
AMTD
5, 325–350, 2012

MLS observations of
BrO

L. Millán et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Meas. Tech. Discuss., 5, 325–350, 2012
www.atmos-meas-tech-discuss.net/5/325/2012/
doi:10.5194/amtd-5-325-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Measurement

Techniques
Discussions

This discussion paper is/has been under review for the journal Atmospheric Measurement
Techniques (AMT). Please refer to the corresponding final paper in AMT if available.

New Aura Microwave Limb Sounder
observations of BrO and implications
for Bry

L. Millán1, N. Livesey1, W. Read1, L. Froidevaux1, D. Kinnison2, R. Harwood3,
I. A. MacKenzie3, and M. P. Chipperfield4

1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA
2National Center for Atmospheric Research, Boulder, Colorado, USA
3School of GeoSciences, University of Edinburgh, UK
4Institute for Climate and Atmospheric Science, University of Leeds, UK

Received: 10 December 2011 – Accepted: 20 December 2011 – Published: 10 January 2012

Correspondence to: L. Millán (luis.f.millan@jpl.nasa.gov)

Published by Copernicus Publications on behalf of the European Geosciences Union.

325

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/325/2012/amtd-5-325-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/325/2012/amtd-5-325-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 325–350, 2012

MLS observations of
BrO

L. Millán et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

This paper introduces a new inversion algorithm for retrievals of stratospheric BrO from
the Aura Microwave Limb Sounder. This version is based on the algorithm described
by Livesey et al. (2006a) but designed to reduce a large bias presented in the previ-
ous MLS BrO datasets in the lower stratosphere and, therefore, to increase its useable5

pressure range. In this new version, vertical profiles of BrO were obtained in the 100
to 4.6 hPa pressure range extending the lower altitude limit of the MLS retrievals. A de-
scription of the retrieval methodology and an error analysis are presented. Single daily
profile precision, when taking the ascending-descending (day-night) difference, was
found to be up to 40 pptv while systematic error biases were estimated to be less than10

about 3 pptv. Monthly mean comparisons show broad agreement with other measure-
ments as well as with state-of-the-art numerical models. We infer total inorganic Bry
using the measured MLS BrO to be 20.3±4.5 pptv, which implies a contribution from
Very Short Lived Substances to the stratospheric bromine budget of ∼5±4.5 pptv.

1 Introduction15

Stratospheric ozone destruction has been a great concern since 1985, when massive
ozone loss over the Antarctic spring, the now famous “ozone hole”, was reported (Far-
man et al., 1985). Extensive research, both theoretical and observational, showed that
this ozone depletion was caused by complex chemical processes involving radicals
containing chlorine and bromine. Unlike for chlorine, the stratospheric bromine budget20

is still not well understood. The fact that bromine depletes stratospheric ozone 45 to 66
times more efficiently than chlorine on a per atom basis (Sinnhuber et al., 2009) makes
this budget an issue of great importance.

Stratospheric inorganic bromine (Bry) sources can be classified as (e.g., Wamsley
et al., 1998; Montzka et al., 2003): natural and anthropogenic methyl bromide (CH3Br),25

man made long-lived halons (such as CBrClF2 and CBr2F2) and a variety of natural
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Very Short Lived Substances (VSLS) containing bromine (such as CHBr3, CH2Br2,
CH2ClBr). These compounds, when transported to the upper troposphere and strato-
sphere, are converted into inorganic bromine forms (Bry=Br+BrO+BrONO2+HOBr+
BrCl+HBr) by photolysis or reactions with OH radicals (e.g., Pundt et al., 2002).

Part of the reason why the stratospheric bromine budget is not well understood is5

that, despite many studies, the exact contribution of VSLS to the stratospheric Bry is
still uncertain; current estimates for the Bry loading from VSLS vary from 3 to 8 pptv
WMO (World Meteorological Organization, 2010, Chapt. 1). Furthermore, Salawitch
et al. (2005) and Feng et al. (2007) have shown that even only a few pptv of additional
bromine increases ozone depletion, especially during times of elevated stratospheric10

aerosol loading due to volcanic activities.
In this paper we introduce a new dataset of global observations of stratospheric BrO

from the Aura Microwave Limb Sounder (MLS) instrument. BrO is the most abundant
Bry species during daytime and it has been used to estimate the stratospheric Bry
directly using photochemical models. We compare this new dataset with previous MLS15

BrO products, with expectations, and with other datasets. In addition, we infer a new
estimate for the BrVSLS

y loading.

