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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 agreemenr 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 resnlts for 13 days in June 1977 with Dobson spectrophotoimeier 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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ABBREVIATIONS

AFGWC — Air Force Global Weather Central

BUV — Backscatter ultraviolet

COESA — Committee on the Extension to the Standard Atmosphere
DMSP  — Defense Meteorological Satellite Program

F1 — Satellite Flight Model 1

FOV — Field of view

HAPP — High Altitude Pollution Program

IRIS — Infrared Interferometer Spectrometer

MFR — Multichannel filter radiometer

m.atm.cm — Milli atmospheric centimeters (standard temperature and pressure)
NESR  — Noise equivalent spectral radiance

NOAA  — National Oceanic and Atmospheric Administration

RMS — Root-mean-square

SAMSO — Space and Missile Systems Organization

SOAC  — Satellite Ozone Analysis Center

SCAN  — SOAC Satellite/Dobson CAlibration Program Network
WODC — World Ozone Data Center

WMO — World Meteorological Organization
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TOTAL OZONE RETRIEVAL FROM SATELLITE
MULTICHANNEL FILTER RADIOMETER
MEASUREMENTS

EXECUTIVE SUMMARY

Over the past decade, scientists have become in-
creasingly awarc of the need for accurate global ozone
data to monitor redistribution processes and to assess
polential threats to the ozone layer. The threats can be
somewhat broadly divided into two groups: those posed
by nature (solar flare uctivity, polar cap ubsorption
events, volcanic cruptions, ete.) und those posed by
man (release of chloroflugromethanes 1o the stmos-
phere. aircraft exhaust emissions in the stratosphere,
atmnspheric nuclear ex,
are also required to validate stmospheric mudcls of

glohal nzone and to investigate ozone’s potential role in

A world-wide network of observatorics was estah-
lished m the late 1950°s to measure total atmospheric
vzone. 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 lact that many of
these stations have maintained cxcellent records. For
example, global studies of these data are unable to es-
tublish conclusively whether an apparent trend is the re-
sult of an actual ozone increase (decreasc), or whether
the apparent change is the result of a sampling defi-
ciency introduced by the distribution of the observatory
locations, Ambiguitics of this nature can be resolved
only by collecting data that provide the necessary ten-
poral and spatial coverage.

A major step toward colleeting total ozane data on a
global basis was taken in the last decade with the ad-
vent of remote radiometric measuser..ents by sensors
onboard carth-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 backseatter ultraviolet spectrometer
(BUV) experiments provided additional global ozone
observations. Radiunce measurements, useful for de-
riving ozone data, were taken by the Nimbus 4 BUV
instrument until mid-1977.

Infrared radiance daa became available from a new
series of satellites in March 1977.% A multichannel fil-
ter radiometer (MFR) mounted on the first satellite (Ft)

*The satellites are operated by the U.S. Air Force as pant of the
Block 51 series of the Delense Meleorological Satellite Program.

in the series began transmitting simultancous radiance
measurcments from channels in the 9.6-um ozone
bands. 15-um carhon dioxide bands, 18- to 30-gm ro-
tational water vapor band. as well as from the atmos-
pheric *‘window"" near 32 pm. The sensor is unique in
that it provided the first ozone measurements by a
cross-track scanning sensor. therehy increasing the
amount of data collected as well as providing essen-
tially daily global coverage. Another ddle]l-ll.:C was

sare mado at n hichar ¢
ere made ut a higher s

that the meaguroments
solution and lower noisce levels than previous s.ncllltc
sensors. The infrared MFR sensor made both duytime
and nighttime observations: up to a maximurn of
67.500 ohservaiions 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 MER on a fourth satetlite in the series,
yet to be launched, are expected to provide ozone
radiance measurements into the 1980, Additionally.
radiometric observations useful in deriving atmospheric
ozonc are planned for the National Aeronautics and
Space  Administration Nimbus G satellite and  the
TIROS N/NOAA series of satellites of the National
Qeeanic and Atmospheric Administration.  Projected
satellite launch dates extend from late-1978 into the
mid-1980"s. Spectral radiance data presently bewp ac-
cumufated by the F2 and F3 MFRs are the only global
total ozone data available to fill the satetlite data void in
the tinie period between the shutdown of the satellite
BUYV instrument in mid-1977 and the launcb of TIROS
N and Nimbus G later in 1978, The remolte clee-
fromagnetic nieasurements from the sensors on these
satellites ure expected 1o be a source of global vzune
information into the late-198(0"s.

A model has been developed by SOAC for deriving
total atmospheric column ozone values on a globat
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 eftort simulated
MFR radiances were cxleulated from historical sets of

*During the life of the FI MFR sensor (Marct-July 1977) in-
strumentation and initial daa p ceipitated
sporadic ditta collection, The F2 spaceeraft hus had h.\\cr instrumen-
tation difficulties and the initial data processing problems of the
AFGWC have been corrected. As a result, the data coverage by the
1’2 MER has increased over the ge provided by the FI 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 retricval
models for the zonal bands.

Total ozone values have been calcutated, using the
retrieval models, from 20 days of CO,, O, and window
channel radiance sets that weie collected during the
period May-July 1977. Durirg the 20 days. 461,593
total ozone values were retrieved world-wide. These
equated to an average of 23,079 total ozone values us~d
to produce cach daily global analysis.

The MFR-derived data and data taken from ground-
based observatories have been found to be in gocd
agreement. For example, 2 statistical comparison of
Dobson spectrophotometer total ozone observations
with the MFR-derived values during 20 days in May,
June. and July 1977 indicatcs 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 6.25% 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 satellitc 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
carlier by cther investigators. The maps clearly indicate
that:

® The greatest amount of ozone was Jocated at
subpolar latitudes and the lowest amaunt was near the
equator.

® Total ozone maxima and minima in the higher
latitudes of the Southern Hemisphere moved with a
greater castward 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 lute spring and early summer.

In addition to supplying the basis for the above in-
terpretations, the maps are also useful in estimating the
movement of mass into and out of the stratosphere. For
examplc, 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 becn
prepared based on the daily total ozone analyses. The
June map shows that the Southern Hemisphere
(winter), in contrast to the Northem Hemisphere
(summer), has well-defined and evenly spaced plane-
tary waves, as inferred from the total ozone trough/
ridge locations.

Based he y gloh
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 )iFR-derived ozone value was within
2.7% of the BUV valucs.

In summnary, this report describes a methodology and
presents results that prove the feasibility of using MFR
radiances to derive accu-ately the total atmospherie
column ozone on a glabal scale. The capabilities de-
veloped are particularly significant in that the MFR was
the first satellite sensor to provide simuftaneously:

® 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 saurce 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 ozonosphere.

verage nzone values, the

INTRODUCTION

In the 1970 scientists have become increasingly
aware of potential threats to the ozonosphere and of a
comresponding need for accurate azone data. The
threats may be broadly grouped into two categories:
natural occurrences (e.g.. solar flare activity, polar cap
abscption events, voleanic eruptions, etc.) and un-
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 concermning the abave threats, but

[N

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

Beginning in the late 1950°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 Northem
Hemisphere. In spite of the excellent records at many
of these stations, the <patial distribution of the observa-



tions leads to uncertainties in many global applications.
For example, analyses detecting apparent ozone ia-
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 usc of data pro-
viding the necessary temporal and spatial coverage.

In the last decade with the advent of ren.~te **ozorc
specific’” radiometric measurements made from satel-
lite sensors, a major step toward compiling tetal ozone
data on a global basis was taken. Globa! ozone data
were first d=rived (Prabhakara ¢t «f., 1970) from the
Nimbus 3 IRIS data (Conrath er af., 1970). Later, ad-
ditional global ozone observations were provided by
the Mimbus 4 [RIS fHanel er al., 1972) and the BUV
experiments (Nimbus Project. 1970). Radiance meas-
urements, useful for deriving ozone data, were tuken by
the Nimbus 4 BUV instrument until mid-1977
{Kruzger, 1978).

In March 1977 infrared radiance data became avail-
able from a new series of satellites. the Block 5D De-
fensec Metcorological Satcllite Program (DMSP) system
operated by the U.S. Air Force. A multichannel filter
radiometer (MFR) on the first satellite (F1) began
transmitting simultancous rzaiance measurements from
the channels in the 9.6-um ozone bands. 15-pm carbon
dioxide bands, 18- to 30-um rotational water vapor
band, as well as from the atmospheric window near 12
pm. The sensor is unique in that it provided the first
ozone measurcments made with a eross-track scanning

lower noisc levels than any previous satellitc ozone
sensor. The infrared MFR sensor made both daytime
and nightt.me obsery :ticnis, with up to # maximum of
67.500 observations each day.

In July 1977 the second satellite (F2y began trans-
mittinz MR measurements, and the third satellite (F3)
in the series was launched into orbit in April 197%. 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. radiomezric observatiors useful for inferring
atmospheric ozong are planned for the Nimbus G so.el-
lite and TIRCS N/NOAA satcllites with proiccted
launch dates frorn Jate 1978 into the mid-1980%. 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 remaote measnrements are expacted tobe o
souree of ozone information for monitoring total global
ozone into the late 1980°s.

