 m.atm.cm to 284 m.atm.cm—an increase of 14 
m.atm.cm. The global average total ozone decreased 
from 299 m.atm.cm to 295 m.atm.cm during this 
period, representing a global reduction of 4 m.atm.cm 
(1.39b) during the 50-day period. This figure is in 
agreement with the annual cycle in global total ozone as 
observed, for example, by London (1976). 

The change in the global total ozone amount was less 
than 0.5% in any 24-hr period (see Fig. 20). This small 
change is an indication of the stability of the MFR in
strument and the total ozone retrieval methodology. 

The average total ozone determined from the MFR 
for the two hemisphere^, and for the globe for June 
1977. can be compared with averages computed during 
previous June periods by other investigators (Table 15) 
using other ozone data sources. The comparisons in 
Table 15 indicate four time periods. 
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Table 15. Atmospheric total ozone amounts for hemispheric and global comparisons 
taken by surface observatories and satellite sensors. 

Atmospheric total ozone 
amounts (m.atm.cm) 

Northern 
Date Hemisphere 

June 1957-1967' 291 
June 1970" 313 
June 1971' 304 
June 1977" 315 

Southern 
Hemisphere 

274 283 
295 304 
294 299 
278 296 

"Interpolated from Fig. 6, p. 14 (London el al., 1976)—Surface Network. 
"Heath (1»7B)—Satellite (BUV). 
'"Prelimlnarv Data" Interpolated from Fig. 15, p. 19 (Heath, 1977)—satellite (BUV). 
T h i s paper—Satellite (MFR). 

The data analyses presented by London et al, (1976) 
were compiled from a decade of June, surface-based, 
total ozone observalions. Heath's (1978, 1977) calcu
lations represent June 1970 and June 1971 satellite 
BUV preliminary data. The June 1977 MFR results are 

presented in this report and are extracted from Fig. 20. 
The SOAC MFR-derived June value of 296 m.atm.cm 
is in good agreement with those values determined by 
Heath. The June 1970, 1971, and 1977 satellite-derived 
global total ozone content compare within 2.7%. 
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SUMMARY AND CONCLUSIONS 

A total ozone retrieval model has been developed to 
process radiance data gathered by a multichannel filter 
radiometer (MFR). Extensive effort went into theoreti
cal radiative transfer modeling, a retrieval scheme was 
developed, and the technique was applied to the MFR 
radiance measurements. The high quality of the total 
ozone retrieval results was determined through com
parisons with Dobson measurements. 

Total ozone values have been calculated, using the 
above metbod, from 20 days of CO., O,,, and window 
channel radiances that were collected during the period 
May to July 1977. A comparison of the MFR-derived 
values with Dobson spectrophotometer observations 
showed good agreement: there was an RMS difference 
of 6.6%, equivalent to 21.5 m.atm.cm. The agreement 
was still good when June MFR-derived values were 
compared with Dobson observations: the RMS differ
ence was 6.2% or 20.2 m.ptm.cm. A similar RMS 
difference of 21.6 m.atm.cm was found when a com
parison was made between the June 1970 measure
ments of a satellite BUV sensor and Dobson data. Fi
nally, when all 20 days of the MFR-derived total ozone 
data were interpolated with a bicubic spline and the 
splined data were compared with Dobson spec
trophotometer data for the 20 days, a RMS difference 
of 6.2% was determined. 

In addition to calculating and to comparing the 
MFR-derived total column ozone values. 20 days of 
global maps have been prepared from a daily average of 
23,079 total ozone values. The daily global variability 
of total ozone showed features similar to those pre
sented earlier by other investigators. The maps clearly 
indicate that: 

• The greatest amount of ozone was located at 
subpolar latitudes and the lowest amount was near the 
equator. 

• Total ozone maxima and minima in the higher 
latitudes of the Southern Hemisphere moved with a 
greater eastward velocity than did those in the Northern 
Hemisphere during June. 

