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411 Nitrogen dioxide — NO,

Nitrogen dioxide (NO,) is a major air pollutant in the tro-
posphere, and is produced mainly by fossil fuel burning (via
production of NO, see Section 4.10). Natural sources of tro-
pospheric NO, involve lightning, bacterial processes in soil
and water, and biomass burning. The main source of NO,
in the stratosphere is the oxidation of N,O, also originat-
ing from soil emissions (see Section 4.4), followed by down-
ward transport of upper atmospheric NOy in the winter po-
lar vortex (up to 9%). Stratospheric NO, is considered an
ozone depleting substance through the catalytic NOy cycle.
At the same time, NO, acts as a buffer against halogen-cat-
alyzed ozone loss by converting reactive chlorine, bromine,
and hydrogen compounds into stable reservoir substances
(CIONO,, BrONO,, HNO3). The removal of nitrogen from
the stratosphere, as observed in the SH polar vortex dur-
ing the formation and sedimentation of polar stratospheric
clouds (PSCs), is a key microphysical process in the forma-
tion of the Antarctic polar ozone hole during spring.

Stratospheric NO, variations are controlled by the sunlight-
driven equilibrium between NOy (NO, NO,) on one hand
and the reservoir substances (N,O5, HNO3, CIONO;) on
the other hand. In particular, the strong diurnal NO, cycle
complicates a comparison of satellite-based NO, measure-
ments that correspond to different LSTs. Figure 4.11.1 shows
examples of the diurnal NO, cycle as a function of LST for
three different pressure levels as derived with a chemical
box model [McLinden et al., 2010]. As seen in these plots
there are large differences between day and night-time NO,,
with a steep gradient at sunrise and sunset. Solar occultation
measurements are always made at SZA = 90° and can there-
fore be compared amongst each other. Limb scattering and
emission measurements however, can correspond to differ-
ent SZAs, and a direct comparison of the climatologies is
not meaningful in most cases unless the dependence on the
SZA is taken into account.
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411.1 Availability of NO, measurements

The first vertically resolved satellite NO, measurements
were made by LIMS in 1978/1979. SAGE II and HALOE
provide the longest continuous NO, datasets, both ending
in 2005. A number of more recent satellite missions have
been measuring NO, from 2002 onwards. Solar occultation
measurements are available from SAGE II, HALOE, POAM
II, POAM III, SAGE III and ACE-FTS. Periods of maxi-
mum overlap are 1994-1996 (SAGE I, HALOE, and POAM
II) and 2005 (SAGE II, HALOE, POAM III, SAGE II1, and
ACE-FTS). NO, measurements by limb emission and scat-
tering techniques are available for OSIRIS, SCIAMACHY,
and MIPAS from 2002 onward, while GOMOS provides
stellar occultation measurements for the same time period.
Additionally, HIRDLS data for 2005-2007 and LIMS data
for 1978-1979 exist. Table 4.11.1 summarises information
on the available NO, measurement record including time
period and vertical range.

The solar occultation climatologies can be compared direct-
ly if separated into local sunrise and local sunset measure-
ments. Note that there is a difference between the sunrise/
sunset as seen from a satellite and the local sunrise/sun-
set that determines the chemical state of the measured air
mass, and is therefore used to categorise the measurements.
The corresponding data files are labelled as am/pm with
am LST generally corresponding to local sunrise and pm
LST generally corresponding to local sunset. One deviation
from the photochemical conditions at local sunrise can oc-
cur when a satellite crosses the terminator towards the po-
lar day area at high latitudes. During such observations, the
photochemical conditions of the atmosphere at local surise
may be completely different than that of a typical sunrise
observation because the area is continuously illuminated
during polar day. The same situation can occur when the
satellite crosses the terminator towards polar night. Table
4.11.2 summarises the local sunrise/sunset climatologies.
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Figure 4.11.1: Diurnal NO5 cycle. NO> variations as function of LST are shown at 10°N and 40°N at 1, 10 and 100 hPa for

March 15.
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and may also vary for some instruments between seasons
and latitudes. In order to compare other instruments
(OSIRIS, SCIAMACHY, ACE-FTS) with MIPAS, their mea-
surements have been scaled to LST 10am and 10pm with
the help of a chemical box model [McLinden et al., 2010].

NO, measurements by limb emission and scattering tech-
niques correspond approximately to a fixed LST if the
instrument has a sun-synchronous orbit (e.g,, MIPAS
measurements correspond to 10am and 10pm LST). The
measurement LST can vary from instrument to instrument,

Table 4.11.1: Available NO; measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument. Instruments are
grouped according to their measurement LST into the group of solar occultation instruments (upper panel) and the group of
limb emission/scattering and stellar occultation instruments (lower panel).
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Table 4.11.2: Overview of available NO, local sunrise and local sunset climatologies. For local sunrise/sunset climatolo-
gies, the instrument name, the method used to derive the climatology, the corresponding LST and the satellite orbit are given.
Detailed information on the corresponding LST depending on month and latitude can be found in the data files.

Instrument Local sunrise climatologies Local sunset climatologies Satellite orbit
Method Corresponding LST | Method Corresponding LST

SAGE Il Local sunrise am (mixed times) Local sunset pm (mixed times) non-sun-synchronous
HALOE Local sunrise am (mixed times) Local sunset pm (mixed times) non-sun-synchronous
POAMII Local sunrise am (mixed times) Local sunset pm (mixed times) sun-synchronous
POAM III Local sunrise am (mixed times) Local sunset pm (mixed times) sun-synchronous
SAGE IlI Local sunrise am (mixed times) Local sunset pm (mixed times) sun-synchronous
ACE-FTS Local sunrise am (mixed times) Local sunset pm (mixed times) non-sun-synchronous

Table 4.11.3: Overview of available NO, daytime and night-time climatologies including the 10am/pm climatologies.
For daytime and night-time climatologies, the instrument name, the method used to derive the climatology, i.e., scaling
measurements or sorting measurements according to LST, orbit or SZA, and the corresponding LST range are given.
Climatologies corresponding to 10am and 10pm LST are printed in bold face. Detailed information on the corresponding LST

depending on month and latitude can be found in the data files.

Instrument Daytime climatologies Night-time climatologies

Method Corresponding LST Method Corresponding LST
LIMS Ascending orbit ~1pm Descending orbit ~11pm
OSIRIS am LST Mixed times pm LST Mixed times

Scaled 10am Scaled 10pm
SCIAMACHY No adjustments ~8am - 2pm

Scaled 10am Scaled 10pm
MIPAS am LST 10am pmLST 10pm
GOMOS No adjustments 10pm
HIRDLS SZA < 90° ~3pm SZA > 90° 00:30am

Scaled 10am Scaled 10pm
ACE-FTS Scaled 10am Scaled 10pm




For OSIRIS, scaling is done profile-by-profile, with the ini-
tialisation of the model using the measured trace gas abun-
dances and temperature. The scaling for SCTAMACHY and
ACE-FTS on the other hand, is done based on lookup tables
calculated from the photochemical box model initialised
with climatological inputs (see Section 3.2.1). GOMOS pro-
vides stellar occultation measurements at 10pm. These are
evaluated with the group of limb emission and scattering
instruments. The ACE-FTS climatology derived from data
scaled to 10am/pm provides an opportunity to compare
one solar occultation dataset with the measurements based
on emission and scattering techniques. HIRDLS data from
June 2005 to May 2006 have been scaled to 10am/pm with
the SD-WACCM Version 3548 (SD stands for Specified Dy-
namics using GEOS5.1) [Garcia et al., 2007]. Table 4.11.3
summarises all available daytime and night-time NO, cli-
matologies including the original available daytime and
night-time climatologies and the ones scaled to 10am/pm
LST. All instruments listed in Table 4.11.3, except for ACE-
FTS, are in sun-synchronous orbits. Table 4.11.4 compiles
information on all NO, measurements, including time pe-
riod, vertical range and resolution, and references relevant
for the data product used in this report.

4.11.2  NO;, evaluations: Zonal monthly mean cross sections
and vertical profiles of local sunrise/sunset climatologies

Local sunrise NO; climatologies from the solar occultation
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instruments SAGE II, HALOE, ACE-FTS, SAGE III,
POAM II, and POAM III are displayed in Figure 4.11.2.
The annual zonal mean climatologies are calculated over
the respective lifetime of each instrument. In general, the
zonal mean distribution shows the largest NO, abundances
around 10 hPa, with maximum values at high latitudes. The
three solar occultation instruments in a non-sun-synchro-
nous orbit (SAGE II, HALOE, ACE-FTS) offer near-global
coverage over the course of a year, while the three instru-
ments in a sun-synchronous orbit (SAGE III, POAM II,
and POAM III) provide measurements in a narrow range at
high latitudes. The higher annual mean abundances report-
ed by the first group of instruments when compared to the
latter may be the result of varying seasonal coverage instead
of an actual measurement bias. One example of the compli-
cations arising from the varying data coverage is the evalu-
ation of 1994-1996 POAM 1II local sunrise monthly zonal
means that show no direct overlap with any of the other
datasets. (Note that the overlap of the annual means vis-
ible in Figure 4.11.2 does not necessarily correspond to an
overlap of the monthly zonal means.) Moreover, the instru-
ments with near-global coverage over the course of a year
or season (SAGE II, HALOE and ACE-FTS) have strongly
varying data coverage from month to month. Therefore, the
comparison of annual zonal means, as carried out for the
long-lived trace gases, may not be meaningful, and instead
a comparison of monthly zonal means will be presented.
Note that the data coverage problem is intensified by the
necessary separation into local sunrise and sunset data.

Table 4.11.4: Time period, vertical range, vertical resolution, references and other comments for NO, measurements.

Instrument Time period Vertical range Vertical References Additional
resolution comments
LIMS V6.0 Nov 78 - May 79 Cloud top — 50 km 3.7 km Remsberg et al,, 2010
(+ mesosphere for
polar night)
SAGE 11V6.2 Oct 84 - Aug 05 Cloud top - 50 km | 1.0 km (< 38 km) | Cunnold et al., 1991 Only satellite SS
5.0 km (> 38 km) data are used
HALOE V19 Oct 91 - Nov 05 up to 50 km 2.5km Groof3 and Russell,
2005
POAM I1V6.0 Oct 93 - Nov 96 20 - 40 km 1.5-2.5km Lumpe et al., 1997
Randall et al., 1998
POAM I11 V4.0 Apr 98 — Dec 05 20 -40 km 1.5-25km Lumpeetal., 1997
Randall et al., 1998
OSIRIS V3-0 Oct 01 - 13 -45 km 2 km Brohede et al., 2007a
Brohede et al., 2007b
SAGE 111 V4.0 May 02 - Dec 05 Cloud top — 50 km 0.5~1.0km Only solar occulta-
tion products used
MIPAS
V15 Mar 02 - Mar 04 12 -50/70 km 3-6km Funke et al., 2005a Change in spectral
V220 Jan 05 -Apr 12 (day/night) 2.5-6 km Funke et al., 2005b resolution in 2005
GOMOS V5.0 Mar 02 - Apr 12 20-50/70 km 4 km Kyrold et al., 2010a
SCIAMACHY Sep 02 - Apr 12 11 -42km 3-5km Baueretal.,, 2012
V3-1
ACE-FTS V2.2 Mar 04 - 7 -52km 3-4km Kerzenmacher et al.,
2008
HIRDLS V6.0 Jan 05 - Jan 08 20 - 50 km 1km Gille and Gray, 2011
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Figure 4.11.2: Cross sections of annual zonal mean, local sunrise NO, for solar occultation instruments. Annual zonal
mean, local sunrise NO cross sections are shown for the SAGE Il (1985-2005), HALOE (1992-2005), ACE-FTS (2004-2010),
SAGE Ill (2002-2005), POAM 11 (1994-1996), and POAM Ill (1998-2005).

As a first step, the evaluations of local sunrise and sun-
set climatologies will focus on the comparison of the two
longer time series from SAGE II and HALOE during their
overlap time period 1992-2005. The other instruments will
be compared to SAGE II and HALOE for time periods
that allow as many instruments as possible to be included
(1994-1996 for POAM 1I, 2004-2005 for ACE-FTS, POAM
111, SAGE III).

SAGE Il and HALOE (1992-2005)

Figure 4.11.3 shows NO; local sunrise and sunset monthly
mean climatologies for SAGE II and HALOE for April and
October. The monthly multi-annual means of the two data-
sets overlap in both hemispheres. The sunset climatologies
show notably more NO, than the sunrise climatologies as a
result of N,Os5 photolysis, which is driven by the available
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Figure 4.11.3: Cross sections of monthly zonal mean, local sunrise and sunset NO, for 1992-2005. Monthly zonal mean,
local sunrise (column 1 and 2) and local sunset (column 3 and 4) NO, cross sections for April and October are shown for

HALOE (upper row) and SAGE Il (lower row).



Sunrise
NO, HALOE — MIM Apr 92-05 NO, HALOE — MIM Oct 92-05

— 1F
&
<
g
2 10F
14
a

100 F

0.1
—_ 1F
©
o
<
g
2 10F
4
a

100 |

50S 0 50N 50S 0 50N
Latitude Latitude

Chapter 4: Climatology evaluations 165

Sunset
NO, HALOE — MIM Apr 92-05 NO, HALOE — MIM Oct 92-05

%

50S 0 50N 50S 0 50N

LI R D T R R =

50S 0 50N 50S 0 50N
Latitude Latitude

Figure 4.11.4: Cross sections of monthly zonal mean, local sunrise and sunset NO, differences for 1992-2005. Monthly
zonal mean, local sunrise (column 1 and 2) and local sunset (column 3 and 4) NO, differences for April, and October between
the individual instruments (SAGE Il, HALOE) and their MIM are shown.

sunlight and reactivates NO, from its reservoir species.
The N,Os5 photolysis during daytime is fast enough that by
sunset nearly all N,Os is converted to NO,, leading to a
nearly symmetric distribution at the equator independent
of the time of year. The N,O5 production during night-
time is somewhat slower, and as a result larger NO, sunrise
abundances are observed for shorter nights (e.g., in the SH
during October).

The relative differences of SAGE II and HALOE from their
MIM in April and October are displayed in Figure 4.11.4.
At the level of maximum NO, abundance (10 hPa), the
two datasets agree well with differences from the MIM of
up to +10% (corresponding to differences of 20% between
the two instruments). Above and below this level, the

50N — 55N, Jun (94-96) 50N — 55N, Jun (94-96)

relative differences increase steadily reaching values of up
to £50% at 2 hPa and 20/50 hPa for local sunset/sunrise
climatologies. The steadily increasing differences below
and above the maximum are related to the smaller vertical
gradients in SAGE II NO, compared to HALOE. At around
10 hPa, HALOE detects more NO, than SAGE II, but above
and below the maximum it quickly reaches lower values
due to its stronger gradients and shows mostly negative
differences when compared to SAGE II. Exceptions to this
pattern are the local sunrise climatologies in the summer
(Figure A4.11.2 in Appendix A4) and autumn hemispheres
(Figure 4.11.4) when HALOE shows positive differences
from the MIM everywhere below 2 hPa. Overall, the NO,
local sunrise and sunset evaluations give a consistent picture,
however, some small differences exist (e.g., sunset differences
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Figure 4.11.5: Profiles of zonal mean, local sunset NO, for 1994-1996. Zonal mean, local sunset NO> profiles for 50°N-
55°N for June and 60°S-65°S for December are shown with their differences from the MIM. Bars indicate the uncertainties in
each climatological mean based on the SEM. The grey shaded area indicates where relative differences are smaller than +5%.
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Figure 4.11.6: Cross sections of monthly zonal mean, local sunrise and sunset NO, for 2004-2005. Monthly zonal mean,
local sunrise (column 1 and 2) and local sunset (column 3 and 4) NO; cross sections for April and October are shown for the

HALOE, SAGE Il, and ACE-FTS.

show a stronger hemispheric symmetry consistent with the
same feature observed for the sunset mixing ratios).

SAGE 11, HALOE, and POAM 11 (1994-1996)

As a consequence of the gaps in temporal and spatial
coverage of POAM II, a direct comparison of local sunrise
NO, climatologies from POAM II and the other two
instruments is not possible. However, for NO, sunset
measurements, some months and latitude bands exist where
all three datasets overlap, allowing for a direct comparison
of POAM II, SAGE II and HALOE. Vertical profiles from all
three instrument local sunset climatologies and their relative
differences from the MIM are displayed in Figure 4.11.5.
In both latitude bands (NH and SH mid-latitudes), the
POAM II climatology reports smaller values than SAGE II
and HALOE, with differences with respect to the MIM of
-10%. Above 7 hPa, POAM II agrees better with HALOE than
with SAGE II, while below 7 hPa the situation is reversed.

SAGE 11, HALOE, POAM 11I, SAGE 11, and ACE-FTS (2004-2005)

For the period 2004-2005, the long NO, time series from
SAGE II and HALOE overlap with the more recent data from

ACE-FTS. Also available during this period are datasets from
SAGE Il and POAM I1I, which focus on narrow latitude rang-
es. A comparison of SAGE III and POAM III zonal monthly
mean cross sections is not possible, therefore the evaluation
of these two climatologies will be based on vertical profiles.

Figure 4.11.6 shows NO; local sunrise and sunset monthly
mean climatologies for SAGE II, HALOE, and ACE-FTS for
April and October. Note that SAGE II and HALOE have
less latitudinal coverage for 2004-2005 (the last two years
of their lifetimes) when compared to earlier time periods
(e.g., Figure 4.11.3). The respective relative differences be-
tween the individual datasets and their MIM are presented
in Figure 4.11.7. Overall, the magnitude and spread of the
relative differences are similar to those already discussed
for the long-term comparison of SAGE II and HALOE,
with the smallest differences (up to £10%) around 10 hPa,
and larger differences (up to +50%) above 2 hPa and be-
low 50 hPa. Note that for some cases the differences are
below +20% for the complete altitude range from 1 to
100 hPa (e.g., sunset differences of SAGE II and ACE-FTS
to their MIM for SH October). For the local sunrise cli-
matologies, ACE-FTS shows the largest, and HALOE the
lowest NO, abundances. For the local sunset climatolo-
gies, SAGE II show the largest and HALOE the lowest NO,
abundances, with ACE-FTS values between the other two
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Figure 4.11.7: Cross sections of monthly zonal mean, local sunrise and sunset NO, differences for 2004-2005. Monthly
zonal mean, local sunrise (column 1 and 2) and local sunset (column 3 and 4) NO, differences for April and October between
the individual instruments (HALOE, SAGE I, ACE-FTS) and their MIM are shown.

instruments. The only exception is found at 10 hPa where A comparison of POAM IIland SAGEIII with the other data-
HALOE detects a larger NO, peak than the other two data-  sets is shown in Figure 4.11.8 as vertical profiles and their

sets, consistent with the evaluations of the earlier time pe- relative differences from the MIM. The months and latitude
riod. Overall, ACE-FTS agrees better with SAGE II than  bands used for this comparison are chosen because the cov-
with HALOE. erage includes the maximum number of datasets available.

The profiles confirm the good agreement of all instruments

65N — 70N, Mar (04-05) 65N — 70N, Mar (04-05) 60N - 65N, Apr (04-05) 60N — 65N, Apr (04-05)

0.1

o

Pressure [hPa]

100
0 2 4 6 8 -40 -20 0 20 40 0 2 4 6 8 -40 -20 0 20 40
NOZ [ppbv] rel diff from MIM [%] NOZ [ppbv] rel diff from MIM [%]
HALOE — — — ACE-FTS SAGE Il SAGE Il POAM I

Figure 4.11.8: Profiles of zonal mean, local sunset NO, for 2004-2005. Zonal mean, local sunset NO, profiles for 65°N-70°N
for March and 60°N-65°N for April are shown together with their differences from the MIM. Bars indicate the uncertainties in
each climatological mean based on the SEM. The grey shaded area indicates where relative differences are smaller than £5%.
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in the MS with differences often below +5%, except for a
divergence between ACE-FTS and SAGE III in March
which show differences from the MIM of up to +10%. Dif-
ferences are large in the LS and USLM consistent with low
NO, abundances. However, there is a much better agree-
ment between 50 and 10 hPa (below the NO, VMR peak)
compared to between 5 and 1 hPa (above the NO, peak)
for similar NO, background abundances. In general, SAGE
III is similar to SAGE II and shows larger NO, values than
the other datasets, while POAM III values reside mostly in
the middle.

4.11.3  NO; evaluations: Zonal monthly mean cross sections
of 10am/pm climatologies

NO, measurements by limb emission and scattering tech-
niques and from stellar occultation have been sorted ac-
cording to LST or scaled with the help of chemical box
models (see Section 4.11.1 for details). Additionally, the
solar occultation dataset from ACE-FTS has been scaled to
allow for a first-step comparison between the two groups
of instruments. In the following, climatologies correspond-
ing to 10am and 10pm will be compared with each other.
For a better understanding of the scaling effects, the ini-
tial climatologies are also shown. Note that the 10am/pm
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climatologies are part of the larger groups of daytime/
night-time climatologies as explained in Table 4.11.3.

OSIRIS, SCIAMACHY, MIPAS, GOMOS, HIRDLS, and ACE-FTS
(2005-2007)

Figure 4.11.9 shows the NO, 10am climatologies for
October 2005-2007 that can be directly compared to each
other: MIPAS (corresponding to 10am LST) and ACE-FTS,
OSIRIS, SCIAMACHY, and HIRDLS, all scaled to 10am
LST (labelled as s10am in the figure titles). Additionally,
unscaled daytime data from SCIAMACHY and OSIRIS
(corresponding to a range of LSTs), HIRDLS daytime
measurements (corresponding to 3pm), and ACE-FTS
local sunrise measurements are shown. The overall NO,
distribution shows flat isopleths and maximum abundances
in the subtropics between 5 and 10 hPa. Note that the
elevated values observed by MIPAS at very high NH
latitudes are related to small changes of the LST from 10am
and the timing of sunsets/sunrises (near 10am) during
October. Similarly, MIPAS shows elevated values at high
SH latitudes for April (see Figure A4.11.6 in Appendix A4).

The MIM is calculated based on MIPAS and scaled ACE-
FTS, OSIRIS, SCIAMACHY, and HIRDLS climatologies
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Figure 4.11.9: Cross sections of zonal mean daytime NO, for October 2005-2007. Monthly zonal mean NO; cross sections
for October 2005-2007 are shown for the MIM (upper left panel) and the individual instruments. Measurements correspond
to 10am LST (MIPAS) or are scaled to 10am LST. Note that scaled HIRDLS data are only available for June 2005 — May 2006. In
addition, unscaled data from ACE-FTS, OSIRIS, SCIAMACHY, and HIRDLS are shown.



for 2005-2007. Differences of the individual datasets from
the MIM for October 2005-2007 are shown in Figure
4.11.10. In general, the differences in the MS vary strongly,
from +5% in some regions to +50% in others. MIPAS and
SCIAMACHY show similar features and observe larger
NO, abundances than the other instruments, leading to
deviations from the MIM in the MS of around +20%, and
locally +50%. One exception is the SH extra-tropics where
both instruments show negative differences from the MIM
of up to -20%. While MIPAS and SCIAMACHY are on the
high side, HIRDLS observes values at the lower end of the
range, producing large negative deviations from the MIM
of up to -50% (and locally -100%). An exception to this be-
haviour is again the SH extra-tropics where HIRDLS de-
tects larger NO, abundances than the other instruments.
OSIRIS is mostly in the middle range; deviations from the
MIM change sign depending on the latitude band and ex-
ceed +50% only occasionally. ACE-FTS also observes de-
viations of mixed signs, mostly opposite to HIRDLS with
particularly large negative deviations where HIRDLS shows
a positive difference. Note that at high SH latitudes, where
only MIPAS, OSIRIS and SCTAMACHY measurements are
available, the three instruments agree considerably better,
with deviations from their MIM of only up to +20%, while
in regions where all five instruments provide measure-
ments, deviations can reach £50% to +100%. Evaluations of

NO, ACE-FTS s10am Oct 05-07 NO, OSIRIS s10am Oct 05-07
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January, April, and July climatologies (see Figure A4.11.6
in Appendix A4 for April evaluations) give a consistent
picture for all four seasons. The main difference from the
October evaluations discussed above is that MIPAS and
HIRDLS show more differences of mixed signs. While in
the SH spring and summer, MIPAS is mostly positive and
HIRDLS mostly negative, MIPAS deviations from the MIM
in the NH spring and summer are negative almost every-
where below 10 hPa. The pattern of OSIRIS deviations from
the MIM changes from month to month. Note that scaled
HIRDLS data are only available for June 2005 — May 2006,
and that the evaluation of this one-year long time period
(not shown) gives very similar results to the evaluation pre-
sented above.

For a better understanding of the scaling effects, the ini-
tial climatologies are also shown. The unscaled OSIRIS and
ACE-FTS datasets have a considerably larger bias compared
to the scaled datasets, indicating that scaling is necessary in
order to compare the climatologies. SCTAMACHY shows
similar differences for the scaled and unscaled datasets,
which can be explained by the fact that the LST of the origi-
nal SCIAMACHY dataset is 10am at the equator and only
changes slightly when moving to higher latitudes. For some
regions (e.g., SH in March) the scaled dataset shows some-
what larger differences from the MIM than the unscaled
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Figure 4.11.10: Cross sections of zonal mean daytime NO, differences for October 2005-2007. Monthly zonal mean NO,
differences from the MIM for October 2005-2007 are shown. Measurements correspond to 10am LST (MIPAS) or are scaled to
10am LST. Note that scaled HIRDLS data are only available for June 2005 — May 2006. In addition, unscaled data from ACE-

FTS, OSIRIS, SCIAMACHY, and HIRDLS are shown.
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Figure 4.11.11: Cross sections of zonal mean night-time NO, for October 2005-2007. Monthly zonal mean NO, cross
sections for October 2005-2007 are shown for the MIM (upper panel) and the individual instruments. Measurements
correspond to 10pm LST (MIPAS, and GOMOS) or are scaled to 10pm LST. Note that scaled HIRDLS data are only available for
June 2005 — May 2006. In addition, unscaled data from ACE-FTS, OSIRIS, and HIRDLS are shown.

dataset, unlike the results from OSIRIS. In these cases, it
is possible that the errors introduced by the scaling based
on look up tables outweigh the improvement achieved by
the correction to a specific LST. For HIRDLS, large negative
deviations are apparent in the scaled and unscaled datasets,
indicating that the differences are related to measurement
differences and cannot be corrected by accounting for the
measurement LST.

NO; night-time climatologies for October 2005-2007 are
shown in Figure 4.11.11. NO, abundances are considerably
larger for the night-time climatologies than for daytime cli-
matologies, as expected from the diurnal cycle. Maximum
NO, values can be observed in the SH mid-latitudes and
tropics between 1 and 10 hPa. As for the daytime clima-
tologies, MIPAS data (corresponding to 10pm LST) as well
as scaled ACE-FTS, OSIRIS, SCIAMACHY and HIRDLS
data (all scaled to 10pm LST) are available and can be com-
pared directly. Additionally, GOMOS measures night-time
NO, at 10pm LST. Also shown in Figure 4.11.11 are the
unscaled OSIRIS night-time climatology (corresponding
to a range of LSTs), the HIRDLS night-time climatology
(corresponding to approximately 00:30am) and the ACE-
FTS local sunset climatology. Note that for SCCAMACHY
no measurements during the night exist and that the scaled

10pm SCIAMACHY climatology is based on daytime
SCIAMACHY measurements.

Differences of the individual night-time climatologies from
the MIM are displayed in Figure 4.11.12. The MIM is
based on the climatologies corresponding directly to 10pm
LST (MIPAS, GOMOS), and scaled to 10pm LST (ACE-
FTS, OSIRIS, SCIAMACHY and HIRDLS). MIPAS and
SCIAMACHY have positive deviations in the MS and nega-
tive deviations in the LS, and agree well with each other and
with OSIRIS. The climatologies from HIRDLS and ACE-
FTS show lower values for most latitude bands, with devia-
tions from the MIM of up to -50%. The GOMOS dataset is
somewhat noisier than the other climatologies but shows
small differences from the MIM (up to £10%) between 10
and 1 hPa. In the LS, MIPAS, SCITAMACHY and ACE-FTS
observe the lowest values while GOMOS and OSIRIS show
positive deviations from the MIM. Differences can become
as large as +100% locally. Note that SCIAMACHY data
scaled to 10pm represent a scaling to completely different
illumination conditions, namely from day to night, while
the scaling of SCITAMACHY data to 10am is a daytime to
daytime scaling, with only slightly different illumination
conditions. The fact that the SCTAMACHY night-time cli-
matology does not show larger differences from the MIM
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Figure 4.11.12: Cross sections of zonal mean night-time NO, differences for October 2005-2007. Monthly zonal mean
NO; differences from the MIM for October 2005-2007 are shown. Measurements correspond to 10pm LST (MIPAS, and
GOMOS) or are scaled to 10pm LST. Note that scaled HIRDLS data are only available for June 2005 - May 2006. In addition,
unscaled data from ACE-FTS, OSIRIS, and HIRDLS are shown.

than the daytime climatology suggests that no large errors
have been introduced by this scaling procedure.