2 MLS BrO observations

Aura was launched into a polar sun synchronous orbit on July 2004. As part of its
payload, the MLS instrument measures thermal limb emission in the millimeter and20

submillimeter wavelength range. MLS scans the Earth’s limb from the ground to about
95 km roughly 3500 times per day. It observes between 82◦ S and 82◦ N providing near-
global coverage. In general, most measurements are made at about 01:45 or 13:45
local solar time (LST); the exceptions are the measurements near the poles where the
satellite changes between day time and night time conditions or vice versa. A detailed25

description of the Aura MLS instrument is given by Waters et al. (1999) and Waters
et al. (2006).
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MLS collects the atmospheric radiation with a 1.6 m antenna and directs it onto four
heterodyne radiometers covering spectral regions near 118, 191, 240 and 640 GHz
(A fifth radiometer located at 2.5 THz is fed by a separate antenna). The outputs of
the GHz radiometers are analyzed by 22 filter banks and 4 digital autocorrelator spec-
trometers (DACS). Each filter bank targets one molecule in particular, although MLS5

is a double sideband receiver that simultaneously observes two separate spectral re-
gions; when possible, the overlapping regions were chosen with no strong lines.

MLS observes two sets of BrO emission lines in the 640 GHz radiometer with two
filter banks, one around 650 GHz and the other around 625 GHz. Figure 1 shows
observations from these filter banks. In the two cases the ∼0.2 K BrO signal overlaps10

with a ∼2 K O3 signal. Taking the ascending-descending (day-night) difference removes
the O3 signal, which does not have a diurnal variation at these altitudes, revealing the
strongly diurnal nature of BrO. Furthermore the ∼0.2 K BrO signal is well below the
individual measurement precision of about 4 K, hence, significant averaging is required
to obtain a useful BrO signal.15

3 Retrieval methodology

To date, two different approaches to do the required averaging have been implemented.
The standard production approach (MLS L2) is simply to retrieve the BrO abundances
for every limb sequence and then average the individual profiles (see Kovalenko et al.,
2007). This approach produces approximately 3500 profiles daily with a 10◦ monthly20

zonal mean precision of ∼4 pptv. These retrieval algorithms are described in detail
by Livesey et al. (2006b). In summary, the well known optimal estimation technique
(Rodgers, 2000) is used employing a two-dimensional approach that uses consecutive
scans covering overlapping regions of the atmosphere along the sub-orbital track. In
the current version (version 3.3), the BrO abundances are retrieved simultaneously25

with several other molecules (ClO, HCl, O3, HO2, HOCl, CH3CN, HNO3, SO2 and
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CH3Cl) using all the available radiances in the 640 GHz radiometer. The temperature,
pressure, and pointing information are retrieved in a previous stage.

The second approach, performed “off-line” (MLS OL1), is to create daily zonal mean
radiances from which vertical BrO abundances can then be retrieved. This approach
was implemented by Livesey et al. (2006a). In short, limb scans from a particular5

day are collocated into 10◦ latitude average bins sorting them into ascending (mostly
daytime) and descending (mostly nighttime) parts of the orbit. Radiances are binned
onto a vertical grid of 6 surfaces per decade change in pressure (∼1.5 km) using the
limb tangent pressure from the standard production data. This retrieval uses a one-
dimensional optimal estimation technique producing a pair of zonal mean abundances10

for each day (one ascending and one descending) giving a 10◦ monthly zonal mean
precision of ∼3.5 pptv. This algorithm retrieves temperature and some BrO overlapping
species simultaneously from only the 650 and 625 GHz filter banks.

