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ABSTRACT

A new remote sensing method is described to determine the vertical distribution and total content of atmospheric
ozone. The method combints surface infrared, satellite infrared and ultraviclel channels. The width of the infrared
channels is 3.01 cm ™, fess than Lorentz half~width at the earth's surface, rather than the preseal width, because these
channels can oblain information about variations in the ozone profile below the profile main—peak. The numerical
experiments show that the method has a satisfactory precision in determining total ozone content, just about 1
percent error, and vertical distribution from the <arth o 65 km space. In addition, some semi—analysis functions for
calculating backscattered ultraviclet and a relaxation cquation are described in this paper.

L. INTRODUCTION

Qzone possesses a strong absorption band in the ultraviolet below about 0.3 ym, which
protects the biological cycle on the earth and heats the middie—upper layer of the atmosphere.
Also it is the chief copstituent participating in its photochemistry (Houghton et al., 1984).
Therefore ozone sounding attracts pecple’s attention more and more.

The knowledge about ozone has a histery of about 200 years (London and Angell}. Dur-
ing this period, a series of ozone sounding techniques have beea developed, and remote sens-
ing is one of them. At present, the following remote sensing techniques are in use: Satellite
infrared (Prabhukara et al., 1970), Umkehr, backscattered ultraviolet (BU) and limb tech-
nique (London et al., 1980). Techniques of microwave (Randeyger) and laser are being stu-
died. Beside the laser technique (in fact, aerosol effects the precision seriously), these remote
sensing techniques cannot precisely sound the ozone under the main—peak of the profile. To
overcome the difficulty above, we describe a new remote sensing method, combining ground
infrared, satellite infrared and ultraviolet techniques, to determine ozone profile and content.

11. SELECTION OF INFRARED CHANNELS

Remote sensing of ozone using its infrared emission band at 9.6 ym has been made using
data frora the infrared interferometer spectrometer (IR1S) instrument on Nimbus 4. Because
of the very large number of closely spaced liies in this band and the ozone vertical profile,
very limited ozone profile variation can be obtained using this kind of channel. Sekihara and
Walshaw (1969), Shafrin (1970) and Prabhakara et al. (1970} have shown that the radiances




306 Advances in Atmospheric Sciences Vol.7

in different regions of the band do not actually contain much information about the ozone
profile. Prabhakara et al. have shown that a statistical, one—parameter approach, which
makes use of climaiclogical data on ozone distribution, ¢nables crude but useful approximate
azone profiles to be extracted.

In this section we investigate the narrow channels. The width of these channels is 0.01
cm™, less than the Lorentz half—width of ozone absorbing line at the earth surface. These
channel spectrometers on satellite can obtain information about variations in the different
ozone layers, because half—widih of ozone absorbing line has a positive relation with the at-
mospheric pressure (McClatchey et al., 1973).

1. Theory

The atmosphere is considered as plane—parallel and local thermodynamic equilibrium in
the 9.6 pm band. Therefore, the equation of radiative transfer can be written as (Zhou et al,
1982: Zeng, 1974)

df, (z,8)
Pt ()
where J, represents the radiative intensity at wave number v, z is the height above surface,
4 iscosine of zenith angle 8, B, denotes Planck function and 7, {z) is optical depth

= —{,(0+8,() n

T,{z) = J k, pdz {2)

where p and k, are density and coefficient of absorption gases.
There are three absorplion bands, O;, H,O and CO,, in the 9.6 pm band. Neglecting
€O, absorption, for it is very weak, we have

kvp=ku03 pO; +kvﬂlopfl20 (3)
Suppose that the wave number width of the radiometer is v, to 7, +Jv and the re-
sponsive function of instrument is

gl y <v<py+du

¥n(2) {0 otherwise @

Because the sun’s radiation can be neglected and the earth’s surface can be counsidered as

black body inside the band, we obtain radiation intensity from the following equation
{Cheng, 1985)
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where T, and T, are the transmission -functions of monochromatic v and band dv
respectively; # and & are Planck and Boltzman constants; ¢ and T° are light speed in vac-
uum and absolute temperature respectively.
Using the method of the best information layer (Zeng, 1974) and acting variation in
equation 5, we have (Cheng, 1985)

