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Accurate atmospheric transmittance model for O,
absorption band near 762 nm
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Abstract ; An atmospheric transmittance model for molecular oxygen absorption band near 762 nm is expressed by a poly-
nomial including temperature and pressure. The polynomial coefficients are expressed as another power series of cosine
of incident angle. Similarly, a mean atmospheric transmittance model is also given. Numerical tests indicate that under
vast majority of circumstances the fitting errors (RMS) of the atmospheric transmittance model and those of the mean
atmospheric transmittance model are less than 0. 0001 and 0. 0005, and their maximal errors are less than 0. 0005 and
0.003, respectively. Both models were applied to the study on remote sounding of atmospheric pressure profile from
space. In addition, a correction method is given for the interval error of atmospheric transmittance.
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Introduction

Atmospheric remote sounding from space is
based on spectral radiometry and calculations of at-
mospheric transmittances. Therefore, it is very essen-
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tial to establish an accurate and computationally fast
transmittance model. In 1969 Smith has given polyno-
mial representations of carbon dioxide and water va-

[1]

por transmittances" -, which were applied to study on

pressure sensing of the stratosphere and the lower
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mesosphere by solar occultation'*! and to study on re-
mote sounding of the mixing ratio of carbon dioxide
in the atmosphere from space'>!. In 1970s and 1990s,
McMillin, Fleming, et al. have provided different
transmittance models of atmospheric absorbing ga-
es'*®!. These models were applied to data processing
of TOVS on the meteorological satellites NOAA in
the United States'®.

computationally fast transmittance model™®’, which

’

Later, Eyre has also given a
was applied by the United Kingdom Meteorological
Office (UKMO) to calculation of the TOVS atmos-
pheric transmittance. On the other hand, an atmos-
pheric transmittance model was established also for
the molecular oxygen absorption band near 762 nm
with lower accuracy!'’.

we would like to
give a very accurate, computationally fast and con-
venient atmospheric transmittance model and a mean

Based on physical essence,

atmospheric transmittance model in an inhomogeneous
atmosphere at different incident angles for the O, ab-
sorption band near 762 nm. For establishing the mod-
els the atmospheric refraction and the global curvature
are taken into account. In this study we regarded the
atmospheric pressures at different altitudes in the
U. S. Standard Atmosphere 1976 (USSA)!™ p. as
an altitude scale and divide the atmosphere into 40
levels or layers as same as specified by NOAA /
NESDIS of the United States"*’.
level of the atmospheric pressure profile of the USSA
is 1000 hPa corresponds to an altitude of 110.26 m.
Consequently, both the models given in this paper can

The lowest pressure

be applied to the atmospheric pressure range at the al-
titude of 110.26 m from 1075 hPa to 925 hPa. In or-
der to calculate the atmospheric transmittance from the
top of the atmosphere to the earth surface, 7,,an ex-
trapolation is needed by using an available atmospher-
ic transmittance profile. The atmospheric transmit-
tance model and the mean atmospheric transmittance
model given in this paper were applied to the study on
the remote sounding of atmospheric pressure profile

from space' ™",

1 Theoretical basis

The atmosphere is divided into »n layers. Be-
tween the top of the atmosphere (i =0) and the first
pressure level (i =1) is the first layer (i =1). The
upper and the lower boundaries of the i" layer are de-
fined by the (i -1)®
Then,

.th
and the i" pressure levels, re-

spectively. the monochromatic atmospheric

transmittance 7, of molecular oxygen in a slant path
from the top of the atmosphere to the i™ level can be
expressed as a product of the monochromatic atmos-
pheric transmittance 7;_; from the top of the atmos-
phere to the (i —1)" level and the monochromatic at-
mospheric transmittance of the i" layer,Ar,, namely,