For this study, a new “off-line” algorithm has been developed (MLS OL2). It is similar
to the one described by Livesey et al. (2006a) with the following differences: (1) this15

retrieval uses averaged temperature, O3, and HNO3 data from the standard production
algorithm, (2) minor overlapping species are retrieved independently for each band,
and (3) the channels used in each BrO spectral band were more carefully selected.
This selection was performed by searching for consistency in the BrO abundances
retrieved from each band.20

For comparison, Fig. 2 shows monthly zonal means for the three versions previously
discussed. MLS L2 exhibits a large negative offset for pressures larger than 10 hPa.
The two “off-line” algorithms display similar behaviors, however MLS OL1 still shows
a hint of this negative bias. These negative offsets have so far restricted the maximum
usable pressure level to 10 hPa. As shown, the MLS OL2 retrievals do not display this25

problem, extending the usable vertical range downward to 100 hPa.
As previously discussed by Livesey et al. (2006a) and Kovalenko et al. (2007), negli-

gible BrO abundances are expected at mid and equatorial latitudes for pressures larger
than ∼4 hPa during night, hence non-zero descending BrO retrieved abundances at

329

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/325/2012/amtd-5-325-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/325/2012/amtd-5-325-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 325–350, 2012

MLS observations of
BrO

L. Millán et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

these pressure levels indicate biases caused by improperly modelled systematic er-
rors. These systematic errors are expected to be constant irrespective of the solar illu-
mination, hence, an ascending-descending BrO difference significantly reduces these
systematic errors. This difference is therefore a better estimate of the daytime BrO
than taking just the face values of the ascending set. Unfortunately, this restricts the5

usable data of any of the MLS BrO products to between 50◦ S and 50◦ N, with a mini-
mum usable pressure of 4.6 hPa. As pointed out by Kovalenko et al. (2007), it may be
possible to characterize these systematic errors in order to reduce the biases in the
polar regions and extend the coverage of the MLS data. As displayed in Fig. 2, there is
no indication of significant systematic biases in the ascending-descending subplot for10

the new retrievals presented here.

3.1 Vertical resolution

Typical averaging kernels for the retrieval of BrO are shown in Fig. 3. They describe
how the true state of the atmosphere has been distorted by the retrieval at each pres-
sure level. The half width of each kernel provides a measure of the vertical resolution15

of the retrieval, and its area (the integrated kernel) indicates the dependence on the
a priori.

3.2 Error assessment

The total error in the retrieved product arises from the sum of the random and system-
atic errors. The random errors (the expected precision) are determined by the random20

noise in the measurements while the systematic errors arise from forward model un-
certainties, instrumental issues, and retrieval approximations.

Figure 4 displays the expected precision for daily, monthly, and yearly profiles over
a 10◦ latitude bin. The ascending and descending precisions are very similar. Over
a pressure range between 20 and 4 hPa, the daily precision for a 10◦ latitude bin either25

ascending or descending is around 25 pptv dropping to 5 pptv and below 2 pptv for
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monthly and yearly averages, respectively. The precision in the ascending-descending
difference is up to 40 pptv daily while the monthly and yearly precision drops to ∼7 and
∼2 pptv.

Two methods have been used to quantify the impact of the systematic errors. In
the first method, the errors are estimated by an end-to-end simulation of the retrieval5

algorithm. First, for each systematic error, a perturbed set of radiance simulations is
generated for a whole day (∼3500 profiles) using a model atmosphere (a complete list
and more detailed discussion of the systematic errors is given by Read et al. (2007,
Appendix A)). These simulated radiances were binned in 10◦ latitude bins and grid-
ded onto a 6 surface per decade pressure grid and then run through the “off-line”10

retrieval algorithm as normal. Each of the retrieved results is compared to the retrieved
BrO from an unperturbed run, as a measure of the impact of a given systematic error
source. Each perturbation corresponds to either 2σ estimates of uncertainties in the
relevant parameter or an estimate of their maximum reasonable error based on instru-
ment knowledge. Furthermore, the difference between the unperturbed run and the15

model atmosphere estimates the errors due to approximations in the retrieval.
A second method is used for the typically small error sources that are difficult to

quantify in an end-to-end exercise. Their impact is quantified with a simple analytical
model of the MLS measurement system (Read et al., 2007, Auxiliary material).

