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We have developed the Superconducting Submillimeter-Wave Limb Emission Sounder
(SMILES) planned to onboard International Space Station (ISS) from 1998 in NICT on the col-
laboration with JAXA. The purpose of the JEM/SMILES instrument is “super sensitive observa-
tion” of the minor constituent in the Earth’s atmosphere, such as CIOx, HOx, water vapor and ice
cloud. We described the algorithm development to obtain the molecular abundance in the
atmosphere from the SMILES spectrum and its data simulation system.
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1 Introduction

The Applied Electromagnetic Research
Center at NICT has been developing the
Superconducting Submillimeter-Wave Limb
Emission Sounder (SMILES) for installation
aboard the International Space Station (ISS),
in collaboration with JAXA, since 1998.
SMILES will be mounted on the Japanese
Experimental Module (JEM) in the exposed
facility of the ISS in 2009. JEM/SMILES con-
sists of a sensor designed for observation of
the minor constituents of the Earth’s atmos-
phere. The sensor receives thermal radiation
from substances in the Earth’s atmosphere at
high sensitivity, including chlorine- and hydro-
gen-related man-made air pollutants, water
vapor, and ice clouds; the device then performs
spectroscopy using the received data.

The key to the high sensitivity of the device
lies in the incorporation into JEM/SMILES

of a 4-K-class mechanical freezer and a super-
conductor receiver (“SIS,” or superconductor-
insulator-superconductor, mixer). The frequen-
cy range used corresponds to the submillimeter
range, consisting of three observation frequen-
cy bands (Band A: 624.3 GHz to 625.5 GHz;
Band B: 625.1 GHz to 626.3 GHz; and Band
C: 649.1 GHz to 650.3 GHz). The observation
altitude is from 10 km to 60 km with an antici-
pated resolution of 3 km to 5 km. The
observed area ranges approximately from lati-
tude 65 °N to 38 °S, including areas from the
mid-latitudes to the arctic region.

For details of JEM/SMILES, additional
documents are available, such as the article
“Development of Superconducting Submil-
limeter-Wave Limb Emission Sounder,
SMILES and its Ground Tests” (S. Ochiai, et
al.), in Review of the Journal of the National
Institute of Information and Communications
Technology: Special Issue on Middle and
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Upper Atmosphere Observation Technology
(Vol.54 Nos.1/2). Here, we discuss the devel-
opment of the data-analysis algorithm for
spectroscopic observation by a millimeter- and
submillimeter-wave limb emission sounder
such as SMILES, followed by a discussion of
the SMILES data-processing simulator.

The SMILES simulator was developed for
three purposes: (1) to perform experiments on
sensitivity to assist in the development of the
data-processing algorithm, (2) to perform
error analysis and develop the optimum algo-
rithm within the limit of the determined obser-
vation sensitivity of SMILES, and (3) to
investigate the development of the basic
design of the data-processing system, an aim
that NICT has also pursued using the
JEM/SMILES simulator.

2 Data-analysis algorithm and
calculation method with SMILES
simulator: spectral inversion
analysis
— Maximum A Posteriori Probability
(MAP) Solution —

Here we briefly describe an algorithm for
deriving the temperature and the abundance of
atmospheric substances from observed
SMILES spectra. If the Earth’s atmospheric
pressure and temperature are constant
throughout an observed line of sight, we can
determine the abundance of molecules in the
line-of-sight column from obtained spectra
using the Lambert-Beer Law. However, the
pressure and temperature of the real atmos-
phere vary by altitude. Moreover, we are not
seeking to determine the abundance of mole-
cules in a total column but rather the abun-
dance of molecules at each altitude (in other
words, to determine the altitude distribution of
molecules).

Mathematically, calculating spectra from
an altitude distribution of molecules represents
a direct problem, while calculating the altitude
distribution of molecules from observed spec-
tra is an inverse problem. The operation
involved in obtaining an abundance distribu-

tion from spectra is mathematically ill-posed,
and we cannot obtain a stable solution. In
addition, the solution obtained is not unique.
To address these problems, remote sensing
observation based on atmospheric spec-
troscopy generally employs spectral inversion
analysis based on Maximum A Posteriori
Probability (MAP) to estimate the abundance
of molecules at each altitude region of the
atmosphere. In millimeter- and submillimeter-
wave spectroscopic observation, spectroscopic
analysis is usually performed using the
Rodgers optimization method, out of a number
of available MAP analysis methods. These
methods consist of a forward model compo-
nent, which simulates the observed spectrum
and calculates the weighting functions; and a
retrieval component, in which spectral inver-
sion analysis is performed. To address the
non-linear problem, SMILES also employs the
Levenberg-Marquardt iteration scheme.