T, = T,aAT . (1)
Considering the equation of state gives the expression

of Az, in equation (1) .
3-1

Ar; = exp(-L,) = exp( - fkiqozpiﬂ'idz)
~ exp( - kipiuiqo,Az,) , (2)
= exp( - k'—tﬂ' 90,45 )
R'T

in which L, k, q,,, p, 2z, u, M, R"and T are optical
depth, absorption coefficient, O, mass mixing ratio
with a value of 0.209476, atmospheric density, alti-
tude, cosine of incident angle ¢, molecular weight of
dry air, universal gas constant and temperature, re-
spectively; furthermore, prime represents mean values
in the the i" layer and generally, averages in a layer,
.8, p'=(piy+p:)/2

The absorption coefficient k is a product of spec-
tral line strength S and spectral line pattern function
G. In the O, absorption band near 0. 762 pum, both §

and G are functions of 1/7 and p"'®

, herein G may
be the Lorentz spectral line pattern function G ( for
lower atmosphere) , or the Doppler spectral line pat-
tern function G, ( for upper atmosphere) , or the mix-
ing spectral line pattern function G, (for whole atmos-

phere). On the other hand, the O, mixing ratio g,,is

constant below about 80 km. Therefore, letting the
constant
My'1q0,Az;

= 3

Yi R (3)
Eq. (2) can be rewritten as

AT, = ex ( P ) . 4

P ,k,T, (4)

Consequently, the function in square bracket in
Eq. (4) can be expanded as a power series;
—, ’,k’,’}—i +L( 1k11;,,) — o (5)
All the terms in the square bracket in Eq. (5) can be
regarded as a functions of 1/7;, 1/7;_, and 1/T'; as
well as p;, p,_, and p. Further, we can expand A, as
a new polynomial that can be expressed as a sum of

Ar, =1 -

first order terms, second order terms, couple terms of
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1/T,,1/T;_, and 1/T'as well as p,, p,_, and p/, and a
AW/ T,,1/T,p;_y,p;,p)) that
is very small and can be omltted

Ar; ='B”+'BZT

remaining term O(1/7,_

Bz3 T +B4TI +B15Tz

+Bi6 Tz + B +BisPi-t +BioPi + Bi 0P

TIZ

2

2 2 Pi1
+Bi,11pi—l +:Bi,12pi +Bi,13pz{ +:Bi,14 Tt

pl
+B;, 15T +,3;16T 0,17 T i,18 T
p; Pi
+Bz 19 T +Bz 20 T' +Bz 21 T' ,Bi,zz 7
1 1 1
Of —.—.—.p. p’ . 6
(Ti_l,Ti’Tli 9Pz-1’pz,P;) ( )

2  Numerical models

Any radiometric instrument has a bandwidthAv,
so that all transmittances needed are always normal-
ized polychromatic transmittances in the channels with
a bandwidth ofAv, i.e. 7,(Av). They are concerned
with the atmospheric temperature profile and the at-
mospheric pressure profile over the i™ level. There-
fore, some bandwidth modification terms similar to
those provided by McMillin, and Fleming'*' should
be added in the polychromatic transmittance expres-
sion, i.e. Eq. (6). In this paper 7,(i=1,2,,n)
appeared later represents the polychromatic transmit-
tances.

After adding bandwidth modification terms to
Eq. (6),
and over again, and the terms with very small contri-
In the
meantime, calculations indicate that the polynomial

fitting calculations were carried out over
bution to Ar, were removed progressively.

coefficients vary with incident angle §; and can be re-
presented by a power series of u,( =cos#,).

At last, a polychromatic 7, model in a slant path
from the top of the atmosphere (i =0) to the i" level
is given with high accuracy as follows:

To = 1

12
Ti = Tia 2 ¢;X;

(7)
Cij — ZC rk -1
Clp T C 4 =C3 T19 TC 1 = C2 = 0
(i = 1,2,"',”);
herein
Xi,l =1 s (8)