J’m 0po, (2)
8, 0)=1 K,(zpo, )0y —— —~dz (10
0 ? PO; (z)

where X, (z,p, (z),6) is weighting function. For ground remote sensing
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and for satellite remote sounding
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To obtain the radiation intensity and weighting function, we use line by line method
(Cheng, 1985).to calculate the absorption coefficient of ozone and watet vapour using follow-
ing equations:
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where N is total number of absorbing lines contributing their absorption at v. &, and «,
are Lorentz and Doppler half—width respectively. ¢, and {,are vibrational and
rotational partition functions. ¢, and j are shown by McClatchey et al. (1973). §, z,
and £, are the intensity per absorbing molecule, the resonant frequency and the energy of
the lower state respectively. P is the pressure. Constants P, T, and » are taken to be
standard atmospheric pressure, 206K and 1 /2. M is molecular mass. v,, Sy, £, and ay
are obtained from AFGL tape, 1980.

2. Selection of the Channels

Provided that a wave number interval 4, is used as a remote sensing channel, as we have
known, two cases will occur:

- The radiation within §v is not absorbed by the constituent at a certain altitude, the
variation of the constituent at the altitude cannot be sounded by the channel. And the con-
stituent at the altitude will not interfere with the sounding of the constituent at other altitude.

- The radiation within dv is absorbed by the constituent at a certain altitude, the varia-
tion of the constituent at the altitude can be sounded by the channel. And the constituent at
the altitude will interfere with the sounding of the constituent at other altitude.

There are many absorption lines in the 9.6 ym band of ozone. When the present channel
is used as remote sensing, the latter will occur for the whole atmosphere, because the channel
width is larger than the haif—width of absorption line and the interval between absorption
lines. Therefore limited information on the variation of the vzone profile can be obtained us-
ing these channels.

According to the knowledge of the spectrum, we know that the half-width of absorption
lines is very narrow and they usually do not overlap in the middle—upper atmosphere. When
(e channel with narrow width, such as 0.01 cm™, is used in a satellite sounding instrument,
many “peaks” and “alleys” are observed. When the central numbers of chaanels and “peak”
do not overlap, the former and the latter will occur for middle—upper and lower atmosphere
respectively. Using these channels with different central wave numbers shown in Figure 1, we
can determine a set of channels to sound the lower ozone profile. For ground remote sensing,
absorption lines overlap due to large Lorentz half—width and lots of lines. Therefore, the
method of selection channels is the same as that of the present channel.

Dividing the atmosphere into 65 layers with an interval of 1 km and using standard at-
mosphere {McClatchey et al., 1972) and the tape of AFGL, 1980, we calculate the weighting
functions of 0.01 ecm™' width with different relative position to the resonant frequency of
absorption lines. The variation weighting functions shown in the Figure 2 and Figure 3 are se-
lected for remote sensing of satellite and ground respectively, The left wave numbers of the
satellite channeis are 1052.5098, 1052.8723 and 1052.4797 cm™, corresponding to the lati-
tudes of the maxima of the weighting functions at 12, 18, and 20 km for satellite sounding.
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3. Discussion
(1) The effect of water vapour

Figure 4 shows two variation weighting functions, central number 1052.5 cm™ and
width of .01 cm™, with and without water vapour absorption. The two curves nearly overlap
and the maximum value of their difference is 0.1%. Therefore the water vapour absorption
can be ignored in the practical calculation.

(2) The weighting functions of channels with a width of 5 cem™

Figure 5 shows two weighting functiong of channels with the width of 5 em™, located at
067.0-972.0 cm™ and 1052.0—1057.0 cm™'. The latitudes corresponding to their maximom
weighting functions are 20 and 24 km, respectively. Actually all peaks of weighting functions
concenirate between 20 and 24 km, because the intervals of 967.0-972.0 cm™' and
1052.0-1057.0cm™ are located at the wing and the peak of the 9.6 um band, In addition, the
channel of 967.0-972.0 cm™ cannot give the information on variations of the ozone profile
due to the very small amplitude of its weighting function. Therefore, only cne independent
channel, with width of 5 cm ™, can be obtained in 9.6 gm band. The conclusion is the same as
the former researchers’.