Figure 5 summarizes the impact of the dominant systematic uncertainties for the20

BrO MLS OL2 measurements introduced here. Throughout most of the profile (either
for the ascending or the descending case), the main source of systematic bias arises
from retrieval numerics. While unsatisfactory this is somewhat expected due to strong
overlapping O3 signals in contrast to the small BrO signature, in addition to the smooth-
ing inherent in the retrieval algorithm.25

As already mentioned, the effects of the systematic biases can be diminished by
subtracting the nighttime retrieved values from the daytime (taking advantage of the
pronounce BrO diurnal variation below ∼4 hPa where negligible BrO is expected during
night). Figure 6 summarizes the impact of several systematic uncertainties for the
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MLS OL2 BrO measurements when the ascending-descending differences are used
as an indicator of daytime BrO. Note that since averages over several days are needed
to obtain a useful BrO signal, the additional noise-induced scatter introduced by the
ascending-descending differences will average down.

4 Comparisons with numerical models5

To gain an idea of the performance of the “off-line” algorithm introduced here, Figs. 7
and 8 show monthly mean comparisons between the MLS OL2 data and two state-
of-the-art numerical models: SLIMCAT and WACCM. Two months were compared,
January and July 2005, in order to compare BrO at two points in the seasonal cycle.

SLIMCAT (Chipperfield, 1999, 2006) is an off-line chemical transport model (CTM).10

For this analysis it was run driven by the European Centre for Medium-Range Weather
Forecasts (ECMWF) winds and temperature fields with a horizontal resolution of
2.8◦×2.8◦ and a vertical coordinate which, in the stratosphere, is essentially based
on isentropic surfaces with a spacing of approximately 1.2 km. The model results were
sampled at the same location and time as the MLS individual profiles. Reaction rates15

were taken from the JPL 2002 recommendations (Sander et al., 2003) with the added
reaction (Soller et al., 2001).

BrONO2+O→BrO+NO3 (1)

The Whole Atmosphere Community Climate Model (WACCM), Version 4 is a fully
interactive chemistry climate model, where the radiatively active gases affect heating20

and cooling rates and therefore dynamics (Garcia et al., 2007). For this analysis the
model was run with a horizontal resolution of 1.9◦×2.5◦ in latitude and longitude using
meteorological fields derived from the Goddard Earth Observing System 5 (GEOS-5)
analyzes, and a vertical coordinate purely isobaric in the stratosphere with a variable
spacing of 1.1 to 1.75 km. This new capability of this model is described by Lamarque25

et al. (2011) and allows WACCM to perform as a chemical transport module facilitating
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the comparisons with observations. The chemical module of WACCM is based on the
3-D chemical transport Model of Ozone and Related Tracers, Version 4 (Kinnison et al.,
2007). Reactions rates were taken from the JPL 2006 recommendations (Sander et al.,
2006) which includes reaction 1.

As shown in Figs. 7 and 8, MLS OL2 data display the distinct BrO ∼10 hPa diurnal5

variation not only at mid and equatorial latitudes but also at the poles with negligible
BrO abundances around the polar winter regions (where there is constant nighttime)
and higher BrO values in the polar summer regions (where there is constant daytime).

Furthermore, the MLS OL2 data also display the diurnal BrO variation at about
0.5 hPa, with high values at nighttime and negligible values during daytime. This sug-10

gests that a descending-ascending difference might be a good estimate of the nighttime
BrO abundances for pressures smaller than 0.7 hPa where the expected daytime BrO is
zero. However, due to the poor BrO signal to noise ratio, around these pressure levels
the impact of the random errors are higher, hence, these data are not recommended
for scientific use without previous consultation with the MLS science team.15

5 Comparisons with other datasets

Comparison of monthly zonal means were made with those of the Scanning Imaging
Absorption spectrometer for Atmospheric Cartography (SCIAMACHY) and the Optical
Spectrograph and Infrared Imaging System (OSIRIS) instruments.

