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Hydroxyl, one of the principal oxidants in the atmosphere, determines the density of ozone and oth-

er greenhouse gases even the change of climate. In order to achieve high resolution vertical profiles of OH radi-
cal in mesosphere, an accurate forward model should be built up for its retrieval. In this paper, this forward
model simulates limb-scattered signal including OH solar resonance fluorescence around 309 nm. We calculate
OH band rotationalemission rate factor g based on molecular spectroscopy theory, and combine it with OH
slant column calculated by SCIATRAN to synthesize OH fluorescence emission spectra. By superimposing at-
mospheric background signal and do a convolution with instrument line shape function, we could obtain a simu-
lated spectra containing OH concentration information. These results are in good agreement with previous
measurements by MAHRSI (Middle Atmosphere High-Resolution Spectrograph Investigation) and SHIM-
MER (Spatial Heterodyne Imager for Mesospheric Radicals). Then we analyze several factors that may influ-

ence the forward model. By modifying these parameters, forward model could be more accurate and closer to

the actual radiative transfer process in the future.
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Introduction

The hydroxyl(OH) radical is the most important oxidi-
zing agent in the middle atmosphere, though its mixing ratios
are only parts per trillion or billion by volume™’. OH chemis-
try dominates ozone destruction above about 40 km and also
serves as a proxy for upper mesospheric water vapor'?,
Knowing about OH radical will help to understand the atmos-
pheric components and photochemistry events in mesosphere.

Measurements of mesospheric OH have been performed
and satellites™"!, In mid-1990s,

from aircraft, balloons,
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Middle Atmosphere High-Resolution Spectrograph Investiga-
tion (MAHRSI)' obtained the first global map of OH in
mesosphere. In 2007, Spatial Heterodyne Imager for Meso-
spheric Radicals ( SHIMMER )" measured the solar reso-
nance fluorescence of OH over the diurnal cycle’®’. It was an
instrument that used Spatial Heterodyne Spectroscopy (SHS)
technique. Its measurement had a better agreement with
standard photochemistry model than that of MAHRSIL
Forward model for MAHRSI was worked out by the bas-
ic radiative transfer equation. It considered OH fluorescence,

absorption by ozone, Rayleigh scattering by N, and O, as well

as self-absorption. The atmosphere is modeled as a series of
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concentric shells of thickness 2 km. The species density is as-
SHIM-
MER’s forward model for OH is similarly the same when be-
ing used for the MAHRSI retrievals.

sumed to be constant within each spherical shell.

Sedimentation Sedimentation

Fig 1 Main OH photochemistry actions in atmosphere
Retrieval is a process to get useful information from

measurements. While forward model is the foundation of re-

trieval. In order to retrieve OH vertical profiles from limb

measurements, an accurate and effective forward model is
needed. Our work combines basic idea of MAHRSI’s forward

LIMB MEASUREMENTS

Instrument

model and convenient radiative transfer model software to
make a higher vertical resolution simulation of limb-scattered
radiation. In addition, by making use of relatively large elec-

1, we could work

tronic cross section of OH around 309 nm"®
out its fluorescence spectra which is excited by solar energy.
This fluorescence signal will be detected together with back-
ground signals in limb mode. We will get OH details by ana-

lyzing this limb-scattered radiation signal.

1 Forward model

Forward model describes the process that the radiation
transfers from the source to the receiver.

The sun is the source in passive remote sensing. As is
shown in Figure 2, the solar energy transfers through the at-
mosphere to the ground, the detector on the track receives
limb-scattered signal including information of ingredients in
atmosphere, such as trace gases, aerosols and the land sur-
face. In this mode, the line of sight has a long distance and it
is more sensitive to trace gas vertical distribution. The price
of high vertical resolution is relatively bad horizontal resolu-

tion'™.