2.1 Forward model I: Atmospheric
radiative transfer equation
The transfer of the radiation emitted from
minor molecules in the atmosphere is
expressed as indicated below[1].

e Absorption coefficient
The absorption coefficient, aa, of the mol-
ecule “a” can be expressed as follows.

_300 (-AE,)
aa=2v1wj:ﬂ[l T)[l_e T ]f (1)
J

Here, j indicates the molecular transition, v is
the frequency, T is the temperature, s is the
transition intensity, Es is the ground state
energy, and AFEq is the energy difference
between the states. SMILES mainly uses the
JPL catalogue values for these spectroscopic
parameters.

In the above equation, f is the linear
approximation function(2]. This function is
calculated by dividing the altitude into three
regions, as follows. Primarily, the Lorentzian
profile is used for the low-altitude region, the
Gaussian profile is used for the high-altitude
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region, and the Voight profile is used for the
intermediate-altitude region. The profiles are
selected according to the ratio of the Doppler
coefficient, (x) vp, and the Lorentzian coeffi-
cient, Av. Roughly, the ranges are determined
as below.

Av/(X)vp>2.0: Lorentzian profile
(x)v/(x)vp<0.01: Gaussian profile
Other than above: ~ Voight profile

The linear approximation function for each
profile is expressed by the functions indicated
below with line center frequency vo[Hz], tem-
perature 7' [K], and pressure P [Pa].

Lorentzian profile:

Av
/o= ﬂ{(v—— v, )2 +sz} 2
Ay = AVOP[E%I

T

Here, Avo is approximately 2 MHz/hPa to
3 MHz/hPa and n is approximately 0.62 to
0.85.

Gaussian profile:

Mexpl— In 2{(1/ —V )/A"d }ZJ

fD: Avd

v, €)
Av, = [PHTIn2
4 m

Here, k is the Boltzmann constant, ¢ is the
speed of light, and m is the mass of the mole-
cule.

With the Lorentzian profile f», and the
Gaussian profile fp, the Voight profile is
expressed as below.

Voight profile:
fr = [ 1o =)oy’ )

e Continuum absorption by atmos-
phere and atmospheric water vapor
The continuum absorption by the atmos-
phere and the atmospheric water vapor is pre-
sent in the submillimeter range. SMILES uses

the Liebe MPM (3] (millimeter-wave propaga-
tion model).

o Aftenuation coefficient

Ultimately, the attenuation coefficient, kv,
is the sum of the absorption coefficient
obtained for each molecule and the atmos-
pheric continuum absorption by Liebe MPM.

x.P
k => a——+k
. Z o (5)

Here, kair is the term corresponding to the
atmospheric continuum absorption.

e Derivation of brightness temperature
for pencil beam
Using the absorption coefficient, aa, in the
previous section, the radiative transfer equa-
tion, Tsv, for a pencil beam can be expressed
as follows.

(5,0 = Ta s ) exp| [k, (5)ds

6
+ j :j“'kv(s)Te(s)exp{— j "k, (s)ds }ds ©

Here, kv is the attenuation coefficient dis-
cussed above and can be expressed as follows.
x,(s)P(s;) .

kv(Si)~Za:Tsi)%(Si)+kair(Sf) 7
Here, s is the variable of the path integral, and
sfar and snear are the farthest and nearest points
from the atmospheric antenna, respectively. xi
is the concentration of the molecule i, 7 is the
optical thickness, and 7 is the brightness tem-
perature corresponding to the power of black
body radiation when the Reyleigh approxima-
tion is extended. The latter two quantities are
expressed as follows.

Snear 'xiP ,
= J; Zaij T ds’,

>
T hvik

e eh v/kT _ 1

®)

Here, h is Planck’s constant, and the indices 1
and j correspond to the molecule and transi-
tion quantum number, respectively.
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e Rapid calculation of brightness tem-
perature for pencil beam
Attempting to calculate the integral of
Equation (6) as-is would require an impracti-
cally enormous amount of time. Thus, we
modify Equation (6) in the form of a recur-
rence equation, as follows.