SCIAMACHY, on board the ENVISAT satellite launched in March 2002, is a spec-20

trometer measuring solar radiation in the ultraviolet, the visible and the near infrared
spectral regions (240–2380 nm) at a moderate spectral resolution (0.2–1.5 nm) either
in nadir, solar/lunar occultation or limb viewing modes. These viewing modes are used
during each orbit to retrieve tropospheric, stratospheric and mesospheric compositions.
In this study we used the stratospheric BrO retrievals described by Rozanov et al.25

(2005), in particular version 3.2. These measurements have a local time of 10:00 a.m.

333

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/325/2012/amtd-5-325-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/325/2012/amtd-5-325-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 325–350, 2012

MLS observations of
BrO

L. Millán et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

OSIRIS is on board the ODIN satellite launched in February 2001. From launch to
April 2007, the Odin satellite was a multipurpose mission which alternated between
astronomical and atmospheric measurements in one day bins (Lewellyn et al., 2004).
Since April 2007, Odin is a full-time atmospheric satellite. OSIRIS measures spectra
across the visible range from 274 nm to 810 nm every 0.3 nm using diffraction gratings.5

It scans the atmosphere from around 7 to 65 or 90 km, depending on the observing
mode with an irregular vertical resolution. These measurements have local times of
either 6 a.m. or 6 p.m. More information in the OSIRIS BrO retrieval can be found in
McLinden et al. (2010).

Due to the diurnal nature of the BrO abundances, comparisons between measure-10

ments with different local times must be made with caution. Figure 9 shows BrO
monthly means from MLS OL2, OSIRIS AM and SCIAMACHY for March and Septem-
ber 2005. These months were chosen to maximize the OSIRIS coverage. The values
shown are the reported retrieved values and as such, this analysis should only be con-
sidered as a zero order comparison. As can be seen, the MLS data shows a similar15

vertical structure and magnitude to both datasets, with increasing BrO values as the
pressure decreases. A more careful validation exercise would be to map one mea-
surement to the others using box models constrained by local temperature and local
O3 and NO2 abundances.

6 Implications for total Bry20

From MLS OL2 BrO measurements, Bry can be inferred approximately from chemical
models using the expression

BrMLS
y =BrOMLS

 BrMODEL
y

BrOMODEL

 (2)
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Figure 10 shows average Bry profiles obtained using the WACCM and the SLIM-
CAT models. In addition, it also shows the WACCM and SLIMCAT Bry for comparison.
These profiles are a yearly average over 50◦ S and 50◦ N. Part of the difference be-
tween these profiles is that WACCM Bry loading only includes the sum of CH3Br and
long-lived halons while SLIMCAT includes those two sources plus VSLS. As can be5

seen, the two BrMLS
y estimates are in excellent agreement. These two yearly profiles of

BrMLS
y correspond to estimates of stratospheric Bry of 20±4.5 pptv and 20.6±4.5 pptv

(calculated over the pressure surfaces from 10 to 4.6 hPa) for the data derived with the
WACCM and the SLIMCAT model, respectively. Since the two estimates are similar we
assume the BrMLS

y final estimate to be 20.3±4.5 pptv.10

Using a yearly mean of the MLS L2 N2O measurements between 10 and 4.6 hPa
for 2005, and the correlation between N2O and mean age described by Engel et al.
(2002), we estimated the age of this air to be 5±1 yr. According to Montzka et al.
(2003), tropospheric CH3Br and long-lived halons, the other two Bry sources besides
VSLS, contributed 15.6 pptv to the total bromine at that time. This implies that the new15

MLS OL2 retrievals suggest a ∼5±4.5 VSLS contribution to Bry. Note that the error
associated with this estimate is only a guidance since the errors induced by the models
and the errors induced by the Montzka et al. (2003) estimate of the tropospheric CH3Br
and long-lived halons were neglected.

This VSLS contribution to Bry is within the expected range (3 to 8 pptv) found in the20

12 estimates of BrVSLS
y discussed by WMO (2010) (chapter 1) and falls between the two

previous MLS estimates 3±5.5 (Livesey et al., 2006a) and 6.5±5.5 pptv (Kovalenko
et al., 2007).