A comparison of the night-time climatologies without
GOMOS (see Figure A4.11.9 in Appendix A4) shows that
the observed differences are quite similar to the daytime
evaluations, and that both sets of climatologies provide a
consistent picture. Note that differences are slightly smaller
between the night-time climatologies than between the
daytime climatologies, which might be related to the larger
NO, abundances during night-time.

In addition to the NO, datasets discussed above, which
cover the time period after 2000, the very first satellite
borne NO, profile measurements from the limb emission
instrument LIMS are available for 1978/1979. The LIMS
daytime climatology corresponds to 1pm at low and mid-
latitudes and shifts to late afternoon at higher latitudes,
while the LIMS night-time climatology corresponds ap-
proximately to 11pm LST. Since there are no daytime or
night-time NO, measurements available before 2002, LIMS
will be compared to the 2005-2007 climatologies presented
above. Note that the stratospheric aerosol content is very
low for both time periods, which facilitates the comparison
of LIMS NO, with the other datasets.

Figure 4.11.13 shows the relative differences of LIMS day-
and night-time climatologies to the respective 10am/pm
2005-2007 MIM from the evaluations above. LIMS shows
good agreement in a narrow pressure range between 10 and
5 hPa, with differences mostly between +10%. Below this
level differences increase quickly, reaching +100% in the
LS. Above this level, the daytime climatologies difter by up
to -50% while the night-time climatologies show slightly
better agreement, with differences of up to -20%. Note that
LIMS measurements are not taken at 10am or 10pm LST,
and it is therefore not possible to easily separate the dif-
ferences attributable to a real measurement bias, and the
effects of the diurnal NO, cycle.

411.4 NO, evaluations: Seasonal cycles

NO, exhibits a strong seasonal cycle in the extra-tropics
due to the effects of sunlight on the partitioning of the NOy,
family. Seasonal cycles of the NO, daytime and night-time
climatologies will be evaluated below. Since the seasonal
variations of the sunset and sunrise climatologies from the
solar occultation instruments can be difficult to analyse due
to sparse data coverage, they are not shown here.



172  Chapter 4: Climatology evaluations

%

NO, LIMS day — MIM Jan NO, LIMS day — MIM Apr NO, LIMS night — MIM Jan NO, LIMS night — MIM Apr 100
0.1 T T T T T T T T T T T T 50
20
10
g ] :
< 25
[ 0
% 10 F -25
& -5
-10
100 f 1 F 1 3 1 3 1 -20
. . . . . . . . . . . . =50
505 0 50N 505 0 50N 505 0 50N 505 0 50N -100

Latitude Latitude Latitude Latitude
Figure 4.11.13: Cross sections of zonal mean daytime/night-time NO, differences between LIMS (1978-1979) and MIM
(2005-2007). Monthly zonal mean NO, differences between LIMS (1978-1979) and the MIM (2005-2007) are shown for
January and April. Measurements correspond to 1pm for LIMS and 10am for the MIM (left panels) and the 11pm for LIMS and

10pm for MIM (right panels). The MIM is based on the 10am/pm climatologies for 2005-2007 presented above.

Figure 4.11.14 shows the seasonal cycle of 2005-2007 day-
time NO, climatologies for the NH and SH mid-latitudes
at 10 hPa and the SH tropics at 3 hPa. The five datasets
evaluated here (MIPAS and scaled ACE-FTS, OSIRIS,
SCIAMACHY, and HIRDLS) correspond to 10am LST.
The mid-latitude seasonal cycle with maximum values in
summer and minimum values in winter is reproduced by
all instruments. The datasets agree better during the sum-
mer, and show a larger spread during the hemispheric win-
ter. The seasonal cycles from HIRDLS and ACE-FTS have
larger amplitudes than the other datasets in both hemi-
spheres, particularly in the NH mid-latitudes. In contrast,
the seasonal cycle observed by MIPAS shows the smallest
amplitude. Note that OSIRIS does not provide data for
the SH winter months, leading to a flattening of the fit-
ted seasonal cycle. In the tropics, seasonal variations are
weak and the instruments have problems reproducing the
signal. MIPAS and SCIAMACHY display the same sea-
sonal cycle, with a maximum in April and a minimum in
August/September. The seasonal cycle observed by OSIRIS
agrees reasonably well but has a slightly larger amplitude
and earlier minimum (July). The largest deviations are

NO, [ppbv] 305-60S, 10 hPa

NO, [ppbv] 10N-30S, 3 hPa

observed by HIRDLS, which shows a stronger amplitude
and a weak second maximum in January/February, indi-
cating a semiannual oscillation. Note that ACE-FTS in the
SH tropics provides data only at the beginning and end of
the year, and therefore does not offer sufficient information
to fit the seasonal cycle. While ACE-FTS values for January
and August are close to MIPAS and HIRDLS, the ACE-FTS
values for February, April and October do not follow the
seasonal signal suggested by the other instruments, indi-
cating that the scaled ACE-FTS data observe at best a weak
annual cycle.

Comparing the scaled climatologies in Figure 4.11.14
with the seasonal cycle of the respective unscaled clima-
tologies (Figure A4.11.10 in Appendix A4) demonstrates a
strong improvement in agreement of the seasonal cycle for
OSIRIS, HIRDLS, and ACE-FTS for the SH and NH mid-
latitudes, compared to each other and with MIPAS and
SCIAMACHY. In the tropics, however, OSIRIS observes the
same mean values and the same seasonal signal as MIPAS
before the scaling, while the scaled dataset has lower mean
values and a slightly shifted phase. Similarly, HIRDLS in
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Figure 4.11.14: Seasonal cycle of daytime NO, for 2005-2007. Seasonal cycle of monthly zonal mean NO, for 30°S-60°S
at 10 hPa (left panel), 10°S-30°S at 3 hPa (middle panel) and 30°N-60°N at 10 hPa (right panel). Measurements correspond
directly to 10am LST (filled symbols) or are scaled to 10am LST (open symbols). Note that scaled HIRDLS data are only avail-
able for June 2005 — May 2006. ACE-FTS in the SH tropics does not provide sufficient data coverage to estimate a fit of the
seasonal cycle.



the tropics has more similarities with the other instruments
before the scaling in the sense that it shows no semiannual
component. Finally, tropical unscaled ACE-FTS data have
the same signal as MIPAS and SCIAMACHY as opposed to
the scaled dataset.

Figure 4.11.15 displays the seasonal cycle of night-time
NO, for 2005-2007. Although the general shape of the
seasonal cycle is very similar to the one derived from day-
time measurements, the instruments show a much larger
spread in the signal. Excellent agreement is found between
SCIAMACHY and GOMOS for the SH mid-latitudes. In
this region, MIPAS and HIRDLS show the same phase but
HIRDLS has a stronger amplitude than MIPAS. Similar to
the daytime measurements, OSIRIS has little data available
during SH winter, and the seasonal fit displays a flattened
and shifted peak. In the NH mid-latitudes, the instru-
ments disagree on the timing of the maximum, from June
(HIRDLS), over July (MIPAS, SCIAMACHY) and August
(OSIRIS), to September (GOMOS). Additionally, there is
considerable spread in the amplitude of the seasonal sig-
nal, with HIRDLS displaying the largest amplitude and
MIPAS and OSIRIS the smallest. The tropical seasonal
cycles of MIPAS, GOMOS and SCIAMACHY agree well,
while OSIRIS has a shifted phase and HIRDLS has an am-
plitude that is too strong.

411.5 NO; evaluations: Interannual variability

Apart from the climatological differences between the
datasets it is of interest to evaluate how well the instruments
detect signals of interannual variability. Figure 4.11.16
shows the time series of daytime NO, mean values (upper
panels) and deseasonalised anomalies (lower panels) for
the tropical latitude band 20°S-20°N at 10 hPa. Datasets
corresponding to 10am LST are displayed in the left panels

NO, [ppbv] 305-60S, 10 hPa

NO, [ppbv] 105-30S, 3 hPa
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and the original datasets are displayed in the right panels.
The anomalies of the scaled datasets are calculated in an
additive sense by subtracting monthly multi-year mean
values for each month. Such additive anomalies, however,
might also display a diurnal cycle and are therefore not
suitable evaluation tools for the unscaled datasets. Instead,
the anomalies of the unscaled climatologies are calculated
in a multiplicative sense as percentage deviations from the
monthly multi-year mean values, a quantity that is less
affected by the diurnal variations.

In the tropics, NO, shows strong interannual variability
dominated by an approximately two year long cycle,
which is linked to the QBO-modulated transport of NOy,
[Zawodny and McCormick, 1991]. MIPAS, OSIRIS and
SCIAMACHY anomalies in the tropics agree extremely well
and display the expected QBO cycle. Note that although
unscaled OSIRIS mean values display strong deviations
from MIPAS and SCIAMACHY, their multiplicative
anomalies agree as well as the additive anomalies of the
scaled datasets, creating confidence in the method applied.
The scaled ACE-FTS climatology does not show a QBO
signal and reveals only very little interannual variability.
However, the unscaled ACE-FTS anomalies display a QBO
signal very similar to the other instruments indicating that
the missing interannual variability must be introduced by
the scaling procedure. The scaled HIRDLS dataset is only
available from June 2005 to May 2006 and does not provide
any information on interannual variability. The unscaled
HIRDLS climatology covers 3 years and shows similar
interannual signals as the other datasets but with larger
month-to-month variations. Evaluations of tropical night-
time climatologies (not shown) give very similar results.

Figure 4.11.17 shows the evaluation of the interannual
anomalies of the longer time series from SAGE II and
HALOE in comparison with the interannual variability of
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Figure 4.11.15: Seasonal cycle of night-time NO, for 2005-2007. Seasonal cycle of monthly zonal mean NO, for 30°S-60°S
at 10 hPa (left panel), 10°5-30°S at 3 hPa (middle panel) and 30°N-60°N at 10 hPa (right panel). Measurements correspond
directly to 10pm LST (filled symbols) or are scaled to 10pm LST (open symbols). Note that scaled HIRDLS data are only avail-
able for June 2005 — May 2006. ACE-FTS in the SH tropics and NH mid-latitudes does not provide sufficient data coverage to
estimate a fit of the seasonal cycle.
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ACE-FTS, MIPAS, OSIRIS and SCIAMACHY. Since no
scaled versions of SAGE II and HALOE data are available,
the comparison focuses on multiplicative anomalies of the
sunrise/daytime NO,; climatologies including the SAGE II,
HALOE, and ACE-FTS local sunrise datasets as well as
the MIPAS, OSIRIS, and SCIAMACHY 10am datasets.
The comparison of the mean values (upper panel) shows
very good agreement of MIPAS and scaled SCTAMACHY
measurements, and good agreement of sunrise SAGE II,
HALOEand ACE-FTS datafor the overlap period 2004-2005.
Scaled OSIRIS data lie between the two sets of climatologies
and, surprisingly, are slightly closer to the local sunrise
measurements rather than the 10am climatologies from
MIPAS and SCIAMACHY, as one would expect. From 2003
onwards the multiplicative anomalies of all datasets display
the expected QBO signal, with the best agreement between
MIPAS, OSIRIS and SCIAMACHY. While HALOE agrees
with the minimum values in 2003 and 2005 and maximum
values in 2004, it shows much stronger month-to-month
fluctuations. Also, while HALOE data indicate a QBO
signal from 1993 to 1998, it has rather low variability and
no clear QBO cycle for 1998 to 2002. SAGE II has similar
month-to-month variability compared to HALOE, but
shows no clear indication of a QBO signal, possibly as a
result of its relatively sparse data coverage intensified by the
separation into sunrise/sunset measurements. Note that
the evaluation of the local sunset/night-time climatologies
(Figure A4.11.11 in Appendix A4) give similar results
with excellent agreement of the interannual anomalies
of MIPAS, SCIAMACHY, OSIRIS, and GOMOS. One
difference to the local sunrise/daytime evaluations is that
SAGE II and HALOE sunset climatologies agree better on
their interannual variability and display the QBO signal
over the whole time period.

NO, [ppbv] 205-20N, 10 hPa

In the mid-latitudes, NO, shows less interannual vari-
ability and the datasets show less good agreement (Figure
A4.11.12 in Appendix A4) when compared to the tropics.
The largest deviations are found for GOMOS and HIRDLS,
which display strong month-to-month fluctuations. The
evaluation of interannual anomalies at SH polar latitudes
(Figure A4.11.13 in Appendix A4) is based on multiplicative
anomalies calculated relative to the monthly mean values of
the time period 2003-2005 (in order to include POAM III
local sunrise) and on multiplicative anomalies calculated
relative to the time period 2005-2007 (in order to include
MIPAS). Interannual variations are most pronounced dur-
ing the SH winter, but the datasets do not always agree on
sign or magnitude of the anomalies. For the comparison
relative to the time period 2003-2005, POAM III shows
the largest anomalies, and for the comparison relative to
the later time period 2005-2007, the MIPAS anomalies are
strongest. Note that the evaluation of the polar anomalies
might be impacted by sampling artefacts., e.g., compared
to SCIAMACHY, MIPAS observes higher latitudes of the
SH in winter and might see less NO, due to polar vortex
denitrification.

4.11.6  NO, evaluations: Downward transport of NO; during
polar winter

In the polar mesosphere, NOy is produced by ionizing En-
ergetic Particle Precipitation (EPP) [Barth, 1992; Solomon
et al., 1982]. Observations have shown that inside the polar
vortex NOy is transported downwards into the stratosphere
[Funke et al., 2005b; Seppild et al., 2007] causing elevated
NO; levels during polar winter with strong year-to-year
variability. How well the limb-viewing satellite datasets
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Figure 4.11.16: Time series of daytime tropical NO, mean values and anomalies for 2003-2010. Monthly mean values
(upper panels) and deseasonalised anomalies (lower panels) of NO, between 20°S — 20°N at 10 hPa. The 10am climatologies
(left panel) correspond directly to 10am LST (filled symbols) or are scaled to 10am LST (open symbols). The daytime clima-
tologies (right panel) correspond to a variety of LSTs as described in Table 4.11.3. The anomalies are calculated in an additive
manner for the 10am and in a multiplicative manner for the daytime climatologies, as further explained in the text.



agree on this phenomenon is evaluated in Figure 4.11.18,
which shows NO, time series in the USLM (1 hPa) for night-
time climatologies at high NH and SH latitudes. Since at
sunrise/sunset most of the atmospheric NOy is available as
NO and not NO,, solar occultation measurements of NO,
do not show very strong EPP signals. Therefore, the follow-
ing comparison focuses on emission and star occultation
measurements from HIRLDS, MIPAS and GOMOS. As the
only exception, scaled ACE-FTS data are included allowing
for the evaluation of the EPP signal in sunrise/sunset NO,
by scaling it to 10pm NO, abundances.

In both hemispheres, measurements during the polar win-
ter reveal very large NO, values (up to 10 times higher
than the 10 hPa maximum in the summer hemisphere)
related to the polar winter descent of NOy. In the NH,
MIPAS and GOMOS data show very good agreement on
the timing and magnitude of the elevated NO, values for
most years with stronger month-to-month fluctuations for
GOMOS. In the SH, the two datasets also agree very well
for the winter months, however, larger deviations are found
before and after the winter, when MIPAS values decay but
GOMOS values remain high or increase even further. Note
that GOMOS does not provide any measurements dur-
ing the SH polar summer and one can therefore not com-
pare the winter NO, abundance to the annual mean state.
HIRDLS measurements in both hemispheres show elevated
values during the winter months very similar to MIPAS and
GOMOS, except for the SH winter 2007 and the NH win-
ter 2007/2008 when HIRDLS is low. During the rest of the
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year, HIRDLS NO, decays only slightly compared to the
winter months, in contrast to MIPAS data, which is very
low in the spring and summer. Since the HIRDLS night-
time climatology includes only measurements at SZA>90°
with a measurement time varying around 0:30am, the ab-
solute HIRDLS values cannot be compared directly with
MIPAS or GOMOS. Very likely the larger NO, abundances
observed by HIRDLS in summer are due to the fact that
the HIRDLS climatology contains no measurements at il-
luminated conditions when NO, is rapidly transformed
into NO. Based on the MIPAS NOy climatologies in the
same region we would expect the overall NOy abundance
to be ~7-8 ppbv during the NH summer 2005 (see Figure
4.12.9 in Section 4.12), which is roughly consistent with
the HIRDLS NO, values during this time. Scaled ACE-
FTS data, although less frequent, shows the same signal as
MIPAS data with elevated NO, in winter between 5 and
10 ppbv and very low NO, in summer with less than
1 ppbv. Note that unscaled ACE-FTS data do not reveal any
elevated wintertime NO, levels, as expected due to the NO/
NO, partitioning in the LM at sunrise/sunset.

The elevated NO, abundances caused by EPP in the meso-
sphere propagate downward into the upper and middle strato-
sphere during the polar winter as evident from MIPAS and
GOMOS observations in Figure 4.11.19. The time-altitude
cross sections show that elevated NO, exists for every winter
but show a large interannual variability throughout the whole
LM and US. Particularly strong events have been observed for
2004 and 2005 by both instruments. For the two last winters
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Figure 4.11.17: Time series of tropical local sunrise and daytime NO, mean values and anomalies for 1993-2010.
Monthly mean values (upper panels) and deseasonalised anomalies (lower panels) of NO, between 20°S — 20°N at 10 hPa.
Datasets correspond to local sunrise or to 10am LSTs as described in the text.
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of the time series, MIPAS measurements show only slightly
elevated NO, abundances, while the GOMOS time series
includes some larger values that are, however, somewhat iso-
lated in the noisy dataset. Differences of the two instruments
to their MIM are of changing sign reaching +50%. Overall,
during periods of elevated abundances, MIPAS detects less
NO, than GOMOS with the exception of early 2004.

Note that LIMS measurements in the NH winter 1978/1979
also reveal elevated NO, abundances from the LM down
to 20 hPa. Due to the strong interannual variability of EPP
indirect effects, LIMS observations belonging to a different
period are not directly comparable to the other datasets.
Additional to the elevated NO, in the US and LM there is
an apparent excess of LIMS NO; at 10 hPa at high latitudes.
This could partly be due to the fact that there were large
wave-1 events in January 1979 that moved the vortex off the
Pole and brought some NO, to high latitudes.

4.11.7 Summary and conclusions: NO,

A comprehensive comparison of NO, profile climatologies
from 12 satellite instruments (LIMS, SAGE II, HALOE,
POAM II, POAM III, OSIRIS, SAGE III, MIPAS,
GOMOS, SCIAMACHY, ACE-FTS, and HIRDLS) has been
carried out. Overall findings on the systematic uncertainty
in our knowledge of the NO, mean state and important

characteristics of the individual datasets are presented in the
following summary including two synopsis plots. The first
summary plot (Figure 4.11.20) provides information on
the NO, mean state at local sunrise (am LSTs), local sunset
(pm LSTs), 10am and 10pm. Additionally, the uncertainty
derived from the spread between the datasets is given for
all four illumination conditions. The second summary
plot (Figure 4.11.21) shows specific inter-instrument
differences in the form of the deviations of the instrument
climatologies from the MIM climatology. For each region,
four separate evaluations for the four different “illumination
conditions” are included. For each LST, instrument and
selected region the deviation to the MIM is given in form
of the median (mean) difference over all grid points in this
region. Additionally, for each instrument the spread of the
differences over all grid points in this region is presented.
Note that both pieces of information (average deviation
and spread) are important for a meaningful assessment of
inter-instrument differences. A detailed description of the
summary plot evaluations can be found in Section 3.3.5.

Atmospheric mean state

Middle stratosphere (30-5 hPa)

The uncertainty in our knowledge of the atmospheric
NO, annual mean state is smallest in the tropical and

NO, [ppbv] 60N-90N, 1 hPa

20 T T T

15

10

-

NO, [ppbv]

0
Jan02 Jan04

— = — ACE-FTSs10pm —— MIPAS 10pm

Jan06

Jan08 Jan10

GOMOS 10pm — + — HIRDLS night

NO, [ppbv] 605S-90S, 1 hPa

20

15

10

NO, [ppbv]

0
Jan02

— +~ — ACE-FTSs10pm —— MIPAS 10pm —=— GOMOS 10pm

Jan08 Jan10

— + — HIRDLS night

Figure 4.11.18: Time series of polar night-time NO, for 2002-2010. Time series of night-time NO, at 1 hPa for 60°N-90°N
(upper panel) and for 60°S-90°S (lower panel) from 2002 to 2010 are shown.
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Figure 4.11.19: Altitude time evolution of NO, mean values and differences to the MIM in the Arctic. Altitude-time
sections of monthly zonal mean NO, (upper panels) and differences to the MIM (lower panels) corresponding to 10pm for
60°N-90°N from 2002 to 2010 are shown. The differences to the MIM are displayed by colour contours while the overlaid black

contours show the MIM NO, field.

mid-latitude MS. The evaluation of three solar occultation
local sunrise/sunset datasets for 2004-2005 reveals a 1o
multi-instrument spread in this region of +5% to +10%
(Figure 4.11.20, right panel). The datasets corresponding
to 10am/pm LST give a slightly larger spread in the MS of
+10% to +20%. Note that the latter comparison is based
on climatologies derived by scaling measurements with a
chemical box model to a common LST.

Lower stratosphere (100-30 hPa)

In the LS, the NO, abundances decrease quickly and the
local sunrise/sunset climatologies from the solar occulta-
tion instruments show a large spread (1o of £50%), while
a slightly better agreement is found for the daytime/night-
time climatologies (10 of £10% to £50%). In particular, the
10am climatologies show a good agreement in the NH mid-
latitudes down to 100 hPa.

Upper stratosphere (5-1 hPa)

In the US, the best agreement is found for the clima-
tologies corresponding to 10pm LST, which give a multi-
instrument spread in the tropics and mid-latitudes of +5% to
+10%. Larger deviations are found for the other sets of climatol-
ogies, in particular above 2 hPa with a 10 spread of up to +30%.

High latitudes

At high latitudes, the instruments show larger deviations
than at lower latitudes. In the MS, best agreement is found
for the local sunrise datasets (10 of +10% to £20%) while
all other sets of climatologies give a larger uncertainty of
the mean state (10 of +50%). In the USLM, the high lati-
tude annual mean NO, abundance is dominated by the po-
lar night NOy descent, which is best reported by the limb
emission instruments.

Instrument-specific conclusions

Local sunrise/sunset climatologies from solar occultation
instruments

SAGE II, HALOE and ACE-FTS show very good to good
agreement in the MS, with mean differences below +5% for
their local sunset climatologies and below £10% for their
local sunrise climatologies (Figure 4.11.21). Above and
below this level, the relative differences increase steadily
reaching mean values of up to £20% in the US and up to
1£50% in the LS. For most regions, the NO, local sunrise
and sunset evaluations give a consistent picture, however,
some differences exist (e.g., for ACE-FTS and SAGE II in
the tropical LS). Despite their sparser data coverage when
compared to other limb sounders, all three solar occulta-
tion instruments observe the tropical QBO cycle except for
the SAGE II sunrise climatologies, in which no QBO signal
can be identified. One important characteristic of the solar
occultation climatologies is the stronger month-to-month
fluctuations. A comparison of the long-term climatologies
from SAGE II and HALOE (1992-2005) leads to similar re-
sults as the comparison of their short-term climatologies

(2004-2005) discussed above.

* When compared to the other solar occultation datasets,
SAGE II detects mostly larger NO, abundances, with
the exception of the MS local sunrise climatologies, for
which SAGE 1I is lowest. In the US, a relatively large
regional spread (over all US grid points) of the SAGE II
differences is found, indicating individual monthly
mean differences larger than +50%.

e HALOE detects less NO, than the other two instru-
ments except around 10 hPa where, depending on the
latitude bin, it can show larger values. Evaluations of
the HALOE local sunrise and sunset climatologies give
consistent results.



178  Chapter 4: Climatology evaluations

NO, (sr) MIM (2004-2005)

0.1 T T T
— TF
&
<
®
E 10
v
a

100 F

Latitude
NO, (ss) MIM (2004-2005)

0.1 T T T
— 1F
&
=
g
a 10
g
a

100 ¢

5(.)5 (.J 5;)N
Latitude

NO, (10am) MIM (2005-2007)
0.1 T T T

Pressure [hPa]

Latitude

NO, (10pm) MIM (2005-2007)

0.1

—
o

Pressure [hPa]

100

Latitude

b
poby,

NO, (sr) std (2004—2005) ppby NO, (sr) rel std (2004-2005) %

0.6
05 _ -

1 Hosa | = |
03

] 0.2 i 2 ]

i Mo =¥ . . {"j" ]
0 . . .

Latitude Latitude

NO, (ss) std (2004-2005) ., NO, (ss) rel std (2004-2005)

. 0.6 :
05
7 =N — =N
/ i 04 i i
2 03
: & 02 j
E | 0.1 R =2
1 1 1 0 1 1 1

NO, (10am) std (2005-2007)

50S 0 50N 50S 0 50N
Latitude Latitude

ppby NO, (10am) rel std (2005-2007)

NO, (10pm) std (2005-2007)

30
25
20
15
10
5
0
30
25
20
15
10
5
0
30
25
20
15
10
5
0

; ; 06 ;
05
04 . —
03
02 . 2
0.1 )
0 - . - . = .

Latitude Latitude

NO, (10pm) rel std (2005-2007) o

b6 ¢ 30
05 25
04 20
03 15
02 10
0.1 5
0 ' - : 0

505 0 50N
Latitude Latitude

Figure 4.11.20: Summary of NO, annual zonal mean state for 2004-2005 and 2005-2007. Annual zonal mean cross sec-
tions of the NO, MIM are shown in the left panels for local sunrise (upper row), local sunset (second row), 10am (third row)
and 10pm (lower row) illumination conditions. The local sunrise and sunset mean state for 2004-2005 are based on SAGE Il,
HALOE and ACE-FTS. The mean state at 10am for 2005-2007 is based on MIPAS at 10am and OSIRIS, SCIAMACHY, ACE-FTS,
and HIRDLS scaled to 10am. The mean state at 10pm for 2005-2007 is based on MIPAS and GOMOQS at 10pm and OSIRIS,
SCIAMACHY, ACE-FTS, and HIRDLS scaled to 10pm. Additionally, for all four illumination conditions, the standard deviation
over all respective instruments is presented in the middle panel. Relative standard deviation (calculated by dividing the abso-
lute standard deviation by the MIM) is shown in the right panel. Black contour lines in the right panels give the MIM distribu-
tion. The MIM and standard deviation are only displayed for regions where at least two instruments provide measurements.

* The ACE-FTS NO; local sunset climatologies are in the e SAGE III, POAM II, and POAM III provide mea-
mid-range between the other two instruments. ACE- surements over a narrow range at high latitudes. The
FTS local sunrise climatologies in the LSMS, however, POAM 1I climatology for 1994-1996 reports smaller

display largest NO, abundances.

values than SAGE II and HALOE with differences from
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Figure 4.11.21: Summary NO, differences for 2004-2005. Over a given latitude and altitude region the median (squares),
median absolute deviation (MAD, thick lines), and the standard deviation (thin lines) of the monthly mean relative differences
between an individual instrument-climatology and the MIM are calculated. Results are shown for the tropics (30°S-30°N) and
mid-latitudes (30°5-60°S and 30°N-60°N) and for three different altitude regions from the UT up to the LM between 300 and

0.1 hPa for the reference period 2004-2005.

the MIM of around -10%. The comparison of POAM
III and SAGE III to the other instruments for 2004-
2005 yields a good agreement in the MS with differ-
ences often below £5% except for a divergence between
ACE-FTS and SAGE III in March (£10%). In general,
SAGE III is similar to SAGE II and shows larger NO,
values than the other datasets, while POAM III mostly
resides in the mid-range.