Only through careisl interpretation of the radiomet-
ric data is the retrievai of accurate ozone information
from sutellite sensor measurcments possible. A re-
tricval model has been developed to process the
radiance data gathered by the DMSP MFR sensors
mentioned above. A description of tie extensive
theoretical radiative transfer modeling cfforts, the de-
velopment of a retricval scheme. and the application of
the technique to the FI MFR radiance measurements
are presented in this report. The high quality of these
total ozone rctrievals (as determined through compari-
sons with Dobson mecasuiements) is also confirmed.
The feasibility of converting MFP. radiances into total

instrument. Another advantage was that the
ments were made at a higher spatial resolution and

column ozone data on a global scale is dcmonstrated.

RZTRIEVAL TECHNIQUE DEVELOPMENT

King (1956) was the first to suggest that remotely
sensed electromagneti 1ents of die infrared
radiation emanating from the Earth and its atmosphere
could provide information about the ge  “iysical prep-
erties of the Earih-atmosphere system, and that meas-
urements made at moltiple viewing angles could be
used to determine those proprrties. 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 planctary atmospheres, the design of

v

radiometric sensor systems, and the development of
geophysical information retrieval techniques (regres-
sion methods cxcepted) require that the radiative
transfer processes be well-understuod and accurately
modeled. Theoretical atmospheric transmittance pro-
files—applied in calcuiuting simulated remote elec-
tromagaetic measurements {which cnter into inverse
solutions from actual measurements)—are required to
be sufficiently accurate to avoid unreasonable resuits.
The theoretical approach, in spite of potential prob-
lems, must be used when sufficient information does
not exist for raditional empirical approaches. The un-
availability of the substantial, well-defined, represen-
tative data sets of simultaneous remote and conven-
tional geophysical paranieter observations, or the



choice of any retrieval scheme other than a regression
method forces the use of thearetical transmittanee 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 provesses in the
spectral regions correspobding to selected channels of
the MFR have been modeled. The modeling effort
(Weichel. 1978a). described in this report, wits under-
taken to develop a retrieval scheme for deriving total
atiospheric column ozone content from global MFR
radiance measurements. Accuraie simulation of the re-
mote observations was essential, since it was throngh
the empirical relationships between these simulations
and the data from which they were caleulated that “*ob-
served” atmospherie parameters wo @ derived from the
actual radiometric measurements.

Overview of Retrieval Technigue
Developiment

The necessary atmospheric transmittances have heen
modeled in a way that permits the caleulation of sinu-
lated satellitc measurements for widely varying atmos-
pheric conditions and sensor viewing angles. A
technique employing regression-derived temperature
dependence, as determined from  high-resolution,
linc-by-line calculations for fixed geometric models
(model atmospheres at fixed vertival pressure levels)
was used to calculate molecular absorption coefficients
for the 9.6-gun uzone bands and the 1S-pm carbon
dioxide bands (Weichel. 1978b). These coetficiems
were used to determine transmittance profiles for the
various channels, given the temperature and optically
active gas concentration profiles. Transmittances due 1o
the water vapor continuum absorption in the atmos-
pheric window were calculated with an “e-type ™
model (Burch, 1970, and Bignell. 1970}, A regr
modef (Weichel, 1978¢) based on duta from line-hy -
iz calculations plus continwum effects was used for
the :vpospheric water vapor transmittance Jaleulations
in the 15-pum speetral region. A Goody yandom hand
model {(Goody, 1964) was smpleyed to coleutie the
transmittances due to the 14-zm ozone band. Wherever
nceessary, the total atmospheric transmittances were
determined as the product of the individual gas wans-
mittances convolved with the filter response functions.

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

centration. The effects ol atmospheric aerasols were
asstnted negligible, These simulated radiances and the
total ozone amounts that went into calculating the
simulated radiances were the input patameters to a
linear regression analysis. Enipirical relationships be-
tween the simulated measurement sets and the corres
ponding total vzone values wete the basis ol the re-
trieval schenmie employed.

Radiative Transfer Theory and
Transmittance Modeling

Theory

The upwardly directed werrestrial radiance N emerg-
ing frem the top of the atmosphere at wavenumber v
and zenith angle ¢ can he expressed (given a nonscat-
tering atmosphere in focal therniodynamic equilibrium)
by the radmtive transfer equation in the form:

N(r = Bto, T refp,)

pd o drte )
-- By, T,) m————-dx{p).
Lm 1) <) dxtp). (D)

where:

B(r.l,) = 1.0] 2)

et [c.‘;p((‘._g

is the Planck radiance al wavepumber v and tempera-
wre T, p s pressure. Cy and Cp are known constants,
the subseript s indicates the surface (Iower boundary of
the atmosphere) conditions. and 7 is the monochro-
matic transmittance of the atmosphere between  the
pressure fevel p and the top of the atmosphere, where
Tpeap 0 1O The function x(p) is the altitude coordi-
nate. which is i function of pressure.
The meneshromatic transtaittanes is defined as:

ledhp)

Fn -
-oexp [ j) 'k[,,;i‘,p) sec fl du(p)J. 3

{

where k is the absorption coefficient and u is the inte-
grated vertical column density of the absorbing gas,
which is 0 al the top of the atmosphere and u,, at level p.
Satellite radiometers usually measnre the emerging
radiation over some small spectral interval rather than a
monochromatic radiance. The atmospheric transmit-
tance for an individua) channel of the radiometer is ex-
pressed in terms of the transmittance for the spectral
interval involved, weighted by the spectral response
function Gt of the channel. This transmittance can be
cxpressed as:

mp) = ") 0. 8.p) () dr, (4)



where ¢y is the normalized spectral respanse fune-
tion for the i channel and v is the nominal centval
wavenumber. Usually, the transinittances are pot
known monechromatically, but generatly are deter-
mined for finite spectral intervals.

The average tunsmittance for a sulfici>nly small
interval, 3o, iy defined as:

Flo.0.p)
! i1,
= exp ke Fopd see @ dutp)fde. (5)

edae oy

Replacing the monochromatic transmittanee in Eq. (4)
with the mean transmittance fromy Eq. (5) resubis in the
i channe! trimsimittance tunction being represenied by:

N
o 8.pY - Iv Funi.py e L i6)

where Aw, is defined as the interval for which oy (my

0.0, Then the rudistive wansfer equanion For he i
channel of the itrarcd radiometer is gnen by:
Nt = Buel i g tedpad
RN
[ Bt (7
Sl

for a cloudiess atmosphere.

The radiance emergig lrors the top of the atmos-
phere for the 1'" channel from an atmosphere that con-
tuins 1o more than tee ruadomdy distributed tayers of
clouds can be represented by (Smith er ol 1970):

Nie.6) - Boe, Torstem8.p)

M oy de(en )
f\l“) Bte, T} *&T;Td“p)

Ay Y e 8. ALY Ar Ty, B

where the subseripts U and L reter o the upper and
lawer cloud layers. reapectnely. A s the “effective
radiative amount™ of clouds in the layer (the actual
fractional amount of clouds times their emissivity), A}
= AL Ay is the amount of the lower layer civud
that can be observed wsuming random correlation of
cloud elements. and Ay Y, and ATY, are the adjust-
ments to the radiation fiekd to gccount tor the effects of
no mare than twe layers of clouds, Equation (8) re-
duees o gL (7)) for cloud-free wimospheres, amd Y, and
Y, are defined as (ollows:

Y (8. Epe) = Bl To) wle.4.py)

- B("I'T,.L. yr(v.8,Py)

APy . delr . 8,p)
- J;(W) B, T,) de[lﬁ)‘ (9a)

and

Yo 0T p) = Bl To) w(4,0.ps)

=~ Bl ) stngp)

X! dr(2.8.p)
oy TR 9b)
J;"’.,) By, 1) () dx{p) ,

The atmospheric transmittance profiles required by
ty. (8) for most infrared spectral intervals used in re-
mute seasing applications include the effects of several
radiatively active gases. The total atmospheric rans-
miltances are determined by nwltiplying the transmit-
tanees for the appropriate individual gases.

Radiometric Modeling

The atmospheric transizittances discussed in the pre-
ceding section must generally be determined theoreti-
cally. Viarious techniques have been developed in re-
cent years for modeling the necessary atmospheric pas
transmittancas, The most accurate approach is the so
called “line-by-line™" or “point-by-point™ technique,
i which the absorption coefficients of all spectral lines
contributing o the absorption within very narmow
speciral imervals are sunimed, and an integration over
the atmospheric path is carried out te.g.. Drayson,
1966). Less wccurate and low-resclution results are
usuatly obtained through band moedel caleulations
(c.g.. Goudy. 1964, Rodgers. 1976, and Tiwari,
19761, The refative contribution of a particufar gas
tansmitlance 0 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-
tanees were madefed for speciral intervals correspond-
ing to several of the channels of the DMSP Block 5D
MER (Table 1). Note thal the channel sensing in the 9.6
pm ozone bands is centered at 9.8 pm. The filter re-
sponse functions for the MFR channels used are shown
in Figure 1. The optical properties of the filters for the
selected FI MFR selected channels are given in Table
2. The wransmittance modeling techniques employed
are discussed in the remainder of this section,

Line-by-Line Derived Regressioin Model. Becaus.
high accuracy was required, a line-by-line derived re-
gression technigue (Weichel. 1978b) was used to de-
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Table 1. Nominal MFR channel characteristics® v T
Center Half
Channel width
number  (um) (em”Y) (em™') Species NESR" Numbers = channels
1 156 e85 35 €O,  0.30
2 148 6760 100 co, 0.69
3 144 6950 100  CO, 0.10 0.7 |- —
4 M1 7080 100 CO. 011 H 7 16
5 138 7250 100 CO, 0.1 062 6 -

6 134 7470 100 CO, 0.2 30

7 120 8350 8.0 Window 0.11 c 0.5 .