SZA solar zenith angle
SSA solar scattering angle
SAA solar azimuth angle

AS MS

SU‘N Zenith ss

S8 single scatter
MS multiple scatter
AS albedo scatter

Fig 2 Limb mode geometry

We have built up a modified forward model as is shown is
Figure 3, in this forward model, there are three basic compo-
nents: rotational emission rate factors g, OH slant column a-
long LLOS and atmospheric background signal. By synthesizing
them together we could obtain a simulated spectrum received
by the instrument and OH radiance profiles. The instrument
here is a detector used SHS technique which is similar to
SHIMMER.

SCIATRANE! covers the spectral range 175. 44 nm ~
4 000 pm comprising the eight spectral channels of the SCI-
AMACHY (Scanning Imaging Absorption spectroMeter for
SCIATRAN has

been developed to perform radiative transfer modeling in any

Atmospheric CHartographY ) instrument.

observation geometry appropriate to measurements of the
scattered solar radiation in the Earth’s atmosphere.
SCIATRAN can build up atmospheric models including

23 kinds of trace gases, Rayleigh scattering, aerosols and

clouds. It has stable input parameters and sufficient databases
including aerosols, surface reflectance models and suitable
ILS (Instrument Line Shape). Above all, it runs quite fast in
the retrieval module™ "', The latest version of SCIATRAN is

3. 8 13, and we use version 3. 3. 2.

Honl-London
Factors S

I
. Relative |
Solar Irradiance | Population N [
I
I
— Molecular
Il
SCIATRAN Temperatull'e at Partl}lon Spectroscopy

Tangent Point T Function Q [!

! Theory
1
|
1
|

Rotational Emission |

Rate Factors g

OH Slant Column
Along LOS

Background
Spectrum

L
Signal Received by
Instrument

Fig 3 Forward model structure

OH Emission Spectrum

Instrument Line
Shape Function




3280 S eE 56

% 38 &

We complement SCIATRAN’ s databases to meet our
needs, including adding high-resolution NSO (National Solar
Observatory) solar spectrum and OH line parameters in ultra-
violet band from ‘HITRAN on the web’ databases.

1. 1 Calculation of Rotational Emission Rate Factors g

OH radical’ s solar resonance fluorescence is the excited
emergent light by solar radiation around 309 nm. A’3" is the
excited state and X°IT is the ground state in A’S" — X*1(0,
0) transition. Due to Hund’s cases (a) and (b) and A dou-
bling of X?II'""), these two levels split. Following selection
rules for this transition, some rotational transitions are al-

lowed in Figure 4%,
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Fig 4 A’X* —X’I1(0,0) allowed transitions

Rotational emission rate factor g measures the emission
efficiency of a molecule, which means when being excited by
solar radiation, how many photons can emit per second per
molecule. Suppose that in mesosphere with thin optical
depth, the observed intensity 4nl,, can be related to the g
factor™®,

dnlyy (2) = 9(2) guy (Th2) [@D)
where 7(2) is the column abundance along the viewing path
and can be calculated by SCIATRAN. The g factor is a func-
tion of temperature T and tangent altitude z.

Rotational emission rate factor g may be calculated by the

expression,
_SUD e
gy (T) = 2]/+1ww mc_zfuo X
,
S Ry Fy, 2D N oy 2

2] +1

Where the values of following parameters are the same as that

J=A+3

in Stevens and Conway’ s paper. is the vibrational band
branching ratio and f,, is the band oscillator strength. S is

Honl-London factors, The branching ratiois wo, = Ao /SAcy

2

taken to be 1. 00. The constant ~or =8 829 X 10~% cm’ «
me

nm ' and the absorption oscillator strength f,, = 1. 04 X

107°*, A is the wavelength of the absorption transitions. nF
(photons/cm?®/s/nm) used in [ Stevens and Conway 1999 ] is
the unattenuated solar irradiance at the top of the atmos-
phere. We modify it by considering the extinction from the
sun to the tangent point, though the optical thickness is rela-
tively small between 45km-85km. The extinction process is
calculated by SCIATRAN.