T5,(5,0) =T5,(s)1,(8,55,.,)

— 9
+Te(si)[1_77v(si’si+l)] ( )
Here, nv(si, si1) and Te(si) are defined as aver-
ages in an interval, as follows.

k,(s)+ kv(sm)}

nv(siﬂsi+1)=exp|:_Asi 5

L)+ T(5:) (10

i(si): 3

As shown in Fig. 1, Equation (9) is calculated
sequentially from the farthest point (sfr) from
the antenna to the nearest point (Snear) to the
antenna.

e
Sfar 8i Sit1
g

When we use the path indicated in Fig. 1
(i.e., when the path does not cross the Earth),
we should use the cosmic background radia-
tion, 3 [K], as the initial value. However, this
value can be considered sufficiently close to
0 [K] in the submillimeter frequency range, so
we apply 0 [K] to the calculation in the pre-
sent situation.

o Step

Our calculation assumes the steps, Asi, in
the direction of the limb to be constant. This is
because treating Asi as constant, as shown in
Fig. 2, renders the steps in the direction of alti-
tude fine near the tangent height, which is the
most important altitude following conversion
to the observed altitude, yielding the ideal
conditions for calculation in the direction of
the limb.

e Antenna integration
As the signal is received by the antenna,

Path (not considering refraction)

As : constant

Relationship between steps in direction of limb and steps in direction of alfitude
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Integration range

B |
Azr Tae |
!

[Z[ef<] Antenna integration

\7le}“8} Path taking refraction into consideration (not targeting Earth)

the pencil beam is integrated by antenna
width. We now denote the antenna tempera-
ture as 74 and the weighting function (which
accounts for antenna directionality in the
direction of the elevation angle) in the direc-
tion of altitude as G. Then, T is expressed as
follows.

T, = [[Gzy.2;) Ty (21 )z (11)

Here, z« and z: are the upper and lower limits
of the antenna beam. G is normalized and is
obtained by projecting the measured values of
the antenna profile to each tangent height. The
effects of refraction are also taken into consid-
eration.

» Refraction
The millimeter and submillimeter emis-
sion transferred through the atmosphere does

not propagate in a straight line but instead
undergoes refraction. Particularly in observa-
tion in low altitudes where the pressure is
high, the effects of refraction are significant.
Here, we describe the calculation of the path
calculation taking refraction into considera-
tion.

According to Snell’s Law, the relationship
below holds.

nysin@, = n, sin 92, (12)

From a geometrical point of view, the relation-
ship below holds.

!

r,sinf, =r; siné, (13)

From Equations (12) and (13), the relationship
below holds.
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{How to calculate orbity

i r; n; 0; 5
1 zrtR. n(z;) 90° -
2
. As
l‘rf 1+ As? n(r, —R,) sin™ {ﬂj tan™ [—J
K, n
3 2
. 4| KR . 4| Asnn
7, +As [1-| A n(r; ~R,) sin ‘( : 'J sin 1(#]
Fyh, F3hiy by
i 2
| _hh Asrn
fy +As ] [r r ]] n(r,—R,) Sinl("l"l} si_nl[ AT J
e rn; R

Continue to obtain I; > I,

Frae *1°8INY, =---=rn,;sing, =---

= ryh, sin@, = r,n, sin @, = cons.

Next, to obtain the value of this cons., we con-
sider the case in which @i = 90°; in other
words, at tangent height (zr). Then, cons. is
expressed as follows.

cons.=nn, =(R, +z,)n(z;)

ing =
Thus, we obtain sin8, = -
F Rk B

We also assume that the following approxi-
mate expression holds.

P =0 = ASCOSHi
The orbit is symmetrical on both sides of the
tangent point, as the Earth is assumed to be a

perfect sphere.

Finally, we have the following equations.

o hh
W, =sin  —-
Fnax
. 1 Py SIN
a= l//o —sin 1 " max WO
Tiss
. a1 h . 4 hn
= Sin 1177 Sin l#
rmax rISS

Thus, the angle from ISS to the tangent point

is given by the following expression.

imax

a3

This expression is used for determining the
range when we consider inhomogeneity in the
horizontal direction.