1
Yo=g 9)
1 2
Xi,3 - TZ - Ti71 + Ti ’ (10)
Xi,4 = DPia ’ (11)
, _ Pia tp;
Xi,S =Pi=lT ’ (12)
Xi,6 = X?,3 s (13)
Xi,7 = X?,4 ’ (14)
Xi,8 = X?,s s (15)
Xi,9 = Xi,ZXi,4 ’ (16)
Xi,lO = Xi,3Xi,5 s (17)
lel =ATL*= Z(T _‘Ti>(]~)m_]3mfl> ’ (18)
m=1
2 =Api*= z(pm_i)i)(i)m_i)m—l> . (19)
m=1

In the equations above, tilde represents the values lis-
ted in the USSA, asterisk represents bandwidth modi-
fication terms for polychromatic radiation and the co-
efficients ¢ with values of zero show that the corre-
sponding terms do not exist. For example, ¢, ;, =c¢, ;,
=0 represents that the 11™ and 12" terms at the first
level, i.e. ¢, X, j;and ¢, ,X, ;,, do not exist.

In Eq. (7) the subscript “0” represents the top
of the atmosphere. In the calculations we take the
pressure level with 0. 01 hPa as a reference for the top
of the atmosphere. In addition, the atmospheric re-
fraction and the global curvature are taken into ac-
count.

In the purely physical retrieval method of the at-
mospheric pressure profile by means of O, absorption
band near 762 nm, the mean atmospheric transmit-
tances 7.from the top of the atmosphere to the i layer
are usually needed too. 7/is regarded as a product of
7, and a modification term A7/

T;= TAT, . (20)

After fitting over and over again, we arrive at
the polychromatic 7'model in a slant path from the top

of the atmosphere to the i level as follows:

6
' _ ’ ’
1= TIZCIJXIJ

T; =T; C:X: (L = 293’"'9’1‘)
121' o , (21
4
cj= 2 Copl”
ky=
(l - 152’. ,n)

Xin=1 (22)
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;L 2
Yooz 7yp (23)
+
X, =R b (24)
Xi,=X\5 (25)
X,I,S = X,1,23 ’ (26)
X’1,6 = X’1,2X’1,3 5 (27)
and
X;,l = 1 ’ (28)
, 1
Xi,z = FL ) (29)
;L 4
XYoo= s (30)
X;,4 =P ’ (31)
..+ 3p.
Xfl s = Pi-t * OPi , (32)
’ 8
Xio=X5 (33)
X, =X54 (34)
Xig=X5 (35)
X;,9 = X§,2X;,4 s (36)
X;,IO = X;,3X;,5 s (37)
(i = 2,3,"',”).

3 Determination of coefficients

The coefficients C,.jk#(i =1,2,-,n;j=1,2,--,
12;k,=1,2,---,6) in Eq. (7) should be determined
in two steps. At first, a set of atmospheric tempera-
ture-pressure profiles is given, whose number is much
more than 12. The corresponding 7, and 7] can be
taken from the available 7; database and the 7/ data-
base, respectively, and the predictors X;; can be cal-
culated according to Eq. (8) to Eq. (19) for each
channel and each zenith angle 9, (i =1,2, -, n).
Then, for each channel and each zenith angle the co-
efficients c;(i =1,2,-+,n;j=1,2,--+,12) are over-
determined level by level from the first pressure level
(i=1) to the lowest level (i =n) according to Eq.
(7) by means of least square method.

As second step, for each channel all pairs(c; ,u)
for same level (i=1,2,---,n) and same term (j=1,
2,:++,12) are used for over-determination of the poly-
nomial coefficients C i,

Eq. (7) by means of the least mean method. The

(k,=1,2,---,6) according to

over-determination is carried out from the first level to
the lower levels in turn.

Likewise, the polynomial coefficients Cij'.k#(ku =
1,2,3,4) in Eq. (21) are also over-determined in

two steps.
4 Calculation and results

We divide the atmosphere into 40 levels or layers
(n=40), as same as specified by NOAA / NESDIS.
In order to determine the coefficients in the atmos-
pheric transmittance 7, model and those in the mean
atmospheric transmittance 7', model, at first, we
should establish a database of 7,(i=1,2,-+,n) and
that of 7/(i =1,2,--+,n) at different incident angles
for 190 channels in the O, absorption band near 762
nm including some proximate window channels. Both
7, and 7/are calculated according to an improved and
accurate k-distribution method'"”! by using the spectral
line parameters in the HITRAN 1996. For the calcula-
tion we take the atmospheric refraction and the global
curvature into account.