[11. SELECTION OF BU CHANNELS

Much work has been done on sounding the vertical distribution of ozone using BU
method (Aruga and Lgarashi, 1976; Heath et al., 1973; 1978). In this section, we discuss the
selection of the channels and describe some semi—analytical formulas of the intensity and
weighting function of BU.

1. Theory

In the region of 2500—3100 A, the heat radiation of the earth—atmosphere system can be
neglected and the atmosphere can be considered as plane—parallel, so the radiative transfer
equation can be written as:

,ﬁ%‘—‘l = Hz,Q) — J(z.4) (22)

where J(t, L) is the source function and satisfies the equation below

@) = %0 P, — Ly, 7)exp{ — i) + ﬁ‘[ T )P )Y 23
4

where P is the phase function, F, is the solar radiative flux.
Considering the ozone absorption and molecule scattering (Aruga and Lgarashi, 1976),
we have the following equations
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where o, and k;  represent atmospheric molecule scattering and ozone absorption

coefficients respectively. pZ and p, are atmospheric molecule and ozone density. =, is

air refraction index. Ne equals 2.68719 x 10'%cm™".

unit is micrometer.

Ignoring the earth surface reflection, using the successive scattering (Liou,1980) and con-
sidering up to the second scattering, we can obtain the radiative intensity for satellite review
{Cheng, 1985)

The first radiative intensity

A is solar radiation wavelength whose

F ht +
I, m,no)=—%ﬂj‘ PYexp(~ 2 C M@, — ) (30)
0

The second radiative intensity

F 2 o0 1 z i .
e (@) = 2 L PZ(z)L %@[ L pEexp( - B rarenpt by

Mo
0 L ’ .
+_[ Y Yexp(E— ')z exp( uﬁ"—t)]du’dz @an
: Ho it Hit
The total radiative intensity
T Q02) =T, Q) + 1, (510) (32

where

Aulp) = {56- {0.25[2c08> (9 — @, ) + 1]sin* Bsin’ 8, (1 — 4’*)* + [cos” Bsin* 6,

+ cos® 8, sin’ 0 — 2sin” Osin” 8y cos(p — @ (1 — p
+ (sin 8 + sin? 8 )(1 — @) + 2[cos” Beos” B, 4
+ (cos® 0 + cos O, )u”® + 1]} (33)

Acting variation in the equation 32, we have
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2. Selection of the BU Channe!

Using the above equations and approximate calculation {Cheng, 1985), which can save a
lot of computer time, we choose 13 channels for BU remote sensing. Figure 6 shows their va-
riation weighting functions, in which the wavelengths are 2500, 2700, 2800, 2900, 2922, 2950,
2970, 3002, 3023, 3034, 3075, and 3096 A respectively, and other parameters are ¢ =0,
@, =0, and 0=80; =30°.

Figure 6 shows that the peaks of these weighting functions are distributed between 23 km
and 52 km. Therefore, these channels can sound the vertical distribution of ozone from 23 to
65 km. Comparing with work of Aruga et al, there are 5 additional channels taken into ac-
count. These channels cannot sound more parametets, but can reduce the random error.
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IV. INVERSION OF OZONE PROFILE AND CONTENT

18 channels are employed in our combined inversion of ozone profile and content. Their
weighting functions are shown in Figure 2, Figure 3, and Figure 6. The maxima of their
weighting functions are distributed between the earth’s surface and 52 km space. Therefore,
using these channels we can sound the vertical distribution and content of ozone. In this sec-
tion, we describe relaxation iteration and discuss the results of combined inversion.

1. Relaxation Iteration

Equation 10 and equation 34 have the same form. For easy reading, we write them as the
following

&, =J‘ K, (z,;;v)%‘.E dz 42)
0

in which the variation weighting function X,,(z,p(z)) achieve a maximum at the altitude
Zgn- P IS P, (2).
From equation (42), we can obtain the approximate equation as below

a0 -—
I,—I, = f K, (z@"—%ﬂ dz 43
o

where p and p are undetermined retrieval and estimation of vertical distribution of ozone,

[ is the reading value from radiometer in practical remote sensing, but it and I represent
the radiative intensity calculated from equation (5) and equation (32) using p and p
arespectively in our numerical experiments.

