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 SMILES ClO showed minor bias, which should be corrected by using night time mean 
value (below 35 km, and above 68 km using day time value). Diurnal variation agreed 
with SD-WACCM below 43 km, but SD-WACCM is ~50% higher than SMILES above 52 
km. Validation with daytime Aura/MLS and Odin/SMR showed good agreement over 
useful range, but IMK-MIPAS is lower than SMILES (not shown here). Comparison with 
day and nighttime SD-WACCM showed excellent agreement up to 50 km, but it is 50 % 
higher above 50 km. After correcting bias value, SMILES ClO agreed excellently with 
SD-WACCM from 22 to 34 km at all latitude regions, which looks confirmed VSLS Cly 
estimation (~0 ppt). 

 HOCl is measured at 2 spectral positions in Band A. Figure shows stronger lines, but 
it exist on the slope of H35Cl line and overlapped by the O3(v1,v3) and 18OOO lines. The 
frequency tuning (HITRAN to JPL) made better spectral fitting (from v2.0 to v2.1). For 
the L2 v2.4 new frequency measurement result for O3 and its isotopes have been 
applied but it showed no significant change to L2 value. L2 v2.4 HOCl apparently 
became worse than v2.3 due to new L1B non-linearity correction. At the lower altitude 
region (34 km), HOCl value loooks to be affected by the bias. The reaction rate of ClO + 
HO2  HOCl looks to be close to JPL2011 using SMILES ClO, HO2, and HOCl (we 
should be cautious about the HOCl bias issue).�

Figures 1. Examples of SMILES Band A HOCl (top-left), BrO (top-middle), Band B HO2(top-
right), Band C ClO (bottom-left), BrO (bottom-middle) and HO2 (bottom-right) single scan 
p r o f i l e , a v e r a g i n g k e r n e l , e r r o r r a t i o ( S / S a ) a n d v e r t i c a l r e s o l u t i o n . 

Figures 3. Band A HOCl signal at 40 km and improvement of spectral fitting from v2.0 to v2.1 (left), Diurnal variation at 34 and 52 km 
(middle), and Arrhenius plot for the reaction rate of ClO + HO2  HOCl at 37 km (right). 

Figures 4. Upper panel: Spectral fitting of Band C and A at 30 km, Band C at 40km, Band C diurnal variation at 34 and 52 km, and 
same for Band A (left to right). Lower Panel: Averaging kernel and comparison with SD-WACCM day and night Band A, Band C, 
validation with Aura/MLS 3.3, validation with JPL Balloon and their VSLS Bry estimation, and VSLS Bry day-night histogram of 
SMILES and SD-WACCM, estimation VSLS Bry using SMILES BrO and SD-WACCM Bry/BrO. (left to right)�

Figures 5. Band B and C HO2 diurnal variation 
at 36 and 64 km, day-night histogram from 24 
to 36 km. 

HO2 also shows significant bias below 40 km, which can be corrected by subtracting 
nighttime mean value. Band B showed larger bias because of the interference by the 
O3 and H35Cl lines. After the bias correction, agreements with SD-WACCM looks 
reasonable (SMILES is +0~10%) both Band B and C over 32-64 km. Above 68 km 
SMILES HO2 is larger than SD-WACCM, one possibility is H2O value in SD-WACCM.  

Figure 2. Diurnal variation of ClO at 34 and 64km, Validation with Aura/
MLS and Odin/SMR, Comparison with day-night SD-WACCM, and Day-
Night ClO histogram of SMILES and SD-WACCM (left to right). 
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Rate constant estimate

More accurate equation
Ignored gas-phase reactions
O + HOCl �! OH + ClO (4)
OH + Cl2 �! HOCl + Cl (5)
OH + OClO �! HOCl + O2 (6)
OH + Cl2O �! HOCl + ClO (7)
OH + Cl2O2 �! HOCl + ClOO (8)
OH + ClNO2 �! HOCl + NO2 (9)
Cl + HOCl �! products (10)

Improved rate constant estimate

k1 =
D + [HOCl] (k2[OH] + j3 + k4[O])

[ClO][HO2]

A, E/R can be calculated from
Log(k1) vs. 1/T (Arrhenius plot)
�! JPL2006, 2010, or Stimpfle?

Contribution to d [HOCl]/dt
WACCM data around the noon

# 31 km 40 km 52 km
1 13041 3312 65.4
0 -0.32 % 1.4 % 0.73 %
1 100 % 100 % 100 %
2 0.47 % 1.1 % 0.43 %
3 96 % 76 % 47 %
4 3.3 % 23 % 55 %
⇤ -0.52 % 1.6 % 3.0 %

⇤ · · · others

#4 : O + HOCl �! OH + ClO
must be included.