Here we use the following expression for
refraction, n(z).

n(z) =315exp(-z/7.35)x107° +1

2.2 Forward model IL: Instrumental
function
In Forward model I, we apply the instru-
mental function to the radiation received by
the antenna and produce the spectrum derived
from the observation(4].

e Overview of SMILES system

Figure 5 shows a schematic diagram of the
SMILES system.

The flow of the instrumental function cal-
culation is indicated below.

Flow of SMILES instrumental calculation.

Due to the limited space of this article,
here we only describe the calculation related
to the AOS spectrometer among the compo-
nents of the system.
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\Jle -3 Flow of instrumental calculation

e AOS (Acousto-Optical Spectrome-
ter)
SMILES uses the AOS spectrometer.
First, the signal from the antenna goes

through the transducer and propagates as a
sound wave (i.e., a compressional wave) in the
crystal. When the light (at 780 nm) from a
laser diode is irradiated to the crystal, the light
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acoustic wave

Crystal

diode laser / \\\
/
{?Sﬂnh- K/

transducer i

RF (Signal input)

Fig.7 WS

undergoes Bragg diffraction. A CCD camera
captures the first-order diffracted light. Here,
if the input signal contains two or more fre-
quency components, they are diffracted in dif-
ferent directions, and the directions of the first
order diffracted light vary accordingly. Thus,
the signals enter different CCD cameras,

CCD

— | A/D conversion | — >

enabling us to separate the frequency compo-
nents in the input signal in this manner.

However, AOS has a characteristic chan-
nel response and outputs a broader signal even
if a single frequency signal is input. We now
move on in our discussion to the handling of
this effect in the simulator.

O When the input signal is a single frequency signal

Signal input T
A Frd(fi f)

P

Channel response function

Here, 6 takes values as follows.

1 f:fo
= (14)
0 f#/h

R is a normalized function.
(Example) For Gaussian

(f—f:o) } as)

R(f) =—J%G exp{— e

AOS signal intensity

FroR(fe )

O When the input frequency is continuous
P(f8(f",f) — (discretely expressed)

imax

- Zpﬁg(f;>f)
{ Through AOS

imax

D P.R(f..[)

imin

Next, we describe the simulator’s handling
of operation at the output of the CCD camera.
There are 1,500 CCD cameras installed for a
single AOS. The frequency range of a single
channel of an CCD camera corresponds to
0.8 MHz. Thus, we integrate the data in a
channel width of 0.8 MHz.
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-
>

ZleR°’A When input frequency is continuous

4 (3 T A N R |
Watt
1ch=0.8MHz
f(Hz)
Watt
c'h

'Zlell1H Conversion to data per channel

2.3 Forward model III: Weighting func-
tions (WF)
o WF for deriving atmospheric mole-
cules
The brightness temperature is calculated as
follows.

Ts,(8,0) =T5,(s)m,(5,,8,,,)

+ T, ()1 =7, (5,5,,)] (16)
77v(siﬁs,'+1) = CXp|:— AS,. W}
(17)

T(s)+T,(s:,)
2
The WF for the line of sight (LOS) can be
defined as follows.
o, (s,) ok, (s,)
ok, (s,) ox,(s,) (18)

i(si):

K,z (v,s,)=

The factors in the equation are expressed as

follows.

ok (s) _ PGs) .

o) k(s (19

oT.(s,)  As _
14 - _ T _T
6ky(so) 2 [ V(SO) "’(SO)]U(SO’SN)
oT,(sy) As _
vV N T NT ) _T (s s
ok,(s) 2 & v(jz—l) LSaeas) o)
+TV(Si)_Te(si—] )]77(3,-,31\/)
oT,(sy) _E =
akv(szv) - 2 [TV(SN_I) TE(SN—I)]U(SN—HSN)
Here, the following expression is used.
708,58y Y = 108,58, ) (S 14158100 ) on

(S y1s8y)

Next, we convert this WF for the LOS to the
WEF for the altitude.

The WF in the direction of the altitude is
expressed as follows.

T, (sn) Ok, (s;) Ok, (z)

K, (v,z,)=
)= ) iy )
Here, the following equation is used.
Ok,(z,) _ Pz) .
or () KTz @3)
oT,(sy) . . :
ok, (s,) is the same as in Equation (20).
: : : ok, (s,)
Thus, if we obtain the middle term, -——
ok, (2,)
we can obtain the WF for the altitude.
Thus, we use the following expression.
k,(z) = Zkv(zi)¢[(z) (24)

Here, we assume the linear interpolation.
Then, ¢ is expressed as follows.