10am/pm climatologies

The limb emission and scattering instruments MIPAS,
OSIRIS, SCIAMACHY, and HIRDLS are evaluated based
on their 10am/pm climatologies, with the latter three de-
rived from scaling with a chemical box model. Addition-
ally, a 10pm climatology from the stellar occultation instru-
ment GOMOS and 10am/pm climatologies from the scaled
local sunrise/sunset measurements of the solar occultation

instrument ACE-FTS are included in the evaluation. All
climatologies show a good agreement in the MS with
mean differences of +5% to £10%. In particular MIPAS,
GOMOS, OSIRIS and SCIAMACHY agree very well with
differences below £5% and in some cases even below +2%
(e.g., for 10pm climatologies in mid-latitudes). In the LS,
overall mean differences can be as large as £40%, however,
MIPAS, OSIRIS, and SCIAMACHY are very close to each
other with differences among them in the range of £5% for
most cases (£20% for the 10pm climatologies in the trop-
ics). In the US, the inter-instrument spread is about £25%,
with the lower end of the range given by HIRDLS or ACE-
FTS depending on latitude and LST. OSIRIS and GOMOS
in the middle range agree very well (+2%) and the same
is true for MIPAS and SCIAMACHY (+2%) at the upper
end of the measurement range. Monthly zonal mean cross
sections (Figures 4.11.9 - 4.11.12) reveal that for most cli-
matologies the deviations from the MIM can change sign
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depending on the latitude band and month. All 10am/pm
climatologies show the tropical QBO signal with the best
agreement found between MIPAS, OSIRIS, SCTAMACHY
and GOMOS.

e MIPAS measurements correspond directly to 10am/pm
and have not been scaled for the evaluations presented in
this chapter. The MIPAS climatologies, when compared to
other datasets, are mostly in the middle range, with slight-
ly larger NO, abundances and only small deviations from
the MIM of up to +5% in MS and up to +15% in the US.
Only in the LS, MIPAS shows negative deviations (-15%).

e The OSIRIS climatologies, based on measurements
scaled to 10am/pm, agree very well with the MIM.
Largest deviations are found in the tropical US where
OSIRIS data corresponding to 10am show a mean dif-
ference of -7%. In the LS, a relatively large spread be-
tween all datasets is observed with OSIRIS in the mid-
dle range.

* The scaled SCIAMACHY climatologies agree overall
very well with MIPAS and OSIRIS. Notable differences
occur in the tropical US, where SCIAMACHY sets the
upper end of the range of climatological values with
mean differences from the MIM of +15%. In the tropi-
cal LS, SCTAMACHY values scaled to 10pm are on the
low side with deviations from the MIM of up to -25%.
Note that the SCTAMACHY daytime climatology does
not show smaller differences to the MIM than the eval-
uation of the night-time climatologies (except for the
tropical LS) although the latter is based on a scaling to
completely different illumination conditions.

* GOMOS stellar occultation measurements are only
available in the night. The GOMOS 10pm climatology
is in the middle range of the other measurements in the
US, where they compare very well with OSIRIS and also
in the MS, where they are very close to MIPAS, OSIRIS
and SCIAMACHY. In the LS, however, GOMOS ob-
serves more NO, than all other datasets resulting in
large mean deviations from the MIM of up to +40%.
Additionally, large deviations of GOMOS from the
MIM in the mid-latitudes below 100 hPa cause a large
inter-instrument spread whenever GOMOS measure-
ments are present and therefore large variations of the
differences of the other instruments from the MIM over
the mid-latitude LS. GOMOS interannual anomalies in
the mid-latitudes are characterised by strong month-to-
month fluctuations.

* Scaled HIRDLS data agree well with the other datasets
in the mid-latitude MS. Here, mean differences are
less than 5%, however, a relatively wide regional
spread (over all MS mid-latitude grid points) of the
differences is found, indicating individual monthly
mean differences larger than +20%. In the US, there is a
notable difference between HIRDLS 10am and HIRDLS
10pm climatologies with the latter agreeing quite well
(up to -10%) while the first show mean differences
to the MIM of up to -30%. The reverse is true for the
LS, where the HIRDLS 10pm climatologies are in the
middle range while the 10am climatologies show large
positive differences of up to +40%. The NO, seasonal

cycle derived from HIRDLS data often show stronger
amplitude than suggested by the other instruments; the
HIRDLS interannual anomalies also generally exhibit
larger month-to-month fluctuations than the other
observations.

 In the US and tropical MS, scaled 10am ACE-FTS data
show a good agreement with the other datasets with
small differences from the MIM (1% in the US, 5% in the
MS). Scaled 10pm ACE-FTS data, on the other hand, are
low and close to HIRDLS in the tropical MS/US (-5%)
and well below all other datasets in the mid-latitude US.
This inconsistency between ACE-FTS 10am and 10pm
climatologies is not observed in the LS and mid-latitude
MS, where both climatologies are always on the low side
with differences of up to -40% in the LS.

Comparing local sunrise/sunset measurements and 10am/pm
climatologies

The ACE-FTS climatologies are available in unscaled form
where they can be compared to local sunrise/sunset clima-
tologies from solar occultation instruments, and in scaled
form where they can be compared to the 10am/pm clima-
tologies from limb emission and scattering instruments. In
the tropical MS, ACE-FTS agrees well with the 10am/pm
climatologies and with the sunrise/sunset climatologies
with differences up to £5% (except for SAGE II local sun-
rise data). This agreement suggests that all available mea-
surements at different LSTs are consistent with each other
in this region. In the mid-latitude MS, ACE-FTS agrees
quite well with SAGE II and HALOE but is on the lower
side of the 10am/pm climatologies with differences of up
to -10%. One needs to keep in mind that such differences
could have been introduced by scaling the ACE-FTS data.
However, if one assumes no errors from the scaling, then
the solar occultation instruments would observe less NO,
than the emission and scattering instruments in the mid-
latitude MS. In the US, the same approach would place
SAGE II measurements in the middle range with slightly
positive differences and would give negative difference for
HALOE versus most other datasets. In the LS, SAGE II and
HALOE would both be on the low side when compared to
the other instruments via ACE-FTS (except for SAGE II
sunset data).

4,12 Nitrogen oxides — NO,

Nitric oxide (NO) and nitrogen dioxide (NO,) are togeth-
er known as the nitrogen family NOy. Sources of tropo-
spheric NOy include fossil fuel burning, lightning, chemi-
cal processes in soils, and biomass burning (see Sections
4.10 and 4.11). The primary source of NOy in the strato-
sphere is the oxidation of N,O also originating from soil
emissions (see Section 4.4), which is transported from the
troposphere into the stratosphere. NOy is an efficient cata-
lyst for the destruction of stratospheric ozone [Crutzen,
1970; Johnston, 1971]. While chlorine- and bromine-con-
taining halocarbons have been successfully reduced by the
Montreal Protocol and its Amendments and Adjustments,
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Figure 4.12.1: Diurnal NOy cycle. NO, variations as function of LST are shown at 10°N and 40°N for at 1, 10 and 100 hPa for

March 15.

N,O emissions are unregulated and are expected to be-
come the most important ozone-depleting emission dur-
ing the 21° century [Ravishankara et al., 2009] on the basis
of NOy driven catalytic ozone loss. The second important
source of stratospheric NOy is the enhancement of upper
atmospheric NOy through ionizing Energetic Particle Pre-
cipitation [Barth, 1992; Solomon et al., 1982] and the NOy
downward transport inside the polar vortex [Funke et al.,
2005b; Seppiild et al., 2007]. This mechanism is enabled by
the absence of solar radiation during the polar winter when
chemically long-lived NOy is dominated by atmospheric
transport and has been suggested to impact global ozone
variability [e.g., Vogel et al., 2008; Reddmann et al., 2010].

Stratospheric NOy, given as the sum of NO, and NO, dis-
plays a weak diurnal cycle in the LS and MS. Figure 4.12.1
shows the diurnal NOy cycle as a function of LST for three
different pressure levels as derived from a chemical box
model [McLinden et al., 2010].

4121 Availability of NO, measurements

HALOE, ACE-FTS and MIPAS measure both NO and NO,
and can therefore provide vertically resolved NOy clima-
tologies based on the sum of the two trace gases. OSIRIS
and SCIAMACHY measure NO, but not NO. For these
two instruments the NOy climatologies are compiled based
on their NO, measurements and on NO profiles derived
from a chemical box model [McLinden et al., 2010]. Both of

these NOy datasets as well as ACE-FTS data are afterwards
scaled to 10am/pm in order to be comparable to MIPAS
measurements. For OSIRIS, the scaling of NO, to NOy at
10am/pm is done profile-by-profile with the photochemical
box model initialised with measured trace gas abundances
and temperature. The scaling for SCTAMACHY and ACE-
FTS on the other hand is performed based on lookup tables
calculated from the photochemical box model initialised
with climatological inputs (see Section 3.1.2). In addition to
the climatologies corresponding to 10am/pm, solar occul-
tation measurements from HALOE and ACE-FTS can be
compared directly if separated into local sunrise and sunset
data. The two instruments overlap during 2004-2005.

Table 4.12.1 summarises all available NOy climatologies
derived from satellite measurements including time period
and vertical range. Information on NO and NO, measure-
ments used for deriving the NOy climatologies, including
time period, vertical range and resolution, and relevant ref-
erences are given in Sections 4.10 and 4.11.

4.12.2 NO, evaluations: Zonal mean cross sections

HALOE and ACE-FTS (2004-2005)

For the time period 2004-2005, the long NOy time series
from HALOE overlaps with the more recent time series
from ACE-FTS. Figure 4.12.2 shows the HALOE, and

Table 4.12.1: Available NO, datasets based on measurements from limb-sounding satellite instruments between 1978
and 2010. The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Figure 4.12.2: Cross sections of monthly zonal mean, local sunrise and sunset NO, for 2004-2005. Monthly zonal mean,
local sunrise (column 1 and 2) and sunset (column 3 and 4) NO, cross sections for April and August are shown for HALOE

(upper row) and ACE-FTS (lower row).

ACE-FTS local sunrise and sunset NO, climatologies for
April and August, while Figure 4.12.3 shows the differ-
ences of both instruments from their MIM. Note that we
use the comparison of both datasets to their MIM (and not
a direct comparison) in order to stay consistent with other
parts of the report. Departures from the mean in the MS
and US are small and mostly below +10%. HALOE shows
larger values than ACE-FTS in the MS (and also in the US
for April) and lower values otherwise. In the tropical LS,
the relative differences increase to up to £50%. Evaluations
for the rest of the year agree in general with the April and

August differences. However, the vertical extent of the re-
gion where HALOE shows larger NOy values compared
to ACE-FTS can differ with season and latitude and can
sometimes extend through the whole MS and US. Note
that there is less overlap between the two instruments for
the other months of the year. While some month-to-month
variations of the differences exist, the deviations between
the local sunrise measurements are consistent with the
comparison of the local sunset measurements over the
same month and latitude.
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Figure 4.12.3: Cross sections of monthly zonal mean, local sunrise and sunset NO, differences for 2004-2005. Monthly
zonal mean, local sunrise (column 1 and 2) and sunset (column 3 and 4) NO, differences for April and August between the
individual instruments (HALOE and ACE-FTS) and their MIM are shown.
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Figure 4.12.4: Profiles of monthly zonal mean, local sunrise NO, NO,, and NO, for 2004-2005. Zonal mean NO, NO,, and
NO, profiles for 15°5-20°S and 20°N-25°N for August are shown together with their differences from the MIM.

For both local sunrise and sunset measurements, the evalu-
ation of NO, from HALOE and ACE-FTS shows in general
the same features as the evaluation of NOy from the two
instruments, as illustrated in Figure 4.12.4 for individual
profile comparisons. For NO,, HALOE is larger than ACE-
FTS only between 20 and 3 hPa but lower otherwise, in
agreement with the results from the NOy deviations. In
addition to the NO, and NOy profiles, the corresponding
NO data are shown in Figure 4.12.4. NO differences are
consistent with NOy in the US and MS, but not in the LS
where HALOE measures more NO, but less NO, and NOy.

OSIRIS, SCIAMACHY, MIPAS, and ACE-FTS (2005-2010)

Figure 4.12.5 shows the NOy 10am and 10pm climatolo-
gies for August 2005-2010. The datasets correspond to
either 10am or 10pm LST, with scaled ACE-FTS, OSIRIS
and SCIAMACHY (labelled as s10am and s10pm in the
figure titles), and can be directly compared to each other.
The four datasets corresponding to 10am or 10pm LST,
respectively, show a similar NOy distribution. However,
some differences exist (e.g., different meridional gradients
around 10 hPa for SCCAMACHY). MIPAS 10am and 10pm
measurements during the polar night above 10 hPa reveal
very large NOy values related to the polar winter descent
of NOy produced by energetic particle precipitation in the
upper atmosphere.

Differences of the individual datasets from their respective
MIM for August 2005-2010 are displayed in Figure 4.12.6.
In general, the differences for the 10am climatologies in the
MS are below +10%, and reach values of 10 to +20% only
in some regions, similar to the comparison of the solar oc-
cultation instruments. MIPAS is in the middle of the mea-
surement range, with deviations in the MS of only up to
+5%. ACE-FTS and OSIRIS display opposite structures in
their deviations from the MIM, with strong negative (posi-
tive) deviations in the SH extra-tropics. The structure of the
differences is similar to that found for the comparison of the
NO, climatologies (see Figure A4.12.1 in Appendix A4).
However, the NOy climatologies, in particular the ones

from MIPAS, agree better than the NO, climatologies and
show smaller differences from their respective MIM.

NOy 10pm climatologies show deviations of around £10 to
+20% in the MS. Overall, the deviations are consistent with
the ones derived for the 10am climatologies. While the re-
sults for SCTAMACHY and OSIRIS are very similar, some
inconsistencies can be observed for MIPAS, for which neg-
ative deviations of -20(50)% are found in the MS(LS) that
do not exist for the 10am climatologies. Since most of the
10pm NOy is present as NO,, the differences of the NOy
climatologies resemble the differences of the NO, clima-
tologies (see Figure A4.12.1 in Appendix A4). Not only do
they display the same structure but they are also of similar
or slightly larger magnitude, in contrast to the 10am clima-
tologies where the relative differences for NOy are smaller
than those for NO,. A comparison of climatologies for oth-
er months reveals similar differences (see Figures A4.12.2
and A4.12.3 in Appendix A4). The yearly mean climatolo-
gies and their relative differences with respect to the MIM
(see Figures A4.12.4 and A4.12.5 in Appendix A4) show a
similar structure but overall larger differences.

For both 10am and 10pm climatologies, the departure of
unscaled datasets (e.g., unscaled OSIRIS data correspond-
ing to a variety of LSTs) from the MIM is quite different
to that of the scaled data. This indicates that, although the
diurnal cycle is weaker for NOy than for NO or NO,, the
NOy climatologies corresponding to the different LSTs can-
not easily be compared unless the dependence on the LST is
taken into account. A comparison of the two local sunrise/
sunset datasets from HALOE and ACE-FTS to the four da-
tasets corresponding to 10am/pm LST will be complicated
by the diurnal cycle, and deviations cannot be attributed
to actual measurement differences. Therefore, such a com-
parison is not provided here.

4123 NO, evaluations: Seasonal cycles

NOy exhibits a strong seasonal cycle due to the effects
of sunlight on the partitioning of the nitrogen family.
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Figure 4.12.5: Cross sections of monthly zonal mean NO, for August 2005-2010. Monthly zonal mean NO cross sections
of 10am (upper panels) and 10pm (lower panels) climatologies for August 2005-2010 are shown.

Figure 4.12.7 displays the seasonal cycle of the 10am (up-
per panels) and 10pm (lower panels) NOy climatologies for
NH and SH mid-latitudes and tropics.

In the SH mid-latitudes, all four datasets agree very well on
the seasonal cycle, with maximum values in summer and
minimum values in winter. The best agreement is found for
MIPAS and SCIAMACHY, which both show the same am-
plitude and phase, in particular for the 10am climatologies.
For OSIRIS, the phase is shifted by one month (with a mini-
mum in May) due to missing data coverage in June and July,
as well as slightly elevated values in August compared to
the other two datasets. The phase shift is more pronounced
for the OSIRIS 10pm climatologies. ACE-FTS mean val-
ues are lower and show a larger spread around the fitted

NO, ACE-FTS s10am — MIM Aug NO, MIPAS am — MIM Aug

NO, SCIAMACHY s10am — MIM Aug

seasonal cycle, but still display very similar amplitude and
phase. Note that for the ACE-FTS 10pm climatology there
are no data during the SH autumn and winter, and only the
September value constrains the seasonal cycle. The result-
ing amplitude agrees very well with that based on 10pm
SCIAMACHY data, with both datasets producing an am-
plitude that is approximately 10% larger than that detected
by MIPAS and OSIRIS.

In the NH mid-latitudes, the 10am MIPAS, OSIRIS and
SCIAMACHY climatologies show the same annual cycle,
with only slight differences in the amplitude of the seasonal
signal. While OSIRIS has the smallest and SCTAMACHY
the largest amplitude, MIPAS is in the middle range be-
tween the two instruments. ACE-FTS at 10am agrees on the
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Figure 4.12.6: Cross sections of monthly zonal mean NO, differences for August 2005-2010. Monthly zonal mean NO,
differences from the MIM of 10am (upper panels) and 10pm (lower panels) climatologies for August 2005-2010 are shown.
The MIM is based on all displayed climatologies corresponding to the respective LST.



general structure of the seasonal signal but shows a larger
amplitude due to low values in January and November.
The 10pm datasets all show a very similar phase, includ-
ing ACE-FTS. Here, the largest deviations to the evaluation
of the 10am climatologies are the pronounced differences
in the amplitude of the seasonal cycle. SCIAMACHY ob-
serves an amplitude four times larger than ACE-FTS, while
MIPAS and OSIRIS agree very well in the middle range.

In the SH tropics, all four instruments detect a seasonal
cycle with maximum values in the SH summer/early
autumn, however they disagree on the details of the cycle.
SCIAMACHY has larger mean values than the other
datasets for most of the year (particularly pronounced for
the 10pm climatologies) but a seasonal cycle very similar to
the one detected by MIPAS. OSIRIS shows a slightly smaller
amplitude than SCIAMACHY and MIPAS and a flattened
maximum extending over 5 months. The largest deviations
of the 10am seasonal cycle are found for ACE-FTS, which
does not show the expected minimum in August but
detects lowest NOy in November. ACE-FTS at 10pm does
not provide sufficient data to fit a seasonal cycle.

NO, [ppbv] 305-60S, 10 hPa

NO, [ppbv] 105-30S, 3 hPa
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For SCIAMACHY, large deviations are found in the US at
high latitudes (Figure A4.12.6 in Appendix A4), where it
does not produce the minimum in winter as observed by
the other datasets. Note that this deficiency is not related
to the choice of a wide latitude band (60°-90°) as similar
results are obtained by analysing narrower latitude bands
(60°-65°).

412.4 NO, evaluations: Interannual variability

In addition to the absolute differences between the clima-
tologies, it is of importance to evaluate how well the in-
struments detect signals of interannual variability. Figure
4.12.8 shows the time series of 10am and local sunrise NOy
mean values (upper panels) and deseasonalised anomalies
(lower panels) from 2003 to 2010. Datasets corresponding
to 10am LST (MIPAS, scaled OSIRIS, scaled SCITAMACHY)
and the two local sunrise datasets (ACE-FTS and HALOE)
are compared in the tropics (20°S-20°N) at 10 hPa and NH
mid-latitudes (40°N-50°N) at 7 hPa. The anomalies of the
climatologies are calculated in a multiplicative sense as
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Figure 4.12.7: Seasonal cycle of 10am and 10pm NO, for 2005-2010. Seasonal cycle of monthly zonal mean NO for
30°S-60°S at 10 hPa (left column), 10°S-30°S at 3 hPa (middle column) and 30°N-60°N at 10 hPa (right column) for 10am
(upper row) and 10pm (lower row) climatologies. Measurements correspond directly to 10am/pm LST (filled symbols) or are
scaled to 10pm/am LST (open symbols). ACE-FTS scaled to 10pm in the SH tropics does not provide sufficient data coverage

to estimate a fit of the seasonal cycle.
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Figure 4.12.8: Time series of 10am and local sunrise NO, mean values and anomalies for 2003-2010. Monthly mean
values (upper panels) and deseasonalized anomalies (lower panels) of NO, at 10 hPa for 20°S - 20°N and at 7 hPa for
40°N-50°N. Measurements correspond to local sunrise conditions (ACE-FTS st, HALOE sr), to 10am LST (MIPAS am) or are
scaled to 10am LST (SCIAMACHY s10am, OSIRIS s10am).

percent deviations from the monthly multi-year mean val-  the tropics agree very well and display the expected QBO
ues, a quantity that is less affected by the diurnal variations  cycle. Unscaled ACE-FTS and HALOE data show a QBO
than anomalies calculated in an additive sense. signal similar to the other datasets but also exhibit stronger

month-to-month variability. The interannual variability of
In the tropics, NOy is dominated by an approximately two  the scaled ACE-FTS data (not shown here) do not agree as
year long cycle which is linked to the QBO (see Section  well with the other datasets compared to the unscaled ACE-
4.11). MIPAS, OSIRIS, and SCIAMACHY anomalies in ~ FTS data, similar to the results for NO,.
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Figure 4.12.9: Time series of polar NO, for 2003-2010. Time series of polar 10pm and local sunset NO, for 60°S-90°S (upper
panel) and 60°N-90°N (lower panel) at 1 hPa from 2003 to 2010 are shown.
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In the mid-latitudes, the dataset anomalies show simi-
lar signals related to interannual variability, although the
agreement is not as good compared to the tropics, con-
sistent with results from the evaluations of the NO, inter-
annual variability. Again, the scaled ACE-FTS data (not
shown here) mostly fail to reproduce the interannual signal
observed by the other instruments.

Most features observed for deseasonalised 10am and local
sunrise NOy also hold for the 10pm and local sunset NOy
time series (see Figure A4.12.7 in Appendix A4). The tropical
anomalies show a very similar QBO signal that agrees quite
well between all instruments. Overall, the three 10pm datasets
agree better with each other than with ACE-FTS and HALOE.
In the SH mid-latitudes, SCCAMACHY shows smaller anoma-
lies than the other datasets for some years (e.g., 2007).

4.12.5 NO, evaluations: Downward transport of NO, during
polar winter

In the polar mesosphere, NOy is produced by EPP [Barth,
1992; Solomon et al., 1982]. Observations have shown that
NOy in the polar mesosphere is transported downwards into
the stratosphere inside the polar vortex [Funke et al., 2005b;
Seppiild et al., 2007] causing elevated NOy levels during po-
lar winter. How well the limb-viewing satellite datasets agree
on this phenomenon is evaluated in Figure 4.12.9, which
shows NOy time series in the USLM (1 hPa) for local sunrise
and 10pm climatologies at high NH and SH latitudes.

NO, (10am) MIM (2005-2010)
0.1 - - - 18

NO, (10am) std (2005-2010)

MIPAS shows very high NOy abundances for the SH win-
ters 2003 and 2005, and for the NH winters 2003/2004 and
2004/2005. For most of these pronounced events HALOE and
ACE-FTS do not provide the monthly zonal means, so that a
direct comparison is not possible. The only exception is the
NH winter 2004/2005, for which sunset ACE-FTS in Febru-
ary confirms high NOy values exceeding 10 ppbv as observed
by MIPAS. For the rest of the observation time period the
polar NO, time series shows a semi-annual oscillation with a
maximum in summer due to a build up from reservoirs and
(for most years) a maximum in winter due to EPP events.
For the NH winters 2006/2007 and 2007/2008, MIPAS and
sunset ACE-FTS datasets both confirm elevated NOy values,
while for the remaining winters a direct comparison is more
complicated due to missing data coverage for ACE-FTS. Note
that scaled ACE-FT'S NOy data show no clear signals of EPP
events opposite to scaled ACE-FTS NO, data (Section 4.11).

4.12.6 Summary and conclusions: NO,

A comprehensive comparison of NOy profile climatologies
from five satellite instruments (HALOE, OSIRIS, MIPAS,
SCIAMACHY, and ACE-FTS) has been carried out. Over-
all findings on the systematic uncertainty in our knowledge
of the NO4 mean state and important characteristics of the
individual datasets are presented in the following summa-
ry, including three synopsis plots. The first summary plot
(Figure 4.12.10) provides information on the NOy mean
state at 10am and 10pm. Additionally, the uncertainty
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Figure 4.12.10: Summary of NO, annual zonal mean state for 2005-2010. Annual zonal mean cross sections of the NO,
MIM are shown in the left panels for10am (upper row) and 10pm (lower row) illumination conditions. The NO, mean state at
10am (pm) is based on MIPAS at 10am (pm), ACE-FTS scaled to 10am (pm) and OSIRIS and SCIAMACHY derived from NO, with a
chemical box model and scaled to 10am (pm). For both illumination conditions, the standard deviation over all respective instru-
ments is presented in the middle panel, and the relative standard deviation in the right panel. Black contour lines give the MIM dis-
tribution. The MIM and standard deviation are only displayed for regions where at least two instruments provide measurements.
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Figure 4.12.11: Summary NO differences in the tropics
for 2004-2005. Over a given latitude and altitude region
the median (squares), median absolute deviation (MAD,
thick lines), and the standard deviation (thin lines) of the
monthly mean relative differences between an individual
instrument-climatology and the MIM are calculated. Re-
sults are shown for the tropics (30°S-30°N) for three different
altitude regions from the UT up to the LM between 100 and
0.1 hPa for the reference period 2004-2005.

derived from the spread between the datasets is given for
both illumination conditions. The second summary plot
(Figures 4.12.11 and 4.12.12) shows specific inter-instru-
ment differences in form of deviations of the instrument
climatologies from the MIM climatology. For each region
four separate evaluations for the four different illumina-
tion conditions (10am, 10pm, ss, sr) are included. For each
LST, instrument and selected region, the deviation from
the MIM is given in form of the median (mean) difference
over all grid points in this region. Additionally, for each in-
strument the spread of the differences over all grid points
in this region is presented. Note that both pieces of infor-
mation (average deviation and spread) are important for a

meaningful assessment of inter-instrument differences. A
detailed description of the summary plot evaluations can
be found in Section 3.3.5.

Atmospheric mean state

The assessment of the atmospheric NOy annual mean state
is based on four climatologies corresponding to 10am and
10pm, respectively. Note that three out of four climatologies
have been derived by scaling the individual measurements
with a chemical box model to 10am/pm LST.

Middle and upper stratosphere (30-1 hPa)

The uncertainty in our knowledge of the atmospheric NOy
annual mean state is smallest in the tropical and NH mid-
latitude MS/US (Figure 4.12.10, right panel), with a 1o
multi-instrument spread in this region of up to +10%. In
particular, in the NH mid-latitude MS, the instruments
agree very well (10 of £5%). In the SH subtropics, the in-
ter-instrument spread is comparable to the tropics (up to
+10%), but deviations increase in the SH mid-latitudes, in
particular for the 10am climatologies (up to £20%).

Lower stratosphere (100-30 hPa)

In the LS, the NO, abundances decrease quickly with de-
creasing altitude and large deviations of up to £30% are
found in the SH mid-latitudes and for the 10pm clima-
tologies also in the tropics. The instruments show a better
agreement in the NH mid-latitudes and SH subtropics with
a spread of up to £20%.

High latitudes

At high latitudes, the instruments show larger deviations
than at lower latitudes. In the MS, the best agreement is
found for the 10pm climatologies in the NH where a spread
larger than +£20% is found only north of 80°N. In the USLM,
the high latitude annual mean NOy abundance is dominat-
ed by the polar night NOy descent, causing an increase of
the inter-instrument spread for levels above 1 hPa.