8 1879 5350 160  H.0 0.15 K] 1

9 245 4085 120 H,0  0.14 g 04h |

10 227" 4415 180  H.0 0.09 g

1n 2399 4200 200 H.0 0.12 5 0.3 T

12 2679 3740 120 HO 018 F o2 M ]

13 2521 3975 10,0 HO 0.6 .

14 282¢ 3554 150  H,0 025 01 _

15 28.3" 3535 110 H,0 0.33 . \ } \

16 9.8 10220 125 O, 0.05 0 ) |
P—— 650 750 850 050 1050 1150
YNESR = Noise Equivalent Spectral Radiance in Wavenumber — cm'1
mW/(m® sr cm™).

“Not on Flight Model 1. Fig. 1.  Filter response functions for F1 MFR selected channels.

“Not used in this investigation.

Table 2. Optical properties of F1 MFR selected channels.

Optical Equivalent Half-width Half power Tenth-width Peak
Channel center band width of filter throughput of fiiter throughput
number (em™) {em™) {em™) (%) {cm ") (%)
i 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 86.52 i15.44 50,75
4 708.10 5.4 9.99 82.15 13.01 52.90
H 725.65 6.44 10.22 85.66 14.02 64.21
6 746.82 518 9.57 79.86 14.61 53.73
7 B35.66 5.4 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-um ozone and 15-um 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™! interval) for both the 9.6-um
ozone and 15-um carbon dioxide absorption bands. A
fixed 21-level geometric model (Table 3) and the fol-
lowing sclection 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



Table 3. Twenty-one level geometric model

{Weichel, 1978b).
Pressure
Level (mbar)
1 0.01
2 0.10
3 1.00
4 5.00
5 10.00
6 20.00
? 30.00
8 50.00
9 70.00
i0 100.00
1 150,00
12 200.00
13 250.00
14 300,00
is 400.00
16 500.00
17 700.00
18 850.00
19 1000.00
20 1026.50
21 1043.50

d d

The line i ity is temperat T
be determined from:

Qu(T,) Qu(Tw

and can

SiT) = S(Ty)
i( W(Ty Q) O
1.4388(T — T,) E"'
. (12)
[ (TT,) ]
(McClatchey et al., 1976), where the induced emission

term has been intentionally omitted, E* is the lower
state energy level, Qy and Qg are the vibrational and
rotational partition functions, respectively, and T, indi-
cates the reference temperature. Al 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:
172
Ty P
- —|- (13)
T ] [p“]

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

a(T,p) = ay(Ty,po) [

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(v,T.p) were
determined at each Gaussian point from:

> kw.Th), (10)
i

kw,T.p) =

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;

kilv,T.p)

Si(Tay(T,p) 1

, (I
T (G "u‘)g + i(T,p)

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

o
§ = J; ki) de . (1ia)

R ion equations for determining the summed
dbSOrpllon coefficients k(v;,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(#,,T.p) = ky(@:,Tu.p) [c(u\.p)

+ 2 vitry.p) fi (T">] . (1)
i TB“

where the subscript s indicates **base’” values, and y;,
the regression coefficients determined for the f;, func-
tions of T/Ty;. The constant in each regression equation
is ¢(v,.p). The *‘base” values sclected 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*

I e (ZY
T, T T T, . (14a)

The accuracy of the regression-derived summed ab-
sorption coefficients, k*, evaluated through the expres-
sion:




kv T} ~ k*@,,T,p)
k{(»,,T,p)

) (14b)

¢4}

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-desived, summed
absorption coefficients were determined for an atmos-
pheric lemperature profile through application of Eq.
(14). These coetficients were then combined with the
absorber mass and zenith angle for the evaluation of the
transmittance 7 at a level p and over an interval Ay =
0.01 em™! as indicated in Eq. (5). A four-point Gaus-
sian quadrature iniegration with respect to wavenumber
was used due to the rapid variation of the summed ab-
sorption coefficients within the 0.01 em™! intervals.

The transmittances for each desired combination of
temperature, absorbing gas distribution, and zenith
angle are averaged to 0.1 cm™! resolution, and are con-
volved with the normalized spectral response function
of the desired channels of the MFR—Ey. (6). The
channel specific transmittances are then interpolated to
the levels of the 71-level geometric model (Table 4) for
multiplication with transmittaaces of other gases opti-
cauly active in the same spectral regions; they enter the
radiance caleulations through Eq. (8).

Goody Random Band Model. The transmittances
due 10 the "‘weak "' ozone band near 14 pm must be
considered when calculating radiances for the carbon
dioxide channels (13 to 15 um). These transmittances
have been determined using a Goody random band
model (Goody. 1964). The approach of McClatchey
et al. (1976) has been adopted.

The average ransmittance for a spectral interval
must contain sufficient absorption lines, so that the as-
sumptions of randomness with respect o line frequency
and exponential distribution of Iine intensities can be
made. This average transmittance may be expressed as
(McClatchey er «l., 1976):

uz S
7. = exp{ - - . (15)

z s, 2= 12
i

Z I'4 Sy

i

The average transmittances were modeled for 5-cm ™!
intervals centered 1 cm™! apart for the ozone absorption
lines in the speetral region from 13 to 15 um. The re-
quired parameters (the sums of line intensities and the
sums of the square roots of the products of line inten-
sities and haif widths) were determined from the data of

av 1+ 8
4

Table 4. Seventy-one level peometric model

(Weichel, 1978a).
Pressure Pressure
Level (nbar) Level (mbar)

1 0.0100 37 115.3873

2 0.0304 a8 126.1728

3 0.0707 39 137.6591

4 0.1394 40 149.8740

5 0.246}1 41 162.8440

6 0.4012 42 176.5966

7 0.6161 43 191.1595

8 0.9027 4“4 206.£605

9 1.2738 45 222,281
10 1.7428 46 239.9907
11 2,3238 47 258.0775
12 3.0315 48 2771175
13 3.8811 49 297.1403
14 4.8886 50 318.1757
15 6.0703 51 340.2539
16 7.4431 52 363.4053
17 9.0245 53 387.6605
18 10.8324 54 413.0506
19 12,8853 85 439.6069
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 63 697.3834
28 45.6541 64 736.3882
29 51,2700 65 776.3870
30 57.3629 66 817.9142
31 63.9561 67 B61.0042
32 71.0737 68 905.6918
33 78.7398 &9 952.0119
kz} 86.9791 70 1000.0000
as 95.8165 7t 1043.5000
36 105.2773 (Variable surface

p =< 1043.5)

McClatchey et al. (1973). The parameters were calcu-
lated for nine temperatures ranging from 180 to 320°K
using the tervperature dependencies expressed in Eqgs.
(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:

(35,
= [Z s,m)]

exp [a.JR + me”] , {16)
)
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[E VS.a,(T)] = [E V Slal(Tﬂ)]
i i ;

i

1”2

exp [azJR+b2,,R2] ., an

where j refers to the j' spectral interval; a,, by, a,, and

b, are the coefficients to be determined; and R =
J

[u.., > smm]
i i

T — T,. Equations (16) and (17) are used to make rapid
dj in the T 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 7, 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:

)

N
]
Al

Tim .m-1 €Xp f—

2\

[35.

1+ 5/ .

Pe

‘ [‘_’—m]m[. \/s_l(’rm_)a,_‘m)]

where u,, is the ozone integrated column density in the
layer Py t0 Py Prm is the average pressure of the layer,
and j indicates the spectral interval. These transmit-
tances were convolved with the individual CO, 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 um.

Water Vapor Regression Model. Atmospheric gas
transmittances due to tropospheric water vapor absorp-
tion in the spectral region from 13 to 15 um 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 mode) 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 cc ion, were calculated for the tropos-
pheric levels for the three carbon dioxide channels
sensing in the lower froposphere. These transmittances
for water vapor also entered the total atmespheric
transmittance calculations for those channels.

Water Vapor Continuum ‘“‘e-Type” Model. At-

pheric gas tr i due to the water vapor
continuum absorption in the spectral regions of the
9.8-um and 12-um window channels have been mod-
eled after Burch (1970), Bignell (1970), Burch ef al.
(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 ky (assuming that all

absorption is due to the continuum) is expressed in the
form:
k, = kpyse + k,, P, 19
where kys is the absorption coefficient for the self-
broadening (e-type) absorption, ky 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 baze values for each of the contribu-
tions have been determined from the published data of
the previously mentioned authors, The final e-type
model is expressible in the form:

k(T.p,e)

AR T\ (P
ku.sa (P())(T,,) +kp,N0 (Tu) (P"). (20)

where the subscript o indicates reference values, and the
absorption coefficients k, 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:

1,0,p)

u(p)
= exp [—_’; k(v;,T,p,e) sec 9 du(p) ] 21)



Transmittances determined for the window channel arc
used directly, while those near 9.8-p2m are multiplied
by the ozone transmittances to get the total atmospheric
transmittances.