• Total ozone maxima and minima changed little 
from day to day in the middle latitudes of the Northern 
Hemisphere during the late spring and early summer. 

In addition to supplying the above interpretations, 
the maps were also useful in estimating the movement 
of mass into and out of the stratosphere. For example, 
the maps indicate that during mid-June the Southern 
Hemisphere stratosphere/troposphere mass exchange 
was approximately four times that of the Northern 
Hemisphere. 

A mean June 1977 global total ozone map has been 
prepared from the daily maps. It showed that, in con
trast to the Northern Hemisphere, the Southern Hemi
sphere had well-defined and evenly spaced planetary 
waves (as inferred from the total ozone trough/ridge lo
cations). 

Based on the daily global average ozone values, a 
global total ozone amount was estimated for June 1977 
(296 m.atm.cm). This may be compared with global 
average total ozone amounts determined using satellite 
BUV data for June 1970 (304 m.atm.cm) and June 
1971 (preliminary data—299 ffl.atm.cm). Once again, 
good agreement was achieved: the MFR-derived ozone 
value was within 2.T?-> of the BUV values. 

In summary, this report describes a methodology and 
presents results that prove the feasibility of using MFR 
radiances to derive accurately the total atmospheric 
column ozone on a global scale. The capabilities de
veloped are particularly significant in that the MFR was 
the first satellite sensor to provide simultaneously: 

• Day-night (infrared) measurements 
• Cross-track scanning capabilities 
• High spatial resolution 
• Low noise level radiances 
The value of the MFR sensor data is further en

hanced by the fact that they are the sole source of global 
ozone data, now that BUV measurements have ceased. 
As such, they are a vital link in the global assessment of 
man and nature's impact on the ozonesphere. 
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APPENDIX A 
SATELLITE Fl MFR SENSOR DESCRIPTION 

A new type of meteorological satellite sensor, i.e., a multichannel filter radiometer (MFR) with ozone and 
temperature measurement capabilities, was authorized for deployment by the Department of Defense in the 1970s. 
The meteorological sensor is a cross-track scanning, multichannel filter radiometer (MFR), and is carried onboard 
satellites of, the Defense Meteorological Satellite Program (DMSP) Block 5D scries. The DMSP is managed within 
the Space and Missile Systems Organization (SAMSO) of the U.S. Air Force Systems Command. DMSP is a pro
gram designed to accomplish mission-related requirements of the Department of Defense. The Air Force Global 
Weather Central (AFGWC) of the Air Weather Service is the principal Air Force user of the data. The first of these 
sensors began data transmission in March 1977; a second sensor, in July 1977; and a third, in May 1978. The MFR 
sensors arc essentially identical and are explained thoroughly by Nichols (1975). Much of the instrumentation de
scription in this appendix was extracted from Nichols. The present description will be limited to the first sensor: 
Flight model one (Fl). (The MFR sensors on satellites F2-F4 are identical to those of the Fl except for the addition of 
a water vapor channel). 

Spacecraft Characteristics 
The Fl satellite was placed in an 835-km altitude, nearly polar, sun-synchronous orbit on September 10, 1976. 

The Fl vehicle achieved a near-noon, ascending-node orbit. Radiance data were transmitted from March until July 
1977. 

The Fl satellite is stabilized by a three-axis attitude control system employing a rotating flywheel for stabiliza
tion of the pitch axis. The flywheel momentum and the roll and yaw attitude are maintained by magnetic coils that 
interact with the Earth's magnetic field. The Fl rotates at one revolution per orbit so that it always points at the local 
vertical. 

MFR Sensor 
The MFR sensor measures radiance in fifteen spectral bands. One channel is centered in the 9.6-yxm 03 bands, 

six channels are in the 15-ju.m CO« bands, one in the atmospheric window near 12 /Am- and seven in the water vapor 
rotation band (18 to 30 /Am). 