Instrument-specific conclusions

Local sunrise/sunset climatologies from solar occultation
instruments

HALOE and ACE-FTS show an excellent agreement in
the US with mean differences below +2.5% for their lo-
cal sunset and sunrise climatologies (Figures 4.12.11 and
4.12.12). In the MS, HALOE detects slightly larger NOy
abundances than ACE-FTS resulting in differences with
respect to their MIM of +5%. The only exception to this is
the comparison of the local sunset climatologies in the mid-
latitude MS where both instruments show differences of up
to £10%. In the LS, the relative differences increase steadily,
reaching mean values of up to +30% with HALOE on the
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Figure 4.12.12: Summary NO, differences in the mid-Ilatitudes for 2004-2005. Over a given latitude and altitude region
the median (squares), median absolute deviation (MAD, thick lines), and the standard deviation (thin lines) of the monthly
mean relative differences between an individual instrument-climatology and the MIM are calculated. Results are shown for
the NH mid-latitudes (30°N-60°N) and for the SH mid-latitudes (30°S-60°S) for three different altitude regions from the UT up
to the LM between 100 and 0.1 hPa for the reference period 2004-2005.

low side and ACE-FTS on the high side. In particular in the
mid-latitude LS, both datasets show a large regional spread
(over all grid points in this region) indicating that the de-
viations are not well defined. Overall, the NOy local sun-
rise and sunset evaluations give a consistent picture, with
the exception of the mid-latitude MS. Despite their lower
data coverage when compared to other limb sounders, both
solar occultation instruments display important signals of
interannual variability like the tropical QBO cycle. At the
same time they show stronger month-to-month fluctua-
tions probably related to sampling impacts.

10am/pm climatologies
The limb emission and scattering instruments MIPAS,

OSIRIS, and SCIAMACHY, are evaluated based on their
10am/pm climatologies, with the latter two derived from

scaling with a chemical box model. Additionally, 10am/
pm climatologies from the scaled local sunrise/sunset mea-
surements of the solar occultation instrument ACE-FTS are
included in the evaluation. All climatologies show a good
agreement in the tropical and NH mid-latitude MS with
mean differences of +5% to £10%. In particular, the 10am
climatologies from MIPAS, OSIRIS, and SCIAMACHY
agree very well in the mid-latitude MS and US with differ-
ences of less than £5%. Monthly zonal mean cross sections
(Figure 4.12.6) reveal that for most climatologies the de-
viations from the MIM can change sign depending on the
latitude band and month. All 10am/pm climatologies show
the tropical QBO signal with the best agreement found be-
tween MIPAS, OSIRIS, and SCTAMACHY.

MIPAS measurements correspond directly to 10am/pm
and have not been scaled for the evaluations presented in
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this chapter. The MIPAS climatology, when compared to
other datasets, is mostly in the middle range with relatively
small deviations with respect to the MIM of up to £10%.
Only the 10am climatologies in the LS show negative devia-
tions of up -20% in agreement with a similar finding for the
MIPAS NO, climatologies.

The 10am SCIAMACHY climatology agrees very well with
the MIM with differences of up to +5% in most cases. The
10pm climatology, however, shows larger values than the
other datasets with deviations of up to +10% in the MS and
+15% in the US. This could be caused by the larger impact
of the scaling procedure on the 10pm climatology for which
SCIAMACHY measurements need to be scaled to com-
pletely different illumination conditions. Note, however,
that for NO,, which shows a much more pronounced diur-
nal cycle, no such severe differences in the performance of
the 10am/pm climatologies exist.

OSIRIS is in the middle of the range in the MS and US, but
shows larger deviations in the LS where it sets the upper
measurement range and displays differences of up to +30%
for the 10pm climatologies. The fact that in the tropical LS,
OSIRIS 10am climatology agrees within +5% with MIPAS
and SCIAMACHY, while the OSIRIS 10pm climatology
is 20-30% larger than the other two datasets, is consistent
with the NO, evaluations.

Scaled ACE-FTS in the tropical and NH mid-latitude MS
agrees well with the other datasets, with deviations of +5%
to £10% in the MS and deviations of up to £15% in the US.
However, in the SH mid-latitudes, scaled ACE-FTS data
are considerably lower than the other datasets, with differ-
ences of up to -30%. This inconsistency between NH and
SH mid-latitudes causes the larger inter-instrument spread
in the latter region, apparent also in Figure 4.12.10. In the
LS, scaled ACE-FTS sets the lower end of the measurement
range with differences of up to -40%.
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4.13 Nitricacid — HNO3;

Nitric acid (HNQO3) is a member of the total reactive ni-
trogen family NOy and has a large impact on stratospheric
ozone destruction in the polar regions through its role in
PSC formation. HNOj3 contributes to the composition of
nitric acid trihydrate (NAT), forming Type Ia PSCs [Toon
et al., 1986; Hanson and Mauersberger, 1988], and to su-
percooled ternary solution particles (H,SO4/H,O/HNO3),
forming Type Ib PSCs [Carslaw et al., 1994; Lowe and
MacKenzie, 2008]. Heterogeneous reactions occurring on
PSC surfaces convert halogens from relatively inert reser-
voir species into their reactive forms, driving halogen-cata-
lyzed ozone loss in polar spring [e.g., Peter, 1997; Solomon,
1999]. HNOj is irreversibly removed if the solid PSC parti-
cles grow to large sizes and sediment out of the stratosphere
[Fahey et al., 2001], a process that is referred to as denitri-
fication. If PSC particles do not sediment out of the strato-
sphere but eventually evaporate, the photolysis of HNO3
will cause increasing NO, concentrations, thus enhancing
the halogen deactivation process in polar springtime.

Stratospheric HNOj displays a weak diurnal cycle in the US
that increases in the LM. Figure 4.13.1 shows the diurnal
HNOj cycle as a function of LST for three different pressure
levels as derived from a chemical box model [McLinden et
al., 2010].

4.13.1 Availability of HNO; measurements

The first stratospheric HNO3; measurements were made by
LIMS, covering the end of 1978 and the first half of 1979.
The next vertically resolved HNOj satellite measurements
included in the SPARC Data Initiative came from UARS-
MLS, covering the years 1991 to 1999. After 2001, several
HNOj; datasets became available from limb emission and
solar occultation instruments. The time period 2005-2010
is covered by SMR, MIPAS, ACE-FTS, and Aura-MLS
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Figure 4.13.1: Diurnal HNO3 cycle. HNO3 variations as function of LST are shown at 10°N and 40°N at 0.3, 1 and 3 hPa for

March 15.



allowing for an inter-instrument comparison maximising
the number of instruments and number of years. HIRDLS
measurements (2005-2007) are also included in the basic
2005-2010 comparison since sensitivity tests show that the
results are not affected by HIRDLS covering a shorter time
period. Tables 4.13.1 and 4.13.2 compile information on
the availability of HNO3; measurements, including time pe-
riod, altitude range, vertical resolution, and references rel-
evant for the data product used in this report.

4.13.2  HNO; evaluations: Zonal mean cross sections and ver-
tical profiles

SMR, MIPAS, ACE-FTS, Aura-MLS, and HIRDLS (2005-2010)

Zonal mean cross sections and vertical profiles are first
compared for the overlap period 2005-2010. Figure 4.13.2
shows all annual mean HNOj climatologies, which have
maxima in the MS (around 20-30 hPa) at the mid- and high
latitudes of both hemispheres. While the datasets agree
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very well on the overall distribution at low latitudes, they
show large differences at polar latitudes, in particular in the
SH. Here, ACE-FT'S observes much higher and SMR much
lower abundances than MIPAS in the annual zonal mean
distribution. Examining monthly zonal mean cross sections
(e.g., Figure A4.13.1 in Appendix A4) reveals that for ACE-
FTS this feature is related to the sampling coverage of this
region, which varies over the year resulting in an annual
mean cross section that is not representative. In contrast,
the zonal mean evaluations for SMR yield similar results to
the annual mean evaluations.

Figure 4.13.3 shows the relative differences of the five
instruments with respect to their MIM. For most instru-
ments, the differences have a pronounced vertical gra-
dient (negative and positive) and change sign between
30 and 10 hPa. At higher altitudes, i.e., above the HNOj3
maximum, Aura-MLS and HIRDLS abundances are lower
than the MIM, with differences that can reach up to -50%.
ACE-FTS is larger, with differences of up to +50%, while
MIPAS and SMR are also larger than the MIM but exhibit
less extreme differences. In the LS, the situation is reversed

Table 4.13.1: Available HNO3 measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.13.2: Data version, time period, vertical range, vertical resolution, references and other comments for HNO3

datasets participating in the SPARC Data Initiative.

Instrumentand | Time period | Vertical range | Vertical References Additional comments
data version resolution
LIMS V6.0 Nov 78 — May 79
UARS-MLS V6 Oct91-0ct99 | 100-4.6hPa | 5-10km | Liveseyetal, 2003 Significant low bias (1-3 ppbv)
exists for p<15 hPa. Some
evidence for high bias below
VMR peak.
SMRV2-0 Jul01 - 18 - 45 km 1.5-2km | Urban etal, 2006 Empirical scaling correction
Urban et al., 2009 applied (see Urban et al., 2009)
MIPAS 6 km (cloud top Mengistu Tsidu et al., 2005
MIPAS(1) V9 Mar 02 — Mar 04 altitude) 4-6km | Wangetal, 2007
MIPAS(2) V220 | Jan 05 - Apr 12 -70 km 3-5km | vonClarmann et al., 2009a
ACE-FTS V2.2 Mar 04 - 5-37km 3-4km | Wolffetal, 2008
Aura-MLS V3-3 Aug 04 - 147 - 1 hPa 3-5km | Santeeetal, 2007
Livesey etal,, 2013
Fioruccietal, 2013
HIRDLS V6.0 Jan05-Mar08 | 215-7.5hPa 1km Gille and Gray, 2011 Latitude range 63°S-80°N
SMILES Oct 09 - April 10 18 - 45 km 3-4km | Kreylingetal,2013 Bias due to problems in spectro-
V2-0-1 scopic parameter and altitude
shift (corrected for in v3-0-0).
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Figure 4.13.2: Cross sections of annual zonal mean HNOs. Annual zonal mean HNOjs cross sections for 2005-2010 are
shown for the MIM in the upper left, SMR in the upper right and MIPAS, ACE-FTS, Aura-MLS, and HIRDLS in the lower panels.

with Aura-MLS values being high and ACE-FT'S values low.
Such a tendency between the Aura-MLS and ACE-FTS pro-
files was already noted in the Aura-MLS data quality doc-
umentation by Livesey et al. [2013], although the average
coincident profile differences discussed there are somewhat
smaller than the differences mentioned here. The smallest
deviations are found for SMR, MIPAS, and HIRDLS in the
mid-latitudes. At high latitudes, monthly mean cross sec-
tions need to be analysed instead of annual means, since the
latter can be impacted strongly by the sampling patterns of
the instruments. Overall, differences are largest in the SH
polar winter, and spring at latitudes higher than 60°S (see
Figure A4.13.2 in Appendix A4), with MIPAS reporting
more and Aura-MLS and SMR less HNOs3.

Detailed evaluations of monthly zonal mean differences for
individual latitude bands are shown in Figure 4.13.4. At
high SH latitudes (75°S-80°S) in July, all instruments clearly

show the removal of HNOj3 from the gas phase. However,
the signal is much stronger in Aura-MLS and SMR than in
MIPAS, leading to differences of up to £50% relative to the
MIM at around 50 hPa. Very likely, this can be attributed
to the higher sensitivity of infrared emission sounders like
MIPAS to PSCs, leading to a more rigorous rejection of PSC-
contaminated measurements and thus to higher HNO;
mean values during the Antarctic winter conditions. In the
65°S-70°S latitude band, the HNOj contribution to PSC
formation is smaller but MIPAS still clearly shows higher
HNOj abundances than the other instruments (differences
of up to +40%). Above 30 hPa, ACE-FTS shows better
agreement with MIPAS. The Aura-MLS profile at high
latitudes is characterised by small oscillations not found for
any of the other instruments. In the tropics (0°N-5°N for
January), the strongest disagreement is found for HIRDLS,
which is larger than all other datasets in the LS and MS.
The positive deviations of up to +80% (of small values) at
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Figure 4.13.3: Cross sections of annual zonal mean HNOj3 differences. Annual zonal mean HNO3 differences for
2005-2010 between the individual instruments (SMR, MIPAS, ACE-FTS, Aura-MLS, and HIRDLS) and the MIM are shown.



around 70 hPa are probably due to the lack of correction
for aerosol emission in V6. The comparison of the NH mid-
latitude profiles (50°N-55°N for May) confirms very good
agreement in a wide altitude range from 200 to 15 hPa.
Above this level, Aura-MLS falls off faster than HIRDLS
and ACE-FTS, leading to differences of up to +30% at
5 hPa. In the tropics and mid-latitudes, SMR has a positive
vertical gradient between 3 and 1 hPa, where all other
datasets approach zero, resulting in large deviations at these
upper levels.

LIMS, UARS-MLS, and SMILES

For LIMS and UARS-MLS, no direct comparison for HNOj3
is possible, thus we include a comparison to the 2005-2010
MIM (restricted to January-April for the LIMS evalua-
tion). The resulting differences can be caused by inter-in-
strument differences or by long-term changes in HNO3,
therefore clear attribution of the differences is not possible.
The trend in N,O is expected to lead to an upward trend in
all nitrogen species, modulated by shifts in the total reac-
tive nitrogen family partitioning due to changes in ozone,

75S -80S, Jul (05-10) 75S - 80S, Jul (05-10)
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temperature, halogens, and possibly aerosol loading [Fish et
al., 2000; McLinden et al., 2001].

Cross sections of LIMS (January-April 1979) show, as ex-
pected, considerably smaller HNO3 abundances than the
2005-2010 MIM (Figure 4.13.5). The difference between
the two (Figure 4.13.6) is mostly negative (up to -100% in
the tropical LS), except for the mid-latitude LS and the US.
At NH high latitudes, deviations are relatively small (up to
1£5%), suggesting similar HNO3 abundance in 1979 and
2005-2010 during Arctic winter and spring.

UARS-MLS detects less HNOj3 for the time period 1991-
1998 compared to the annual mean 2005-2010 cross sec-
tions (Figure 4.13.5). Particularly evident is the reduced
HNOj3; amount at high SH latitudes during the 1990s, con-
sistent with strong PSC formation during this time period.
The deviations between UARS-MLS and the 2005-2010
MIM are negative over a large range (Figure 4.13.6). A
negative bias in UARS-MLS HNOj; was also noted in com-
parsion with ATMOS and Improved Limb Atmospheric
Spetrometer (ILAS) data for pressures less than 15 hPa
[Livesey et al., 2003]. In the mid-latitude LS and the NH
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Figure 4.13.4: Vertical profiles of monthly zonal mean HNO3 for 2005-2010. Zonal mean HNO; profiles for 75°S-80°S and
65°S-70°S in July, 0°N-5°N in January, and 50°N-55°N in May are shown in columns 1 and 3. Differences between the indi-
vidual instruments and the MIM profiles are shown in columns 2 and 4. Bars indicate the uncertainties in each climatological
mean based on the SEM. The grey shaded area indicates where relative differences are within £5%.
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Figure 4.13.5: Cross sections of zonal mean HNO3. Zonal mean HNO; cross sections of the MIM1 (January-April 2005-2010),
MIM2 (2005-2010) and MIM3 (January-April 2010), all based on SMR, MIPAS, ACE-FTS, Aura-MLS, and HIRDLS, are shown in
the upper panels. Cross sections of LIMS (January-April 1979), UARS-MLS (1991-1998), and SMILES (January-April 2010) are

displayed in the lower panels.

high latitude LS, UARS-MLS is larger than the 2005-2010
MIM. Such positive deviations of an older dataset versus
the newer datasets in the mid-latitude LS are also evident in
the comparison of LIMS versus the 2005-2010 MIM but are
not consistent with the expected positive NOy trend. They
could be related to inter-instrument differences caused by
factors such as different altitude resolutions, to shifts in the
nitrogen partitioning or possibly to changes in transport
and mixing properties. More detailed comparisons versus
models would be necessary to help investigate such issues.

The most recent satellite HNO3 dataset is from SMILES and
a comparison to the MIM of SMR, MIPAS, ACE-FTS, and
Aura-MLS for the time period January-April 2010 is given
in Figures 4.13.5 and 4.13.6. SMILES detects much higher
abundances of up to +50% in the MS, likely related to line
mixing spectroscopic parameters and an altitude shift.

HNO; LIMS — MIM1

HNO; UARS-MLS — MIM2

4,13.3  HNO; evaluations: Seasonal cycles

Figure 4.13.7 shows the HNOj seasonal cycles at high and
tropical latitudes at 50 hPa. HNOj3 exhibits a strong seasonal
cycle in the high latitude LS due to chemistry and transport
effects. In winter, descending air masses transport HNO3
downwards into the LS. This dynamical effect is counter-
acted by PSC formation, which removes HNO3 from the
gas phase and leads to a HNO3 minimum at the end of win-
ter/beginning of spring in the SH. During SH spring and
summer, HNOj recovery through renitrification occurs,
slowed down by the conversion between HNO3 and the
other nitrogen species. Comparison with the NOy seasonal
cycle (Figure 4.17.5 in Section 4.17) further indicates that
nearly the entire amplitude of the Antarctic HNO3 seasonal
cycle (around 8 ppbv between maximum and minimum)
is related to the HNO3 heterogeneous chemistry. Ampli-
tudes derived from MIPAS and Aura-MLS seasonal cycles
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Figure 4.13.6: Cross sections of zonal mean HNOj3 differences. Annual zonal mean HNO3 differences between the indi-
vidual instruments LIMS, UARS-MLS, SMILES and MIM1, MIM2, and MIM3, respectively, are shown. Time periods for the indi-

vidual instruments and the MIMs are given in Figure 4.13.5.



agree well and are relatively large. ACE-FT'S and SMR have
smaller amplitudes, but their total values show a consid-
erable offset towards each other for most months, with
smaller values from SMR. At these high southern latitudes,
MIPAS shows minima and maxima of the HNO3 seasonal
cycle with a delay of about 1 and 2 months, respectively,
compared to Aura-MLS and SMR.

In the NH high latitudes, the HNO3 seasonal cycle is also
impacted by the conversion between HNOj3 and NOy as
well as by heterogeneous chemistry, as evidenced by the
much smaller chemistry-caused seasonal cycle in NOy
(Figure 4.17.5 in Section 4.17). All HNO;5 datasets show
a very similar phase but HIRDLS and SMR have smaller
amplitudes than the other instruments. While the seasonal
cycles in HNOj3 and NOy are consistent for ACE-FTS and
MIPAS, the same is not true for SMR, indicating that in-
consistencies are introduced by the compilation of the Odin
NOjy climatology, which is partially based on photochemi-
cally modelled member species (see Section 4.17).

In the tropics, transport variations are expected to cause
a weak annual cycle as seen by MIPAS, Aura-MLS, and
HIRDLS. Again, HIRDLS is affected by the uncorrected ef-
fects of tropical aerosols (see also Section 4.5). MIPAS and
Aura-MLS agree very well on the amplitude and phase of
the seasonal cycle but show a large offset. There is no agree-
ment of the ACE-FTS and SMR seasonal signals with the
other instruments. The ACE-FTS sampling is sparser in the
tropics than at higher latitudes, which is probably largely
responsible for apparent differences in this region.

4.13.4  HNO; evaluations: Interannual variability

Interannual variability of HNOj; at polar latitudes
(60°N-90°N and 60°S-90°S) at 50 hPa and in the tropics
(10°S-10°N) at 30 hPa is shown in Figure 4.13.8. The 2005-
2010 time series of deseasonalised anomalies in the tropics
at 30 hPa shows an excellent agreement between MIPAS,
Aura-MLS, and ACE-FTS. The pronounced QBO signal is

HNO; 60S-90S, 50 hPa

HNO; 20S-20N, 50 hPa
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recorded with the same amplitude and phase by the three
satellite datasets. SMR and HIRDLS also detect the QBO
signal but show some deviations compared to the other da-
tasets. SMR has a lower QBO amplitude, particularly at the
beginning of 2007 and the end of 2009/beginning of 2010.
HIRDLS has unrealistic January anomalies due to a too
high January value in 2005 at the beginning of the measure-
ment period. Note that the 2005 January HIRDLS value is
based on two days of measurements only and will be omit-
ted in future HIRDLS data versions. Furthermore, HIRDLS
shows positive anomalies at the end of 2007 while the other
datasets have negative anomalies during this time period.
Note that a comparison of the anomalies for the 2005-2007
time period leads to very similar results.

At polar latitudes, the datasets show good agreement, but
some outliers in the anomaly time series can be found as
well. For most years the largest anomalies occur during
polar winter, related to the strong interannual variability
of chemical and dynamical processes impacting the polar
stratospheric nitrogen budget. In the Arctic, the largest dif-
ferences coincide with the largest anomalies in January. The
smallest differences are found during NH summer when
the smallest anomalies occur. In general, the maximum
anomalies are followed by a slow decay of the anomalies
over the following months until next autumn. This seasonal
persistence is also found in the Antarctic where the interan-
nual anomalies are more pronounced. MIPAS shows largest
deviations in June and SMR displays stronger month-to-
month fluctuations.

4.13.5 Summary and conclusions: HNO;

A comprehensive comparison of eight HNO;3; profile
climatologies has been carried out. Overall findings on
the systematic uncertainty in our knowledge of the HNO;
mean state and important characteristics of the individual
datasets are presented in the following summary including
two synopsis plots. The first summary plot (Figure 4.13.9)
provides information on the HNO3; mean state and the
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Figure 4.13.7: Seasonal cycle of HNO3 for 2005-2010. Seasonal cycle of monthly zonal mean HNO3 for 60°5-90°S (left col-
umn), 20°S-20°N (middle column) and 60°N-90°N (right column) at 50 hPa.
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Figure 4.13.8: Time series of HNO3 anomalies for 2005-2010. Monthly zonal mean deseasonalised HNO3 anomalies at
50 hPa for 60°N-90°N and 60°S-90°S, and at 30 hPa for 10°S-10°N.

uncertaintyderived fromthespreadbetweenthedatasets. The
second summary plot (Figure 4.13.10) shows specific inter-
instrument differences in form of deviations of the
instrument climatologies relative to the MIM climatology.
For each instrument and selected region, the deviation to
the MIM is given as the median (mean) difference over all
grid points in this region. Additionally, for each instrument
the spread of the differences over all grid points in this
region is presented. Note that both pieces of information
(average deviation and spread) are important for a
meaningful assessment of inter-instrument differences. A
detailed description of the rationale behind the summary
plot evaluations can be found in Section 3.3.5.

Atmospheric mean state

The assessment of the atmospheric HNO3 annual mean
state is based on five climatologies overlapping for the time
period 2005-2010.

Middle stratosphere (30-5 hPa)

The uncertainty in our knowledge of the atmospheric
HNOj; annual mean state is smallest in the MS (Figure
4.13.9, right panel) with a 10 multi-instrument spread in
this region between £5% and +15%. However, in the SH at
the highest latitude bands (south of 80°S), the spread can
reach values of £30% partially related to larger deviations
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Figure 4.13.9: Summary of HNO3 annual zonal mean state for 2005-2010. Shown are the annual zonal mean cross
section for the MIM of HNOjs (left panel), the standard deviation over all instruments (middle panel), and the relative standard
deviation with respect to the MIM (right panel). Black contour lines in the two rightmost panels give the MIM distribution.
Instruments included are SMR, MIPAS, ACE-FTS, Aura-MLS, and HIRDLS. The MIM and standard deviation are only displayed
for regions where at least two instruments provide measurements.

during Antarctic winter. In addition, the larger deviations  tropics. In the mid-latitudes between 300-100 hPa, HNO3
at the SH high latitudes are related to the fact that for some  decreases and the values are comparable to the tropical LS;
instruments (ACE-FTS) annual mean fields are not repre-  however, the deviations are considerably smaller giving an
sentative and evaluations in this region should be based on inter-instrument spread of around +10%.
monthly mean fields.

Upper stratosphere (5-1 hPa)
Upper troposphere/lower stratosphere (300-30 hPa)

Above 3 hPa, the inter-instrument spread reaches very large
In the tropical UT and LS, the HNO3 abundances decrease ~ values of £50% to +100% probably related to low HNO;
with decreasing altitude to very low values and the datasets ~ mixing ratios close to the detection limit. In addition, diur-
show a large relative spread of up to £50%. A much better ~ nal variations become important above this level which can
agreement (5% to £10%) is found in the mid-latitude LS further impact the inter-instrument differences.
where the HNOj3 mixing ratios are larger compared to the

Tropics Midlatitudes
5-1hPa 5-1hPa
T T - T T " T e e = = =
— —_—

-50 -25 0 25 50 -50 -25 0 25 50
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Figure 4.13.10: Summary of HNO3 differences for 2005-2010. Over a given latitude and altitude region the median
(squares), median absolute deviation (MAD, thick lines), and the standard deviation (thin lines) of the monthly mean relative
differences between an individual instrument-climatology and the MIM are calculated. Results are shown for the tropics (20°S-
20°N) and midlatitudes (30°5-60°S and 30°N-60°N) and for three different altitude regions from the LS up to the US between
100 and 1 hPa for the reference period 2005-2010. The grey shaded area indicates where relative differences are within +5%.
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Instrument-specific conclusions

LIMS and UARS-MLS provide the oldest HNOj satellite
measurements available to the SPARC Data Initiative, and
show negative deviations with respect to the later datasets
covering 2005-2010. This difference is very likely attribut-
able to the N,O induced trend in HNOj3. At mid-latitudes
and NH high latitudes in the LS, the deviations relative to
the 2005-2010 data are positive, which is possibly related to
changes in transport and mixing.

SMR shows excellent agreement with the MIM in the mid-
latitude LS and MS, with differences smaller than +2.5%.
In the tropical MS, SMR is still in the middle range with
differences smaller than +5%. In the tropical LS and in the
US, SMR shows mostly positive deviations (smaller than
+10%) and has a very large regional spread indicating a
wide distribution of the relative differences around their
mean.

The MIPAS climatology shows very similar behaviour to
the SMR dataset, except for the tropical LS where MIPAS
has a negative offset of -25%. MIPAS agrees well with the
other datasets in terms of seasonal cycle and interannual
variability, except for the Antarctic winter when it shows
different anomalies. During Antarctic winter, MIPAS re-
ports larger HNO3 monthly mean values than the other
instruments, very likely related to the rejection of PSC-im-
pacted measurements.

Overall, ACE-FTS shows the largest deviations relative to
the MIM that change from negative in the LS (up to -30%)
to positive in the US (up to +40%). The mean and medi-
an of the deviations in the US are well defined with a low
spread as opposed to SMR and MIPAS.

In the tropical LSMS, Aura-MLS is mostly in the middle
of the range, but in the US it shows negative deviations of
up to -25%. At mid-latitudes, Aura-MLS is towards the end

SZA (°)
10° 89.3 5.8 89.3 165.8
...... LU . SENEN—,
HNO i [——100 hPpa —— 10 hPa 1 hPaf
10°N ; ! ]
10—105_ h
107 E
[+
=
>

12
Time (hours)

VMR

of the range given by all measurements, with mean differ-
ences varying between +6% in the LS and -25% in the US.

HIRDLS is mostly in the middle of the range, except for the
tropical LS where it shows large positive deviations. At high
latitudes, the HIRDLS seasonal cycle has a much smaller
amplitude than the other instruments.

4,14 Peroxynitricacid — HNO,4

Peroxynitric acid (HNOy) acts as a reservoir of NOy and has
very low atmospheric mixing ratios. It is thought to be formed
exclusively in the gas phase by the reaction of HO, with NO,
and a collision partner [DeMore et al., 1997], and thus has
indirect tropospheric sources such as soil emissions and fossil
fuel burning (see Section 4.11). HNOy easily decomposes back
into its precursor species and has a local lifetime of minutes
to days depending on temperature. In the stratosphere, the
reaction of HNO4 with OH can lead to NOy-catalysed loss
of odd hydrogen radicals, presenting a significant sink of
the latter [Brasseur and Solomon, 2005]. HNOy has a strong
diurnal cycle in the US but is relatively constant in the LS and
MS as demonstrated by examples of the diurnal HNO, cycle
for three different pressure levels (Figure 4.14.1) derived with
a chemical box model [McLinden et al., 2010].

4141 Availability of HNO; measurements

The assessment of the atmospheric HNO,4 annual mean
state is based on the climatologies from ACE-FTS and
MIPAS. Tables 4.14.1 and 4.14.2 compile information on
the availability of HNO4 measurements, including time
period, altitude range, vertical resolution, and references
relevant for the data products used in this report. ACE-FTS
measurements are split into local sunrise and sunset data,
and MIPAS measurements are split into 10am and 10pm
data in order to identify differences between the datasets
attributable to different LSTs.

— 100 hPa —— 10 hPa 1 hPa [

12 18
Time (hours)

24

Figure 4.14.1: Diurnal HNO4 cycle. HNO, variations as function of LST are shown at 10°N and 40°N at 1, 10 and 100 hPa

for March 15.