The total pheric 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

Filter response
function processing

Atmosphere ‘

loop Atmospheric profile
»| processing; random
surface temperature

k(v,T,p) for 9.6-um
and 15-um CO
bands; line-by-line
derived regression

Planck function
calculations B(v;,T;)

Angle
loop Tog wif.,p) 9.6 um

— Tco, Wif.p) 15um

Interpolate to
71 level

7o, {»;9,p) 13-16 um

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

THzo(ui,o,p) 13-15um

Water vapor regression
model

H,0 (v,,0,p) 9.8 and 12 um
e-type continuum model

7{v;,0,p) total

atmospheric
transmittances

N{v;,0) clear

atmospheric
radiances

Cloud
Random generation loop
of clouds; levels
and amounts

Planck function
calculations for
cloud surfaces

N{v;,8) cloudy
atmosphere

Random band model

Stop

Fig. 2. Flow diagram for steps of simulation program (Welchel, 1978a),




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 uncorrejated cloud layers and the surface
(boundary) temperature were established randoinly.
Several different cloud conditions and zenith angles
were considered for each atmosphere. Simulated MFR

were calculated for each cc ion 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 simulation
software had been preprocessed. Historical ozone-
sondes (e.g., Hering and Borden, 1964) were selected
based on their completeness and interpolated to the
73-level model. Ozone concentrations above the high-
est reported level were generated using the ozone con-
centration of the highest reparted 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
pravide 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 gencrated 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 climarological mean and standard deviation.
Planck radiance calculations were made at this point for
the temperature profile for each channel central
wavenumber as determined from the filter data (Barnes
Engineering Co., 1975). The atmospheric data were
then interpolated to the 21-level model for the absorp-
tion coefficient cafcufations by the line-by-line derived
regression model.

Radiometric Model Calculations
The high-resolution absorption coefficients for the
9,6-um ozone and 15~um 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
438 0.282
49 0.313
50 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
n 0.765

calculated from the regression equations derived from
line-by-line calculations (Weichel, 1978b). Summed
absorption coefficients were determined 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-sesolution, 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 speciral re-
gions of 9.6-um and from 13 to 15 um were calcu-
lated. The convolution with the fiter response func-
tions was accomplished through Eq. (6), and channel
specific transmittances were interpolated to the levels
of the 71-level model (Table 4).



‘Tabie 6. MFR scan angles (Weichel, i978¢). transmi es were calculated for the specified atmos-
phere and angle. The individual gas transmittances

Viewing angle Zenith angle® were multiplied to obtain the total atmospheric gas
Step” © ) transmittances required in Eq. (8) for spectral regions
1 (X 0.0 with more than one optically active gas. The total
2 4.0 4.5 transmittance has now been defined for each of the

3 8.0 9.0 channels for a cloud-free atmosphere.

: bt s Specification of Cloud Conditions

6 20.0 22,6 The upwelling infrared radiance observed by a satel-
? 24.0 21.3 lite radiometer is strongly affected by the presence of
8 28.0 31.9 clouds within the field of view (FOV). For modeling
9 32,0 36.6 purposes, clouds were inserted into no more than two
10 36.0 a4 layers. The levels for cloud tops and amounts of clouds
1 40.0 46.4 to be inserted were selected randomly. Allowable cloud
12 44,0 s1.4 top levels are shown in Table 7 for arbitrarily selected
13 48.0 56.8 climatological divisions of the globe. Probabilities for
the insertion of clouds into the atmosphere at various
::t““r te either side. levels are also given in Table 7. These are arbitrary
an sltitucz of 25 km. values. Multiple cloud combinations were used with

the same gas transmittance profiles. All variables in
The 14-pum ozone band model—Eq. (18)—water Eq. (8) have now been specified for each channel, and
vapor regression model, and e-type model—Eg. (21)— the simulated radiances have been computed.

Suborbital
track

D D
660000000 O U
O O OO00000009%7 102124 Lk |
58.4 km —t| OO0 q)
000000
OOOOOO 00 iel oview—/
© O OO00 \Field of view 11F9 xld54f5 km
39.3 km diam

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

Table 7. Allowable cloud top levels® and probability weights?
(Weichel, 1978a).

Mid.-latitude Mid-latitude High latitude High latitude
Cloud Tropical Sub-tropical winter summer winter summer
category 20°N-20°8 20-30°N&S 30-70°N&S 30-58°N&S 70-90°N&S 55-90°N&S
High 36-55 44.55 49.55 47-88 53-55 51-5§
©0)” (60) (50) (40) a5 25)
Middle 56-65 56-65 5665 56-68 56-65 56-65
(30) 25) 20 as) 35 20)
Low 66-70 66-70 66-70 66-70 66-70 66-70
@0 20) as) (10 s) (25)

#Refers to pressure levels of Tl-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, 1965,
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 transmitances were determined from the
Line-by-line derived regression model calculations con-
voluied 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 F1 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 transminances from the line-by-
line derived regression calculations /%ig. 5), the 14-um
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Fig. 4. Temperature and ozone proflles for June 23, 1965; Al-
buquerque ozonesonde (tofal Integrated ozome = 299.8
m.atm.om—Weichel, 1978a),
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Fig. 5. Theoretical carbon dicxide transmittance profiles for

MFR: channcls 1 through 6 for June 23, 1965; Albuquerque
ozonesonde data for ¢ = 0.0° (Weichel, 1978a).
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MFR channels 1 through 7 and 16 for June 23, 1965; Albugquer-
que owqesonde data for 6 = 0,8° (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 transmittances for chnnnel

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-
Jated

16 are the product of line-by-line derived
transmittances for the 9.6-um ozone bands and e-type
water vapor continuum transmittances in the lower
troposphere. The transmittance profile for channel 7
(the window channel) is from e-type model calculations
only.

Transmittances corresponding to those of Figs. 5 and

ion
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Fig. 7. Theoretical carbon dioxide transmittance profiles for

The simulated MFR generated for the
June 23, 1965, Albuquerque ozonesonde data, using
the theoretical transmittances for the eight channels
cansidered, 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, 8. Theoretlcal total atmospheric transmittance profifes for
MFR ch Is 1 through 7 and 16 for June 23, 1965; Albuguer-

que

MFR channels 1 through 6 for June 23, 1965; A
ozonesonde data for 6 = %6.8° (Weichel, 1978a).

que ozonesonde dota for 0 = 56.8° (Weichel, 1978a).

Table 8. Sample simulated measurements® (Weichel, 1978a).

Calculated radiances
mW/(m? st em™) Cloud conditlons
Zenith

angle Channel 1st Layer 2nd Layer

Cuse ) 1 2 3 4 5 [ 7 16 level  amount  level amount
1 0.0 635 487 4719 632 87 966 1172 627 - none - none
2 0.0 628 48,7 46.3 S54.1 - 60.1 629 6.8 239 49 0.76 - none
3 [ X} 634 487 469 620 801 912 1061  56.6 51 0.13 67 0.44
4 56.8 67,1 520 466 555 728 869 1154 546 - none none
5 568 665 520 465 S08 548 562 5.6 274 50 2.05 - none
¢ 56.8 669 520 466 550 678 769 880 425 57 0.64 - none
*Simulated radiances calculated for June 23, 1965; Albuquery: de datn for indicated specifications of zenith angle and clouds,



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
tetrieval model, The empirical relationsnip betweea 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 uf 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)
providcd 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 vere removed prior to the regression analysis.
This was accomplished by testing on the window chan-
nel scene temperature.

The window channel scene temperatures. Tyeene -
were determined from the inverse Planck function:

Cuv,

- meg @

Tseene

where N(v;,8) is the simulated window channel
radiance from Eq. (8). All radiance sets that had win-
dow channel scene temperatures less than a limit (T, =
Tscene, + 4°K) were removed from the regression input
data. Teene, is the average window channel scene
temperature Tor the ful) set of simulated radiance dwia,
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 refurned each day, retrieval accuracy and compu-
tation speed were considered in selecting and limiting
the complexity of the model. The total atmospheric
ozone mode! (vertical column) was defined as:

7
0=+ D 1B E(NO] + &, @3
n=1

where f(N,@) represent the linear and nonlinear func-
tions of the radiances N and zenith angle 6, the @s are
the coefficients determined through linear regression

analysis. and e designates the total error (true 03-63),
where O, 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 lincarly
related 1o 10tal ozone. The following are the seven
functians selected for the inference model:

1. O3RAD (channel 16 radiance, 1019.6 cm™")
2. CO2RADI (channel 1 radiance, 669.0 cm™)
3, CO2RAD2 (channel 2 radiance, 678.3 cm™")
4. WINDOW (channel 7 radiance, 835.7 cm™")
5. O3CORR (see below)

6. SECANT (secant of zenith angle 6)

7. TW-TOS3 (see below)

where:

03CORR = O3RAD — (0.555:¢AXT) - BACKGND,
and TW ~ TO3 = WINDDWTEMP — O3TEMP +
(3.5 — 3.58ECANT) BACK(GND js the radiance WIN-
DOW converted to its equivalent radiance in channel
16; i.e. the 9.8-um rcgion. The term 0.555*"" repre-
sents a ““zenith-angle-corrected’” mean transmittance
(7) at tropopause levcl (see, for example, channel 16
wransmitiances in Figs. 6 and 8). WINDOWTEMP and
O3TEMP are the scene temperatures (inverse Planck
function) of the radiances WINDOW and O3RAD. The
term (3.5 — 3.5°KCANT) represents an approximate
zenith-angle dependence temperature adjustment for a
path through a mean ozone distribution.