Reducing equation (43), we have

- “ “K,(z,
!,—1,+J Km(z,')dzzf —"’-S_z—’?"pdz

0 o Iy

a0
Dividing by ! K., (z,p)dz in the above equation, we obtain
0

L~ o
- Kn (2
Iy —1, +J- K, (z.p)dz J —-(E—apdz
0

J K, (z.p)dz J 51-(;@1342

0 o

9 -

Acting relaxation principle (Deepak) in the equation above, we have

i.-1, +I K, (z.p)dz

P(zom] = o
I K, (z.p)dz

0

2(zom) (44
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Using equation (44) we can obtain the following practically used iterative formula
s 4]

n—1 -
I, -1+ I K, (z,p" ")z
0

r Pzon )" (45)

plzom)” =

Koy (20" )z
9
where m is the order number of channels (1 <m < 18), z,, represents the altitude at which
weighting function of channel m approach maximum, »# is the times of iteration.
The contraction criterion for this method is

Ml _I(ﬂ} 2
‘/% z|(—'“~I-—L) <1.0% 46)

where M equals 18.

2. Examples

Figure 7 to Figure 16 show 10 numerical experiments of remote sensing of ozone vertical
distribution. The initial vertical distribution of ozone in all examples is given by standard at-
mosphere. Solid, dashed and dotted lines in these figures denote the actual, initial guess and
inversion profile of ozone respectively.

Figure 7 show a very special example for sounding the ozone profile and content, in
which 1he actual vertical distribution of ozone varies gradually in such a way that its value is
60% larger than its initial value at the earth’s surface and increases 2% per km with height.

Figure 8 and Figure 9 show examples of investigation of spatial resolution of the method.
In these figures, actual profiles have an increase of 30% relative to the initial value at heights
of 35 km to 39 km and 35 km to 44 km respectively.

Figure 10 to Figure 13 show four typical ozone profiles of balloon—sonde (Komhyr et al,
1968), and their initial and inversion profile in spring, summer, fall and winter at Sterling,
USA, in which the actual profiles over 35 km are given by us in the way of its increment va-
rying linearly relative to the initial profile with maximum of 44%.

Figure 14 gives the ozone profile of a balloon—sonde and its initial and inversion profiles
in Xianghe, near Beijing, China, on August 23, 1985 (Shi et al). The vertical distribution of
actual ozone above 33 km is given by the same method as Figure 10.

Figure 15 and Figure 16 show the comparison of results of combined inversion and
infrared, and BU inversion only respectively. In Figure 15, dotted line denotes the ozone pro-
file of inversion from BU technigue only. In Figure 16, dashed line is both initial and inver-
sion profiles by infrared channels alene.

3. Discussion

Several examples are shown in the last section. Table 1 shows the relative errors of densi-
ty averaged for the altitude; < E >, Content; C and the iterative times for Figure 10 to Fig-
ure 14. < E > is obtained by the following equation

r

i . (l) 2

i=1
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where I equals 65.n is 0 for initial guess, and the times of iteration for inversion results.

Table 2 shows the relative errors of oZone density averaged for 12 inversion examples at
10 altitudes; < LE. > . The 12 examples are Figure 7 to Figute 14 and four others which are
not shown in this paper. The < [.£. > is obtained from the equation below

M - (_n) 2 .
1.E.=fi‘;§(&?'i‘—) @8)

where M = 12 is the numbers of inversion examples used for statistics.

Tabke 1. Iterative Times and Relative Errors of Ozone Density Averaged for the Altitude; < £>  and
Content; C for Fig.7-Fig.11

Figure Herative Initia) Guess {%) Inversion Results (%)
Times E C E C

Figure 10 5 41.7 1.9 418 0.1
Figurell 7 44.6 1.5 257 1.1
Figure 12 7 40.2 1.6 220 0.5
Figure 13 4 459 1.2 24.3 1.1
Figure 14 12 78.6 —27.6 28.2 0.05
Average 51.4 —4.2 25.4 0.6

Table 2. Relative Errors of Ozone Density Averagsd for 12 Inversion Examples at 10 Heights; < ILE.>

Height (ki) 0.0 10.0 15.0 19.0 23.0 26.0 300 | 400 500 60.0
Initial guess (%) Hs 55.0 76.1 49.1 4.1 220 213 40.8 26.9 M8
Inversion results (%) 386> | 400 21.7 13.9 10.5 5.3 5.6 4.7 6.4 iy

* This is caused by the inversion error—119.2% al the earth’s surface in Figure 14.