There are other parameters need to be calculated using
molecular spectroscopy theory, HITRAN databases!!'"', ener-
gy level information J', J” and low energy E,. N, (T) is the
relative population in rotational level J at temperature T. It
could be calculated by Boltzmann distribution.

If the hydroxyl molecules in the atmosphere are in ther-
mal equilibrium, the rotational population distribution can be
described by the Maxwell-Boltzmann distribution law!® "%,

(2] + Dexp(—hcE(J)/kT)
QD)

where h is Plank’s constant, ¢ is the speed of light, E(J)

N(v, o', J, ]\ T) = (3)

(em™ ') is the energy of the X*II state, & is the Boltzmann
constant, T is the equilibrium temperature in K, and Q(T) is
the partition function. The partition function Q(T) =Q.Q, ,
where the vibrationalpartition function Q, is

Q, = (1 —expl— hcw./kT D! 4)
w. is the first order vibrational constant which is equal to 3
737. 761 cm™ ',

tween vibrational levels, Q,=1 at middle atmospheric tem-

Because of this large energy separation be-

peratures.

The rotational partition function Q, is
Q = DI+ Dexp(—heE(J" . /kT) (5)
J.s

Thus, N;(T) is worked out as is showed in Figure 5.
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Fig 5 Calculated relative population of the

ground rotational states of OH

Solar irradiance showed in Figure 6 with a high spectral
resolution of 3, 5X 10" * nm in this band (308 2~309. 8 nm)
used in this calculation is from NSO (National Solar Observa-
tory)"'") and it has already been modified so that it’s the di-
rect irradiance at the observation point.

The g factors results compared with Stevens and Conw-
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ay’s work is shown in Figure 7. We choose the temperature
200K because the previous works have published a result at
this temperature which is nearly the temperature at 70 km in
mesosphere. We can tell that our results are about 60 % larger
And change of HIT-
RAN databases of OH molecule in these years may cause dif-

because of the larger solar irradiance.

ferent relative intensity.

1.6
1.2
0.8

Solar
Irradiance(10"*phot/s/nm/cm®)

0.4

308.0 308.4 308.8 309.2 309.6 310.0
Wavelength/nm

Fig 6 Solar irradiance used in calculation of g factors
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Fig 7 g factors calculation comparison

with previous work at 200 K

1 2 Slant column and Background

We use the profiles of OH, O; and other trace gases in
SCIATRAN B2D profiles databases to match the forward
model algorithm of SCIATRAN.

tion, we calculate 45 km to 85 km in 1 km step.

In forward model simula-

Slant column is the column abundance along the viewing
path, which could be calculated by the absorption of OH
along the LOS. Thus the final signal may include the OH
abundance information which can be retrieved from formula
(D.

The limb mode has a long viewing path which leads to a
relatively large slant column. Under optically thin condition,
the emission energy may transfer from the observation point
to the instrument without attenuation. The slant column in 70
km tangent point calculated by SCIATRAN with parameter
settings listed in Table 1 is showed in Figure 8. Each wave-
length has different value because the algorithm used in slant
column calculation depends on the absorption characteristics
of OH. This may mean that stronger absorption line corre-
sponds to relatively larger slant column and the integration
over the band should be equalthe to column abundance in unit
molecules « em . The spectral band we choose is 308 2~

309. 8 nm which meets the need of our spatial heterodyne

spectrometer that intends to detect mesospheric OH radicals.
At the same time, we calculate solar direct radiance at each
tangent point.

Table 1 Main input parameters settings in SCIATRAN

Input parameters Value

308 2~309. 8, 0. 001

BrO, NO;, OCLO, Os,
NO:, SO, CLO, HCHO.,

Spectral segment information/nm

Trace gases

OH, HF, HCI
Tangent height/km 45~85
Solar zenith angle/ (%) 50
Solar azimuth angle/ (") 120

Lambertian: soil

LOWTRAN aerosol

Surface settings

Aerosol settings

0.5
0.4
03
02
01 l
0 ]

0.04
308.2 308.4 308.6 308.8 309.0 309.2 309.4 309.6 309.8
Wavelength/nm

Slant Column(10™ molecules/cm?)