The function Q3CORR represents the ozone channel
radiance with background effects removed. TW — TO3
represents the temperature difference between the
background (as observed in the window chaanel) and
the combined ozonosphere and background as observed
in the 9.8-um 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-um measurement. The
separation process is necessary because of the *‘trans-
parency"* of this region of the spectrum.

The coefficients @, through 8; were determined by
regression unalysis of the f,’s and the corresponding
ot} ozone vatues. The fy's were evatuated using the

Table 9, Noise inserted into simulated

measurements.
RMS nolse
Channel mwW/im? st em™)
1 1.00 (see text)
2 0.15
7 0.15
16 0.19




simulated measurement sets. The coefficients were
selected to minimize the quantity:
J
2.
j=1
over the ] simulation sets. Normally distributed random

approximate instrumental and experimental measure-
ment noise (see Table 9). This noise is inserted in order
to reduce the sensititivy cf the retrieval model to noise
in the ictual measurements. A large noise value was
used for channel | because of the filter leak on F1 that
allows it to sense cloud and background radiation. The
expansion of the retrieval method to the global problem
is di d in the next section.

noise was inserted into the simulated measur to

EXPANSION OF RETRIEVAL METHOD TO GLOBAL SCALE

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. Tte 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 corresnonding 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 Meteorologicat Organization, WMO). This data
set starts in the early 1960s and continues to the pres-
ent. The data base now contains approximately 5000
archived ozonesondes. Selected subsets of these data
are 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 Jatitude zones closely approximates a natural de-
lincation of the atmospheric ozone distribution and
variability. The seasonal mean and temporal variability
of the vertical structure of ozone and temperature tend

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 ‘‘scasons’ 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
Ous= Bogy + 2, [Bray GG + 6,

n=1

248

where Oy, is the total ozone value within the i'" season
and j** band; Bag, and Bn, , are the regression derived
coefficients; and the f, are functions of the radiance
measureinents, N, and zenith angle, @, 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 lated MFR measur were im-
plemented for 20 selected historical ozonesondes in
cach 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.




Table 10. Zonal bands and ozonesonde stations in respective bands.

Zonal Station Station Zonal Station Station
band name Iatitude band name 1atitude
90N-70N Thule 7IN ISN-25N Kagoshima 3N
Resolute 74N Tallahassee 30N
7TON-55N Fairbanks 6SN 25N-208 Turks Island 2IN
Churchill 59N Hiio 20N
Canal Zone SN
S5N-45N Goose Bay 53N Canton -5
Berlin 52N LaPaz 168
Uccle SIN
Hohenpeissenberg 48N 205-358 LaPaz 168
Seattle 4IN Aspendale 388
Sappore 43N
355.508 Aspendale 388
45N-ISN Seatlle 47N Puerto Montt aus
Payerne 4N Christ Church 438
Green Buy 44N
Sapporo 43N 508-658 Puerte Montt 418
Madison 43N Christ Church 438
Bedford 492N Wilkes 665
Ft, Collins 4IN Syowa 698
Boulder 40N
Lisbon 9N 655-805 Wilkes 66S
Elmas I9N Syowa 698
Steriing 39N King Bedonin 708
Topeka 39N Haliet 728
Wallogs 38N Byrd 808
Tateno 36N
Albugquergue 35N 80S-908 Byrd 80S
Point Mugu 34N Amundsen-Scott 908

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 r were caleulated 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° (sce
Table 6) were chosen to praduce 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 uncorrelated 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 c~atain 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 simuiated measurement scts generated for cach
latitude band and scason category and the total atnsos-
pheric colunm ozone curresponding to each set of
measurements form the basis for the empirical retrieval
scheme. As discussed under '*Ozonc Retrieval,*
measurement sets corresponding to excessively cloudy
sky conditions or extremely cold boundary tcmpera-
tures were climinated prior to the regression analysis if
they failed to satisfy screcning tests for a temperature
threshold in the window channcl. Approximately 50%
of the simulated measurement sets (200) in cach band
were efim.inated on this basis. Also, expected instru-



ment noise was inserted into the simulated measure-
ments (see Tuble 1).

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—Eg.
(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
cach 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:

wi= ¢ @5
diey + d%¢s

where d¥ is the distance in latitude from the k' MFR
measurement to the central latitude of band B.,. df is
the distance in latitude from the central latitude of band
By, and /,, 1., are the half widths (in latitude) of the re-
spective bands. Note that wk = 1 — w¥. See Fig. 9 for
the geometry of the terms.

The blended retrieval eoeffieients can now be rep-
resented as:

B""(IJ) = W'.‘B,‘"J, + W!-sﬂ"u.nn’ n=0,..7 (26)

where the superscript k indicates the k' radiance set in
the global domain. Then, for the k™ radiance set, the
total ozone may be expressed as:

: 7
Oy = By + El [ﬁ':.(,.,, fn(N,O)"] te @D
s

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.

Band cente
_______ !Z_—_—— d—k___(:c;;n—o:c“‘—‘r_____ Band By
Blend * ‘2/ — MFR measurement) J
region J QD dk
————— - _ . Bandcenter Y Band BD
)

Fig, 9. Geomelry of coefficient blending scheme.



APPLICATION OF RETRIEVAL METHOD TO MFR RADIANCES

The theoretical development of a technique for de-
riving total atmospheric column ozone from the MFR
radiance data and the expansion bf 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 0
MFR-calibrated radiance data, and the global rep-
resentation of the derived total ozonc field by spline
surface fitting methods are discussed.

Data Processing

The MFR sensor data vsed 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 abtained
from the AFGWC. A description of the calibration and
location methods and modifications 10 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 retricval process.

riving tota) 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 sct to reduce spurious ozone re-
trievals. A discussion of the procedures follows,

The cutoff window channel scene temperature T,—
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 cach latitnde band. The cutoff
was defined as:

Ty = T, + 4K,

where Tw’ is the mean window channel scene tempera-
ture determined from all simulated data for the j™" 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 ta
also consider the value of T, 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 scenc temperature observed in
the blending region for the k™ radiance set is TX. For a
radiance data set to be retained for u total ozone re-
trieval in the blending region, bath of the following
tests must be satisfied:

T,
. )
Retrieval of Total Ozone - and .
~
The calibrated, Earth-located radiance data sets Tepy + T
passed to the retrieval schemc were not all used for de- 2
Te,q Band B,
. J
Blend e {Location of k"
T regian MFR measurement)  gand center
gy ———————————— e} Band B,

¢ cutofT bl scheme.

Flg, 10. G y of




where the T,’s are the cutoff values established for the
bands. Radiance scts that failed these tests were re-
jected (no total ozone retrieval attempted). All radiance
scts that passed the various error cheeks and the cold-
background/clond contamination test were processed
for totad ezone retricvals.

A total ozone value was calenlated by first comput-
ing the weights w. as shown in Eq. (25). and then de-
termining the retrieval mode! cocfficients B. as shown
in Eq. (26). It follows from Eq. (27) that the retrieval
model is represented by:

)
O = B, Zlﬁ,h,“_“ FAR.O). (28)
n -

whete (\lh is the retrieved total ozone for the k'™ MFR
radiance set (R.00 located in the i season and j™ zonal
band and R is the sclected MFR measurernents at zenith
angle 6. The functions f, are defined under ~Qzone
Retrieval. = The retrieval error, € = Of — Of, where
04 is the ue wial ozone, can be determined only
when the true total ozone value is known, An estimate
of the retrieval error, €, was obtained by comparison
witk independent ground-bascd measurements.
SateHite-derived total ozone retrievals located close
1o selected Dobson observatories were stored during the
processing for use in statistical comparisons (se¢ scc-
tion catitled ~*Comparison with Ground-Based Obser-
vations™) with Dobson-derived 101al ozone vatues.

Data Mapping and Gridding

Each daily sct of MFR-dzrived 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 surfuice. A cylindrical,
cquidistant map base was selected for the presentation
and analysis of the total ozone data.* The mapped data
were imerpolated (using bicuble spline functions) to »
grid for isoline analysis.