1. Total Content of Atmospheric Ozone

From Table 1, we find that the relative errors of total content of czone of inversion re-
sults are much less than those of the initial guess. The inversion error is about 1%. Their av-
erage values are 0.6, While the error by BU only is mote than 1%, and the annual average of
errors by infrared technique of Nimbus HI alone is 6% (London et al., 1980). Figure 15 and
Figure 16 clearly illustrate the reason why our method has greater accuracy.

2. Ozone Profile

Figure 10 to Figure 13 show that the ozone profile of inversion is much better than that
of injtial guess at Sterling, USA in different seasons. They illustrate that it is possible to apply
our method at any time at Sterling. Figure 14 shows that the inversion results are stili good at
Xianghe, China. Figure 10 to Figure 14 illustrate that it is possible to use our method at any
time at any place. This conclusion can also be obtained from Table 1 and Table 2. The aver-
age errors of the inversion results are much less than those of the initial guess iz Table 1. And
the inversion results are also better than the initial guess for the relative errors of ozone densi-
ty averaged for examples in Table 2 except for the earth’s surface, which is caused by the in-
version error—119.2% at the earth’s surface in Figure 14.
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As to the precision of inversion results, we find that it depends on the degree of smooth-
ness which the initial profile has relative to the actual profile. The smoother it is, the higher
the inversion precision is . And this can be shown clearly in Figure 7 to Figure 14. In Figure 7,
the inversion < E >is only 5.7% which is less than any one in Table 1. This is due to the
moderate spatial resolution of this method.

Figure 8 and Figure 9 show examples for investigating the spatial resolution of this
method. The inversion results in Figure 9 are better than those in Figure 8. Figure 8 indicates
that spatial resolution of this method is greater than 4 km. And this is coincident with
half-width of weighting function of channel.

Because of the spatial resolution, the uadulation of the actual profile cannot be obtained
by our method. Therefore the inversion error of Figure 7 is the least in all examples shown for
the strong undulation in the lower atmosphere. And Table 2 shows the largest error at the
earth’s surface, for the same reason as above. But our method stili gives the ozone profile of
the lower atmosphere shown in Figure 10, Figure 11 stc. The values of inversion errors in Ta-
ble 1 and Table 2 are still large. These are caused by using the density of 1 km, less than the
spatial resolution, in equation (47) and equation (48). Obviously these errors can be decreased
if using a density of more than 4 km.

Figure 15 and Figure 16 show that the our method is better than BU and infrared meth-
ods only. From Figure 15, we find the actual ozone profile below 135 km cannot be obtained
by the BU only. This is the same as Aruga’s conclusion. The ozone between 28 km and 38 km
is not ohtained by infrared method only in Figure 16.

3. Relaxation Method

Figure 7 to Figure 14 show that the relaxation described in Section 4.1 is an efficient
method. From these Figures and Tabie 1, we find that the Jarger the difference between initial
and actual profiles and the stronger the undulation of actual profile, the greater the number
of iterations required.

V. CONCLUSION AND PROBLEM

Knowing the temperature profile of the atmosphere and using a narrow width of infrared
channels in ozone 9.6 ym absorption band, we can overcome the difficulty of sounding the
ozone profile below the profile main—peak. The width of these channels is 0.01 cm™, less than
the Lorentz half-width of ozone absorption at the earth’s surface, which method may be ap-
plied to remote sounding of other constituents of the atmosphere. Using combined satellite
BU and satellite and ground infrared channels, we can obtain satisfactory precision in deter-
mining ozone content, just about 1%, and vertical distribution from the earth’s surface to 65
km space. Numerical expetiments show that the relaxation described in this paper is an effi-
cient inversion method. Some semi—analysis functions for caloulating backscattered
uliraviolet also save a lot of computer time in this paper.

The problem is that this kind of infrared radiometer cannot be produced at present.
Therefore it is necessary for engineers to put some effort into designing this kind of radiomet-
€r.
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