7 Summary and conclusions

MLS zonal mean spectra divided into ascending (daytime) and descending (night-25

time) were computed for each day and inverted to produce daily zonal mean BrO pro-
files from 100 to 4.6 hPa. Due to the sharp BrO diurnal variation, the MLS non-zero
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descending BrO abundances were used as a measure of systematic biases in the re-
trievals. Assuming that these biases are constant throughout day and night, we used
the difference between ascending and descending BrO as a more accurate measure of
daytime BrO. This restricts the usable data to 50◦ S to 50◦ N, avoiding the polar regions
where both ascending and descending orbits are either day (summer) or night (winter).5

The vertical resolution of this dataset in the 100 to 4.6 hPa region was found to be ap-
proximately 5 km (derived from the full width at half maximum, FWHM, of the averaging
kernels scaled into km). For this pressure range, single daily ascending-descending
profile precision for a 10◦ latitude bin was found to be up to 40 pptv dropping to 7 and
2 pptv for monthly and yearly averages, respectively. The ascending-descending sys-10

tematic error biases were estimated to be less than ∼3 pptv.
Zero order comparisons with the SCIAMACHY and OSIRIS datasets, as well as with

the SLIMCAT and WACCM models were found to agree both in structure and in BrO
magnitude. A more detailed validation is needed to properly asses the quality of these
data. Nevertheless, we consider that this new dataset is usable for scientific studies.15

This dataset will be made publicly available for download in a daily based NetCDF
format.

Using the WACCM and SLIMCAT Bry/BrO modeled ratios we infer an estimate of
stratospheric Bry of 20.3 pptv with an error due to the MLS precision and systemat-
ics errors of 4.5 pptv. Assuming that the contribution of CH3Br and halons to this Bry20

budget was 15.6 pptv (Montzka et al., 2003) we derive a VSLS contribution to the to-
tal Bry of ∼5±4.5. This BrVSLS

y estimate is well within the expected range found in
WMO (2010, chaper 1).
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Fig. 1. (top) Average MLS radiance as detected in the 650 GHz and 625 Ghz spectral bands
sorted into day (blue) and night (purple) time measurements. Average is from 55◦S and 55◦N
and for limb tangents from 10 to 4.6 hPa for 2005. (bottom) Differences between the ascending
and descending (mainly day and mainly night) measurements (black) reveals the BrO spectral
signature. The red lines represent the spectrum simulated by using the new averaged BrO
retrieved value introduced here. The dashed gray line is 1/10 of the expected single scan
noise, which is still greater than the BrO signal.

CH3Cl) using all the available radiances in the 640 GHz radiometer. The temperature,
pressure, and pointing information are retrieved in a previous stage.

The second approach, performed ‘off-line’ (MLS OL1), is to create daily zonal mean
radiances from which vertical BrO abundances can then be retrieved. This approach
was implemented by Livesey et al. (2006a). In short, limb scans from a particular
day are collocated into 10◦ latitude average bins sorting them into ascending (mostly

5

Fig. 1. (top) Average MLS radiance as detected in the 650 and 625 Ghz spectral bands sorted
into day (blue) and night (purple) time measurements. Average is from 55◦ S and 55◦ N and
for limb tangents from 10 to 4.6 hPa for 2005. (bottom) Differences between the ascending
and descending (mainly day and mainly night) measurements (black) reveals the BrO spectral
signature. The red lines represent the spectrum simulated by using the new averaged BrO
retrieved value introduced here. The dashed gray line is 1/10 of the expected single scan
noise, which is still greater than the BrO signal.
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Fig. 2. Monthly zonal mean for January 2005 of MLS BrO observations for the three versions
discussed in the text for ascending (mainly daytime) and descending (mainly nighttime) phases
of the orbit. The dataset MLS L2 is the standard production algorithm described by Kovalenko
et al. (2007), MLS OL1 is the ‘off-line’ algorithm described by Livesey et al. (2006a) and MLS
OL2 is the dataset introduced here.
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Fig. 2. Monthly zonal mean for January 2005 of MLS BrO observations for the three versions
discussed in the text for ascending (mainly daytime) and descending (mainly nighttime) phases
of the orbit. The dataset MLS L2 is the standard production algorithm described by Kovalenko
et al. (2007), MLS OL1 is the “off-line” algorithm described by Livesey et al. (2006a) and MLS
OL2 is the dataset introduced here.
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Fig. 3. Averaging kernels for the retrieval of BrO mixing ratio at the Equator (those at other
latitudes are very similar). The black line is the integrated area under each kernel: values near
unity indicate that most information was provided by the measurements while lower values
indicate that the retrieval was influenced by the a priori. The dashed gray line is a measure
of the vertical resolution of the retrieved profile (derived from the full width at half maximum
(FWHM) of the averaging kernels approximately scaled into kilometers).