Fig 8 Calculated slant column at 70 km

for each wavelength
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Fig 9 Calculated background signal

Figure 9 shows simulated background spectrum in 70 km
with the same settings in slant column calculation. The shape
is almost like the solar irradiance because it consists of Ray-
leigh scattering, extinction of OH itself. aerosols and other
trace gases without OH emissions. whose value depends on
atmospheric condition including solar irradiance, aerosol,
cloud, trace gases, surface and observation geometry. In this
case, we don’t consider cloud due to its ignorable disturbance
in mesospheric limb mode.

We add the product of g factors and slant column to the
background signal, then do a convolution with the instrument
line shape function which is a Gaussian function with a
FWHM of 0. 015 nm. This FWHM value corresponds to the

spectral resolution of our spatial heterodyne spectrometer.



3282

S 5 AT

% 38 &

Using this forward model, we also simulate OH emission
signals at different altitudes between 45 and 85 km. The OH
intensity increases as the height goes down, but combining
Figure 10 and Figure 11, we can tell that at 40 km, OH signal
is difficult to be distinguished from the total signal because of rap-

id increasing of Rayleigh scattering signal in lower altitudes.

i — 70k
! ;zg | —70 kﬁ Background
460 \A\
0 1 ‘ . . . . . .
1140 1 —— 70 km OH
- 760
5 380 /L
S e s a———
E 8 700 - ~—— 45 knyBackground
2 5800
=}
~ 2900 A
0 L L A . L L
1 680 —— 45 km OH
1120 A
560
0 -
308.2 308.4 308.6 308.8 309.0 309.2 309.4 309.6 309.8
Wavelength/nm
Fig 10 Simulated results at 45 and 70 km. In upper two pan-
els are the synthetic signal, background signal and the
OH emission signal at 70 km. In lower two panels are
ones at a different tangent height of 45 km
1600 1 80 km
1200 4
800 1
400 A
5 16001 60 km
3. 8001
4001
] 04 { i A
= 16001 45km
1200
8001
4001
308.2 308.4 308.6 308.8 309.0 309.2 309.4 309.6 309.8
Wavelength/nm
Fig 11 OH emission intensity in different tangent height
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Fig 12 Input OH density profile and

simulated OH radiance

Figure 12 shows OH density and radiance profiles be-
tween 60 and 85 km. We choose this altitude range for analy-
zing because our forward model is more applicable and accu-
rate in this area and previous research such as SHIMMER has
a reliable result only in this range. From this result we can
tell that the intensity of OH emission signal is related to the
density at different tangent heights. The shape of the OH ra-

diance profile is similar to that of density profile.
2 Sensitivity Analysis

There are some important parameters in forward model
which would have an effect on the results, which would even
influence the retrieval accuracy. Geometric parameters, aero-
sols and OH concentration are considered in this sensitivity a-
nalysis. Default settings are listed as in Table 1.

2. 1 Geometric parameters

In the mesosphere, land surface parameters are relatively
small, so the most important factors in limb observation mode
is the geometry parameters including solar zenith angle, solar
azimuth angle and tangent point position. These three param-

eters determine the position of the observation point.

1.4

Solar zenith angle
Azimuth angle

1.3

Relative Intensity
— [}
) \

=)
T

<
9=)
L

0 20 40 60 80 100 120 140 160 180
Angle/(®)
Fig 13 Observation radiance with different solar

zenith angles and azimuth angles

The parameter of “Azimuth angles” here defines the val-
ues of the relative azimuth angles of line-of-sight with respect
to the sun. The value of 0° means instrument is pointed into
the solar direction. The intensity decreases rapidly with in-
creasing SZA near 90° because in this position, the observa-
tion geometry is going into twilight mode like in Figure 14
(b). In azimuth angles sensitivity analysis, when SAA =
180°, the sun and the instrument are in a line by two sides, so
more transmitted and scattered solar radiation are transferred
into the instrument.