Sensor Optics. The sensor optical schematic appears as Fig. A-1.: A Cassegrain mirror objective is centered on 
an axis parallel to the flight path. The mirror-gathers wideband radiation entering from the instrument field of view 
(FOV).*A step rotating, diagonal scanning mirror scans the FOV in a plane normal to the flight path. Two dichroic 
mirrors (DI and D2 in Fig. A-1) separate the incoming radiance into three separate paths. Two paths are conditioned 
by separate filter wheels, each rotating twice through eight filter positions during each 1 -sec scene dwell time. One of 
these wheels contains the C0 2 filters and the window channel, and the second contains the H 20 region filters. The 
third path uses a fixed filter to make the 0 3 radiance measurement (1022 em - 1 ) . Each optical path is equipped with a 
separate wave-condensed pyroelectric trigiycine infrared detector. Additionally, each optical path experiences further 
conditioning by means of the detector focusing-lens coating and materials. 

All radiation entering the detector FOV is incident within ±2° of the centroid ray. Radiation outside of the FOV 
is eliminated by optical blocking surface field stops and detector wave optics. 

Spectral sorting of the incoming radiation is indicated in Fig. A-l, Infrared radiation is directed from the scan 
mirror into the primary mirror and secondary mirror, which then directs the radiation through the primary center 
aperture to the DI dichroic. At this dichroic the energy is split spectrally into the H 20 channel and Oa/C02 channel. 
H 20 channel radiation, passing through dichroic Dl, is processed by a cadmium telluride lens. A rotating eight-posi
tion filter wheel (narrow bandpass filters) spectrally sorts the radiation into narrow spectral regions. The two lenses 
provide out-of-band blocking and focus the radiation on the H 20 detector. 

The 0 3 and C0 2 radiation reflected off Dl passes through a zinc selenide lens to the second dichroic, D2. At D2 
the energy again is split into two channels (O,., and C0 2). The 0 3 channel radiation, passing through D2 is processed 
by a bandpass filter and the 0a detector. The C0 2 channel radiation is reflected off D2 and passes through the MFR's 
other eight-position filter wheel and onto the CO* detector. 

The 0 ; ( bandpass filter is a coated germanium substrate that blocks radiation effectively from 650 cm"' to 1500 
cm - 1 except for a narrow band at 1022 cm"1 where the filter is highly transmissivc. 

*Bcld of view (FOV) geometry is described in the "Retrieval Technique Development" section of this report. 
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Fig. A-l . Optical schematic (after Nichols, 1975) of satellite MFR sensor. 

0 ; ( , COo and H^O Channel Characteristics. As indicated earlier, the Fl MFR sensors provide fifteen spectral 
radiance measurements. The spectral center, width, and noise equivalent spectral radiance (NESR) are given in Table 
1. Note that the NESR* for the 0.- channel is approximately half that of any other CO* or H 20 channel. The reason 
for this is best seen in Fig. A-2, which is a flow diagram of the multichannel filter data. Each of the CO* and water 
vapor channels has two looks per scene. The 0 3 channel, however, has twelve looks per scene. Therefore, the ac
cumulated energy for a given 0 3 FOV is six times greater than either the COa or the H 20. 

Sensor Cycling Time. The MFR sensor cycles through one complete period each 32-sec. The MFR logic 
selects data from 32 1-sec stations (FOV). Twenty-seven stations provide radiance data, twenty-five taken by look
ing at the earth, and one each by looking at space or at the internal calibration source. The other five stations provide 
information on the electrical calibration and component temperature. Data selection by the MFR logic control is 
keyer1 to the angular position of the scan mirror, completing one revolution in 32-sec. The scan mirror makes 90 4° 
incremental steps for each revolution. The steps occur at 1-sec intervals during radiance data readout and at 1/16-sec 
intervals during the electrical calibration readout. 