In this paper we take a bandwidth Av of 1 cm ™'
and consider 182 remote sounding channels in the O,
absorption band near 762 nm (759.2 ~769. 8 nm)
with the central wave-numbers of 12990, 12991, ---,
13171 cm ™' and 8 window channels outside the ab-
sorption band with the central wave-numbers of
12930, 12940, 12950, 13180, 13190, 13195, 13205
and 13220 cm~'. On the other hand, due to lack of
measurements of the spectral response function of an
interferometer spectrometer we assume a spectral
response function for their 190 channels to be a parab-
ola:

d(v) =1-2(v-9,)°
The used 26 incident angles outside the atmosphere
are 0°, 10°, 20°, 26°, 30°, 33°, 36°, 38°, 40°,
42°, 44°, 46°, 47.5°, 49°, 50°, 51°, 52°,53°,
54°, 55°, 56°, 57°, 57.9°, 58.7°,59.4°and 60°.
The fitting errors of 7, in RMS sense calculated ac-
cording to the improved k-distribution method in the
range of § =0° —60° are less than 3 x 10 ~° relative to
7, calculated according to the accurate line-by-line
method (LBL) without any simplification''’.

Nine artificial atmospheric temperature profiles
for determining the polynomial coefficients of the 7,
model and those of the r/model are close to the pro-
files specified by McMillin and Fleming. In addition,
we use also other 7 artificial atmospheric temperature
profiles that are made by translation of the 7,(i =1,2,

--+,40) in USSA, namely 7,,7, +8K, T, + 16K and

T,+24K (i=1,2,---,40). On the other hand, we
use the 10 atmospheric pressure profiles as follows:
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n ! AZ
2 =pneXP( -y gl’?f,r,")
k=1 k

(G=1.2,~n-D
P = Dol +1)
£ =£0.075, £0.050, +0.030, £0.015, +0.005
At last, according to the 7, model 190 x 40 =
7600 formulae are fitted by means of 190 x26 x 16 x
10 x40 =31616000 7, data. According to these for-
mulae 7,(i=1,2,---,n) can be calculated for all the
190 channels at arbitrary incident angles.
In order to check the accuracy of 7, model effec-

(38)

tively , we select two extreme atmospheric temperature
profiles with very thick and very strong inverse tem-
perature layers above the earth surface. Both the tem-
perature profiles are highly close to those given by
McMillin and Fleming'*'. The one is the extreme at-
mospheric temperature profile registered at the meteor-
ological station Point Mugu, whereas another is artifi-
cial and named Abnormal profile. Calculations indi-
cate that due to an accumulation effect the fitting error
increases with depression of altitude, while it is insen-
sitive to the incident angle. Then, the fitting errors
(RMS) of 7, and [ 7, — 7;(real) ]/7,(real) are calcu-
lated one by one according to 16 x 10 temperature-
pressure models using 26 incident angles and 40 levels
for each of all the 190 channels and further the total
fitting errors for every channel are calculated. In addi-
tion, their maxima are also selected. At last, in order
to describe the efficiency of the 7, model, statistics
are made for distribution of the number of channel ap-
pearing in different fitting error (RMS) ranges for
both the two extreme atmospheric temperature pro-
files. The results are listed in Table 1.

As can be seen from Table 1, under the vast ma-

jority of circumstances the calculated values of 7, are
different from their real values in an RMS sense by
less than 0. 0001 (e, ) for all the 190 channels,
whereas the relative errors (RMS) (e,) are less than
0.0002. On the other hand, the maximal relative er-
rors of e, , i.e. e;, are less than 0.0005, and that of
e,, i.e. e,, closes to 0.018.

At last, the fitting errors (RMS) and their maxi-
ma for Point Mugu atmospheric temperature profile
and Abnormal profile in the 7, model given in this
paper were compared with those in other 7, models ,
as shown in Table 2.