Chapter 4: Climatology evaluations 199

Table 4.14.1: Available HNO4, measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.14.2: Data version, time period, vertical range, vertical resolution, references, and other comments for HNO,

datasets participating in the SPARC Data Initiative.

Instrument and Time period Vertical Vertical resolution References Additional
data version range comments

MIPAS Cloud top — 55 km | MIPAS(1): 4 — 6 km below 40 km; | Stiller et al.,

MIPAS(1) V12 Mar 02 - Mar 04 10 - 15 km above 2007

MIPAS(2) V220 Jan 05 - Apr 12 MIPAS(2): 3 - 8 km below 40 km;

10 - 15 km above
ACE-FTS V2.2 Mar 04 - 12 -25km 3-4km Jones etal., Research product
2011 used here.

4.14.2  HNO4evaluations: Zonal mean cross sections and ver-
tical profiles

Zonal mean cross sections are compared for the overlap
period 2005-2010. As a first step, the annual mean MIPAS
10am and 10pm climatologies are compared to each other
in order to identify the regions where varying LSTs may
cause differences. Figure 4.14.2 shows the cross sections of
the two datasets, revealing very similar HNO, distributions
below 10 hPa and significant differences above 10 hPa. For
both LSTs the HNO4 maximum is found in the tropical and
subtropical LS to MS. While for the 10pm climatologies the
maximum extends all the way through the MS with a steep
gradient above, the 10am data decrease gradually above
10 hPa.

Differences of the MIPAS 10am and MIPAS 10pm datasets
from their MIM are caused primarily by diurnal variations
and are shown in Figure 4.14.3. Between 70 and 10 hPa,
differences are very small (<+2.5%) suggesting only a very
weak diurnal cycle in this region in accordance with the
results from the chemical box model (Figure 4.14.1). At
around 100 hPa in the tropics, slightly larger differences are
found, increasing up to £20%. The diurnal cycle has a large
impact above 10 hPa causing differences of up to £100% be-
tween the datasets corresponding to different LSTs. In the
US, the 10pm measurements result in higher HNO4 mixing
ratios than the 10am measurements, while the situation is

HNO4 MIM (05 -10)

Pressure [hPa]
Pressure [hPa]

50S 0

Latitude

50N

0.1

100

reversed in the LM. Differences around 100 hPa in the trop-
ics and above 1 hPa are large in percentage units but should
not be over interpreted since the mixing ratios here are very
small as are the absolute diurnal variations.

A direct comparison between the MIPAS and ACE-
FTS climatologies needs to be restricted to regions be-
low 10 hPa and in the tropics to regions between 70 and
10 hPa. Outside of this range, different LSTs will cause
differences in the HNO, mixing ratios. This conceals the
true inter-instrument spread as the evaluations of MIPAS
10am and MIPAS 10pm climatologies have demonstrated.
As the ACE-FTS datasets cover 130-20 hPa (70-20 hPa in
the tropics), the comparison can be undertaken for the
whole measurement range. Figure 4.14.4 shows the an-
nual zonal mean mixing ratios of the two MIPAS (10am
and 10pm) and the two ACE-FTS (local sunrise and local
sunset) datasets. While there is a good agreement on the
magnitude of the HNO, mixing ratios and on the overall
distribution, smaller differences exist leading to deviat-
ing tracer isopleths. While for MIPAS the tracer isopleths
slope downwards from the tropics to the mid-latitudes,
for ACE-FTS isopleths larger than 0.1 ppbv seem to slope
upwards. Additionally, the ACE-FTS isopleths are noisier,
which is very likely related to noisier profiles (compared to
other ACE-FTS species) and to smaller sample sizes for the
calculation of the monthly zonal mean values (compared
to MIPAS mean values).

ppbv

HN04 MIPAS 10am (05— 10) HNO4 MIPAS 10pm (05— 10) .16

Latltude

Latltude

Figure 4.14.2: MIPAS cross sections of annual zonal mean HNO4 for 2005-2010. Annual zonal mean HNO cross sections
are shown for MIPAS 10am and MIPAS 10pm in the right panels and for their MIM in the left panel.
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Figure 4.14.3: MIPAS cross sections of an-

; HNO, MIPAS 10am — MIM (05 -10)

HNO,4 MIPAS 10pm — MIM (05 -10) % ]

nual zonal mean HNO, differences for
2005-2010. Annual zonal mean HNOy dif-
ferences between MIPAS 10am, MIPAS 10pm
and their MIM are shown.

Pressure [hPa]

e ___=

|
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Differences between the four datasets and their MIM
are shown in Figure 4.14.5. ACE-FTS detects smaller
HNO,4 mixing ratios than MIPAS, leading to differences
of up to £50%. In all cases the differences between the
two different instruments are larger than the differences
caused by varying LSTs, as identified above. The only
exception is at SH high latitudes where ACE-FT'S local
sunset data show much lower HNO4 mixing ratios than
ACE-FTS local sunrise data. This is likely due to the
specific months that are sampled by sunrises and sunsets
throughout the year.
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4.14.3 Summary and conclusions: HNO,

HNOy climatologies are available from two limb sound-
ers, namely, ACE-FTS and MIPAS, with measurements at
local sunrise/sunset and measurements at 10am/pm, re-
spectively. The strong diurnal cycle above 10 hPa prevents a
thorough comparison of the datasets in this region. Below
10 hPa, diurnal variations are weak allowing for a direct
comparison of the datasets corresponding to different LSTs.
For nearly all cases, ACE-FTS detects smaller and MIPAS
larger HNO,4 mixing ratios leading to differences of up to
+50%. Comparisons of seasonal variations or interannual

HNO, MIPAS 10am (05 —10) HNO, MIPAS 10pm (05 —10) ppbv

0.16

‘ ' 012

‘ } 0.08

‘ I 0.04
505 0 50N

Latitude

50S 0 50N
Latitude

Figure 4.14.4: Cross sections of annual zonal mean HNO, for 2005-2010. Annual zonal mean HNO, cross sections are
shown for the MIM, ACE-FTS local sunrise (sr), ACE-FTS local sunset (ss), MIPAS 10am and MIPAS 10pm.

HNO, MIPAS 10am — MIM (05 —10) HNO, MIPAS 10pm — MIM (05 —10) %

Pressure [hPa]

300

50S 0 50N 50S 0 50N
Latitude Latitude
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Figure 4.14.5: Cross sections of annual zonal mean HNO, differences for 2005-2010. Annual zonal mean HNO, differ-
ences between the individual datasets and their MIM are shown.
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Figure 4.15.1: Diurnal N,Os5 cycle. N,Os variations as function of LST are shown at 10°N and 40°N at 1, 10 and 100 hPa for

March 15.

variability are not possible due to the sparse ACE-FTS sam-
pling pattern.

4.15 Dinitrogen pentoxide — N;05

Dinitrogen pentoxide (N,Os) is a dominant night-time res-
ervoir for the reactive nitrogen family. N,Os is formed by
the reaction of NO, with NOj3 and a collision partner, and
thus has indirect tropospheric sources such as soil emis-
sions and fossil fuel burning (see Section 4.11). Since NO3
and N,Ojs itself are rapidly photolysed by sunlight, N,O5
can only be formed and accumulated at night, reaching a
maximum just before sunrise. During polar night, a sig-
nificant fraction of NOy in the lower to mid stratosphere
will be available in the form of N,Os. In the presence of
polar stratospheric clouds or volcanic aerosols, N,O5 can
be converted to HNOj3, which has a large impact on strato-
spheric ozone destruction and can be irreversibly removed
from the stratosphere by denitrification (see Section 4.13).
The diurnal cycle of N,Os for three different pressure levels
derived with a chemical box model [McLinden et al., 2010]
is shown in Figure 4.15.1.

415.1 Availability of N;05 measurements

The assessment of the atmospheric N,O5 annual mean state
is based on the climatologies from ACE-FTS and MIPAS.
Tables 4.15.1 and 4.15.2 compile information on the avail-
ability of N;O5 measurements, including time period, al-
titude range, vertical resolution, and references relevant
for the data product used in this report. ACE-FTS mea-
surements are split into local sunrise and sunset data, and
MIPAS measurements are split into 10am and 10pm data in
order to identify differences between the datasets attribut-
able to different LSTs.

4.15.2 N,0; evaluations: Zonal mean cross sections and ver-
tical profiles

Zonal mean cross sections are shown for the overlap pe-
riod 2005-2010 for ACE-FTS local sunrise and sunset data
and for MIPAS 10am and 10pm data (Figure 4.15.2). As
expected from the diurnal cycle, ACE-FTS local sunrise
data report overall the highest and ACE-FTS local sunset
data the lowest N,O5 mixing ratios. MIPAS data at 10am

Table 4.15.1: Available N;0O5 measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.15.2: Data version, time period, vertical range, vertical resolution, references and other comments for N,O5

datasets participating in the SPARC Data Initiative.

Instrument and Time period Vertical range Vertical resolution References Additional
data version comments
MIPAS
MIPAS(1) V10 Mar 02 - Mar 04 cloud top altitude - | 5-7 km below 2 hPa, | Mengistu Tsidu et al.,
MIPAS(2) V220 Jan 05 - Apr 12 0.3 hPa (52 km) 9 - 10 km above 2004
ACE-FTS V2.2 Mar 04 - 15-40 km 3-4km Wolffet al., 2008
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Figure 4.15.2: Cross sections of annual zonal mean N,O5 for 2005-2010. Annual zonal mean N>Os cross sections are
shown for ACE-FTS local sunrise (sr), ACE-FTS local sunset (ss), MIPAS 10am, and MIPAS 10pm.

and at 10pm are mostly in the middle of the range. An ex-
ception occurs at high latitudes. For example, in the NH at
polar latitudes, ACE-FTS local sunset data are higher than
both MIPAS climatologies, and in the US are also higher
than ACE-FTS local sunrise data. These unexpectedly large
values of the ACE-FTS local sunset dataset are caused by
the fact that the annual mean includes more NH winter
months, when N,Os is higher, than the other three data-
sets. Similarly, at the SH polar latitudes, the annual mean
ACE-FTS local sunset data are lower than expected relat-
ed to the fact that not as much data from the SH winter is
available and contributing to the annual mean. The com-
parison demonstrates that the annual mean ACE-FTS data
at high latitudes, and in particular the local sunset data, are
not representative and monthly means need to be evaluated
instead.

Figure 4.15.3 shows monthly mean N,Os5 profiles for NH
high latitudes (65°N-70°N) during winter. The ACE-FTS
local sunrise profiles show the largest values throughout
most of the stratosphere, as expected from the diurnal cy-
cle. Below 20 hPa, ACE-FTS local sunrise data are smaller
than the two MIPAS profiles, contradicting the expecta-
tions based on N,Os5 diurnal variations. Overall, differ-
ences in the MS and US are about +20% between ACE-
FTS local sunrise and MIPAS 10am/pm profiles and about

65N — 70N, Jan (05-10)

1£50% between ACE-FTS local sunrise and local sunset
profiles. In the latitude band 60°N-65°N, the instruments
show a completely different picture, with MIPAS 10am
profiles that are larger than ACE-FTS local sunrise data
throughout the whole stratosphere (Figure 4.15.4). Simi-
larly, at high SH latitudes in July and August, the ACE-FTS
local sunrise data are lower than the MIPAS 10am and
10pm climatologies. Based on the current knowledge of
the N,Oj5 diurnal cycle, the local sunrise data should give
larger values than the other measurements. Therefore the
comparisons in the 60°N/S-65°N/S latitude bands point
to an inconsistency in either the MIPAS or the ACE-FTS
data. Note, however, that local sunrise in this latitude band
is between 8:30 and 9:30am reducing the diurnal varia-
tion-driven difference between ACE-FTS local sunrise
and MIPAS 10am measurements. Furthermore, these lati-
tude bands are characterised by large latitudinal gradients,
and sparse sampling can have an impact on the represen-
tativeness of the monthly zonal mean values. As a result,
sampling-driven differences can be larger than deviations
caused by different LSTs causing the inconsistencies ob-
served in the 60°N/S-65°N/S latitude bands. This assump-
tion is further supported by the fact that the ACE-FTS
sample size for the latitude bin 65°N-70°N is about 4 times
larger than for the latitude bin 60°N-65°N.
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Figure 4.15.3: Vertical profiles of monthly zonal mean N,O5 for 2005-2010. Zonal mean N,Ojs profiles for 65°N-70°N in
January and February are shown together with the differences between the individual instruments and the MIM profiles.
Bars indicate the uncertainties in each climatological mean based on the SEM. The grey shaded area indicates where relative

differences are within +5%.
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Figure 4.15.4: Vertical profiles of monthly zonal mean N,O5 for 2005-2010. Zonal mean N,O5 profiles for 60°N-65°N in
January and February and 60°S-65°S in July and August are shown in columns 1 and 3. Differences between the individual
instruments and the MIM profiles are shown in columns 2 and 4. Bars indicate the uncertainties in each climatological mean
based on the SEM. The grey shaded area indicates where relative differences are within £5%.

4.15.3 Summary and conclusions: N0;

N;O5 climatologies are available from the limb sounders
ACE-FTS and MIPAS, with measurements at local sunrise/
sunset and measurements at 10am/pm, respectively. The
strong diurnal cycle above 100 hPa prevents a thorough
comparison of the datasets in this region. Below 100 hPa,
diurnal variations are weak and the mixing ratios are low.
For nearly all cases, ACE-FTS local sunrise detects the
largest and ACE-FTS local sunset the lowest N,O5 mix-
ing ratios, consistent with the diurnal cycle. ACE-FTS local
sunrise is lower than the MIPAS 10am/pm datasets during
winter at higher latitudes, in contradiction to the diurnal
cycle. However, this issue may be attributable to sampling
artefacts due to the latitudinal gradient, which is particu-
larly pronounced in the latitude bins investigated. When
using the datasets of trace gases with strong diurnal cycles,
we recommend that additional information such as average
latitude, day of month, sample size and LST (provided in
the data files) should be taken into account.

4,16 Chlorine nitrate — CIONO,

Chlorine nitrate (CIONO,) is a reservoir species for strato-
spheric nitrogen and chlorine and therefore is important for
ozone chemistry. CIONO; is produced from NOy by reac-
tion with ClO and a collision partner. During the daytime,
CIONO;, is photolyzed at ultraviolet wavelengths and reaches
minimum abundances. During polar night, the presence of
CIONO; reduces the amount of active chlorine and nitrogen
and thus chemical ozone destruction. In the presence of polar
stratospheric clouds, however, CIONO; can undergo hetero-
geneous reactions with H,O and HCl to release chlorine into
its chemically active form. The diurnal cycle of CIONO, for
three different pressure levels derived with a chemical box
model [McLinden et al., 2010] is shown in Figure 4.16.1.

4.16.1 Availability of CIONO, measurements

The assessment of the atmospheric CIONO, annual mean
state is based on the climatologies from ACE-FTS and
MIPAS. Tables 4.16.1 and 4.16.2 compile information on
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Figure 4.16.1: Diurnal CIONO, cycle. CIONO; variations as function of LST are shown at 10°N and 40°N at 1, 10 and 100 hPa

for March 15.

the availability of CIONO, measurements, including time
period, altitude range, vertical resolution, and references
relevant for the data product used in this report. ACE-FTS
measurements are split into local sunrise and sunset data,
and MIPAS measurements are split into 10am and 10pm
data in order to identify differences between the datasets
attributable to different LSTs.

4.16.2 CIONO, evaluations: Zonal mean cross sections and
vertical profiles

Zonal mean cross sections are shown for the overlap pe-
riod 2005-2010 for ACE-FTS local sunrise and sunset data
and for MIPAS 10am and 10pm data in Figure 4.16.2. The
annual mean CIONO, distribution shows maxima at the
mid-latitudes between 50 and 10 hPa. For the ACE-FTS lo-
cal sunrise measurements, the maxima extend higher (up
to 5 hPa). As expected from the diurnal cycle, the local
sunrise data are overall the highest, whereas the ACE-FTS
local sunset data and MIPAS 10am data show the lowest
CIONO, mixing ratios in most regions. At high latitudes,
the annual mean climatologies compare in a different way,
and at the NH polar latitudes ACE-FTS local sunset data

Table 4.16.1: Available CIONO, measurement records from limb-sounding satellite instruments between

are higher than the other three datasets. Note that the same
characteristic was found for the N,O5 climatologies (see
Section 4.15). For both gases, the unexpectedly high values
of the ACE-FTS local sunset datasets are caused by the fact
that the annual mean includes more NH winter months,
when CIONO, and N,Os5 are higher than during the rest
of the year. The comparison demonstrates that the annual
mean ACE-FTS data at high latitudes, and in particular the
local sunset data, are not representative and monthly means
need to be evaluated instead.

Annual mean differences between the datasets and their
MIM (Figure 4.16.3) in the low- and mid-latitudes show
that in the LS, where the diurnal variations are expected to
have only a small impact, the datasets agree quite well with
differences of up to +10%. Consistent with the diurnal cycle
estimated from box model calculations, differences become
significantly larger in the MS, in particular above 20 hPa
for local sunrise and 10am measurements and above 10 hPa
for local sunset and 10pm measurements. Differences be-
low 100 hPa are also larger than in the LS. However, at these
levels the impact of the diurnal cycle is supposed to be neg-
ligibly small and cannot explain the large deviations. Thus,
the relative differences in the UT (or below 100 hPa) appear

1978 and

2010. The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.16.2: Data version, time period, vertical range, vertical resolution, references and other comments for CCTONO,

datasets participating in the SPARC Data Initiative.

Instrument and Time period Vertical range Vertical References Additional
data version resolution comments
MIPAS
MIPAS(1) V10 Mar 02 — Mar 04 8 -65km 3.2-8.5km Hépfner et al., 2004, 2007
MIPAS(2) V220 Jan 05 - Apr 12 8 -65km 2.5-9km von Clarmann et al., 2009a
ACE-FTS V2.2 Mar 04 - 12-35km 3-4km Wolff et al., 2008
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Figure 4.16.2: Cross sections of annual zonal mean CIONO, for 2005-2010. Annual zonal mean CIONO, cross sections
are shown for ACE-FTS local sunrise (sr), ACE-FTS local sunset (ss), MIPAS 10am and MIPAS 10pm.

to be real inter-instrument differences further amplified by
the small mixing ratios in this region.

Figure 4.16.4 shows monthly zonal mean cross sections
for April and October. At the SH high latitudes, the April
climatologies show maxima at 50 and 5 hPa. After the po-
lar summer, the CIONO, mixing ratios are low and only
start to increase with decreasing solar radiation. This in-
crease is faster at around 5 hPa than at 10 hPa, possibly re-
lated to more nitrogen being available at the higher level.
Together with the persistence of the summer time maxi-
mum at 50 hPa, this results in a vertical structure with a
local minimum at around 10 hPa. ACE-FTS local sunrise
measurements, available in the latitude band between 80°S

CIONO, ACE-FTS sr—MIM (05-10)
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and 90°S, confirm the structure observed by MIPAS. At the
NH polar latitudes, the October climatologies from MIPAS
show a very broad maximum and no local minimum as
their SH autumn counterpart. ACE-FTS local sunrise data,
however, suggest a similar structure in the NH with a local
minimum around 10 hPa.

Differences of the monthly mean datasets with respect to
their MIM (Figure A4.16.1 in Appendix A4) are similar
to the differences of the annual mean climatologies. Only
at high latitudes, ACE-FTS monthly mean differences are
smaller than the annual mean differences demonstrating
the impact of irregular sampling on the annual mean evalu-
ations at these latitudes.
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Figure 4.16.3: Cross sections of annual zonal mean CIONO; differences. Annual zonal mean CIONO, differences for 2005-

2010 between the datasets and the MIM are shown.
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Figure 4.16.4: Cross sections of monthly zonal mean CIONO; for April and October. Monthly zonal mean CIONO; cross
sections are shown April (upper panels) and October (lower panels) 2005-2010 for ACE-FTS local sunrise (sr), ACE-FTS local

sunset (ss), MIPAS 10am and MIPAS 10pm.
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Figure 4.16.5: Vertical profiles of monthly zonal mean CIONO, for 2005-2010. Zonal mean CIONO; profiles for 60°N-65°N
in January and February and 60°5-65°S in July and August are shown in columns 1 and 3. Differences between the individual
instruments and the MIM profiles are shown in columns 2 and 4. Bars indicate the uncertainties in each climatological mean
based on the SEM. The grey shaded area indicates where relative differences are within +5%.

Figure 4.16.5 shows monthly mean CIONO, profiles at high
latitudes (60°N-65°N and 60°S-65°S) during winter. The rap-
id increase of the deviations of ACE-FTS local sunrise data
in the MS to US identify the level above which the diurnal
cycle significantly impacts the climatology comparison. In
the LS, where CIONO, has a longer lifetime, the ACE-FTS
local sunrise profile seems to be shifted with regard to the
MIPAS profiles, with the largest shift at 60°S-65°S in August.
As a result the ACE-FTS local sunrise climatology is small-
er than the MIPAS 10am and 10pm climatologies between
100 and 20 hPa. This larger difference, when compared to the
July evaluations, could be related to the fact that consider-
ably less data points are available for the construction of the
ACE-FTS 60°S-65°S mean value in August than in July.

4.16.3 Summary and conclusions: CIONO,

CIONO; climatologies are available from the limb sounders
ACE-FTS and MIPAS with measurements at local sunrise/
sunset and measurements at 10am/pm, respectively. The
strong diurnal cycle in the MS and US prevents a thorough
comparison of the datasets in this region. Below 10 hPa, di-
urnal variations are quite weak and the datasets agree well

with differences from their MIM of up to +10%. In the LS,
however, relative differences are large partially related to
the low mixing ratios. For nearly all cases, ACE-FTS local
sunrise detects largest and MIPAS 10am lowest CIONO,
mixing ratios consistent with the diurnal cycle. Only at
higher latitudes during winter, ACE-FTS local sunrise is
lower than the MIPAS 10am/pm datasets; a difference that
cannot be explained by the diurnal cycle.

4.17 Total reactive nitrogen — NO,

Total reactive nitrogen (NOy) is the sum of all atmospher-
ic reactive nitrogen species (NOY = NO + NO;, + NO3 +
HNO3 + HNOy4 + 2N,05 + CIONO; + BrONO, + aero-
sol nitrate + ...). Tropospheric NOy originates largely from
sources of NO and NO, released by fossil fuel burning,
lightning, chemical processes in soils, and biomass burn-
ing (see Sections 4.10 and 4.11). The primary source of NOy,
in the stratosphere is the oxidation of N,O also originat-
ing from soil emissions (see Section 4.4). The dominant
sink of stratospheric NOy is through HNO3 wash-out and
sedimentation of HNO3-containing PSCs. Reactive nitro-
gen species play an important role in stratospheric ozone
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Table 4.17.1: Available NO, measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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chemistry through different mechanisms. First, NOy is an
ozone-depleting substance due to the catalytic NOy cycle
[Crutzen, 1970; Johnston, 1971]. Second, the presence of
HNOj3 in an air parcel supports the formation of type I
PSCs, which in turn enhance the release of chlorine from
reservoir species into its ozone-destroying reactive form
(see Section 4.13). Third, NO, reduces halogen-catalyzed
ozone loss by converting reactive chlorine, bromine, and
hydrogen compounds into more stable reservoir substances
(CIONO,, BrONO,, HNO3). The overall impact of reactive
nitrogen on stratospheric ozone chemistry is determined
by the balance of the different processes that are ultimately
coupled since the amount of available NO, is, among other
things, controlled by HNO3 photolysis.

4.17.1  Availability of NOy measurements

The assessment of the atmospheric NOy annual mean state is
based on the climatologies from ACE-FT'S, MIPAS, and Odin.
For ACE-FTS [Jones et al., 2011] and MIPAS [Funke et al.,
2014] the climatologies are compiled from NO, NO,, HNO3,
HNOy, 2xN;,05 and CIONO, (six species climatologies) all
directly measured by the instruments. The Odin climatology
[Brohede et al., 2008] is based on NO, from OSIRIS, HNO3
from SMR and NO, 2xN,0O5 and CIONO, taken from scan-
based chemical box model simulations [McLinden et al.,
2010], while HNOy4 is not included (five species climatology).
In addition, a MIPAS climatology not including HNOy is
available (five species climatology) and analysed in the cross
section evaluations in Section 4.17.2. For the remainder of
Section 4.17, the MIPAS climatology based on six species is
used. In all figures the instrument names will be augmented
by lower indices indicating the number of species used to
compile the climatology, e.g., MIPASs for the MIPAS five
species climatology. Note that the ACE-FTS and Odin NOy
products are daytime climatologies and do not include polar
night data, in contrast to MIPAS.

Table 4.17.1 summarises all available NOy climatologies
derived from satellite measurements, including time period
and vertical range. Information on individual nitrogen spe-
cies measurements used for deriving the NOy climatologies,
including time period, vertical range and resolution, and
relevant references have been given in Sections 4.10-4.16.

4.17.2 NOy evaluations: Zonal mean cross sections and verti-
cal profiles

Zonal mean cross sections and vertical profiles are com-
pared for the overlap period 2005-2010. Figure 4.17.1

displays all annual mean NOy climatologies. Note that the
MIM consists of the six species climatologies from MIPAS
and ACE-FTS and the five species climatology from Odin.
The five species climatology from MIPAS is not included in
order to prevent double counting of the MIPAS data. The
two MIPAS climatologies are very similar and show differ-
ences from their MIM of less than 1% above 170 hPa and
differences of less than 5% between 300 and 170 hPa. The
small differences between the two climatologies suggest
that the impact of HNOy is negligible in most regions, and
that Odin can be compared directly to the six species clima-
tologies from MIPAS and ACE-FTS.

Similar to the NO, distribution, the maximum values are
found between 10 and 5 hPa with downward sloping iso-
pleths towards higher latitudes due to isentropic mixing
between the ascending and descending branches of the
Brewer-Dobson circulation. Above 5 hPa, the distribution
becomes more uniform with relatively flat isolines. Overall,
the NOy distributions of the three datasets agree very well
with each other. The noisier isolines and the large values at
the highest latitudes in ACE-FTS are related to sampling
issues, i.e., the region south of 85°S is only covered by ACE-
FTS in March and April, resulting in anomalously high val-
ues when compiling annual means.

Figure 4.17.2 shows the differences of the three instru-
ments from their MIM. Below 2 hPa, ACE-FTS is clearly
lower than MIPAS with differences from the MIM ranging
from -10% (ACE-FTS) to +10% (MIPAS), respectively. The
Odin climatology changes from positive differences (below
10 hPa) to negative differences (above 10 hPa), mostly in
the range of £10%. Overall, there is good agreement be-
tween the three datasets, which is confirmed by the evalu-
ation of the monthly mean climatologies (Figure A4.17.1
and A4.17.2 in Appendix A4) and consistent with evalua-
tions [Jones et al., 2011]. Above 2 hPa, only ACE-FTS and
MIPAS data are available and differences can be larger
reaching even +50% at the high latitudes. The differences
show a strong latitudinal gradient with ACE-FTS on the
high side and MIPAS on the low side in the tropics and sub-
tropics and vice versa poleward of about 50°.

Detailed evaluations of monthly zonal mean differences
for individual latitude bands (0°N-5°N and 70°S-75°S for
August) are shown in Figure 4.17.3. The comparison of
the tropical profiles confirms the very good agreement
in a wide altitude range from 40 to 0.3 hPa. While ACE-
FTS and MIPAS agree also very well below 40 hPa, Odin
shows clearly larger values with differences of up to +30%.
The maximum at 5 hPa as seen by MIPAS is about 5 to 10%
too large when compared to the other two climatologies.
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Figure 4.17.1: Cross sections of annual zonal mean NOy, for 2005-2010. Annual zonal mean NOy cross sections are shown
for the MIM in the upper panel and for ACE-FTSg, MIPASg, Odins and MIPASs in the lower panels. Note that MIPASs is not

included in the MIM.
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Figure 4.17.2: Cross sections of annual zonal mean NO, differences for 2005-2010. Annual zonal mean NO,, differences
between the individual instruments and the MIM are shown. Note that MIPASs is not included in the MIM.