The station readout for the earth radiation is accomplished by stepping the FOV in 25 4° steps, extending 48° on 
either side of nadir. The FOV dwell time at each station is 1-sec. During this period, IS spectral radiance observa
tions (see Table 1) are taken. The cross-track scan repeats at a 32-sec frequency. The instantaneous FOV is conical, 
subtending an angle of 2.7°. The subsatellite velocity is 6.5 km s - ' ; along track spacing, 207.5 km; cross-track spac
ing, 58.4 km at nadir and 156.8 km at the maximum angle (48°). The sensor scan geometry is mown in Fig. 3. Note 
that the smallest FOV is 39.3 km and that an entire scan line containing twenty-five stations is 2042.4 km across. 

Because there are 25 stations per cross-track scan, 190 cross-track scans per orbit, and 14.3 orbits per day, there 
is a theoretical maximum of 67,500 measurement sets possible each day. 

•The NESR for each MFR channel is an indication of the noise in the data output signal. The noise is a small random change in the digital output; 
however, it is defined as a change of energy input. The NESR, therefore, is the chunge in radiance into the MFR necessary in produce a DC shift in 
the output equivalent to the output RMS noise. 
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APPENDIX B 
DATA PROCESSING, 

CALIBRATION, AND LOCATION 

The MFR data received at the SOAC come directly from the Air Force Global Weather Central (AFGWC). 
These data are organized along the same lines as the file and directory structure of the AFGWC satellite data pro
cessing file system. Each tape contains approximately 24 hr of DMSP MFR data, although this file may be reduced 
by satellite readout problems, incomplete scheduled coverage, computer system file problems, etc. Due to initial 
software calibration and location problems, use of early DMSP data requires complete processing of the raw MFR 
sensor data at the SOAC. To facilitate this step, the AFGWC software package was provided to the SOAC. The fol
lowing sections describe the essential data processing steps taken to provide calibrated. Earth-located, spectral 
radiance data for an ozone retrieval algorithm. 

Initial Data Processing 

The data received from AFGWC are in a compressed, packed-integer format designed around a 36-bit computer 
word size. To use the adapted USAF software, the identical addressing and file structure was adopted at LLL. 
Therefore, upon receipt of the data tapes, they are copied into an address-compatible file structure; i.e., one 36-bit 
AFGWC word into one 60-bit SOAC/LLL word. 

The converted USAF software is then used to search a file directory for pointers (address words) leading to the 
desired satellite data readout sector information blocks. The sector information block contains essential parametric 
information such as the Julian day, readout start and end times, the time and longitude at which the satellite crosses 
the equator going north, the number of minutes of data, the readout revolution number, satellite identification, the 
address of first data set, and the address of the next sector information block. Routine processing entails progressing 
sequentially through all active sectors for a given Julian day contained in the directory. Further screening may pass 
data only for ascending/daylight (descending/night) segments of each orbit. 

Within the data block of a readout sector, the smallest processable unit consists of a 28-word ephemeris infor
mation group and 428 words (60 sec) of data station information, Each data station consists of 21 12-bit pieces of 
information packed into seven 36-bit words. One complete cross-track scan of data represents 32 sec of sensor opera
tion; i.e., one scan yields 25 spectral measurement sets and seven calibration sets of data. This set comprises the 
smallest set of data allowed for further processing, assuming a valid ephemeris group exists. Due to a clocking cycle 
anomaly between the MFR and the primary data buffering system, a bad line of data appears occasionally that must 
be located and removed. 

Calibration 

The MFR sensor employs a reference blackbody (warm source) contained in the instrument and a space look 
(cold source) for calibration points. To determine the warm blackbody temperature to an accuracy of 0.1°C, a 
platinum resistance thermometer is incorporated in a precision bridge circuit. All the bridge circuitry resistances, re
ference voltages, and essential ratios are either known constants or measurements provided in the electrical calibra
tion data words. 