Table 1 Distributions of number of channel with different
fitting errors (RMS) for 7, and [ 7, — 7, (real) ]/

7;(real)
F1 7,8 [7 -7 (real) /7, (real) A IREEAFBEE
Bl P BB 4N 5
fitting  3-10 - 1-1073- 5-1073- 2-107%- 1-107*- s
emors 107 5-1070 2:07%  1407% 14075 <0
Point Mugu profile;
é 0 0 5 13 114 58
é 0 2 16 49 66 57
€3 3 5 72 45 59 6
ey 24 50 33 18 60 5
Abnormal profile:
é 0 0 6 5 105 7
é 0 2 23 30 65 70
€3 2 3 84 28 62 11
2 50 29 32 11 57 1

%, : Number of channels with fitting errors of 7, in a given range,

e,: Number of channels with fitting errors of [ 7, - 7,(real) ]/7,(real) in a given
range,

e5: Number of channels with maximal fitting errors of 7;in a given range,

e4: Number of channels with maximal fitting errors of [ 7, - 7,(real) ]/7,(real) in a
given range

The results indicate that the accuracy of the 7,
model given in this paper is much higher than those of

Table 2 Comparisons among fitting errors (RMS) (left) and maximal fitting errors (right) of different atmospheric trans-

mittance models

K2 FAEAXSEHEBMGRE (X)) SRAMGRE(H) ZER

. -3 —_ . -3 —_
Range of Errors <1-107* ;.18_3 <1-107* 13{(1)0_3
This paper number of channel 351/364 0/364 number of channel 138/364 5/364
Ref. [4] in range 1/12 1/12 in range 0/12 9/12
Ref. [5] of fitting 5/60 11/60 of 0/60 50/60
error/ 1731 10/31 maximal 0/31 21/31
Ref. [6] total number of (.0046 —.0090; fitting (.0031 -.0345;
channel 2/31) error/ 9/31)
total number of
channel
Ref. [11] RMS =0.0101

(for all the 48 channels in band 12850 - 13085 cm ~!)

Notes; Reference [7, 8] The fitting errors (RMS) and the maximal fitting errors are not given.
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models given in other studies.

Likewise, according to the 7’model 7600 formu-
lac are fitted by means of 31616000 7/data as well.
The results are given in Table 3. As can be seen from
Table 3, under the vast majority of circumstances the
calculated values of 7’ for all the channels are differ-
ent from their real values in an RMS sense by less
than 0. 0005 (e’, ), whereas their relative errors
(RMS), e; =[7/—7/(real) ]/7/(real) , are less than
0.001. On the other hand, the maximal errors of ¢/,
i.e. ¢, are less than 0.003, and that of ¢/, i.e. ¢/,
can be as large as 0.019. Ten channels with ¢, larger
than 0. 01 are not used in the retrieval procedure of at-
mospheric pressure.

Table 3 Distributions of number of channel with different
fitting errors( RMS) for 7} and [ 7, — 7;(real) ]/

7i(real)
"3 7/F0 [7] —7/(real) ]/7/(real) I GIREERRHBEE
Bl P i B A B
fiting 1941072~ 3:10 %~ 1107~ 5.107*- 2:107%- 1.107*- s
emors 3-1073  1-1073  5.107* 2:07* 1-07*  1-1073 <110
Point Mugu profile;
e 0 2 16 5 18 64 45
e 0 21 37 19 13 56 44
e 15 55 17 23 21 57 2
e 59 29 10 16 19 55 2
Abnormal profile;
e 0 2 21 4 17 64 39
e 0 2 35 25 9 54 39
A 8 62 36 19 19 45 1
e, 66 3 14 14 17 45 1

#¢/ ; Number of channels with fitting errors of 7;'in a given range,

¢ :Number of channels with fitting errors of [ 7/-7/(real) ]/7/(real) in a given range,

¢;: Number of channels with maximal fitting errors of 7'in a given range,

¢;:Number of channels with maximal fitting errors of [ 7/~ 7/(real) ]/r/(real) in a given
range.