At high latitudes, the datasets agree less well than in the
tropics. In the SH high latitude winter displayed here,
NOy has an S-shaped profile caused by Energetic Particle
Precipitation NOy intrusions, which is seen differently by
the three instruments. In particular, the position of the MS
maximum varies between 20 hPa (ACE-FTS and Odin)
and 3 hPa (MIPAS). Furthermore, Odin shows the USLM
minimum at a much lower level (2 hPa) than the other
two instruments (0.5-0.2 hPa). Overall, the high latitude
differences range between +20% except for the LS where
ACE-FTS has a large offset of around -60%. The similarity
of the August monthly mean deviations and the annual
mean deviations indicates that the negative offset found for
annual mean ACE-FTS at the SH high latitudes between
100 and 50 hPa (Figure 4.17.2) is not related to annual
sampling patterns.

At 1 hPa, the largest fraction of NOy is located in the NOy
family while the other nitrogen species have smaller atmo-
spheric abundances. Both nitrogen families, NOy and NOx,
are available from MIPAS and ACE-FTS and are displayed
in Figure 4.17.4 as meridional profiles at 1 hPa for April
2005-2010. The NOy profiles from the two instruments
(upper row) agree very well, with differences of less than
5% except for the high latitudes. The comparison of the
NOy profiles (middle row) also shows good agreement, but

slightly larger relative differences of up to +10% are found.
The 1 hPa level has been chosen here because of the low
diurnal variations NOy displays at this level (+5%) in the
tropics and mid-latitudes. The remaining fraction of the
NOy family (lower row) is calculated here as the difference
between the NOy and NO fields and is referred to as the
residual in the following. The residual consists basically of
the sum of HNOj3, HNOy, 2N,05 and CIONO, and is ex-
pected to have similar (but inverted) diurnal variations as
NOy itself. The absolute differences of the MIPAS and ACE-
FTS residuals are smaller than the absolute differences of
the NOy and NOy families. As expected, the residuals act to
remove the impact of the diurnal cycle and reduce the dif-
ferences between the two instruments found in NOy when
added to give NOy. Relative to NOy the residual deviations
are quite small (~5%) and are therefore consistent with de-
viations expected due to the diurnal cycle in the species and
different LSTs of the measurements.

4.17.3  NOy evaluations: Seasonal cycles

Figure 4.17.5 displays the NOy seasonal cycles at high and
tropical latitudes at 50 hPa. NOy exhibits a strong season-
al cycle in the SH high latitude LS due to chemistry and
transport effects. During polar night, descending air masses
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Figure 4.17.3: Vertical profiles of monthly zonal mean NO,, for 2005-2010. Zonal mean NO,, profiles for 0°N-5°N and
70°S-75°S for August are shown in panels 1 and 3. Relative differences between the individual instruments and the MIM
profiles are shown in panels 2 and 4. Bars indicate the uncertainties in each climatological mean based on the SEM. The grey
shaded area indicates where relative differences are within £5%.
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Figure 4.17.4: Meridional profiles of monthly zonal mean NO,, NO,, and their residual for 2005-2010. Meridional pro-
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smaller than +5%.
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within the polar vortex bring higher NOy, concentrations
into the LS, but this increase is counteracted by the forma-
tion of type I PSCs, which removes HNOj particles from
the gas phase and causes a pronounced minimum in SH
winter/spring. All three datasets show the same overall
shape of the seasonal cycle. However, there are some dif-
ferences in SH summer after renitrification when values
stay approximately constant over three months; NOy, from
ACE-FTS is smaller than from the other two datasets. There
are also differences in SH winter when Odin shows larger
values, and does not report the same level of HNO3 remov-
al as the other two datasets.

In the NH polar regions, the less frequent PSC type I
formation leads to the opposite seasonal cycle. Here the
downward transport dominates in autumn, producing a
weak maximum at the beginning of winter. Later in the NH
winter, removal of HNOj3 leads to a weak decline of the total
nitrogen, which levels off in May. The main difference from
the Antarctic counterpart is that there is no indication of
strong renitrification in late spring and summer. MIPAS
and ACE-FTS agree reasonably well in terms of amplitude
but show some offset regarding phase and absolute values
- MIPAS is larger and starts to decline earlier. Odin, on
the other hand, displays an opposite seasonal cycle with a
minimum in winter and spring that is not consistent with
our understanding of polar processes determining the NOy
abundance. Note that the SMR HNOj seasonal cycle in
this region is in general consistent with the other HNOj3
datasets with slightly smaller values during NH winter (see
Figure 4.13.7 in Section 4.13). Additionally, the OSIRIS
NO, seasonal cycle in this region agrees very well with the
other NO, datasets. Thus the deviations of the Odin NOy
seasonal cycle are not consistent with the underlying SMR
HNO3; or OSIRS NO, data, but are very likely introduced
through the use of the photochemical model during the
climatology compilation.

In the tropics, transport variations are expected to cause
a weak annual cycle as seen by MIPAS. In addition to the

NOy [ppbv] 60—90S, 50 hPa

NO, [ppbv] 205-20N, 50 hPa

relatively large absolute deviations between the datasets,
there is no agreement on the seasonal signal, and both ACE-
FTS and Odin show a semi-annual cycle with maxima in
June/July and December/January, respectively. Note that
50 hPa is at the lower edge of the SMR measurement range
for the HNOj3 product used to derive the Odin NOy, clima-
tology. At higher levels (e.g., 30 hPa) in the tropics, the Odin
seasonal cycle agrees better with MIPAS, exhibiting the ex-
pected annual cycle. However, in the NH polar regions Odin
agrees better with the other two datasets only above 10 hPa.

4.17.4  NOy evaluations: Interannual variability

In addition to the absolute differences between the climatol-
ogies, it is important to evaluate how well the instruments
detect signals of interannual variability. Figure 4.17.6
shows the deseasonalised NOy anomaly time series from
2005 to 2010 at polar and tropical latitudes at different pres-
sure levels. The comparison in the tropics (10°S-10°N) at
10 hPa shows excellent agreement between the three data-
sets with only occasional deviations for ACE-FTS. The pro-
nounced QBO signal is recorded with the same amplitude
and phase by all satellite datasets.

At polar latitudes, the datasets also agree well, but stronger
deviations between the three anomaly time series can be
seen. For most years, the largest interannual anomalies oc-
cur during polar winter, related to the strong interannual
variability of the chemical and dynamical processes that
impact the polar stratospheric nitrogen budget. In both
hemispheres, differences between ACE-FTS and MIPAS
are also largest in polar winter months, a time period that
is not covered by Odin. The maximum anomalies in winter
are followed by a slow decay of the signal during spring and
summer until the next autumn, which is a characteristic of
HNOj (see Section 4.13). During spring and summer the
three instruments agree better, and in most cases follow
the winter anomaly signal given by MIPAS and not the one
suggested by ACE-FTS.
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Figure 4.17.5: Seasonal cycle of NOy, for 2005-2010. Seasonal cycle of monthly zonal mean NO, for 60°S-90°S (left column),
20°S-20°N (middle column) and 60°N-90°N (right column). At SH high latitudes at 50 hPa, Odin does not provide sufficient

coverage for fitting a seasonal cycle.



Chapter 4: Climatology evaluations 211

NOy anomalies 60—90N, 20 hPa

NOy [ppbv]

Jan07

Jan08 Jan09 Jan10

NOy anomalies 10S—10N, 10 hPa

NO, [ppbv]

i) ! !

A
Tr A
. A
A A W

Jan06 Jan07

Jan08 Jan09

NOy anomalies 60-90S, 50 hPa

NO, [ppbv]

Jan07

— & — ACE-FTS ¢ —4— MIPAS,

Jan08 Jan09

—e— Oding

Figure 4.17.6: Time series of NOy anomalies for 2005-2010. Monthly zonal mean deseasonalised NO, anomalies at 20 hPa
for 60°N-90°N, at 10 hPa for 10°S-10°N, and at 50 hPa for 60°5-90°S.

4.17.5 Summary and conclusions: NO,

A comprehensive comparison of three NOy profile clima-
tologies (from ACE-FTS, MIPAS, and Odin) has been car-
ried out. Overall findings on the systematic uncertainty in
our knowledge of the NOy mean state and important char-
acteristics of the individual datasets are presented in the
following summary in the form of two synopsis plots. The
first summary plot (Figure 4.17.7) provides information
on the NOy mean state and the uncertainty derived from
the spread between the datasets. The second summary plot
(Figure 4.17.8) shows specific inter-instrument differences
in the form of the deviations of the instrument climatolo-
gies relative to the MIM climatology. For each instrument
and selected region, the deviation relative to the MIM is
given in form of the median (mean) difference over all grid
points in this region. Additionally, for each instrument the
spread of the differences over all grid points in this region
is presented. Note that both pieces of information (average

deviation and spread) are important for a meaningful as-
sessment of inter-instrument differences. A detailed dis-
cussion of the rationale behind these summary plot evalua-
tions can be found in Section 3.3.5.

Atmospheric mean state

The assessment of the atmospheric NOy annual mean state
is based on three climatologies with two datasets (ACE-
FTS, MIPAS) constructed purely from measurements while
the other dataset (Odin) is based upon NO, and HNO;
measurements and chemical box model simulations of the
remaining NOy species.

Lower stratosphere (100-30 hPa)
In the LS, the NOy abundance decreases with decreasing al-

titude, but the agreement in the mid-latitudes and NH po-
lar latitudes is overall very good, with a spread of +5%. The
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NOy MIM (2005-2010)

NO rel std (2005-2010)
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Figure 4.17.7: Summary of NO, annual zonal mean state for 2005-2010. Annual zonal mean cross section of the NO, MIM

for 2005-2010 is shown in the left panel. Additionally, the standard deviation over all three instruments is presented in the
middle panel. Relative standard deviation (calculated by dividing the absolute standard deviation by the MIM) is shown in
the right panel. Black contour lines in the right panels give the MIM distribution. Instruments included are ACE-FTSg, MIPASg
and OSIRIS/SMR(Odins). The MIM and standard deviation are only displayed for regions where at least two instruments

50S

provide measurements.

three datasets show a larger spread in the tropical LS with an
inter-instrument spread of up to £30% and at the SH high
latitudes related to large deviations during polar winter.

Middle and upper stratosphere (30-1 hPa)

The uncertainty in our knowledge of the atmospheric NOy,
annual mean state is smallest in the MS/US (Figure 4.17.7,
right panel) with a 10 multi-instrument spread in this re-
gion of mostly up to +5%, in some regions up to +7.5%. In
the SH highest latitude bands (south of 80°S) the spread can
reach values of £12.5%.

Lower mesosphere (1-0.1 hPa)
At high latitudes, and in particular in the SH, the

instruments show larger deviations with a spread of up to
+30%. In the mid-latitudes and tropics, on the other hand,

the datasets agree very well and deviations are comparable
to the MS/US.

Instrument-specific conclusions

ACE-FTS is generally lower compared to MIPAS and Odin,
with mean deviations of around -5% except for the tropi-
cal and mid-latitude US and LM, where it shows positive
deviations from MIPAS. The solar occultation instrument
displays a similar seasonal cycle as MIPAS at high latitudes
but an unrealistic semi-annual cycle in the tropical LS. In-
ter-annual anomalies from ACE-FTS differ from MIPAS in
polar winter in a way that might be unrealistic considering
the development of the anomaly in the following months.

MIPAS measurements are mostly on the high side (+5%)
except for the tropical and mid-latitude US and LM. A

50°S—50°N High latitudes (50—90°N/S)
2-0.1 hPa : 2-0.1hPa
T ——— =
- T T = =F =T = T T = = == :E_-: = = P
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
: 100-2 hPa ' : 100-2 hPa
Odin, —— Oding ——
MIPAS, — MIPASg —_——
ACE-FTSg — _:—_ﬂ:-_; - ACE-FIS¢ — "= === — — — —
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median difference [%]
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Figure 4.17.8: Summary NO, differences for 2005-2010. Over a given latitude and altitude region the median (squares),
median absolute deviation (MAD, thick lines), and the standard deviation (thin lines) of the monthly mean relative differences
between an individual instrument-climatology and the MIM are calculated. Results are shown for the lower (50°S-50°N) and
the higher (50°5-90°S and 50°N-90°N) latitudes and for two different altitude regions from the LS up to the LM between
100 and 0.1 hPa for the reference period 2005-2010. The grey shaded area indicates where mean and median relative
differences are within £5%.



comparison of the MIPAS and ACE-FTS nitrogen families
(NOy and NOy) at 1 hPa suggests that the NOy, differences
between the two instruments are consistent with the slight-
ly larger NOy differences, which are within the uncertain-
ty given by the diurnal variations and differences in local
times of measurements.

The Odin NOy climatology covers the LS to US and is
mostly in the mid-range between the other two datasets.
In SH winter/spring, Odin reports higher values compared
to ACE-FTS and MIPAS but shows similar signals of inter-
annual variability. In the NH middle and upper strato-
sphere, the NOy seasonal cycle from Odin shows severe dif-
ferences compared to the other two datasets.

418 Hydrogen chloride — HCI

Hydrogen Chloride (HCI) is the main reservoir gas for reac-
tive chlorine in the Earth’s atmosphere. In the troposphere,
the main sources of HCI are the ocean (acidification of salt
spray) and volcanic activity; however, HCl is readily removed
by wet scavenging, and hence it has a short lifetime and a
relatively low concentration in the troposphere. In the strato-
sphere, HCI is the most abundant inorganic chlorine species
with a lifetime of approximately one month. Its main source
is the photolysis of anthropogenic chlorofluorocarbons
(CECs, see Sections 4.5 and 4.6) or hydrochlorofluorocarbons
(HCFCs) and the subsequent reaction of the generated Cl-
radical with methane (CHy, see Section 4.3). HCl is processed
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on polar stratospheric clouds (PSCs) during winter, thereby
releasing reactive chlorine atoms that can destroy ozone,
and create the Antarctic ozone hole during SH springtime.
Hence, the abundance of HCI (scaled to yield total reactive
chlorine Cly) in the stratosphere is often used as a diagnostic
for chemistry-climate models [SPARC, 2010].

4.18.1 Availability of HCl measurements

Measurements of HCI available to the SPARC Data Ini-
tiative start in 1991. The longest time series comes from
HALOE, and the only instruments that overlap with this
data record and have ongoing measurements are ACE-
FTS and Aura-MLS. SMILES offers two HCI isotopologue
products (from H*Cl and H¥Cl, named SMILES(1) and
SMILES(2), respectively) for comparison during its mission
time between October 2009 and April 2010.

Tables 4.18.1 and 4.18.2 compile information on the avail-
ability of HCl measurements including time period, height
range, vertical resolution, and references relevant for the
data product used in this report.

4.18.2 H(l evaluations: Zonal mean cross sections, vertical
and meridional profiles

The HCI zonal mean cross section evaluations have been
carried out using climatologies averaged over the years

Table 4.18.1: Available HCl measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling in each grid box indicates the temporal and vertical coverage (within the pressure range 300-0.1 hPa) of the

respective instrument.

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991

HALOE
ACE-FTS

1992
1993
1994
1995
1996
1997
1998
1999
2000
2001

2002
2003
2004
2005
2006
2007
2008
2009
2010

Aura-MLS

SMILES

Table 4.18.2: Time period, vertical range, vertical resolution, references and other comments for HCl measurements.

Instrument Time Vertical Vertical References Additional comments
period range resolution
HALOE V19 Oct91- | upto70km 3.5km GrooB8 and Russell,
Nov 05 2005
Aura-MLS Jul 04 - 100-0.32 3km Froidevaux et al., The MLS continuous band 14 HCl data used here
V3.3 hPa (inLS) 2008b (for vV2.2) are not suitable for upper stratospheric trend
(16 - 57 km) 4-6km | Liveseyetal, 2011 | studies (see refs.).
(above 1 | (forV3.3 update) Values at 147 hPa are biased very high at low
hPa) latitudes, but are probably more useful at high

latitudes; all values below 100 hPa were flagged
with bad value (-999.) for the current climatology.

ACE-FTS V2.2 | Mar 04 - 8-57km 3-4km | Mahieuetal., 2008

SMILES Oct 09 - 100 hPa - 3km Kreyling et al.,, 2013 | Diurnal variation is observed.

HCI-35V2.1.5 | Apr 10 0.0001 hPa

SMILES(1) (16 =110 km)

HCI-37V2.1.5

SMILES(2)
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2002-2008. HCI exhibits relatively small trends during
this time period and averaging over a longer time period
decreases the sampling bias. As shown in Figure A4.18.1
in Appendix A4, the instruments show similar although
somewhat noisier behaviour when only the year 2005 is
considered. Additionally, vertical and meridional profiles
are evaluated.

Note that SMILES measured over only a few months dur-
ing 2009 and 2010 and hence was not included in the cal-
culation of the MIM. SMILES(1) HCI is based on H**CI
isotopologue data and multiplied with a scaling factor of
1/0.7578, while SMILES(2) is based on H¥Cl isotopologue
data and multiplied with scaling factor of 1/0.2422. The
scaling factors account for the natural isotopic abundance
in the atmosphere.

HALOE, ACE-FTS, Aura-MLS, and SMILES (2002-2008)

Figure 4.18.1a shows the annual zonal mean HCI clima-
tologies for 2002-2008. The relative differences between the
instruments and the MIM are displayed in Figure 4.18.1b.
Figure 4.18.1a reveals that HCl is a mostly stratospheric trace
gas exhibiting very low mixing ratios in the troposphere. HCI
increases with increasing altitude, opposite to its source gases
that consist mostly of CFCs (see Sections 4.5 and 4.6). Below
5 hPa, the trace gas isopleths slope downwards between the
tropics and the extra-tropics as expected for intermediate to
long-lived trace gases. The instruments seem to agree well
through most of the LS and MS, however show less agree-
ment in the USLM. ACE-FTS, for example, shows much larg-
er values at highest altitudes than the other instruments pro-
viding measurements in this region. This is a known feature
reported in Froidevaux et al. [2008b] and this difference is
reduced in the more recent ACE-FTS data version 3. The two
SMILES datasets reveal very similar structures to the overall

HCI MIM (2002-2008)

HCI HALOE (2002-2005)

HCI distributions, however do not show increasing values in
the LM as seen in the other instruments.

The difference plots in Figure 4.18.1b reveal upon close
inspection that Aura-MLS and ACE-FTS show excellent
agreement within +2.5% through most of the stratosphere
and into the LM up to the altitudes where Aura-MLS is avail-
able. Exceptions to this are the Southern Hemisphere polar
region and the LS, where ACE-FTS (Aura-MLS) shows a
slightly larger negative (positive) departure from the MIM
of £20%. The larger differences in these regions may be due
to sampling bias (as suggested by smaller monthly values
seen in Figure A4.18.2 in Appendix A4). HALOE exhib-
its negative departures from the MIM with values below
-10%. Validation studies of earlier versions of HALOE
(v17) have already pointed toward a low bias in HALOE
when compared to other correlative measurements such as
balloon and ATMOS measurements, with differences be-
tween 10% and 20% [Russell et al., 1996b]. The somewhat
low HALOE (v19) HCI values have also been discussed in a
number of previous studies, including those by Froidevaux
et al. [2006; 2008b] for Aura-MLS versus HALOE, by
McHugh et al. [2005] and Mahieu et al. [2008] for ACE-
FTS versus HALOE, and by Lary et al. [2007], who used
various space-based measurements in a neural network
analysis. Both SMILES data products used in the SPARC
Data Initiative show similar values as HALOE, with nega-
tive deviations from the MIM through most of the USLM.
However, a newer version of SMILES with a better altitude
registration tends to increase HCI, so that the differences
versus Aura MLS are much smaller. Therefore, HALOE can
be considered typically lower than all other three instru-
ment retrievals. In the UTLS, SMILES shows structures in
the deviations from the MIM that resemble the impact of
different QBO phases on trace gas distributions [cf., Randel
et al., 1999]. Indeed a strong easterly phase was observed
during 2009/2010. An evaluation of monthly cross sections

Pressure [hPa]

HCI ACE-FTS (2004-2008)

Latitude

Pressure [hPal]

Latitude

Latitude }'5
0 1HCI Aura-MLS (2004-2008) HCI SMILES(1) (2009-2010) HCI SMILES(2) (2009-2010) 0:3

505 0 50N 505
Latitude
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Figure 4.18.1a: Cross sections of annual zonal mean HCl for 2002-2008. Annual zonal mean HCl cross sections are shown
for 2002-2008 for the MIM, HALOE, ACE-FTS, Aura-MLS and SMILES. Note that the instruments provide data for different time
periods as indicated in the panel titles. SMILES data have not been included in the MIM.
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Figure 4.18.1b: Cross sections of annual zonal mean HCl differences for 2002-2008. Annual zonal mean HCl differences

between the individual instruments (HALOE, ACE-FTS, Aura-MLS, and SMILES) and the MIM are shown. SMILES data have not
been included in the MIM.

in the years 2009 and 2010 shows that these QBO-like  The altitude profiles shown in Figure 4.18.2 support the
structures disappear in the SMILES deviations from the  above findings and reveal further structural details on

MIM (see Figure A4.18.2 in Appendix A4). shorter (monthly) time scales. ACE-FTS and Aura-MLS
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agree well throughout the stratosphere and the LM for all
months for which ACE-FTS is available, while HALOE is
biased low by about 10%-15% except for the SH high lati-
tudes. In the LS, however, ACE-FTS and Aura-MLS drift
apart, with ACE-FTS (Aura-MLS) showing negative (posi-
tive) departures from the MIM as already seen in the an-
nual mean cross sections. HALOE also shows a positive de-
parture from the MIM in the UTLS. Both SMILES products
tend to agree with ACE-FTS and Aura-MLS in the LS, but
show negative deviations from the MIM above, with values
more similar to those of HALOE. Monthly deviations can
exceed annual mean deviations locally.

The meridional profiles in Figure 4.18.3 illustrate how the
relative differences from the MIM are decreasing with in-
creasing altitude. At 100 hPa, HALOE and Aura-MLS show
relative differences from the MIM in the extra-tropics and
tropics of up to +25% and +80%, respectively. All instru-
ments show relative differences around +15% at 10 hPa,
and around +8% at 1 hPa. The relative differences increase
again above 1 hPa. Note that the improved SMILES retriev-
al of HCl is expected to bring SMILES closer to Aura-MLS
and ACE-FTS.

10 hPa Nov (2002-2008)

4.18.3 H(l evaluations: Latitude-time evolution

Figure 4.18.4 shows the latitude-time evolution of HCI at
50 hPa. Only Aura-MLS has frequent enough spatial and
temporal sampling to provide year-around coverage at all
latitudes. Nevertheless, the comparison with the interpolated
fields from HALOE and ACE-FTS show consistent features.
Generally, there is not much intra-annual variability seen in
the field (except in the polar regions). As expected from the
annual zonal mean cross sections, the isopleths are shaped
by the Brewer-Dobson circulation, with lower values in the
tropics than in the extra-tropics. In the tropics, HALOE
shows somewhat lower values than Aura-MLS. However, a
strong minimum in HCl is found in the polar vortex region
during Southern Hemisphere winter, a feature consistently
reproduced by Aura-MLS and ACE-FTS, and to some extent
by HALOE. The physical explanation for the minimum in
HCI is the build-up of polar stratospheric clouds (PSCs)
during winter, on which HCI (together with HNO3) reacts to
release active chlorine [e.g., Santee et al., 2008]. The activation
of chlorine atoms then leads to the severe catalytic depletion
of ozone (and the Antarctic ozone hole) during polar spring.

1 hPa Nov (2002-2008)
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Figure 4.18.3: Meridional profiles of zonal mean HCl for 2002-2008. Meridional zonal mean HCl profiles at 100, 10, and
1 hPa for November (upper row) and February (lower row). Differences between the individual instruments (HALOE, ACE-FTS,
Aura-MLS, and SMILES) and the MIM are shown in the lower panels. The grey shading indicates the +5% difference range. Bars
indicate the uncertainties in the relative differences (expressed here as =1 SEM). Note, SMILES is not included in the MIM.
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provide a long enough time series to be included in the
comparison, one can deduce some information from the
comparison on the behaviour of Aura-MLS and ACE-FTS.
In addition to climatological differences, the instrument per-  Figure 4.18.5 shows anomalies for the different instruments
formances in reproducing interannual variability is tested.  at different pressure levels in the polar region of the Northern
While there is not enough overlap to thoroughly evaluate ~ Hemisphere. Aura-MLS and ACE-FTS agree well, although
HALOE versus the later instruments and SMILES does not ~ ACE-FTS exhibits less frequent sampling and incomplete

4.18.4 HCl evaluations: Interannual variability
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annual information. January maxima and minima in the data
record are somewhat better resolved by ACE-FTS at 100 than
at 50 hPa. The observed maxima stem from the descent of
HCl-rich air during warmer winters, while the minima in-
dicate strong processing on polar stratospheric clouds. The
temperatures during the 2004/2005 Arctic winter for example
were at a record low, with much higher PSC abundances than
in other years. In the NH polar latitudes, the anomalies show
the strongest disagreement during the winter months. This
could be related to a different sampling of the polar vortex
by the two instruments. Note that ACE-FTS is only of lim-
ited use when looking at interannual variability in the tropics,
where the instrument’s temporal coverage is more limited.

4.18.5 Summary and conclusions: HCl

HCI climatologies from four limb-sounders (HALOE,
ACE-FTS, Aura-MLS, and SMILES) have been compared

within the SPARC Data Initiative. SMILES measures two
isotopologues (H**Cl and H¥Cl), which have been evalu-
ated separately (using the SMILES(1) and SMILES(2) nota-
tion). Overall findings on the systematic uncertainty in our
knowledge of the HCI mean state and important character-
istics of the individual datasets are presented in the follow-
ing summary including two synopsis plots as discussed in
the previous trace gas sections and detailed in Section 3.3.5.

Atmospheric mean state

The uncertainty in our knowledge of the atmospheric HCI
annual mean state as derived from the four satellite instru-
ments and measured by the multi-instrument spread is
smallest in the MS and US, and smaller in the polar regions
(+4%) than in the tropics (+8%) (see Figure 4.18.6). Good
knowledge is obtained in the LM and tropical LS, where
the uncertainty is about +10-15%. The uncertainty is largest
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Figure 4.18.6: Summary of HCl annual zonal mean state for 2002-2008. Annual zonal mean cross sections for 2002-2008
of the MIM, minimum (MIN), and maximum (MAX) HCl values are shown in upper row. The absolute and relative differences
over all instruments (MAX-MIN) and the absolute and relative standard deviations over all instruments are presented in the
middle and lower row, respectively. Black contours in lower panels repeat the MIM distribution. Instruments considered are
ACE-FTS, Aura-MLS, and HALOE. Note SMILES(1) and SMILES(2) are not included in the MIM due to their limited sampling.



in the Southern Hemisphere polar vortex region and the
UTLS (reaching values higher than +50%). The large un-
certainty in the UTLS may be explained by the relatively
small HCI mixing ratios that the instruments have to be
able to detect.

Performance by region

In the USLM (0.1-5 hPa), median values are well defined
as indicated by small MADs. The derived inter-instrument
differences, which lie mostly within £10%, are therefore
well defined as well. SMILES shows somewhat larger devia-
tions from the MIM, especially in the tropics.

In the MS (5-30 hPa), excellent agreement is found between
the instruments in the extra-tropics. In the tropics, the un-
certainty increases to +8%. However, large MADs indicate
that these inter-instrument differences are not well defined
and local difference can be much larger.

In the LS (30-100 hPa), good agreement within +10% is
found in the extra-tropics, but considerable disagreement
with inter-instrument differences of up to +40% is found
in the tropics.

In the UT (100-300 hPa), only HALOE and ACE-FTS pro-
vide measurements. HALOE (ACE-FTS) shows mostly
positive (negative) differences in this region reaching mean
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values of up to +20%. Note that the median values are not
well defined as seen in relatively large MADs. Also, Aura-
MLS HCI data at these lower altitudes may be useful at high
latitudes, but they have a high bias at low latitudes [see
Froidevaux et al., 2008b] and hence were not included in
the SPARC Data Initiative climatologies. This issue could
also explain the tendency for Aura-MLS HCI values at
100 hPa to be on the high side in the tropics.

Instrument-specific conclusions

HALOE shows a negative bias throughout the stratosphere
and the LM, with relative differences with respect to
the MIM of between -5% and -10%. The negative bias in
HALOE is known from previous studies and also agrees
in magnitude [Russell et al., 1996b; Lary et al., 2007]. For
pressures larger than 100 hPa, HALOE shows a positive
deviation from the MIM (which is mostly determined by
the comparison to ACE-FTYS).

Below 30 hPa, ACE-FTS shows much lower values than
the other instruments in the extra-tropical UTLS. Above
30 hPa, however, it shows excellent agreement with the
Aura-MLS dataset.