generated for a whole day (∼3500 profiles) using a model atmosphere (a complete list
and more detailed discussion of the systematic errors is given by Read et al. (2007,
appendix A)) . These simulated radiances were binned in 10◦ latitude bins and grid-
ded onto a 6 surface per decade pressure grid and then run through the ‘off-line’ re-
trieval algorithm as normal. Each of the retrieved results is compared to the retrieved
BrO from an unperturbed run, as a measure of the impact of a given systematic error

9

Fig. 3. Averaging kernels for the retrieval of BrO mixing ratio at the Equator (those at other
latitudes are very similar). The black line is the integrated area under each kernel: values near
unity indicate that most information was provided by the measurements while lower values
indicate that the retrieval was influenced by the a priori. The dashed gray line is a measure
of the vertical resolution of the retrieved profile (derived from the full width at half maximum
(FWHM) of the averaging kernels approximately scaled into kilometers).
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Fig. 4. Expected precision for a daily, monthly and yearly 10◦ latitude bin. The ‘Asc + Des’
precision is the root sum square of the ascending and descending values.

source. Each perturbation corresponds to either 2σ estimates of uncertainties in the
relevant parameter or an estimate of their maximum reasonable error based on instru-
ment knowledge. Furthermore, the difference between the unperturbed run and the
model atmosphere estimates the errors due to approximations in the retrieval.

A second method is used for the typically small error sources that are difficult to
quantify in an end-to-end exercise. Their impact is quantified with a simple analytical
model of the MLS measurement system (Read et al., 2007, Auxiliary material).

Figure 5 summarizes the impact of the dominant systematic uncertainties for the
BrO MLS OL2 measurements introduced here. Throughout most of the profile (either
for the ascending or the descending case), the main source of systematic bias arises
from retrieval numerics. While unsatisfactory this is somewhat expected due to strong

10

Fig. 4. Expected precision for a daily, monthly and yearly 10◦ latitude bin. The “Asc+Des”
precision is the root sum square of the ascending and descending values.

344

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/325/2012/amtd-5-325-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/325/2012/amtd-5-325-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 325–350, 2012

MLS observations of
BrO

L. Millán et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

BIAS

       
 

100.0

10.0

1.0

0.1

pr
es

su
re

 [h
P

a]

Scatter

    
 

 

 

 

 

 

0 1 2 3 4 5  
[pptv]

100.0

10.0

1.0

0.1

pr
es

su
re

 [h
P

a]

 

0 2 4 6
[pptv]

 

 

 

 

0246810
0

2

4

6

8

10

D
es

ce
nd

in
g 

da
ta

A
sc

en
di

ng
 d

at
a

0 2 4 6 8 10
01
2
3
4
5 Radiometric / Spectroscopy

FOV / Transmission
Spectroscopy / Forward Model
Pointing

Temperature
Retrieval
Contaminant species errors
Clouds

Fig. 5. Estimated impact of various families of systematic errors on the MLS OL2 BrO ‘off-line’
observations. The top panel corresponds to the ascending part of the orbit while the lower
panel corresponds to the descending part. The left panel shows the possible biases and the
right panel shows the additional scatter introduced by each family of systematic errors.
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Fig. 5. Estimated impact of various families of systematic errors on the MLS OL2 BrO “off-line”
observations. The top panel corresponds to the ascending part of the orbit while the lower
panel corresponds to the descending part. The left panel shows the possible biases and the
right panel shows the additional scatter introduced by each family of systematic errors.
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Fig. 6. Estimated impact of various families of systematic errors for ascending - descending
MLS OL2 BrO observations. The left panel shows the possible biases (the difference of the
ascending-descending biases in Figure 5) and the right panel shows the additional scatter
introduced by each family of systematic errors (the root sum squares of the scatter in Figure 5
). The black lines are the root sum squares of all the biases or the scatters shown.