Digitized sensor voltage data are the basis for calibrating (or calculating) the spectral radiance quantities for each 
radiance channel (filter). The calibration procedure involves solving the Callendar-van Dusen electrical resistance 
equation for the temperature of the calibration source for each scan. To solve the Callendar-van Dusen equation, ac
curate knowledge is needed of the properties of the platinum resistor thermometer, the precision bridge circuit, and 
the resistance value itself (at the ambient temperature) for this resistor thermometer. This total resistance value is di
rectly calculated by the relation: 

= i o ; 0 PC + 100B - 103A) 
R T ' ^ ( l M B - I O O A - S O 1 ( B 1 ) 

where RT = is [he total resistance of the platinum resistor thermometer; and A, B, and C are known resistor ratios of 
the internal calibration bridge circuit provided in the calibration stations for the scan line. 

51 



Having determined the total resistance (RT) by the above relation, one can then solve the Callendar-van Dusen 
equation lor the internal calibration source temperature: 

T = C, - C, - Q| (T.r/R„ - I) _ ( B 2 ) 

where: 
T = temperature in degrees Celsius 

RT = total resistance of platinum resistor thermometer 
R„ = known resistance of platinum resistor thermometer at 0°C 
C|, C.., C ;(, and C4 are constants dependent on the physical properties of the resistance thermometer. 
The internal calibration source temperature is then converted to spectral radiance by applying Planck's Law for 

blackbody radiance: 

R a d . ' = , r C ' m • ' < B 3 ) 

exp (C^f/T) - I 
where: 

Radv = spectral radiance mW (nr sr cm"1) for wavenumber v at temperature T 
v = wavenumber (cm - 1) 

C, = first radiation constant 
Q = second radiation constant. 

This Radv value can then be used to calculate a gain or slope factor for the i t h channel by taking the difference 
between the internal calibration (warm) digital count and the space calibration (cold) digital count and dividing 
through by the Radw value. An offset value is determined directly by the space calibration (cold) digital count. This 
provides a straight line transfer function for each scan and channel (Fig. B-l) that can be used to relate the spectral 
radiance to output number. 

Note that each MFR spectral channel has its own unique transfer function and associated calibration constants 
{gain and offset). The calibration constants differ in each channel principally because of differences in the bandwith 
and transmission efficiency of the various filters. 

To measure accurately the scene radiance, the MFR recalibrates itself (updates the gain and offset values) once 
each 32 sec (a scan line). By using this self-calibrating technique, the MFR can make an accurate radiance determi
nation in each spectral channel during each radiance measurement. To determine precisely the radiance observed by 
the MFR, the transfer functions must be redetermined for each scan line of data. 

Internal checks are employed within the calibration code to eliminate scan lines that are incomplete, or have 
out-of-range calibration radiance values. 
Data Location 

Earth location parameters for the MFR scene data are contained in a 28-word ephemeris group. AFGWC inserts 
the group into the data stream at 60-sec intervals during the initial recorder playback of the interleaved sensor infor
mation. This ephemeris group contains the Julian day, latitude, longitude, altitude, time, and the orbit anomaly angle 
for the first and last data set position of the previous 60-sec of MFR readout. 

The actual process of location proceeds in a three-component vector system in which two components are used 
for position (in spherical coordinates) and the third is used for altitude. Ratios of the change of latitude and longitude 
with time are computed for the spacecraft subpoint from the first and last (time-wise) position information; linear in
terpolation is applied to compute the subpoint location and altitude for each radiance scene. This information, in 
conjunction with the time-dependent "look angle" information (a consequence of the time count from receipt of a 
scan line synchronization signal word), is input to a spherical latitude-longitude coordinate transformation algorithm 
that returns the desired geographical location information of each radiance scene. 