As noted previously, Aura-MLS and ACE-FTS show ex-
cellent agreement with each other, except in the LS where
Aura-MLS shows much higher values than ACE-FTS.
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Figure 4.18.7: Inter-instrument differences in HCl calculated for the tropics (left) (20°S-20°N) and (right) extra-tropics
(40°S-80°S and 40°N-80°N) and for five different altitude regions from the UT up to the LM. Shown are the median
(squares), median absolute deviations (MAD, thick lines), and the mean %10 ranges (thin lines) of the relative differences
between each individual instrument and the MIM calculated over a given latitude and altitude region. The reference period
is 2002-2008. Note SMILES(1) and SMILES(2) are not included in the MIM due to their limited sampling.
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SMILES(1) and SMILES(2) versions available to the SPARC
Data Initiative are very similar in their overall structure, ex-
cept in the tropical LS. Here, SMILES(1) shows a large nega-
tive bias with deviations from the MIM of around 50%. In
the USLM, the two datasets generally are showing even larg-
er negative deviations from the MIM than HALOE, which
is known to exhibit a low bias. Note that an improved ver-
sion of SMILES HCI has become available in the meantime,
which largely removes the low bias and makes the retrieved
values closer to those measured by Aura-MLS and ACE-FTS.

4.18.6 Recommendations: HCI

The long-term monitoring capability for stratospheric HCI
hinges on two instruments (ACE-FT'S and Aura-MLS), which
are both past their expected lifetimes. New height-resolved
measurements are needed to maintain this capability in order
to be able to fulfill obligations to the Montreal Protocol.

4,19 Chlorine monoxide - Cl0

Chlorine monoxide (ClO) is one of the most important re-
active chlorine species involved in chlorine-catalyzed de-
struction of stratospheric ozone. The primary sources of
ClO are CFCs (see Sections 4.5 and 4.6), but also hydro-
chlorofluorocarbons (HCFCs), methyl chloride (CH3Cl),
and carbon tetrachloride (CCly). These source gases reach
the stratosphere, and are transported by the stratospheric
circulation to higher altitudes, where they are photolyzed
by UV radiation and release atomic chlorine (Cl). CI then
reacts with ozone to form ClO. In the upper stratosphere,
ClO represents a substantial fraction of total available
stratospheric chlorine. However, in the lower and middle
stratosphere, reactive chlorine (CIO and Cl) is mostly tied
up in the reservoir species HCl and CIONO, that do not
directly destroy ozone. It is only during winter/spring in
polar regions that HCl and CIONO, are converted back
into ClO via heterogeneous chemical reactions on polar

0 6 12 18 24
Time (hours)

stratospheric clouds; these processes create enhanced levels
of CIO that are a precursor to ozone destruction [Solomon
et al., 1986; Molina and Molina, 1987].

CIO exhibits a relatively strong diurnal cycle in the LS and MS,
however, a less pronounced diurnal cycle in the US. Figure
4.19.1 shows two examples of the diurnal CIO cycle as a func-
tion of local solar time or solar zenith angle for three different
pressure levels as derived from a chemical box model [McLin-
den et al., 2010]. A comparison of satellite-based ClO mea-
surements corresponding to different local solar times would,
ideally, account for this dependence on SZA.

4.19.1 Availability of CI0 measurements

The assessment of ClO is based on the climatologies from
SMR, Aura-MLS, MIPAS, and SMILES observations avail-
able to the SPARC Data Initiative. The climatologies start
in 2001, with SMR currently providing the longest re-
cord. Both night-time and daytime CIO climatologies are
available for the instruments used here, but only daytime
measurements are presented and evaluated in this chap-
ter. Measurements used from MIPAS correspond roughly
to 10am, from Aura-MLS to about 1:30pm, from SMR to
6:30am (SMR(1))and also 6:30am measurements scaled to
1:30pm (SMR(2)), while SMILES measurements are taken
throughout the day.

Older measurements are available from UARS-MLS, but
are not included in the comparisons shown here, partly
because significant trends are expected in atmospheric CIO
concentrations between the 1990s and the 2000s as a result
of reductions of chlorine source gas emissions following
the Montreal Protocol regulations. Moreover, a careful
selection of UARS-MLS data is needed as local time varies
during each month complicating the creation of regular
monthly datasets at all latitudes. This is due to periodic
satellite yaws, which change the global viewing geometry of
UARS-MLS roughly every 36 days. Nedoluha et al. [2011]

SZA (°)

VMR

0 6 12 18 24
Time (hours)

Figure 4.19.1: Diurnal cycle in CIO. CIO diurnal variations are shown as a function of LST or SZA at 10°N (left panel) and
40°N (right panel) for 1, 10 and 100 hPa. The diurnal cycle is derived using a chemical box model [McLinden et al.,, 2010].
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Table 4.19.1: Available CIO measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.19.2: Data version, time period, vertical range, vertical resolution, references and other comments for CIO

measurements.
Instrument Time Vertical range | Vertical resolution References Additional comments
period
Aura-MLS V3.3 | Aug 2004 - 130-1hPa 3-4.5km Santeeetal, 2008 | about 1:30am/pm
Livesey etal, 2013 | (but changes towards high
latitudes)
SMR V2.1 Jul 2001 - 20-50 km 2.5-3km Urban et al., 2005b | 6:30am/pm;
(variable range Urbanetal, 2006 | am/pm climatologies
depending on Khosravi et al.,, 2013 | scaled to 1:30am/pm
minimum mix- are also available
ing ratios)
MIPAS 10am/pm;
close to detection limit;
MIPAS(1) V11 Mar 02 — Apr 10 -45 km 4 km (below 25 km) | Glatthor et al., 2004 | measurement mode switched
04 > 8 km (above 25 km) in 2005 from high spectral to
high vertical resolution;
MIPAS(2) V220 | Jan 05 - Apr 10-30km 33-75km von Clarmann et al., | Note that for single
12 2009a measurement profiles, use of
a restricted altitude range of
10 - 30 km is recommended
for both products.
SMILES V2.1 Nov 2009 - | 100-0.01 hPa | 3 -5 km (stratosphere) | Sato et al., 2012 C-band measurements
Apr 2010 5 -8 km (mesosphere) | Sagawa et al,, 2013

compared daytime portions of the UARS-MLS and Aura-
MLS datasets versus time series of (daytime) ground-based
profiles in the upper stratosphere and found no significant
adjustment need between these two satellite datasets in this
region, given their inferred average agreement of 1% + 4%.

Tables 4.19.1 and 4.19.2 compile information on the avail-
ability of CIO measurements, including data version, time
period, height range, vertical resolution, and references rel-
evant for the data product used in this report.

4.19.2 (0 evaluations: Zonal mean cross sections

Monthly zonal mean cross sections will be analysed for
daytime climatologies in order to investigate mean biases
between the various datasets. Daytime climatologies are
chosen, since the CIO diurnal cycle is smaller during the
day than the night.

SMR(1), SMR(2), MIPAS(2), Aura-MLS, and SMILES (2009-2010),
and MIPAS(1) (2002-2004)

Figure 4.19.2a shows the monthly zonal mean ClO clima-
tologies for the reference period 2009-2010 chosen for all

available measurements. MIPAS(1) measured during an
earlier time period (2002-2004), but is here also compared
to the 2009-2010 MIM reference. Note that in the follow-
ing, SMR(1) is not included in the calculation of the MIM,
but that the SMR(2) scaled product is considered in the
limited region available.

The ClO distribution indicates a maximum in the upper strato-
sphere, representing a major contribution to total chlorine
apart from HCl. The maximum values around 3-5 hPa reach
around 800 pptv. ClO decreases towards the LM and also the
LS to values smaller than 5 pptv, which is close to most instru-
ments’ detection limit. A localised maximum in the CIO dis-
tribution is found in the LS polar vortex region during winter/
spring, indicating the enhancement of CIO through heteroge-
neous reactions on polar stratospheric clouds.

The different instruments’ monthly climatologies look very
similar, although MIPAS(1) shows somewhat larger values
than the other instruments, especially across the US in the
tropics. The higher values may be at least partially attribut-
able to a negative trend in stratospheric ClO over the 2000s,
the consequence of the successful implementation of the
Montreal Protocol regulations on chlorine source gases.
At the other end, SMR(1) shows lowest CIO mixing ratios,
consistent with its local measurement time being slightly
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Figure 4.19.1a: Cross sections of monthly zonal mean CIO for 2009-2010. CIO cross sections for 2009-2010 (or according
to availability as indicated) are shown for the MIM, MIPAS(1) (2002-2004), MIPAS(2) (2009), Aura-MLS, SMILES (2010), SMR-
am data unscaled (SMR(1)) and scaled to 1:30pm (SMR(2)). Note, MIPAS(1) and SMR(1) are not included in the MIM.
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Figure 4.19.1b: Cross sections of monthly zonal mean CIO differences for 2009-2010. CIO relative differences with respect
to the MIM are shown for the individual instruments as in Figure 4.19.2a.
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before the maximum daily values are reached (which then
are more or less constant through the day).

The corresponding relative differences of the instruments
with respect to the MIM are displayed in Figure 4.19.2b
The figure quantifies the qualitative discussion on instru-
ment differences above. Note that the white bar in the
Aura-MLS difference climatology between 30 and 10 hPa
during July and October is due to the fact that the MIM at
these altitudes consists of Aura-MLS data only (MIPAS(1)
and SMR(1) are not considered in the MIM). Aura-MLS,
SMILES, and the scaled SMR(2) climatologies agree rea-
sonably well, mostly within £10-20%, confirming earlier
validation studies [Sagawa et al., 2013; Kreyling et al., 2013].
Aura-MLS and SMR(2) agree even better than £10% (as
seen for July and October). This result is in good agreement
with an earlier comparison by Livesey et al. [2013] who
used tight coincidence criteria in terms of SZA for Aura-
MLS and SMR profiles and who showed differences within
10-15% (except at 68 to 100 hPa where both datasets are
subject to larger biases, and for which no comparison could
be made here). The good quality of Aura-MLS CIO is sup-
ported by comparisons versus ground-based observations.
Antarctic spring (year 2005) enhanced Aura-MLS ClO
profiles, appropriately convolved to match the coarser ver-
tical resolution of ground-based microwave ClO profiles,
have been shown by Connor et al. [2007] to agree, on av-
erage, with the ground-based profiles (coincident in space

o 30N-35N Mar (2002-2010)

65N-70N Sep (2002-2010)

and local time) near the lower stratospheric peak (within
11 + 8%, and within the combined 20 uncertainties); Aura-
MLS values are slightly lower than the ground-based values.

The unscaled SMR climatology, SMR(1), shows large nega-
tive relative differences from the MIM throughout most of
the LS and MS (reaching more than -50%), which is ex-
pected from its measurement time at 6:30am shortly before
values reach their daily maximum. Note that around 1 hPa,
the SMR(1) differences are positive, which again can be
expected from the diurnal cycle, which is different than at
lower altitudes and shows localised maxima just after 6am
and 6pm (see Figure 4.19.1).

MIPAS(1) shows large positive differences reaching more
than +20% in the US, with a band of large negative differ-
ences reaching -20% just below in the MS. Note that a com-
parison between MIPAS(1) and SMR(2) over the same time
period (2002-2004; not shown) does not yield better agree-
ment between the instruments, despite avoiding a potential
temporal sampling issue.

4.19.3 (l0 evaluations: Vertical and meridional profiles

The vertical and meridional profiles shown in Figures
4.19.3 and 4.19.4 emphasise details in the structure of the
differences in the monthly zonal mean cross sections.

Figure 4.19.2: Vertical
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Figure 4.19.3: Meridional profiles of
monthly zonal mean CIO for 2002-
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Good agreement and smallest relative differences of +10%
are found between the different instruments during Sep-
tember in the northern high-latitudes, when stratospheric
dynamics is rather quiet and as a consequence geophysical
variability is small. Small variability is also expected in the
tropics throughout the year, however, the vertical profiles
at 5°S-10°S show fairly large relative differences between
the instruments. An exception is Aura-MLS and SMILES,
which show very good agreement over most of the MS and
US and similar maximum values around 3 hPa. The high
bias in MIPAS(1) in the upper stratosphere may be partially
explained by the expected trend in the chlorine loading be-
tween the early and late 2000s.

Only reasonably good agreement to considerable disagree-
ment is found for March at northern mid-latitudes and
September at southern high-latitudes. These are dynamically
and chemically active seasons and sampling issues may play a
stronger role in determining the relative differences between
the instruments, especially for such a short-lived species as
ClO that shows in addition strong interannual variability. In
the face of the high natural variability it is hence difficult to
draw firm conclusions about the instruments’ retrievals dur-
ing these dynamically active seasons. Note also that for Aura-
MLS daytime data at higher latitudes, the local time is shifted

away from 1:30pm to around 3:30pm, so that the diurnal
change effect will tend to introduce larger biases than antici-
pated when comparing to the SMR product scaled to 1:30pm.

Meridional monthly zonal mean ClO profiles for 2002-
2010 are shown in Figure 4.19.4 for two levels in the MS
(7 hPa) and US (3 hPa). At these levels, MIPAS(1), SMILES,
and Aura-MLS show generally good to reasonable agree-
ment (between +10 and £20%). The scaled SMR(2) product
is, despite the diurnal adjustment, still on the low side of
the other instruments’ climatologies and also shows much
larger SEM values, i.e., its mean is not as clearly defined.
MIPAS(1) is generally on the high side.

4.19.4 Summary and conclusions: CI0

CIO climatologies are available from four limb satellite in-
struments: MIPAS, SMR, Aura-MLS, and SMILES. While
SMILES observes the full diurnal cycle, MIPAS measure-
ments are made at about 10am/pm, Aura-MLS at about
1:30am/pm, and SMR at 6:30am/pm respectively. The obser-
vations allow therefore for the compilation of both daytime
and night-time climatologies. Only daytime climatologies
are evaluated here, since the diurnal cycle is deemed to cause
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Figure 4.19.4: Summary of CIO annual zonal mean state for 2006-2010. Annual zonal mean cross sections for 2006-
2010 of the MIM, the absolute, and the relative standard deviations over all instruments are presented from left to right. Black
contours in right-hand panels repeat the MIM distribution. Instruments considered are MIPAS(2), Aura-MLS, SMILES, and the
scaled SMR product (SMR(2)). MIPAS(1) has not been included since its measurement period does not overlap with the rest of

the instruments.

smaller variations during the day than during night, and
since lower stratospheric night-time values are much smaller
(and harder to measure) than daytime values in this region.

Both the unscaled and scaled SMR climatologies are on
the low side of the other instruments. It has been found
that SMR am measurements scaled to 1:30pm improve
the comparison with the other instruments, but generally
still underestimate ClO mixing ratios through most of the
stratosphere and LM. Nevertheless, the differences between
the scaled SMR and Aura-MLS climatologies are generally
well below 10-20% (or £5-10% with respect to the MIM)
in our zonal monthly mean comparisons between 10 and
1 hPa (the range the scaled SMR product is available for),
indicating very good to good agreement. This result agrees
with averaged coincident ClO profile differences between
SMR and Aura-MLS (see Livesey et al., 2013).

SMILES introduces somewhat larger differences compared
to these two instruments, with values around +10% with re-
spect to the MIM depending on the region, with the results
being largely consistent with Sagawa et al. [2013]. The high-
spectral resolution MIPAS climatology, MIPAS(1), exhibits
generally somewhat larger values (+20% with respect to the
MIM) than those of the other instruments, with a contribu-
tion to the differences of only 3-5% likely attributable to the
decreasing trend in stratospheric total chlorine following
the Montreal Protocol regulations.

The overall agreement between the satellite CIO measure-
ments excluding MIPAS(1) (see Figure 4.19.5) and as ex-
pressed by the relative standard deviation is very good to
good throughout the MS and US (5-15%), and especially
in regions where maximum values are found (US around
3 hPa at high latitudes). The uncertainty in the atmospheric
mean state increases towards regions where ClO mixing ra-
tios are close to the detection limit of the instrument (e.g.,
tropical UTLS, or LM) with relative standard deviations
larger than 50% (or absolute mixing ratios of only 20 pptv).

The above results and comparison with earlier validation
literature highlight the general usefulness of the climato-
logical validation approach even for shorter-lived species,

yielding complementary information on latitude-height
dependent measurement differences to that obtained from
profile coincidences. For ClO, expected diurnal variations
are relatively small during the day, so that most instruments
can be compared directly with each other using daytime cli-
matologies. An exception to this is SMR, which measures
shortly before the ‘stable’ daytime ClO mixing ratios are
reached, and for which scaling to mid-day values improves
the comparisons significantly. Note that in regions where
CIO variability is higher or daytime sampling differs from
the stated equator crossing time (as in the case for Aura-
MLS measurements at high latitudes), larger differences
are found. To minimise such effects, validation and related
inter-comparisons necessitate a lot of care and the use of
selected coincident profiles (in terms of SZA and location)
from either ground-based or satellite data.

4,20 Hypochlorous acid — HOCI

Hypochlorous acid (HOCI) in the stratosphere and LM is
a short-lived reservoir gas for active chlorine (ClOy) and
hydrogen oxide (HO,) species [von Clarmann et al., 2012].
HOCI is photolyzed or reacts with atomic oxygen or hy-
droxyl radicals (OH) to form reactive chlorine, thereby
contributing to ozone loss in the HOCI catalytic cycle
[Johnson et al., 1995]. HOCI is produced by the reaction
between ClO and HO, (see Sections 4.19 and 4.23, respec-
tively). The build-up of HOCI depends on the abundance of
HO, relative to atomic oxygen (which competes for CIO to
form the chlorine radical Cl), and available sunlight (which
determines the rate of HOCI photolysis). HOCI can also be
transformed into reactive chlorine species in heterogeneous
processes on polar stratospheric clouds. Increases in upper
stratospheric polar HOCI abundances following strong
solar proton events have been observed in satellite data
(MIPAS and Aura-MLS), as discussed by von Clarmann et
al. [2005] and Damiani et al. [2012]. There is also some tro-
pospheric HOCI chemistry in the marine boundary layer
that produces HOCI, however, tropospheric concentrations
remain very small because the HOCI lifetime (determined
by wet scavenging there) is even shorter than in the strato-
sphere.
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Figure 4.20.1: Diurnal cycle in HOCI. HOCI diurnal variations are shown as function of LST or SZA at 10°N (left panel) and
40°N (right panel) for 1, 10 and 100 hPa. The diurnal cycle is derived using a chemical box model [McLinden et al., 2010].

Figure 4.20.1 shows the diurnal cycle in HOCI at two differ-
ent latitudes as a function of local solar time or solar zenith
angle and for three different pressure levels as derived from
a chemical box model [McLinden et al., 2010]. The diurnal
cycle in HOCl varies with altitude, depending on the relative
strengths of formation and destruction reactions of HOCI
and the abundances of species that lead to HOCI forma-
tion (in particular HO, and ClIO). A quantification of the
increases in night-time HOCI found in the US due to the
reaction ClO + HO, -> HOCl is presented in Kuribayashi et
al. [2014]. An evaluation of the diurnal cycle from SMILES
measurements can be found in Kreyling et al. [2013]. A com-
parison of satellite-based HOCI measurements, which cor-
respond to different local solar times would hence ideally
account for the dependence of HOCI on the SZA.

4.20.1 Availability of HOCl measurements

The assessment of HOCI is based on the climatologies
from Aura-MLS, MIPAS, and SMILES observations. Tables
4.20.1 and 4.20.2 compile information on the availability of
HOCI measurements, including data version, time period,
altitude range, vertical resolution, and references relevant
for the data product used in this report. Measurements of
HOCI are available for the high-spectral MIPAS measure-
ments between 2002-2004, Aura-MLS from 2004 onwards,
and SMILES between October 2009 and April 2010. The
Aura-MLS measurement range is limited to the US. Mea-
surements are available for both night-time and daytime,
but only night-time measurements will be presented and
evaluated in this chapter because of a smaller diurnal cy-
cle amplitude during the night. A data-comparison taking

Table 4.20.1: Available HOCI measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.20.2: Data version, time period, vertical range, vertical resolution, references and other comments for HOCI

measurements.
Instrument Time period Vertical range Vertical References Additional
resolution comments
Aura-MLS V3.3 Jul 2004 - 10-2.2 hPa 3-6km | Khosravietal, 2013 2am/pm
MIPAS V4 Mar 2002 - Apr 2004 20-70 km 9 km von Clarmann et al., 2006 10am/pm
(50 - 0.04 hPa) von Clarmann et al., 2009b
SMILES V2.1.5 Nov 2009 - Apr 2010 30-70km 3-6km | Kreylingetal., 2013 day-/night-time
Khosraviet al.,, 2013 Band A
Kuribayashi et al., 2014
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into account the HOCI diurnal cycle has been presented by
Khosravi et al. [2013], however with a focus on tropical data
at three different altitude levels only.

4.20.2 HOCl evaluations: Zonal mean cross sections

Monthly mean zonal mean HOCI cross sections derived from
night-time measurements for the time period 2002-2010 are
compared in order to investigate mean biases between the
various datasets. We choose to compare the night-time cli-
matologies, since the diurnal cycle (at least below 10 hPa)
shows weakest changes during the night. Measurements
from MIPAS correspond roughly to 10pm, measurements
from Aura-MLS correspond roughly to 2am and SMILES
measurements take place over the whole nighttime.

Nov HOCI MIM (2002-2010)

Dec HOCI MIM (2002-2010)

Pressure [hPa]

MIPAS (2002-2004), Aura-MLS (2004-2010), and SMILES (2009-
2010)

Figure 4.20.2a shows the monthly zonal mean HOCI night-
time climatologies averaged over 2002-2010 for available
measurements. The evaluation of the monthly mean in-
stead of the annual mean datasets is chosen to avoid sam-
pling biases for SMILES, which only covers a few months
of the year. The MIM monthly mean climatologies for NH
late autumn to early spring show highest values in the US at
pressure levels between 5 and 2 hPa. Two distinct maxima
are found at mid-latitudes of each hemisphere reaching up
to about 200 pptv, and with somewhat higher values in the
winter hemisphere than in the summer hemisphere. The
maximum values increase towards the equinoxes. HOCI

Feb HOCI MIM (2002-2010)

Apr HOCI MIM (2002-2010)
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Figure 4.20.2a: Cross sections of monthly zonal mean HOCI for 2002-2010. Monthly zonal mean HOCI cross sections for
November, December, February and April over 2002-2010 are shown for the MIM, MIPAS, Aura-MLS, and SMILES.
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Figure 4.20.2b: Cross sections of monthly zonal mean HOCI differences for 2002-2010. Monthly zonal mean HOC/
differences for 2002-2010 between the instrument climatologies and the MIM are shown. From top to bottom: MIPAS, Aura-

MLS, and SMILES.

quickly drops to below 60 pptv in the LM above 1 hPa, and
in the LS below 30 hPa. MIPAS indicates a third maximum
in the tropical US region, which is not as pronounced in the
SMILES observations. SMILES values, on the other hand, do
not decrease as quickly below 10 hPa as seen in MIPAS (or
Aura-MLS at its lower boundary). Differences are likely due
to a decrease in the sensitivity of SMILES data below 10 hPa,
which arises from a low signal-to-noise ratio attributable to
contamination from pressure broadened ozone lines and air
continuum absorption as described in Kreyling et al. [2013].

The differences in the instruments’ HOCI climatologies
relative to the MIM are displayed in Figure 4.20.2b and
reflect the features seen in SMILES and MIPAS discussed
above. The differences are strongly positive (and are op-
posite of what would be expected from the diurnal cycle)
for MIPAS in the tropical US and for SMILES below about
6 hPa, consistent in sign with the results by Khosravi et
al. [2013]. However, our evaluations indicate somewhat
smaller differences than found in their study despite the
fact that they attempted to take the diurnal cycle effects
into account. Aura-MLS HOCI is slightly low throughout
its limited measurements range when compared to the
other two instruments’ climatologies. Note the differences
between Aura-MLS and SMILES are the same when look-
ing only at the 2009/2010 months for which SMILES took

measurements, so are not resulting from looking at dif-
ferent years. The negative trends in stratospheric chlorine
since the late 1990s will contribute (by a few percent) to the
positive differences seen in MIPAS data when compared to
SMILES and Aura-MLS values for later years.

4.20.3 HOCI evaluations: Vertical and meridional profiles

The vertical profiles shown in Figure 4.20.3 for subtropics
(25°N-30°N) and mid-latitudes (50°N-55°N) further illus-
trate details in the vertical structure of the differences found
in the monthly mean cross sections. In the US and LM,
MIPAS and SMILES agree well or reasonably well within
10-20% except in April at mid-latitudes. This agreement is
better than indicated in Khosravi et al. [2013], which may
be partially due to their evaluation being performed in the
deeper tropics. Aura-MLS shows decreasing negative dif-
ferences with respect to the MIM with increasing altitude.

HOCI meridional mean profiles for 2002-2010 are shown
in Figure 4.20.4. This evaluation highlights that MIPAS
and SMILES generally agree reasonably well (within 20%)
in the USLM, but that MIPAS agrees better with Aura-MLS
in the MS with differences within 20%. Note that the me-
ridional profiles also show somewhat better agreement at
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Figure 4.20.3: Vertical profiles of
zonal mean HOCI for 2002-2010.
Vertical zonal mean HOCI profiles
for October and April 25°N-30°N
(left panels) and 55°N-60°N (right
panels) are shown together with
their differences from the MIM.
MIPAS, Aura-MLS, and SMILES cli-
matologies are averaged over the
years 2002-2004, 2004-2010, and
2009-2010, respectively.

Figure 4.20.4: Meridional pro-
files of zonal mean HOCI for
2002-2010. Meridional  zonal
mean HOC| profiles are shown for
November (left) and April (right) at
5 hPa (upper row) and at 10 hPa
(lower row). The climatologies
are averaged over different time
periods between 2002 and 2010
(see caption of Fig. 4.20.3). Differ-
ences between the individual in-
struments’ (MIPAS, Aura-MLS, and
SMILES) HOCI and the MIM profiles
are shown in the lower panels.
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Figure 4.20.5: Summary of HOCI annual zonal mean state for 2002-2010. Annual zonal mean cross sections for 2002-
2010 of the MIM, the absolute, and the relative standard deviations over all instruments are presented from left to right,
respectively. Black contours in right-hand panels repeat the MIM distribution. Instruments considered are MIPAS, Aura-MLS,

and SMILES.

mid-latitudes and the extra-tropics than in the inner trop-
ics (20°S-20°N) where Kohsravi et al. [2013] chose to per-
form their comparison.

4.20.4 Summary and conclusions: HOCI

HOCI climatologies are available from three limb satel-
lite instruments: MIPAS, Aura-MLS, and SMILES. While
SMILES observes the full diurnal cycle, MIPAS measure-
ments are made at about 10am/pm and Aura-MLS at about
2am/pm, respectively. The observations allow therefore for
the compilation of both day- and night-time climatologies.
Only the latter were evaluated here, since the impact of the
diurnal cycle on night-time comparisons is deemed smaller
(or even negligible below 10 hPa). The overall agreement
between the instruments (see Figure 4.20.5) is better in the
US than in the MS, despite the expectation that the diurnal
cycle in HOCI may lead to a larger impact on the night-
time comparison at higher altitudes.

In the US, MIPAS and SMILES agree reasonably well to
within mostly 20%. In the MS, MIPAS agrees better with
Aura-MLS (largely to within 30%). This can be explained
by SMILES loosing sensitivity below about 10 hPa, which
leads to a decrease in the quality of its HOCI product
[Kreyling et al., 2013]. Aura-MLS is generally on the low
side of the other two instruments, with a few percent of the
differences to MIPAS being explained by negative trends in
stratospheric chlorine between the measurement periods of
MIPAS (2002-2004) and Aura-MLS (2004-2010).