Data Mapping

The F| spacecraft is in a ncarly sun-synchronous,
polar orbit about the Eanth, The northbound portion of
the F1 track crosses the Eanh's cquator (asccnding
node) at approximately 1130 LST (local sun time), and
during the southbound portion of its track (deseending

*For cxumple, sce Appendix D,

0

node) at approximately 2330 LST. Because of the de-
lincation of our data day by the Greenwich day and the
F1 spacecraft orbit, the first ascending node of a day is
slightly west of the International Date Linc (180° to
154°E longitude), and the first descending node is
stightly west of the Prime Meridian (0° to 26°W lon-
gitude). The nodal longitudes of the last satellite rev-
olution of the day are just 1o 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.
oceurs just to the cast 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 pormally did not
excecd 12 hr for a full day’s data.

Every region on the Earth is sampled, in general, two
or more times each day: ¢.g.. a maximum of twice a
day in the tropics, once cvery 12 hr, and fourtcen times
a day near the poles, once every satellite revolution
ahout the earth, However. mapped ozope data occur
less frequently in the following cases: in the spatial gap
oceurTing between consecutive passes at the lower
latitudes (45°N to 45°S). in regions void of one or more
satellite daw. readouts, and in regians where o ozone
data were retrieved because very cold Earth-
atmosphere surfuces were within the field of view of
the MFR (sce section cntitled. **Retrieval of Total
Qzone ™). Data void or data sparse regions, on the order
of 10° latitude by 10° longitude or larger in size. arc
filled by lincarly interpolating/extrapolting from the
surrounding regions {see Appendix C).

Interpolation to a Grid

Bicubic spline functions (B-splines) were used to
interpolate the wmapped ozane data to grid poiats at b
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 variahility in the
individual ocone retrievals: i.c.. actual small scale
featuses in the ozone distribution and random retrievat
error. The effect of the filtering on the analysis is indi-
cated by the RMS difference between the MFR-derived
and the spline-fitied 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 (Cline, 1973),



Total atmospheric column ozone retricved from the
MFR data is compared with independent ground-based
measurements in order to evaluate the MFR-retricval
methodology. The ground-based measurcments used as
the standard of comparison in the evaluation were pro-
vided to SOAC by a selected network of Dobson obser-

COMPARISON WITH GRG UND-BASED OBSERVATIONS

vatorics. Statistical analyses for 20 days (during the standard.

period of May 12 to July 5, 1977) are discussed in
which comparisons are made between the Dobson-de-
rived ozone measurement and (1) the satellite-derived
total ozone. and (2) the spline-fitted. sutellite-derived,
totul ozone valuc at the position of the Dobson vbser-

vatori

Dobson Data Used for Comparison

This set of data consists ol Dobson spectrophotome-
ter total ozone obscrvations. which are taken close in
time 1o the satellite MFR radiance measurements. The
Dobson ahservatories that participate in this program
(the SOAC Satellite/Dobson CAlibration Program
Network. hereafter referred 10 as SCAN) provide a
standard for evaluating the MFR-derived ozone obser-

CS.

vations.

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

*Additional ebservatories may he added to SCAN during 1975,

to 75°N (Fig. 11). The greatest number of SCAN ob-
servatorics arc in North America. Europe, and the
Austrilia-New Zealand area. Recently. the Dobson in-
struments at most of these observatories were compared
against cither the WMO primary standard Dobson
spectrophotometer or against the regional secondary

The North American Adr Defense Command (Col-
orado Springs) satellite tracking facility provides or-
bital parameters for the satellites with MFR sensors on-
board. SOAC applies subpoint prediction software o
these arbital paranseters to produce a prediction of daily

satellite passage times over cach of the participating
Dobson stations. Table 11 is an example of the predic-

tions of the satellite pussage times for the month of June

over the Dobson observatory at Aspendale. Australia.

wavelength pair. the optica!

Observatories in SCAN are provided the satellite pre-
diction times at monthly intervals.

These observaiories have agreed to transmit their
provisional total ozone observations to SOAC at
weckly or monthly intervals by either telex or air muil.
The data from SCAN are integrated into thie SOAC data
base. Muitiple total ozone observations are taken by
many of the SCAN observatories within minutes of the
satellite passage time (see Table 12 for an example of
the type of abscrvations taken at the Hohenpeissenberg
Observatory). The total ozone amount, the sky condi-
tion during the ohservation. the specific ultraviolet
ir mass . and the preeise
time ol the observation are included, Hohenpeissenberg
has provided a number of observations at 2-min inter-
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Table 11. Satellite F1 MFR predicted overpass
times for Aspendale, Australia,
June 1-29, 1977,

Overpass times®

Date Hr Min
1 3 13
2 2 55
3 2 38
4 2 21
5 2 4
6 1 47
7 3 10
8 2 52
9 2 35

10 2 19
i1 2 1
12 1 44
13 3 7
14 2 50
15 2 2
16 2 16
17 1 58
18 1 2
19 3 4
20 2 47
21 2 30
22 2 13
23 13 56
25 3 1
26 2 44
27 2 28
28 2 10
29 1 58

“Gireenwich 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 mueh 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

12
=

climinate 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 15 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 retricval syst-m
was cvaluated 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 crrors. 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-



sult, a discrepancy between Dobson and satellite total The total discrepancy between Dobson and satellite

ozone mnounts Tay represent actual atmospheric var- ozone amounts may be partitioned into three compo-
iances, nents by the relationship:
Table 12. Hohenpeissenberg Dobson spectroph ozone observations for August 25-27, 1977,
Month Year Hohenpeissenberg
s 1977 Dobson No. 104
Total Sky Wave-
Time ozone condition length Air
Day (GMT) (m.atm.cm) (WODC code) pair mass
25 6.22 323 0 C 3.038
25 6.24 18 [} AD 2.990
25 6.26 323 0 (o} 2943
25 6.28 9 0 AD 2.897
285 6.30 324 L) Cc 2,854
i 6.32 319 [} AD 2.811
25 9.10 a3 [] C 1.429
25 9.12 320 [} AD 1.423
25 92.14 313 [} C 1.417
25 9.16 320 0 AD 1.411
25 9.18 32 L) C 1.405
25 92.20 320 (1] AD 1.4060
25 10.45 308 [} C 1.262
25 10.47 k1t o AD 1.261
25 10.49 308 (1] C £.260
25 10.51 319 0 AD 1.258
25 10.53 308 o c 1.257
25 10.55 )iy 0 AD 1.256
26 10.20 325 0 C 1.291
26 10.22 328 [} AD 1.288
26 10.24 a4 0 C 1.286
26 10.26 325 [] AD 1.284
26 10.28 324 1) c 1.282
26 10,30 326 0 AD 1.280
26 10.34 326 [} [ 1.276
26 10.36 k1) [ AD 1.274
26 10.38 326 0 c 1.273
26 10.40 326 0 AD 1.271
26 10.42 26 [] C 1.270
26 10.44 26 Q AD 1.268
27 10,10 332 0 c 1.309
27 10.12 k)] [] AD 1.307
27 10.14 334 [} C LM,
27 10.16 33 [] AD 1301
27 10.18 334 0 c 1.299
r1 10.20 33t 0 AD 1.296
27 10.22 Xt 0 [ 1.294
27 10.24 I 0 AD 1.292
27 10.26 333 ] C 1.290
27 10.28 329 [] AD 1.288
27 10.30 a2 0 c 1.286
27 10.32 327 [} AD 1.284




©} - oY
= (0} - Of) - (0¥ - Oh + (0?)" -03. 9
where:

O = Dobson-derived ozone

O} = true value of ozone at Dobson location

OY = sateliite-derived ozone

O} = true value of ozone at satellite retrieval lo-

cation

The first term on the right represents the

Dobson-derived ozonc measuremcent error, the second
term represents the satellitc-derived ozone measure-
ment error, and the third term represents a path and
time true ozone difference (atmospheric variance) bet-
ween the Dobson and satellite retrieval loeations.

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

> (o) - 0%i]°

- 21
*2[0(1) - o]’
+ 2 [oj0) - o%)]’

- Z{[
- E{[O“h) - o] { o -
22{[

oui) - 03]

ol ~ OXM] [0¥H - O%d]}
o1}

o - o] [ ok - olw]}.
30)

+

Howv 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 af satellite errars.

#® Either the Dobson ozone amounts, or the satellite
ozone amounts, or both, are unbiased.

e M ement errors are independent of the dis-
crepancies due to atmospheric variances—i.e., inde-
pendent of (OF - Of).

® The statistical expectation of (Of —

0Y) is zero.

Because these assumptions are reasonably ‘consistent
with the ozone retrieva) techniques employed, the un-
biased estimate of the mean squared discrepancy for a
farge number N of comparisons between Dobson and
satellite-derived ozone amounts reduces to:
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The mean square discrepancy is taken to be an upper
bound on the error standard deviation of the satellite-
derived ozone amounts; i.e.,

Lo - oy I
N
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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 obsetvation 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 prescnts 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 average 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-

an

L
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*All p relative to the mean Dobson

values,

have been




Thble 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.