0 (<22, <2)
z—2z,.
$()=i—=  (z,<z<z) (25)
Z; =2z,
Z..—Z
= (Zi <z< Zi+1)
Ziy T Z;

Then, we obtain the following equation.
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is the same as in the calculation of the WF for
ok, (s,)

———=¢,(2) (26) the molecular concentration. In the case of the

ok (z,
&) 0k, (2,)
WEF for the temperature, we calculate ————

Thus, the WF for the altitude is expressed as 0x(z,)
in the following equation. (Fig. 12) for each altitude instead of %.(z) in the
T, (sy) ok, (z,) oT(z,)
Ky (v,2,)= Zak—-¢,- (z(s,)) === (27) calculation of the WF for the molecular con-
J 14 (Sj) axa (Zi) .
centration.
o WF for deriving temperature For Lorentzian:
The WF for the temperature can be
expressed as below with the variable conver- o » 300
sion expressed in Equation (23) 675((22")) =yt STEZ ()Z’) > T([K;E
i a i u,l Z;
KT (V, ZI) = a7"\/ (Snear)
oT(z;) (28) (29)
:ZaTv(snear)‘akV(sj).akv(zi) AE‘eA?E n 1
5 Ok, (s;) Ok,(z) OT(z) +—‘—‘—‘—‘—‘—‘—A‘E—“‘T‘(l‘27ﬂlh)“? :
T@Jzﬁ—eT:
The first term,
5 L) OK(5)) S0 T ) F, (V.1
J akv (S/ ) akv (Zi)
For Gaussian:

o) O, (2) < P() < )300K]-E  AE-e’

; (o) :(Z)
(30)

(v-vy)* 1 RS
sl s e

v

1 'F[,(V, Vul)

\Zle N FH| Definition of f

o Integration range

\Zle P4 Calculation of WF in direction of altitude
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2.4 Inversion analysis
Here, we briefly describe the Rodgers
optimization method(5]-[7].

The observed value, y, can be expressed as
follows.

y=FXx)+¢ (31)

Here, y is the observed vector and x is an
unknown vector such as the altitude distribu-
tion of the molecular abundance, ¢ is the vec-
tor of the observed errors, and F is the forward
model.

When we express Equation (31) with a lin-
ear approximation using a priori Xa, we obtain
the following expression.
y= Z—I:(x -X,)+¢€
=K - (x-x,)+¢ (32)
Here, K is the weighting function (WF) for the
concentration, temperature, or other quantities.
The components of the vectors are explicitly
expressed as follows.

Klll(Zl)Klll(Zz) Klzl(zl)K|21(Zz) K,
Kih(z)K(2,)  Kh(z)Ki(z,)
K113(ZI) K113(Zz)._'K123(21)Klza(zz)
KZII(ZI)K;l(zz) KZZI(ZI)KZZI(ZZ)
K;z(zl)Kéz(zz) Kzzz(zl)Kzzz(zz)

xl(zl) xl“(zl)

x](zz) xlu(zz)

x=|x°(z,) |, x, =| x%a(z))
bl bl

The indices ij for y; and K correspond to the
tangent height hi and the frequency vj, and zi,

72, .. are the steps in the altitude.
The unknown vector (X) to be obtained can be
expressed as follows.

x=x,+D-(y-y,) (33)

Here, ya is the brightness temperature calculat-
ed using the a priori altitude profile, Xa, Ka is
the weighting function (WF) calculated from
Xa.

D in Equation (33) is expressed as follows.
D= (KTS;IK-FS;I)_IKTS;I (34)

Sy : Variance-covariance matrix of observed
data
Sa 1 A priori variance-covariance matrix

Further, if we express as A = DK, we obtain
the following expression.

R=(I-A)-x, +A-x (35)

Here, A is referred to as the averaging kernel.
We can find the resolution of the result of the
retrieval in the direction of altitude by observ-
ing the components of the averaging kernel in
the direction of the row.

The dispersion, S, of the error in the results of
analysis is given by the following equation.

S=I-A)-S, (36)

4 Conclusions

This article describes the spectral data pro-
cessing algorithm and simulator used and
developed in the JEM/SMILES project. JAXA
is now endeavoring to generate a detailed
design of the data-processing system, based on
the results of this study.
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