The DMSP spacecraft normally has a precise attitude control system that nominally provides pointing accuracies 
of better than 0.01° about the pitch, roll, and yaw axes. However, because of the initial vehicle (Fl) control prob
lems, the primary attitude control system was degraded and the backup system (providing 0.10° pointing accuracy) 
was put in control with a consequent loss in location accuracy. A second limitation of data location accuracy is that 
the MFR time word generation aboard the spacecraft is at 2-sec intervals. The accuracy with which the data can be 
located can be calculated by finding the FOV centroid positioning error limit of the MFR-F1 vehicle system. Within 
the total system, that error ranges from a low of 15.4 km (34.3 km FOV) at subpoint to a high of 22.9 km (64.5 x 
] 19.3 FOV) at the 48° "look angle" position. 
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APPENDIX C 
PREPARATION OF DAILY SATELLITE MFR-DERIVED 

GLOBAL TOTAL OZONE ANALYSES 

This section describes the technique used to interpolate the irregularly spaced total ozone values to a regularly 
spaced two-dimensional grid, which is then suitable for contouring. 

Procedural Steps 
The first step in the procedure is to transform the longitudinal coordinates of the ozone values so that they con

form to the standard cartographic coordinate system. The original values, which range from 0° to 360° positive west 
from the Prime Meridian as measured by the satellite, are converted to a —180° to 4-180° orientation, positive east. 
The second step is to remove from the data set those calculated ozone values that are significantly above or below an 
expected range, based on a general knowledge of ozone behavior. 

The next few steps of the procedure are concerned with preparing the data for a bicubic spline analysis, which 
will interpolate the irregularly spaced data values, as received from the satellite, to a regularly spaced grid in the x-y 
(longitude-latitude) plane. Because the global distribution of ozone is presented by contours on a flat plane, a method 
must be used that preserves the continuity of the contours across the artificial east-west boundaries of the plane. 

To accomplish this, values from the left side of the grid (—180°) are duplicated on the right side of the grid 
( + 180°). and vice versa. Duplicating the data on each side over a 20° interval expands the grid to a —200° to +200° 
longitude world. Because the number of ozone values, plus their coordinates received each day for analysis, is too 
large to fit in the memory of the computer, the bicubic spline analysis is performed in two steps: first, an analysis of 
the interval from -200° to +10° longitude (Western Hemisphere) and then one of the interval from -10° to +200° 
longitude (Eastern Hemisphere). 

The next step computes the average values of those ozone measurements that occur each day near the north and 
south poles (~ 14 values at each pole). Additional data points of these average values are incorporated into the data 
set in the vicinity of the poles. These added values smooth out the temporal variability of the data values at the north 
and south poles assuring convergence to a single value at each pole. 

The x-y grid space for the two hemispheric data sets is then divided into two-dimesional spline intervals. The 
average ozone value and the total number of data points for each spline interval (typically 10° x 10°) is determined. 
If the number of data points in any spline interval is less than a percentage value (typically 50%) of the average count 
for all the intervals, these intervals are flagged as data deficient, and additional data points are added (up to 50% of 
the average) in a regular distribution to these intervals. The values of these new points are found by linear interpola
tion/extrapolation from the average ozone values in the neighboring data-sufficient intervals. 

The two hemispheric data sets are now ready for the bicubic spline analysis. The bicubic spline surface is rep
resented as a linear combination of cubic B-splines (basis functions) that have continuous first and second deriva
tives. The calculation is performed by the method of least squares. The mean difference and the RMS error between 
the spline values and the data values are also calculated. Finally, the two data sets are interpolated from the splines to 
a 2° grid in the x-y plane, and combined into a single data set, with the overlaps at the date line and Prime Meridian 
removed. 

The next step in preparing the daily contour maps of the total global ozone distribution is to contour the results 
from the spline analysis. The contour routine used was obtained from the National Center for Atmospheric Research 
(NCAR) and has the capability to generate M 100th contours with splines under tension. Finally, these contours are 
overlaid on a cylindrical equidistant projection of the world. 