0;

Distance Time  satellite

RMS % RMS

%
0, (Dobson) Difference difference difference  difference/

Station® Days® (km) (min) (m.atm.cm) (m.atm.cm) (m.stm.cm) Dobson (m.atm.cm) Dobson
t New Delhi [ 74 242 288 295 -6.5 -2.2 13.3 4.5
2 Edmonton [ 56 264 kX2 351 -17.1 -4.9 32.5 9.2
3 Resolute 13 85 181 360 375 —15.2 -4.0 17.2 4.6
4 Aspendale 7 40 kL) a7 315 241 0.7 8.6 27
5 Brishane 5 81 18 284 291 -6.3 -2.2 16.4 5.6
6 Mauna Loa 4 57 47 287 298 ~10.0 -34 14.7 4.9
7 Arosa 12 81 79 359 340 18.9 55 21.7 6.4
8 'Toronte 10 92 52 375 380 -4.9 -1.3 24.9 6.6
9 Bouider 5 94 95 343 342 L2 0.3 24.1 7.1
10 Buenos Aires 3 87 125 303 306 -2.2 -0.7 36.9 12.1
11 Hohenpelssenberg 1 62 67 366 355 11.3 32 1.3 3.2
12 Tateno 4 148 143 352 347 4.6 1.3 23.6 6.8
13 Nashvllle 11 85 81 316 336 -20.3 -6 27.6 8.2
14 Wallops Istand 50 101 366 360 5.5 1.5 10.6 2.9
15 Huancayo 13 75 50 242 246 -4.2 -L7 9.4 3.8
16 White Sands 8 103 103 330 345 —15.1 -4.4 19.6 5.7
17 Perth 8 62 36 280 295 -14.9 -5.0 21.1 7.2
18 Invercargill 1t 80 15 334 kL) -9.2 -2.7 14.9 4.3
19 Naha 6 82 214 280 302 ~22.3 -7.4 24.7 8.2
20 Samon 4 61 45 229 252 -23.6 -93 23.6 9.3
21 Kagoshima 3 114 175 3 317 -3.9 -1.2 11.1 s
23 Lerwick 18 71 71 367 395 —28.6 ~7.2 324 8.2
24 Bracknell 2 153 28 as1 361 -9.8 -27 54.7 5.1
25 St. Helena Island 12 70 158 252 265 -13.1 —5.0 14,9 56
26 Seychelles 9 73 215 24 266 -22.3 -84 24.4 9.2
28 Bismark 12 80 129 364 354 9.8 2.8 18.3 5.2
29 Tullahassee 13 57 75 33 kX7 —19.1 —5.8 23,7 7.2
30 South Georgia Island 10 88 42 301 266 34.6 13.0 37.9 14.2
32 Caribou 4 75 128 ass 395 -9.9 -2.5 19.3 4.9
All-station average
{or total day count): 228 71 101 319 327 ~7.5 -2.3 21.5 6.6

4SOAC station numbers are assigned to each abservatory; note that stations 22, 27, and 31 are not used because no retrieval was

within the 200-km and 300-min criteria.
"Days—number of days on which comparisons were possible,

gill Dobson and the MFR value was 4.9 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 Brackne!l 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

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 and 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
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Fig. 12. RMS difference of MFR and SCAN comparisons at 10-km increments; e.g., value plotted at 25 km consisted of 22 comparisons
in interval 20-30 ki (all comparisons are taken at less than 300 min; 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 tutal
RMS difference.

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

26

of extremely cloudy/cold background conditions and
missing satcllite 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 i3 days of data in June 1977,
This value compares well with the June 1970 Nimbus 4
BUV RMS difference from Dobson data of 2/.6
m.atm.cm (Fleig, 1978).

The total ozone values at 31 Dobson stations were
comparcd 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.em) was calcu-
lated. The average total ozonc 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
bicubie spline function interpolations.
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Table 14, Statistical summary of :oniparisons 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),

% RMS % RMS
0, (spline) 0, (Dobson) Difference difference difference difference/
Statlon Days* (m.atm.cm) {(m.atm.cm) (m.atm.cm) Dobson (m.atm.cm) Dobson
1 New Delhi 12 293 293 04 0.1 14.9 5.1
2 Edmonton 20 358 369 -1L6 ~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 4.5 44
£ Brisbane 16 290 295 -4.8 -1.6 19.9 6.8
6 Mauna Lea 12 287 297 -10.6 -3.6 14.0 4.7
7 Arosa 14 369 7 21.8 6.3 254 7.3
8 Toronto 14 361 a7 -12.1 -3.2 28.5 7.6
9 Boulder 10 34 342 1.9 0.6 14.0 4.1
10 Buenos Alres 4 303 312 -8.8 -2.8 27.1 8.7
11 Hohenpeissenberg 15 n 3s3 19.2 5.4 21.6 6.1
12 Tateno 4 348 347 L2 0.3 219 6.3
3 Nashville 17 329 336 -6.9 =21 18.6 5.5
. | Wallops Island 19 360 360 0.7 0.2 12.8 3.6
15 Huancayo 20 247 246 0.7 0.3 6.5 2.6
16 White Sands 18 326 3 -5.7 -1.7 15.2 4.6
17 Perth 16 287 292 ~5.3 -1.8 12.8 4.4
1B Invercargill 17 s 351 -10.7 -2.9 17.0 4.8
19 Naha 17 286 295 -94 -3.2 129 4.4
20 Samoa 16 230 252 -21.9 -8.7 225 8.9
21 Kngoshima 13 a2 314 8.4 2.7 15.1 4.8
22 Sapporo 12 389 364 249 6.8 294 8.1
23 Lerwick 20 366 398 =314 -7.9 36.8 23
24 Bracknell 19. 374 an ~26.7 -6.7 40.9 10.2
25 St. Helens Island 15 253 265 =122 ~-4.6 150 5.7
26 Seychelles 16 243 265 -22.9 ~8.6 23.8 2.0
27 Cologne 4 356 370 -14.0 -3.8 16.1 4.3
28 Bismark 2% 354 354 -0.5 -0.2 19.5 5.5
29 Tallahassee 19 320 332 -11.4 -34 15.0 4.5
30 Soutk Georgia Island n 4 268 35.8 3.3 37.8 14.1
32 Caribou 12 388 393 —5.5 -1.4 30.0 7.6
All-station average
{or totai day count): 464 325 k) ~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 (sce, 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 days are p d
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 baroclinic 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,

ng se

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 threc days can be found by
referring to Figs. 15a, 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 toi.:] 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
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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 liitle
movement in any direction and exhibit small changes in
ozone amount. Ozone maxima and minima have been
shown to ke closely correlated with stratospheric tem-
peratures such that 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
regions 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 Seuthem 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 sliown 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



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
10" kg of stratospheric air is carried into the tropo-
sphere (Reiter and Mahiman, 1965).

During the June 20 to 22 period (Figs. 15b, 16b, 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-
emn 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 10" kg of
mass. Comparable mass transport estimates were made
based on major ozone maxima located in the Southemn
Hemisphere during June 1969 (Reiter and Lovill,
1974;. The Southern Hemisphere stratosphere/tropo-
sphere cxchange 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 meun 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 cireulation 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 middie 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-
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cated in Southeastern Canada and south of Great Bri-
tain, respectively.

The Southern Hemisphere has five plunetary waves
(Fig. 18b). In contrast to the Nosthern 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 cofoeated with
the mean position of the stroag jet stream in that geo-
graphical area. This relationship was first shown for a
June 1969 wind field and satellite total ozone analysi:
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).

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

The decrease (increase) of total ozone mass in the
Northemn Hemisphere (Southcn 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 ozonc of the Northern Hemi-
sphere decreased fron 326 m.atm.cm on May 12 to
305 m.atm.cm on July 5—u decrease of 21 m.atm.cm.
During this same interva! ihe average total ozone of the
Southern He.nisphere increascd 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
(1.3%) 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 ozonc amount was less
than 0.5% in any 24-br 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 hemispherc., 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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Fig. 170, Locations of total vzone values for analysis in Fig. 17h,
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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
amounis (m.stm.cm)

Northern Southern
Date Hemisphere Hemisphere Glabal
June 1757-1967% 291 274 283
June 1970" 313 295 k[ ]
June 197%¢ 4 294 299
June 1977¢ 315 278 29

“Interpolated from Fig, 6, p. 14 (London ef al., 1976)—Surface Network.
" Heath (1978)—Satellite (BUV).
¢ “Preliminary Data” interpolfated from Fig, 15, p. 19 (Hegth, 1977)—Satellitc (BUV),

“This paper—Sateliite (MFR).

The data analyses presented by London er al, (1976)
were compiled from a decade of June, surface-based,
total ozone observations, Heath’s (1978, 1977) calcu-
jations represemt June 1970 and June 1971 satellite
BUYV preliminary data. The Junc 1977 MFR resuits are
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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
globat total ozone content compare within 2,7%.



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.

Totul ozone values have been calculated, using the
above method, from 20 days of CO,, O3, 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 pood 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.atm.cm. A similar RMS
difference of 21.6 m.atm.cm was found when a com-
parisen 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 caiculating 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 elearly
indieate that:

® The greatest amount of ozone was located at
subpolar latitudes and the lowest umount was near the
cquator.

® 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 carly 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-Junc the Southern
Hemispherz stratosphere/troposphere mass exchange
was approximately four times that of the Northem
Hemisphere.