Introduction Methodology Validation Results Conclusion

Rate constant estimate

Johnson’s steady-state approximation

Equations related to HOCl
ClO + HO2 �!

k1
HOCl + O2 (1)

HOCl + OH �!
k2

H2O + ClO (2)

HOCl + h⌫ �!
j3

OH + Cl (3)

Time variation of HOCl

D ⌘ d [HOCl]
dt

(0)

= k1[ClO][HO2]

� k2[HOCl][OH]

� j3[HOCl]

Rate constant of eq. #1

k1 =
D + [HOCl] (k2[OH] + j3)

[ClO][HO2]

Steady-state approximation

k1 =
[HOCl]

[ClO][HO2]
(k2[OH] + j3)

Introduced by Johnson et al.
(1995) for altitude range of 20 ⇠
38 km.
Brasseur and Solomon (2005)
applied this approximation for
altitudes upto 50km.

 BrO is measured Band A and C. Both A and C BrO have significant bias below 37 km. We have been 
recommending to use Band C BrO due to strong bias of Band A BrO, but if bias correction is made 
correctly using night time mean value, it looks both A and C are usable. L2 v2.4 showed more bias 
compared to previous versions due to the new L1B non-linearity correction scheme introduced in 
the v2.4 (which will be abandoned in the next L2 version). Diurnal variation is slightly different from 
SD-WACCM, but a priori sensitivity should be checked for SMILES. SMILES has sensitivity to night 
time BrO up to 65 km. Comparison with SD-WACCM showed a difference since SD-WACCM had no 
VSLS Bry for current calculations. Validation with Aura/MLS agreed with MLS error bar. Stachnick et 
al comparison with their balloon, SMILES and other measurement, and good agreements have 
reported. They estimated VSLS Bry to be ~6 ppt. As shown in figures, SMILES BrO is slightly less 
than JPL Balloon measurement, and zonal mean BrO calculated by SD-WACCM has visible 
variation. The SMILES VSLS Bry estimation by using SD-WACCM Bry/BrO gave ~4 ppt for both 
Band A and C at all latitude bins and all seasons.  
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3.2.7 BRO 
  BrO は Band A 及び C で観測されているが、どちらも他の吸収線に重なっている。band 

C の方が 重なっている line が強いこと、また他に独立した line を複数持っているため、

band A と比較して、誤差の影響が小さいと考えられる。 

  v2.4 では、v2.1 からアプリオリ及びアプリオリエラーの最低値の修正を行った。これに

より、夜側でも成層圏の値を導出可能となった（Figure 3.2-18）。成層圏では 夜に BrO 濃

度が 0 に近づくと数値モデルより示されているため、夜の BrO 濃度は BrO のバイアスと

認識される。これらのバイアスを考慮すると、v2.3 の での濃度はバルーンのその場観測と

整合的な結果が得られる[Stachnik et al., 2013]。今後はバイアスデータもプロダクトと合わせ

て配布する予定である。 

 v2.4 では低高度で濃度の減少（負のバイアス）が見られ、これは非線形補正の影響であ

る。また、HNO3 の振動抑制によって、昼側の BrO の標準偏差も小さくなっている。(Figure 

3.2-19) 

 

 
Figure 3.2-17 Example of BrO (band C) spectrum at 40km 

 

 

BrO 

17OOO 

R. A. Stachnik et al.: BrO submillimeterwave measurements 3315

0 5 10 15 20 25
BrO VMR (ppt)

15

20

25

30

35

40

al
ti

tu
d
e 

(k
m

)

SLS 23SEP2011 34N 104W
SMILES V2.3 OCT2009

Fig. 10. SLS BrO profile (black dots lines) from the 23 Septem-
ber 2011 balloon flight compared with measurements by the ISS
JEM/SMILES instrument in October 2009 (blue-dots-lines). Uncer-
tainty in the SLS BrO profile is shown by the black-dashed lines.
SMILES retrieval version 2.3 profiles shown are daily averages
(blue-lines) for October 12 (49 profiles), 13 (40 profiles), 14 (55
profiles) and 15 (61 profiles) in 2009 with local time between 11:00
and 16:00 and with latitude between 25� N and 40� N. SMILES data
are bias-corrected by subtraction of the mean night-time BrO pro-
file for October 12 to October 23. Local solar times for the selected
SMILES overpasses were sufficiently close to the SLS measure-
ment time to make the diurnal correction negligible compared to
the combined measurement uncertainty. The RMS variation in the
daily averaged SMILES BrO profiles is shown as blue-dashed lines.

SCIAMACHY BrO uncertainty is larger below 18 km and
above 33 km due to low measurement response (below 0.65)
at those altitudes, and those data are indicated in the plot by
open circles. Also shown is the SLS profile adjusted (black
open circles) to the local solar time (10:15 a.m.) of the SCIA-
MACHY overpass. The comparison is shown both in con-
centration (left panel) and volume mixing ratio (right panel)
units. Local solar time correction was approximated using
the previously described photochemical box model and a
simple linear scaling relation