Analytical Method 
The following description of the bicubic spline analysis used to produce the daily global total ozone maps is 

taken, in part, from a report in progress by R. P. Dickinson (Lawrence Livermore Laboratory). 
The rectangular region (R), which contains the irregularly spaced total ozone values, is divided into a number of 

equal area rectangular subregions (P) whose sides are parallel to the rectangle R. The (R,P) region then constitutes 
the space over which the bicubic spline that minimizes the functional ((/>> will be fitted: 

t = i 
(CD 



where: 
tf> - functional to be minimized, 

Wk = a set of positve weights associated with each subregion P (at this time ail subregions have equal 
weight) 

S(xk,yk) = the bicubic spline on (R, P) 
(*• ' vk) = the spatial coordinates of Zand 

N = the total number of data values in region R. 
In the computational procedure, NX is the number of nodes in the x-direction and NY is the number of nodes in 

the y-direction of a partition P on the rectangle R. The bicubic spline then depends on (NX + 2)(NY + 2) param
eters. These parameters are the coefficients au in the expression: 

NX+2 NY+2 
S(x.y) = 2 S «ubi(x)b,(y). (C2) 

i = I j = i 

where bt(x) and bj(y) are B-splines (basis functions). 
In order to find the coefficents « n in Eq. (C2) such that S(x,y) minimizes Eq. (CI), we consider the following 

system of N equations in (NX + 2)(NY + 2) unknowns: 

NX+2 NY+2 
Wk ^ X «i, b,(xk) b,(yk) = Wk Z(xkyk), k = 1,2 N . (C3) 

i =1 j = I 

Note that these equations are obtained by evaluating the spline at each data point and equating it to the data value at 
that point. Both sides of this equation are then multiplied by the nonnegative weight Wk. The system of linear equa
tions Eq. (C3) can be written in matrix form: 

AQ* = "b , (C4) 

where: 
Â  = N by (NX + 2)(NY + 2) matrix of coefficients, 
ô  = unknown vector of coefficients aH in Eq. (C2) and Eq. (C3) and 
b = a vector of length N. 

Because, in general, N > (NX + 2)(NY + 2), a solution a to Eq. (C4) exists only in the least squares sense. The 
spline function S(x, y) that minimizes Eq. (CI) is determined by this vector!*. 

The approach, therefore, is to minimize the functional Eq. (CI), based on the fact that d> depends on the 
parameters a„. Thus the minimum will occur when: 

i ^ - = O, i = 1,2..., NX + 2andj = 1,2 NY + 2. 

A new system of linear equations of order (NX + 2)(N Y + 2) can then be written in the form: 

A TAa = ATb*. (C5) 

This system is called the system of normal equations, and it is solved in order to minimize the functional (<t>). 
Then the spline function S(x, y) representing satellite-derived total ozone, is evaluated at 2° grid intervals in order to 
permit global contouring and display. 

56 



APPENDIX D 
PRESENTATION OF TWENTY DAILY SATELLITE MFR-DERIVED 

GLOBAL TCU'AL OZONE ANALYSES 

Twenty daily global analyses of satellite MFR-derived total ozone during the period May <2 to July 5, 1977 are 
presented. A general discussion of three of the analyses (June 20, 21, and 22) can be found under "Global Data 
Analysis." The days in the Appendix are indicated in Table Dl. 

Tabic D-l. Dates and figure numbers of the twenty 
daily global total ozone analyses. 

Dates (1977) Figure number 

May 12 D-l 
13 D-2 
14 D-3 
15 0-4 

June 11 O-S 
12 IV6 
IS D-7 
16 D-8 
It D-9 
19 D-10 
20 D-ll 
21 D-12 
22 D-13 
24 D-14 
25 D-15 
28 D-16 
90 D-17 

July 2 0-18 
4 D-19 
5 D-20 
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Kg. 0-19a. Locations uF total ozone values fwr analysis in Fig. D-19h. 
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Fig. I>-19b. CJIobal analysis of MFR-diTived total uwm for Julv -t.1977 (contour interval is 20 nl.atm.i*m; lK,78ti data points). 
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