It is noted that the probability for the appearing
of large maximal errors is actually very small. Fur-
thermore, two extreme profiles, i. e. Point Mugu
profile and Abnormal profile, are used for accuracy
tests of the 7, models. In other words, the accuracy
tests are carried out under most severe conditions.
Therefore, the atmospheric transmittances and the
mean atmospheric transmittances calculated for actual
atmosphere is more accurate than those listed in the
Table 1 and Table 3.

5 Method of removing interval error of at-
mospheric transmittance
In the iterative procedure the atmospheric pres-

sure equation in differential form, Eq. (38), can be
used many times for retrieval and forward calculation.

However, it is not accurate enough to divide the at-
mosphere into 40 levels or layers to calculate the pres-
sure at the i" level, p,(i=1,2,--,40) , so an interval
error of p;, i.e. e(i)p,, would be introduced. Here-
in e(i) represents the relative interval error of p, .
e(i) = 8p,/p; = [p,(with interval error) -p,1/p, . (39)
However, the interval errors of 7,(i =1,2,:--,n)
caused by dividing the atmosphere can be corrected,
if priori values of the interval error of p,(i=1,2, -,
n) are calculated in advance according to T(p).
Considering the optical depth L, =&’ ¢'pu’ Az, of
an atmospheric layer and the equation of state gives
ST = o Mo
= = el 1) = e - kg ; x) . (40)
in which p' and T are averages of the p and T at the

(i-1)" and the i" levels, respectively. Considering
Egs. (38) to (40), we arrive at the interval error of
Ar; caused by the interval error of p, :

P Ti Ti 6 i— + 6 i
5(A7-i)=6( T’):—-L,ln—.u
Tiz1 Ti-1 Pi Tia 2
T T, PpiaeCi — 1)+ pe()
= —ln —_— ;
Ti-1 Tia 2p;

(41)

The correction is carried out sequentially as 7; is

being calculated from the top of the atmosphere down-

wards, so 7,_, in Eq. (41) is a corrected value 7,_,.

Then, we arrive at the relative interval error of atmos-
pheric transmittance ;

oT; _ lnAT—i . piie(i - 1)/ + pie(i) . (42)
T; Ti-1 2p;

Now, p, calculated by means of Eq. (38) ac-
cording to the 590 fine altitude intervals specified in
the USSA under circumstance of given T(p) are re-
garded as the real atmospheric pressure profile and p,
(with interval error) is also calculated for the 40 at-
mospheric pressure levels specified by NOAA / NES-
DIS, so e(i) can be determined according to Eq.
(39). Consequently, 87,/7; is calculated according to
Eq. (42). Atlast, we arrive at the correction value
67, and the correct valuer; + &7, of the atmospheric
transmittance.

6 Conclusions

In this paper absorption coefficient is regarded,
based on physical essence, as a function of atmos-
pheric pressure and reciprocal of atmospheric tempera-
ture. As a result, under vast majority of circum-
stances the fitting errors (RMS) of atmospheric trans-
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mittance 7; model and their maximal errors are less
than 0. 0001 and 0. 0005, respectively. The accuracy
of the 7, model given in this paper is much higher than
those of other models.

In the meantime, a mean atmospheric transmit-
tance 7' model is also given in this paper. The fitting
errors (RMS) and their maxima of the mean transmit-
tancer; model are less than 0. 0005 and 0. 003, re-
spectively, and also considerable accurate.

Both the 7, model and the 7" model were applied
to the study on remote sounding of atmospheric pres-
sure profile from space! ",

In this paper, a method for removing internal er-
rors of atmospheric tremsmittance is given, but tem-
porarily we can not give a proof for the efficiency of
the correction equation, because the accurate 7, (i =
1,2,:-,40) model calculated for the atmosphere di-
vided into 590 very fine intervals is not available. On
the other hand, the interval errors of 7, caused by
those of T(p,) are not considered in this paper.
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