and cooling rates and therefore dynamics (Garcia et al., 2007). For this analysis the
model was run with a horizontal resolution of 1.9◦x2.5◦ in latitude and longitude using
meteorological fields derived from the Goddard Earth Observing System 5 (GEOS-5)
analyzes, and a vertical coordinate purely isobaric in the stratosphere with a variable
spacing of 1.1 to 1.75 km. This new capability of this model is described by Lamarque
et al. (2011) and allows WACCM to perform as a chemical transport module facilitating
the comparisons with observations. The chemical module of WACCM is based on the
3D chemical transport Model of Ozone and Related Tracers, Version 4 (Kinnison et al.,

13

Fig. 6. Estimated impact of various families of systematic errors for ascending–descending
MLS OL2 BrO observations. The left panel shows the possible biases (the difference of the
ascending-descending biases in Fig. 5) and the right panel shows the additional scatter intro-
duced by each family of systematic errors (the root sum squares of the scatter in Fig. 5). The
black lines are the root sum squares of all the biases or the scatters shown.
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Fig. 7. Monthly zonal mean of MLS BrO observations for ascending and descending phases of
the orbits as well as the SLIMCAT and WACCM models for January 2005. To alleviate biases
in the MLS BrO data, the ascending/descending differences are used as a measure of daytime
BrO for pressure greater than ∼4 hPa where the nightime BrO is expected to be zero.
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Fig. 7. Monthly zonal mean of MLS BrO observations for ascending and descending phases of
the orbits as well as the SLIMCAT and WACCM models for January 2005. To alleviate biases
in the MLS BrO data, the ascending/descending differences are used as a measure of daytime
BrO for pressure greater than ∼4 hPa where the nightime BrO is expected to be zero.
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Fig. 8. Same as Figure 7, except that the data correspond to July instead of January 2005.
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Fig. 9. Monthly zonal mean of MLS (Asc - Des), OSIRIS and SCIAMACHY BrO observations
for March and September 2005. These datasets are in different local times (1:45 PM, 6 AM
and 10 AM respectively) so exact agreement is not expected.

astronomical and atmospheric measurements in one day bins (Lewellyn et al., 2004).
Since April 2007, Odin is a full-time atmospheric satellite. OSIRIS measures spectra
across the visible range from 274 nm to 810 nm every 0.3 nm using diffraction gratings.
It scans the atmosphere from around 7 to 65 or 90 km, depending on the observing
mode with an irregular vertical resolution. These measurements have local times of

17

Fig. 9. Monthly zonal mean of MLS (Asc–Des), OSIRIS and SCIAMACHY BrO observations
for March and September 2005. These datasets are in different local times (1:45 p.m., 6 a.m.
and 10 a.m., respectively) so exact agreement is not expected.
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Fig. 10. Average Bry inferred from MLS data using the SLIMCAT (green) and the WACCM
(blue) models as described by equation 2. Average is for the year 2005. The error bars reflect
the total errors (a combination of the measurement errors and the systematic errors). For
comparison, the dashed lines show the SLIMCAT (green) and WACCM (blue) modeled values.

profile precision for a 10◦ latitude bin was found to be up to 40 pptv dropping to 7
and 2 pptv for monthly and yearly averages respectively. The ascending-descending
systematic error biases were estimated to be less than ∼3 pptv.

Zero order comparisons with the SCIAMACHY and OSIRIS datasets, as well as with
the SLIMCAT and WACCM models were found to agree both in structure and in BrO
magnitude. A more detailed validation is needed to properly asses the quality of these
data. Nevertheless, we consider that this new dataset is usable for scientific studies.
This dataset will be made publicly available for download in a daily based NetCDF
format.

20

Fig. 10. Average Bry inferred from MLS data using the SLIMCAT (green) and the WACCM (blue)
models as described by Eq. (2). Average is for the year 2005. The error bars reflect the total
errors (a combination of the measurement errors and the systematic errors). For comparison,
the dashed lines show the SLIMCAT (green) and WACCM (blue) modeled values.
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