BrOmeastSCIA =
BrOmodeltSCIA

BrOmodeltSLS

BrOmeastSLS (9)

where BrOmeastSLS is the profile measured by SLS, BrO
model

tSLS
is the model profile at the mean local time of SLS mea-
surements, and BrOmeastSCIA is the resulting SLS profile adjusted
to the local solar time of the SCIAMACHY daytime over-
pass. This procedure enables meaningful comparison of mea-
surements made at different local times and solar zenith an-
gles, however, additional uncertainty may enter from uncer-
tainty in the photochemical parameters used in the model
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Fig. 11. SLS BrO profile (black-solid circles) from the 23 Septem-
ber 2011 balloon flight compared with SCIAMACHY BrO. Left
panel shows the comparison in number density; right panel is the
same data plotted as volume mixing ratio. The SCIAMACHY BrO
profile (red dots-line) is from the closest coincident overpass (23
September 2011, 32� N 100�W). Also shown (black open circles)
is SLS profile scaled to the local time (10:15 a.m.) of the SCIA-
MACHY overpass using the photochemical model described in the
text. Uncertainty in the SLS BrO profile is shown by the black-
dashed lines. Larger SCIAMACHY BrO uncertainty below 18 km
and above 33 km is due to low measurement response (below 0.65)
at those altitudes and indicated by open circles.
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Fig. 12. SLS BrO profile (black-solid circles) from the 23 Septem-
ber 2011 balloon flight compared with a BrO profile (green dots-
line) from the LPMA/DOAS instrument (Dorf et al., 2006b). The
LPMA/DOAS profile is from a balloon flight launched from Aire
sur l’Adour, France (43.7� N, 0.3�W) on 9 October 2003. The SLS
profile adjusted to the mean local solar time corresponding to the
DOAS measurement is also plotted (black open circles).
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Fig. 15. Adapted from WMO (2011) Tables 1–14 and Millán et al.
(2012), summary of recent estimations of the VSLS contribution
to stratospheric inorganic bromine (BrVSLSy ) from satellite, ground-
based and balloon-borne instruments. Vertical dashed line marks
6 ppt, the central values for Bry attributed to VSLS.

Figure 14 shows SLS estimated Bry (black line) mixing
ratio plotted against N2O as proxy for age of air. The N2O
profile is derived from SLS measurements of the N2O emis-
sion line at 627.8GHz. Plots of Bry against a dynamical
tracer provide a more meaningful inter-comparison of mea-
surements made at various latitudes and during various sea-
sons.
The Bry-N2O tracer correlation from the Odin/OSIRIS in-

strument (McLinden et al., 2010) is shown in Fig. 14. N2O
data is from the Submillimeter Millimeterwave Radiometer
(SMR) on the Odin platform. Odin/OSIRIS curve (purple
line) is the monthly mean of AM and PM observations for lat-
itudes between 40� S to 40�N. LPMA/DOAS Bry correlation
(green dots-line) from a balloon flight in March 2003 from
Kiruna, Sweden (68�N) is also shown (Kovalenko et al.,
2007).
SLS Bry uncertainty range (black-dashed) is the BrO un-

certainty scaled by the Bry/BrO ratio from the photochemical
box model. Abundance of Bry (cyan line) attributed to long-
lived organic sources is from Wamsley et al. (1998) scaled to
the estimated age of air (16 ppt peak abundance) for these ob-
servations. Estimated BrVSLSy abundance (red, uncertainty as
red-dashed) is Bry minus the estimate of inorganic bromine
attributed to long-lived bromine source gases.

7 Conclusions

Balloon-borne remote sensing submillimeterwave emission
measurements of BrO indicate mid-day abundances rang-
ing from 16± 2 ppt at 34 km to 6.5± 4 at 16 km. Total Bry
abundance, inferred from BrO and a photochemical model, is
21± 3 ppt. The inferred Bry abundance profile was found to
exceed the levels of Bry attributable solely to photodecompo-
sition of CH3Br and other long-lived source gases through-
out the stratosphere. These results are consistent with the
view that decomposition of short-lived bromine-containing
source gases deposits at least 4 ppt inorganic bromine in the
lowermost stratosphere. Inferred BrVSLSy explicitly depends
on estimated long-lived source contribution to Bry which
in turn depends on the tropospheric abundance of source
gases which have changed since 1994. Future measurements
which include profiles of bromine-containing source gases in
the stratosphere and upper troposphere are needed to better
quantify Br chemistry in the lower stratosphere. Figure 15,
adapted from WMO (2011) and Millán et al. (2012), com-
pares SLS BrVSLSy with recent estimations of the VSLS con-
tribution to stratospheric inorganic bromine (BrVSLSy ) from
satellite, ground-based and balloon-borne instruments. Ver-
tical dashed line marks 6 ppt, the central values for Bry at-
tributed to VSLS. Results are in good general agreement with
other recent measurements and support the conclusions in
WMO (2011).
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Table 2 Zonal mean HO2    
km  SMILES  SD-WACCM 
28  57, 56  59, 57 
32  84, 96  96, 94 
36  129, 125  126, 121 
40  180, 192  172, 167 
44  241, 273  239, 234 
48  337, 359  307, 303 
52  384, 419  374, 370    
 SMILES is bias corrected (day – night). 
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