A mean June [977 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 planelary
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 m.atm.cm). Once again,
good agreement was achieved: the MFR-derived 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 simultancously:

® 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 ozoaesphere.
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APPENDIX A
SATELLITE F1 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 metcoro]oglca] sensor is a cross-track scanning, multichannel filter radiometer (MFR), and is carried onboard
satellites of the Defense Meteorological Satellite Program (DMSP) Block 5D series. 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 requir 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 deseription will be limited to the first sensor:
Flight model one (F1). (The MFR sensors on satellites F2-F4 are identical to those of the F1 except for the addition of
a water vapor channel).

Spacecraft Characteristics )

The F1 satellite was placed in an 835-km altitude, nearly polar, sun-synchronous orbit on September 10, 1976.
The F1 vehicle achieved a near-noon, ascending-node orbit. Radiance data were transmitted from March until July
1977.

The F1 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 F1 rotates at one revolution per orbit so that it always points at the local
vertical. .

MFR Sensor o

The MFR sensor mcasures radiance in fifteen spectral bands. One channel is centered in the 9.6-um O, bands,
six channels are in the 15-um CO, bands, one in the atmospheric window near 12 um. and seven in the water vapor
rotation band (18 to 30 um).

Sensor Optics. The sensor optical schematic appears as Fig. #.-1. A Cassegrain mirror abjective 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 scdfining mirror scans the FOV in a plane normal to the flight path. Two dichroic
mirrors (D1 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 CO; filters and the window channel, and the second contains the H,O region filters. The
third path uses a fixed filter to make the O3 radiance measurement (1022 cm™"). Each optical path is equipped with a
separate wave-condensed pyroelectric trighycine 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-1. 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 D1 dichroic. At this dichroie the energy is split spectrally into the H,O channel and O,/CO, channel.
H,O channel radiation, passing through dichroic D1, js 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,0 detector.

The O3 and CO, radiation reflected off D1 passes through a zinc selenide lens to the second dichroic, D2, At D2
the energy again is split into two channels (O, and CO,). The O, channel radiation, passing through D2 is processed
by a bandpass filter and the O detector. The CO, channel radiation is reflected off D2 and passes through the MFR's
other cight-position filter wheel and onto the CO, detector.

The Oy bandpass filter is a coated germanium substrate that blocks radiation effectively from 650 cm™' to 1500
cm™' except for a narrow band at 1022 cm™' where the filter is highly transmissive.

*Ficld of view (FOV) peametry is described in the *“Retrieval Technique Development!® section nf this report.
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Fig. A-1. Optical schematic {afier Nichols, 1975) of satellite MFR sensor.

Oy, CO, and H;O Channel Characteristics, As indicated earlier, the FI 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 G, channel is approximately half that of any other CO, or H,0 channel. The reason
for this is best seen in Fig. A-2, which is a flow diagram of the tnultichannel filter data. Each of the CO, and water
vapor channels has two looks per scene. The Oy channel, however, has twelve looks per scene. Therefore, the ac-
cumulated energy for a given Oy FOV is six times greater than either the CO, or the H,0.

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 intemnal calibration source. The other five stations provide
information on the electrical calibration and component temperature. Data selection by the MFR logic control is
keye to the angular position of the scan mirror, completing one revolution in 32-sec. The scan missor 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, 15 spectral radiance observa-
tions (see Table 1) are taken. The cross-track scan repeats at a 32-sec frequency. The ins 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 shown 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 chunne! is an indication of the noise in the data output signal. The noise is u small random change in the digital output;
however, it is defincd as a change of cnergy input. The NESR, therefore, is the chunge in radiance into the MFR necessary to produce a DC shift in
the output equivalent to the output RMS noise.
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Fig. A-2, Flow diagram (after Barnes Englneering Co., 1976) of suteltitc MFR ozone, temperature, and water vapor data.
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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 pr ing 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.c., one 36-bit
AFGWC word into one 60-bit SOAC/LLL word.

The converted USAF software is then used to search  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 identitication, 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 ding/daylight (d ding/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
smallcst set of data allowed for further processing, ing a valid eph is 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 caleulating) the speciral 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:

(3C + 100B — 103A)
R, = tosp 3C £ 1008 — 1034)
7= 1080 3B — 100A — 30) (BD

where Ry = is the total resistance of the platinum resistor thermometer; and A, B, and C arc known resistor ratios of
the internal calibration bridge circuit provided in the calibration stations for the scan line.
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Having determined the total resistance (Ry) by the above relation, one can then solve the Callendar-van Dusen
equation for the internal calibration source temperature:

T= C,—C, = C(Ty/R, - 1) . (B2)
Gy
where
T = temperature in degrees Celsius
Ry = towal resistance of platinum resistor thermometer
R, = known resistance of platinum resistor thermometer at 0°C

C,, Cy. Cy, and C, are constants dependent on the physical properties of the resistance thermometer.
‘The internal calibration source temperature is then coriverted to spectral radiance by applying Planck’s Law for
blackbody radiance:

Cwi
Rad, exp (CapdT) — | (B3)
where:
Rady = spectral radiance mW (m? sr cm™') for wa ber v at temp T
v = wavenumber (cm™")
C, = first radiation constant
C. = sccond radiation constant.

This Rad,, value can then be used to calculate a gain or slope factor for the i™" channel by taking the difference
between the internal calibration (warm) digital count and the space calibration (cold) digital count and dividing
through by the Rad,, 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-1) 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 offsct). 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 redctermined 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 sp aft subpoint from the first and last (time-wise) position information; linear in-
terpolation is applied to compute the subpoint location and altitude for cach radiance scene. This information, in
conjunction with the time-dependent **look angle'* information (a consequence of the time count from receipt of a
scan Jine 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 spacccraft 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 (F1) control prob-
lems, the primary attitude control system was degraded and the backup system (providing 0.10° pointing accuracy)
was put in control with 4 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 caleulated 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
119.3 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 technigue 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 +180° orientation, positive east.
The second step is ta 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 1o 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 valies 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 hemispherie 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 ail 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 10
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 s 10oth 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 (Lawrenee 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:

N *
%= kzlwi[z(xk.yu - Sxyy] <
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where:

¢ = functional to be minimized,
W, = a set of positve weights associated with each subregion P (at this time all subregions have equal
weight) i
S(xx.yx) = the bicubic spline on (R, P}
(x-.yy) = the spatial coordinates of Z and
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 aj in the expression:

NX+2 NY+2
S(x.y) = 2 2 ayby(X)bi(y), (C2)

i=1 j=1

where bi(x) and by(y) are B-splines (basis functions).
In order to find the coefficents a;; in Eq. (C2) such that S(x,y) minimizes Eq. {C1), we consider the following
system of N cquations in (NX + 2)}(NY + 2) unknowns:

NX+2 NY+2

We > D ey bilx) by = Wi Zixiyvid, k = 1,2,..,N ©3)
i=1 j=1

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 Wy.. The system of linear equa-
tions Eq. (C3) can be written in matrix form:

Az =D, (C4)
where:

A= N by (NX + 2)(NY + 2) matrix of coefficients,

@, = unknown vector of coefficients ay; in Eq. (C2) and Eq. (C3) and

b = a vector of length N.
Because, in general, N > (NX + 2)(NY + 2), a solution & to Eq. (C4) exists only in the least squares sense. The
spline function S(x, y) that minimizes Eq. (C1) is determined by this vector @.
The approach, therefore, is to minimize the functional Eq. (Cl), based on the fact that ¢ depends on the
parameters ay;. Thus the minimum will occur when:

9 o 0,i=12.,NX+2andj= 12..,NY +2.
oy

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

ATAw = ATH . (C5)
This system is called the system of normal equations, and it is solved in order to minimize the functional (¢).

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.
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APPENDIX D
PRESENTATION OF TWENTY DAILY SATELLITE MFR-DERIVED
GLOBAL TG /AL OZONE ANALYSES
Twenty daily global analyses of satellite MFR-derived total ozone during the period May 12 to July §, 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 D1.

Table D-1. Dates and figure numbers of the twenty
daily global total ozone analyses.

Dates (1977) Figure number
May 12 D-1
13 D2
14 D3
15 D4
June 1n D-§
12 ™o
15 p-7
16 D8
1% D9
19 D-10
20 D-11
21 D12
22 D13
24 D-M4
15 D-15
28 D-16
3 p-17
July 2 D-18
4 D-19
5 D20
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Fig. D-19b, Global analysis of MFR-derived total ozone for Julv 4, 1977 (contour interval is 20 m.otm.cm; 18,786 data points).



0.0 30 60E 90E 120€ 150E 180E

30w

Lacations of total ozone vatues for analysis in Fig, D20,

rig. D-20a.


file:///aliuis

L6

180w 150W 120W 20w 60W 30w 0.0 30E 60E 90E 120E 150E 180E
90N T 3) 90N

f@

60N

60N ==

o
i

30N

NS

P

308

308 %ﬁeﬁf 7‘"
ﬁ@% Q@ p

60S

Y
i
Nl

60S

i
5_8\
o
A0

. 31
29

90s L 2507
180W 150w 120W  QOW  GOW 30w

90S
0 30e 80t 90E 120E 150E 18QE

Fig, D-20h.  Glubal analysis of MER-derised total ozone for July 5, 1977 tcontour interval is 20 mostorem: 19009 data points),