2.2 Aerosol

The sum of the aerosol scattering coefficient and the
aerosol absorption coefficient yields the aerosol extinction co-
efficient for each aerosol type. These three coefficients have

the unit of an inverse length (km™').
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(a) (b)
Fig 14 Geometry in (a) nontwilight (b) twilight

We use user-define aerosol settings and set AOT in range of 0
to 5 by the step of 0. 05 with reference wavelength of 308 nm.
For mesospheric aerosol, scattering coefficient is much larger
than absorption coefficient’® . Therefore, larger AOT brings
out larger limb-scattered radiation. Figure 15 proved this
statement,
2. 3 OH concentration

We do a 10% perturbation to OH concentration by step
of 1 km and simulate limb-scattered radiance in 41 tangent
heights between 44 to 84 km.

The relationship between limb-scattered radiance and

OH concentration could be described by a parameter called

1308.256 nm

Tangent Height/km

000 005 010 015 020 025
Weighting Functions

309.076 nm

Tangent Height/km

0.00 005 010 015 020 025
Weighting Functions

2.00 — AOT=0.5
1.75- —— AOT=5

21.501 —— AOT=2
£ 1.251
E 1.001
§ 0.751
= 0,50
& (.25

0.00-

3080 3084 3088 3092 3096 3100
Wavelength/nm

Fig 15 Limb-scattered radiance at 70 km with different AOT

“Weighting Functions”. It’s a matrix usually used in retriev-
al, whose element could be expressed as

aL, _ Al
dny Any

Where I; is the limb-scattered radiance and n, is the OH con-

K /

centration in the tangent height j. A is the difference before
and after perturbation.

From Figure 16, we can tell the sensitive tangent height
range for OH is above 70 km. That is to say, it’s more effec-
tive and would have higher accuracy of OH’s retrieval in this
height. The weighting function has different maximum inten-
sity in different wavelength due to relative intensity of OH e-
mission line.

308.728 nm

Tangent Height/km

000 005 010 015 020 025
Weighting Functions

i 309.462 nm

Tangent Height’/km

000 005 010 015 020 025
Weighting Functions

Fig 16 OH Weighting functions in different wavelength

3 Discussions

(1) Factors in g factor calculation
Formula (1) is applicable under optically thin conditions
and in absence of quenching. If atmospheric optical thickness

could not be neglected, the results using this formula may not

be accurate. That is to say, the effective range for this algo-
rithm is at least 50 km above. The higher the altitude is, the
more accurate the forward model is. In lower altitude, the air
is becoming thicker, more N, and O, may influence the stabil-
ity of OH excited state. In another way. the background sig-
nal may become too large to distinguish OH signal from it.

We can see that in formula (2) there are so many param-
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eters in calculating g factor. Solar irradiance and temperature
are the two most important factors in this calculation, which
need to be as accurate as possible for this model.

(2) Factors in SCIATRAN simulation

There are common errors in forward model which are the
differences between the input conditions and the actual condi-
tions. The analysis should be discussed by combining measure-
ments and retrieval results. In this case, we definitely should
build forward model as close as to the actual situation to re-
duce the retrieval uncertainty and errors.

(3) Sensitivity analysis

In limb mode in mesosphere, features of land surface
wouldn’t matter a lot for scattered signal. And thinner optical
condition may lead to less extinction of intensity. Measure-
ment of OH in mesosphere is seemed to be influenced by the
OH concentration itself and long viewing path. OH density
profile peaks at about 70 km and the background signal is
rather small, so it”s easier to separate OH signal from Ray-
leigh scattered signal. Accuracy of forward model and retriev-
al depend on these atmospheric parameter settings definitely.
We would make a detailed analysis in future works which fo-

cus on clouds or other trace gases such as ozone.

4 Conclusion

We calculate OH band rotational emission rate factors g
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