4.21 Bromine oxide — Br0

Bromine oxide (BrO) is another important reactive spe-
cies involved in the catalytic destruction of stratospheric
ozone, especially in the LS below about 20 km [Brasseur and
Solomon, 1986]. While stratospheric abundances of inor-
ganic bromine (Bry) are much smaller than those of inor-
ganic chlorine, bromine is around 60 times more effective
in destroying ozone on a per-atom basis when compared
to chlorine [Sinnhuber et al., 2009]. The primary sources
of stratospheric BrO are organic bromine-containing com-
pounds including the longer-lived methyl-bromide (CH3Br;

from both anthropogenic and natural sources), halons
(e.g., CF,ClBr, CBrFs; from anthropogenic sources), and
very short-lived bromine-containing source gases such as
CH;Br,, CHBr3;, CHBr,Cl (mainly from natural sources)
that are transported from Earth’s surface into the strato-
sphere [Carpenter et al., 2014]. In the stratosphere, these
compounds are photolyzed by UV into bromine, which
then reacts with ozone to form BrO. BrO is the most abun-
dant inorganic bromine species in the LS and MS during
daylight, making up to 50% of total inorganic bromine (Bry;
Brasseur and Solomon, 2005). Total inorganic bromine en-
tering the stratosphere in 2012 as derived from tropospheric
observations was 20.1 pptv, with a contribution from very-
short lived substances of around 5 pptv [WMO, 2014].

BrO exhibits a relatively strong diurnal cycle in the LS
and MS, and a somewhat smaller diurnal cycle in the US.
Figure 4.21.1 shows examples of the diurnal cycle of BrO at
two different latitudes and as a function of local solar time
or solar zenith angle for three different pressure levels as
derived from a chemical box model [McLinden et al., 2010].
A comparison of satellite-based BrO measurements corre-
sponding to different local solar times would, ideally, ac-
count for this dependence on SZA.

4.21.1 Availability of BrO measurements

The assessment of BrO is based on the climatologies from
OSIRIS, SCIAMACHY, and SMILES observations available
to the SPARC Data Initiative. The climatologies start in 2001,
with OSIRIS providing the longest record. Even where both
night-time and daytime BrO climatologies are available for
an instrument, only daytime measurements are evaluated
here since diurnal variations are smaller during the day (see
Figure 4.21.1). OSIRIS measurements available for 6:30am
and scaled to 10am, SCITAMACHY measurements available
for 10am (equator crossing time) and scaled to 10am
(note that the local time is substantially different at higher
latitudes), and SMILES daytime measurements are used.

Other BrO measurements are produced from Aura-MLS over
a limited altitude range between 10 and 4.6 hPa [Milldn et al.,
2012], although these were not provided as part of this com-
parison work; the latter authors note that for the 10 hPa level
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Figure 4.21.1: Diurnal cycle in BrO. BrO diurnal variations are shown as function of LST or SZA at 10°N (left panel) and 40°N
(right panel) for 1, 10 and 100 hPa. The diurnal cycle is derived using a chemical box model [McLinden et al., 2010].

of overlap, MLS BrO generally agrees, within the respective
uncertainties, with OSIRIS and SCTAMACHY BrO.

Tables 4.21.1 and 4.21.2 compile information on the avail-
ability of BrO measurements, including time period, height
range, vertical resolution, and references relevant for the
data product used in this report.

4.21.2  Br0 evaluations: Monthly zonal mean cross sections

Monthly zonal mean cross sections are analysed for day-
time climatologies in order to investigate mean biases be-
tween the various datasets. Daytime climatologies are cho-
sen, since variations in the BrO diurnal cycle are smaller
during the day than the night.

SMILES (2009-2010), OSIRIS, and SCIAMACHY (2003-2010)

Figure 4.21.2a shows the monthly zonal mean BrO clima-
tologies for 2003-2010 (except for SMILES, 2009-2010) of
all instruments available as derived from their daytime mea-
surements and with the data for OSIRIS and SCIAMACHY
scaled to 10am. The SMILES measurement range does not
overlap substantially with OSIRIS or SCIAMACHY, so
the comparison in the USLM is basically between the two
SMILES products themselves as derived from the A-band
(SMILES(1)) versus C-band (SMILES(2)) measurements.
The comparison between OSIRIS and SCIAMACHY is fur-
ther limited by the seasonally varying latitude coverage of
OSIRIS.

The multi-instrument mean (MIM) reveals the structure of
BrO throughout the domain, however it should be kept in

Table 4.21.1: Available BrO measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.21.2: Time period, vertical range, vertical resolution, references and other comments for BrO measurements.

Instrument Time period | Vertical range Vertical References Additional comments
resolution
OSIRIS V5.0 Oct 01 - 16 - 36 km 3-5km Mclinden et al., 2010 Zonally averaged spectra with
(100 - 5 hPa) 10° lat bins; 6:30am/pm and
scaled to 10am/pm
SCIAMACHY Sep 2002 - 14 -30km 3-5km Rozanov etal, 2011 10am (LT of crossing at equator)
V4.1 Apr 2012 (150 -10 hPa) and scaled to 10am/pm
SMILES V2.1.5 Oct 2009 - 30 - 60 km 4-5km Kreyling et al., 2013 Band A (SMILES(1)) and C
Apr 2010 (10-0.2hPa) | (stratosphere) | Kasai etal., 2013 (SMILES(2)) measurements day/
5-8km night
(mesosphere)
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Figure 4.21.2a: Cross sections of monthly zonal mean BrO for 2003-2010. Monthly zonal mean BrO cross sections are
shown for the MIM, daytime SMILES(1) and SMILES(2) (2009-2010) measurements, OSIRIS 6:30am measurements scaled to
10am (2003-2010), and SCIAMACHY 10am measurements scaled to 10am (2003-2010).

mind that this distribution exhibits considerable uncertain-
ty because it is based on at most two instruments (just one
in the USLM). Very low mixing ratios (< 1 pptv) are found
in the tropical UT. Beyond the tropopause, and for the first
few kilometers in the LS, mixing ratios are steadily increas-
ing (with values up to around 8 pptv), and with isopleths

that are seen to roughly follow the tropopause shape as
expected from a trace gas with longer-lived tropospher-
ic gases as its source. A band of high BrO values (with a
maximum of about 18 pptv) is found between 30 and 5 hPa
before mixing ratios decrease again towards the LM. This
behaviour is similar to that seen in ClO (see Section 4.19).
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Figure 4.21.2b shows the differences of the monthly
zonal mean climatologies from the MIM. In the MS
(except around 20 hPa where the instruments agree very
well), SCIAMACHY (OSIRIS) shows negative (positive)
differences from the MIM of around £10%. On the other
hand in the LS, SCIAMACHY (OSIRIS) shows positive
(negative) differences from the MIM that are up to +20%
and larger. The structure and magnitude of the differences
is observed for all months and is consistent with the study
by McLinden et al. [2010]. In the US, the two A-band and
C-band climatologies derived from SMILES agree very
well to within £2.5% at least during April. The differences
between the two products are larger during January (up to
+10%) and also increase towards the LM. As can be seen
in Figure A4.21.1 in Appendix A4, the scaled climatologies
when compared to those that are unscaled do not lead to
a considerable improvement in the agreement between the

: Jan SMILES(1)-MIM (2009-2010)  Apr SMILES(1)-MIM (2009-2010)

instruments’ monthly climatologies. This is likely because
the diurnal variations during daytime are very small.

4.21.3  Br0 evaluations: Vertical and meridional profiles

The vertical and meridional profiles shown in Figures
4.21.3 and 4.21.4 provide more detailed information on
inter-instrument differences, here considering only single-
month evaluations in 2009 and 2010 during the time period
when SMILES was operating.

Figure 4.21.3, which shows vertical profiles at different lat-
itudes, indicates that the three instruments’ climatologies
seem not to agree on the altitude level where a maximum in
BrO is found. SCTAMACHY indicates a maximum around
20 hPa, OSIRIS at around 10 hPa. SMILES, although it
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Figure 4.21.2b: Cross sections of monthly zonal mean BrO differences for 2003-2010. Monthly zonal mean BrO differ-

ences between the individual instruments (SMILES, OSIRIS, and

SCIAMACHY) and the MIM are shown.
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Figure 4.21.3: Vertical profiles of zonal mean BrO for 2009/2010. Vertical zonal mean BrO profiles for November 2009
(upper panels) and April 2010 (lower panels) are shown for different latitude bands, together with their differences from the
MIM. Note, the unscaled OSIRIS and SCIAMACHY products are excluded from the MIM.

has no coverage below 10 hPa and hence cannot confirm
or disprove the existence of a maximum at lower altitudes,
shows a maximum at around 3 hPa (which is confirmed by
Aura-MLS BrO data, although not shown here, see Millin
et al., 2012). The figure highlights again that SCCAMACHY
and OSIRIS show only reasonably good agreement (+20%
from the MIM) throughout most of the LS, but somewhat
better agreement in the MS. The scaling of the climatolo-
gies in general leads to an improvement in the agreement
of around 10%. The differences between these two instru-
ments are mostly consistent during different months and at
different latitudes.

Figure 4.21.4 finally shows meridional profiles during
September 2009 and February 2010 at different altitudes.
The figure indicates that the large differences in the LS
(at 50 hPa) are statistically significant using the SEM as
indicator for the uncertainty in the climatology, whereas
the smaller differences in the MS (at 20 hPa) during both
months lie within the range of the observational uncertain-
ty across most latitudes except the polar region. In the lim-
ited measurement range where OSIRIS and SMILES show
overlap, the scaled OSIRIS and the SMILES(1) agree mostly
very well (within +5%). Note that despite good agreement
between the two SMILES products at 5 hPa, this result is
not representative for higher altitudes (see Figure 4.21.3).

4.21.4 Summary and conclusions: Br0

BrO climatologies are available from three limb satellite
instruments: OSIRIS, SCIAMACHY, and SMILES. While
SMILES observes the full diurnal cycle, OSIRIS measure-
ments are made at about 6:30am/pm and SCIAMACHY at
about 10am local time at equator crossing, respectively. The
observations allow therefore for the compilation of both day-
and night-time climatologies. Only the daytime are evalu-
ated here, since the impact of the diurnal cycle on daytime
comparisons is deemed smaller (or even negligible). OSIRIS
and SCIAMACHY cover the lower altitude range (LS and
MS), while SMILES covers the higher altitude range (US and
LM). SMILES offers two different BrO products (A-band and
C-band retrievals), which are compared in this region.

The overall structure in BrO indicates a minimum in the
tropical tropopause region, increasing mixing ratios with
increasing altitude in the LS and MS, and a maximum in
the US (around 5 hPa) with values around 18 pptv. The BrO
distribution thereby resembles strongly the ClO distribu-
tion (see Section 4.19).

OSIRIS and SCIAMACHY show considerable disagree-
ment in the LS with differences from the MIM of up to



236

Figure 4.21.4: Meridional profiles of
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+30%. Note, BrO mixing ratios are relatively low (around
a few pptv) in the LS, hence the instruments measure near
their detection limit in this region. On the other hand,
good agreement (£10%) between the two instruments is
found in the MS (except at high latitudes). Good to very
good agreement is found between OSIRIS and SMILES(1)
where their measurements overlap (around 5 hPa), whereas
somewhat larger differences are found between OSIRIS and
SMILES(2).

4.22  Hydroxyl radical — OH

The hydroxyl radical (OH) is one of the most reactive mol-
ecules in the atmosphere and of great importance to both
tropospheric and stratospheric chemistry. OH is known as
the cleansing agent of the atmosphere, since it helps in the
destruction of many air pollutants and greenhouse gases.
However, it is also involved in the catalytic reaction cycles
of the HOy family (OH, HO,, H) that destroy stratospheric
ozone. The HOx cycle was the first catalytic reaction cycle to
be identified [Bates and Nicolet, 1950]. The primary source
of OH in the stratosphere is the reaction of O('D) (from
the photolysis of O3) with H,O. In the mesosphere, another

relevant source is the photolysis of water vapour. The OH
abundance is generally not dominated by transport (except
in polar night), and it depends mainly on local source gas
abundances. OH responds very quickly to changes in avail-
able sunlight (UV radiation), which leads to OH variations
on daily (see Figure 4.22.1), seasonal, and longer times-
cales (e.g., following the 11-year solar cycle variations).

4.22.1 Availability of OH measurements

Measurements of OH are available to the SPARC Data Ini-
tiative only from the Aura-MLS instrument and currently
only between 2004 and 2009. The climatologies discussed
here are derived from daytime measurements (near 1:30pm
local time at low- to mid-latitudes). Other OH measure-
ments have been performed in the past on balloon sound-
ings, such as from the Middle Atmosphere High-Resolution
Spectograph Investigation (MAHRSI) in 1994 and 1997
[Conway et al., 1999; 2000], the Far-Infrared Spectrometer
(FIRS-2) [Jucks et al., 1998], and the Balloon OH (BOH)
instrument [Pickett et al., 2006]. There have been other
measurements of mesospheric OH from space, namely by
the Spatial Heterodyne Imager for Mesospheric Radicals
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Figure 4.22.1: Diurnal cycle of OH. OH variations as a function of LST are shown at 10°N and 40°N at 1, 10 and 100 hPa for
March 15. The diurnal cycle is derived using a chemical box model [McLinden et al., 2010].

(SHIMMER), between March 2007 and October 2009, and
analyses of this dataset have been provided by Englert et
al. [2008; 2010] and Siskind et al. [2013]. Good agreement
(within 10-20%) between mesospheric OH profiles from
SHIMMER and Aura-MLS was generally observed (at vari-
ous latitudes and time periods), although the MLS values
were found to be lower than SHIMMER values by more
than 20% near 63-67 km [Englert et al., 2010]. However,
most of the altitude range for SHIMMER OH retrievals
is above the range of the data files included in the SPARC
Data Initiative (with a top pressure level at 0.1 hPa).

Validation of the Aura-MLS measurements has been de-
scribed by Pickett et al. [2006] in terms of comparisons ver-
sus balloon-borne data, and by Wang et al. [2008] for col-
umn OH comparisons versus ground-based data. No major
issues have been noted, and the MLS OH data are generally
quite consistent with the few other correlative datasets. The
11-year solar cycle variation impacts on OH have also been
described by Wang et al. [2013], using both ground-based
data and the Aura-MLS dataset.

Tables 4.22.1 and 4.22.2 compile information on the avail-
ability of OH measurements, including time period, height
range, vertical resolution, and references relevant for the
data product used in this report.

4.22.2 O0H zonal mean cross sections

Satellite OH measurements were only made available to
the SPARC Data Initiative from the Aura-MLS instrument,
hence there are no comparisons herein with other instru-
ments. Instead, we show annual and monthly zonal mean
cross sections from Aura-MLS daytime OH data with the
aim to illustrate the general behaviour of and variability in
OH in the atmosphere as known from the measurements
from this instrument. Note that a correction was applied to
the daytime zonal means, by subtracting long-term night-
time averages, for the bottom few pressure levels (32 to
10 hPa), where this correction is non-negligible. This is
done because the night-time values should be very small,
and non-zero MLS night-time averages are more an indica-
tion of instrument systematics than real night-time values.
The corrected daytime values are found in the SPARC Data
Initiative (daytime) data files.

Notable in both the annual and monthly zonal mean OH
cross sections are the rather flat distributions of the OH iso-
pleths throughout the tropics and mid-latitudes. No strong
seasonality is observed in these regions. At latitudes closer
to the poles (higher than approx. 50°N or 50°S) a somewhat
stronger seasonality in OH is observed, as further illus-
trated in the next section. In particular, OH mixing ratios

Table 4.22.1: Available OH measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.22.2: Time period, vertical range, vertical resolution, references and other comments for OH measurements.

Instrument Time period Vertical range Vertical References Additional
resolution comments
Aura-MLS V3.3 Jul 2004 - Dec 2009 | 32-0.0046 hPa | 2.5 km at most | Pickettetal., 2008 Only daytime
pressure levels | Wang et al., 2008 measurements are
Liveseyetal, 2013 considered here
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Figure 4.22.2: Zonal mean cross sections. The annual zonal mean cross section from Aura-MLS averaged over measure-
ments between 2005 and 2009 is shown in the upper left corner. Monthly zonal mean cross sections are shown for January,

April, July, and October.

decrease towards the poles during autumn/early winter.
Changes in OH are largely driven by variations in sunlight
(solar zenith angle).

4.22.3 OH vertical profiles from Aura-MLS

Aura-MLS zonal mean vertical profiles of OH illustrate
the seasonality identified in the above cross sections more
quantitatively. Again, in the tropics, there is basically no
seasonality. The OH seasonal cycle becomes larger when
moving towards higher latitudes, with decreases in the OH
mixing ratios at mid-latitudes between July and January by
approximately 30%, and in the NH polar region between
July and October by up to 50%. The SH mid-latitude region
exhibits a somewhat stronger OH decrease during winter
than that in the NH.

355-40S (2005-2009)

4.22.4 Summary and conclusions: OH

Aura-MLS is the only instrument providing OH measure-
ments within the SPARC Data Initiative. Aura-MLS OH cli-
matologies are available between 2004 and 2009 and consist
of daytime measurements (near 2pm local time, for low- to
mid-latitudes). The seasonality in daytime OH is discussed.
However, no comparisons with other OH measurements are
provided here. An earlier version of the Aura-MLS OH data
was validated by Pickett et al. [2006, 2008], including esti-
mated uncertainties and comparisons with balloon-borne
OH datasets. Based on this work, MLS stratospheric OH
systematic uncertainties of about 10% are implied.
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Figure 4.22.3: Zonal mean vertical profiles of daytime OH. Zonal mean vertical profiles of OH averaged over 2005-2009
from Aura-MLS are shown for different months and latitude bands (SH mid-latitudes and NH equatorial, mid-latitude, and

polar region). Note, there is no data during polar night.



4.23 Hydroperoxy radical - HO,

The hydroperoxy radical (HO;) together with the hydrogen
atom (H) and hydroxyl radical (OH; see Section 4.22) forms
the HOy family. HO, is formed in the reaction between a hy-
drogen atom and molecular oxygen (O,), or between O3 and
an OH molecule. HO, is a highly reactive molecule and plays
an important role in stratospheric ozone chemistry through
its role in the HOy catalytic reaction cycles that destroys
ozone. The HOy cycle was the first catalytic reaction cycle to
be identified [Bates and Nicolet, 1950]. HO chemistry domi-
nates ozone destruction above 40 km, while NO, dominates
ozone destruction in the lower stratosphere.

HO, exhibits relatively strong day-night differences (see
Figure 4.23.1), in particular in the lower stratosphere. The
relative differences decrease with increasing altitude. Maxi-
mum values are found during the day and are relatively con-
stant, minimum values are found before sunrise with more
or less steadily decreasing values during the night, when
the main reservoir for HOy is H,O, (hydrogen peroxide),
produced from the reaction between two HO, radicals.
The daytime photolysis of H,O, releases HOy, and a rapid
photochemical equilibrium is set up between OH and HO,.
Two-monthly climatologies of diurnal variations are pro-
vided from SMILES observations by Kreyling et al. [2013].
Kuribayashi et al. [2014] discussed in detail the night-time
decrease in HO, due to the reaction HO, + ClO -> HOCL

4.23.1 Availability of HO; measurements

Measurements of HO, are available within the SPARC Data
Initiative from three limb emission satellite instruments,
SMILES, SMR, and Aura-MLS, which measure in the sub-
mm/microwave wavelength bands. Other available strato-
spheric HO, datasets are restricted to balloon campaigns,
such as from the Middle Atmosphere High-Resolution
Spectograph Investigation (MAHRSI) in 1994 and 1997
[Conway et al., 1999; 2000] and Far-Infrared Spectrometer
(FIRS-2) [Jucks et al., 1998]. There is no temporal overlap
of the measurements from the three satellite instruments,
since SMR currently provides HO, data only as a research
product during 2003 and 2004, while the SMILES mission
lasted from October 2009 to April 2010. Another difficulty
in comparing the observations of these three instruments
stems from the fact that they measure at different solar ze-
nith angles, which poses a problem for all short-lived spe-
cies with strong diurnal cycles. Aura-MLS and SMR are
in sun-synchronous orbits and measure at about 1:30am/
pm and 6:30am/pm, respectively. SMILES on the ISS was
in a non-sun-synchronous orbit and hence measured the
full diurnal cycle. For HO,, no attempt is made here to cor-
rect for the differences in local measurement times. How-
ever, we focus on the daytime climatologies of SMILES and
Aura-MLS, since the HO, abundances are larger and fairly
constant during the day, and on SMR-am data, which are
expected to be closer to daytime values than the SMR-pm
data (compare Figure 4.23.1). For the MLS HO, daytime
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Figure 4.23.1: Diurnal cycle of HO,. HO, variations as a
function of LST are shown at 10°N at 1, 10 and 100 hPa for
March 15. The diurnal cycle is derived using a chemical box
model [McLinden etal., 2010].

data, instrumental biases obtained from the night-time
values have been subtracted, following the data usage rec-
ommendations from the MLS team [see Pickett et al., 2008;
Livesey et al., 2013].

Tables 4.23.1 and 4.23.2 compile information on the avail-
ability of HO, measurements, including time period, height
range, vertical resolution, and references relevant for the
data product used in this report.

4.23.2 HO, evaluations: Zonal mean cross sections

Monthly zonal mean cross sections are analysed to inves-
tigate mean biases between the various datasets. Note that
the climatologies of the different instruments are not rep-
resentative of the same years or solar zenith angles, which
likely explains some of the differences found between the
datasets. SMILES daytime, Aura-MLS 1:30pm, and SMR
6:30am climatologies are used. A study by Khosravi et al.
[2013] accounts for the diurnal cycle in the validation of
the three instruments, however for limited pressure levels,
seasons, and latitudes only.

SMR (2003-2004), Aura-MLS (2004-2010), and SMILES (2009-
2010)

Figure 4.23.2 shows the comparison of the monthly zonal
mean HO, climatologies from the different instruments in
November and April, averaged over their respective ob-
servation periods. As seen in the MIM, mixing ratios are
similar in both months in the tropics, indicating a weak
seasonal cycle in the daily values in this region, where solar
zenith angles do not vary very much with season. Lowest
mixing ratios are found in the polar regions of the winter
hemisphere (during high solar zenith angle conditions),
indicating a more pronounced seasonal cycle in the daily
values in these regions.
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Table 4.23.1: Available HO, measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.23.2: Time period, vertical range, vertical resolution, references and other comments for HO, measurements.

Instrument Time Period Vertical range Vertical References Comments
resolution
MLS Aura Jul 04 - 22 -0.046 hPa 4-10km | Pickettetal, 2006 SPARC Data Initiative files are day-
V3.3 Pickett et al., 2008 time zonal monthly means
Khosravietal., 2013 (corrected by subtracting the small
means from night climatology)
SMILES Oct 09 - Apr 10 26 - 95 km 4-5km | Kreyling etal., 2013
V2.0.1 (20-0.001 hPa) Khosravietal., 2013
Kuribayashi et al.,, 2014
Milldn et al., 2015
SMR Oct 03 - Oct 04 30 - 60 km 4-8km | Khosravietal, 2013
V2.1 (10-10.3 hPa)

The differences between the SMILES and Aura-MLS in-  Aura-MLS and SMILES are then compared for November
struments show distinct features. Aura-MLS exhibits lower (55°N-60°N) in 2009, and for April (10°S-15°S) in 2010.
values than SMILES by 10-20% through most of the strato-

sphere and LM, indicating a good to reasonably good agree- ~ For SMR, the time-consistent comparison yields better
ment between the two instruments, similar to the differenc-  results than the multi-annual monthly mean comparison in
es found in Khosravi et al. [2013]. Differences are somewhat  Section 4.23.2. Due to its small number of profiles going into
larger in the respective autumn hemisphere. Aura-MLS  the monthly mean, SMR shows however large fluctuations
(SMILES) show positive (negative) differences at higher lati- ~ in HO, mixing ratios with altitude, and a larger SEM in its
tudes and the lowest/highest altitude regions covered by the  differences from the MIM. SMR does not exhibit consistently
SPARC Data Initiative climatologies. Note that using only ~ lower values than Aura-MLS, as would be expected from
years for which the instruments overlap yields somewhat  its sampling times, although the overall behaviour versus
better agreement between the datasets, but the overall struc-  pressure for this species with strong vertical gradients and
tures in the differences remain similar. The SMR monthly ~ small abundances is matched fairly well. For August at
zonal mean climatologies are based on a few days of data  northern high latitudes, differences between SMR and Aura-
only for each of the chosen months and hence were not in- ~ MLS are mostly within 50%. For the September comparison
cluded in the calculation of the MIM. SMR exhibits lower  in the Southern Hemisphere tropics, larger differences up to
values throughout the USLM by more than 50%. Since sun- ~ 100% are found, but SMR shows larger SEM values, leading

set observations can be more than 100% smaller than day-  to the differences not being statistically significant.
time measurements, scaling the SMR to daytime values for
the comparison would be expected to yield better compari- ~ The comparisons between Aura-MLS and SMILES vertical

son results. Khosravi et al. [2013] have compared these three  profiles show consistent structures in their relative differ-
instruments’ measurements in the tropics at three different ~ ences as in the zonal monthly mean cross section evaluation

pressure levels, scaling the data with a model (vialocal SZA),  over the longer time period, with very good agreement in the
and find relatively good agreement (within about 10-20%,  tropical stratosphere during April. Relative inter-instrument
and also for SMR); this is better than their combined sys-  differences lie mostly within 20% except for the lowest levels
tematic uncertainty estimates (which are at least 15-20%). of the measurement range (with small mixing ratios) (around

10 hPa), where the differences increase to over 100%.

4,23.3 HO, evaluations: Vertical profiles
4.23.4 Summary and conclusions: HO,

The vertical profiles in Figure 4.23.3 reveal further details

of the structure in the differences of the monthly mean = HO, climatologies are available from three limb-sounders:
cross sections. In order to minimise sampling biases, we SMR, Aura-MLS, and SMILES. Here, we compare daytime
here compare the instruments during years of overlap only.  climatologies from Aura-MLS and SMILES, since daytime
Aura-MLS and SMR profiles are compared for August  HO, values are fairly constant allowing for a meaningful
(65°N-70°N) and September (0°S-5°S) for the year 2004.  comparison despite different local sampling times. For SMR,
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Figure 4.23.2: Cross sections of monthly zonal mean HO, and differences from the MIM. Monthly zonal mean HO, cross
sections (left two columns) and their differences from the MIM (right two columns) for the different instruments are shown
for November and April as averaged over available years. Note SMR is excluded from the MIM due to its limited number of

profiles in these monthly zonal mean climatologies.

we use the climatologies derived from am-measurements,
since they are expected to be closer to the daytime measure-
ments than the pm-measurements, although on the low side
of those due to the increase in HO, when sunlight starts ap-
pearing. Note that for a more detailed comparison of SMR
with SMILES and Aura-MLS, scaling towards the daytime
measurement would have to be applied [see Khosravi et al.,
2013]. Overall findings on the systematic uncertainty in our
knowledge of the HO, mean state are presented in the fol-
lowing summary including the discussion of Figure 4.23.4.

Atmospheric mean state

Knowledge of the atmospheric HO, annual mean state
presented here is based mainly on Aura-MLS, with the

information being corroborated primarily by comparison
with SMILES. The uncertainty in the annual mean state
as derived from the two satellite instruments is smallest
in the LM, and also in the tropical MS and US with val-
ues smaller than +10%. The uncertainty increases towards
the mid-latitudes with inter-instrument spreads of +30%.
Largest uncertainties are found at the lowest levels at which
measurements are available (around 20 hPa). Here, HO,
mixing ratios are very low (around 40 pptv) and differences
increase to up to £100%. The annual mean results are con-
sistent with single-month comparisons.

Overall, the comparisons between Aura-MLS and SMILES
daytime climatologies show promising results and good
agreement over much of the altitude range the measure-
ments cover (with inter-instrument differences mostly well
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within 20%, comparable to the Khosravi et al., [2013] re-
sults for the tropical region). SMR measurements exhibit
larger deviations from these other two instruments, most
likely attributable to using unscaled climatologies that are
derived from measurements at higher solar zenith angles,
but maybe also because a smaller number of SMR profiles
are used in the climatologies presented here.

We note also that a recent offline retrieval dataset consisting
of daily zonal averages for Aura-MLS HO, has been cre-
ated [see Milldn et al., 2015], with some advantages over
the MLS routine production data (in the spatial and vertical
coverage as well as in the night-time values).

SMR —— MIM

4.24 Formaldehyde — CH,0

Formaldehyde (CH,O) is the simplest aldehyde in the at-
mosphere. CH,O is an important intermediate in the oxi-
dation of methane and other hydrocarbons, involving sun-
light and oxygen. In the stratosphere, its main source is the
oxidation of methane. CH,O is destroyed in the reaction
with OH or via photolysis [Brasseur and Solomon, 1986].
CH,O exhibits a small diurnal cycle at least in the middle
and upper stratosphere, shown for three different pres-
sure levels derived with a chemical box model [McLinden
et al., 2010] in Figure 4.24.1. In the troposphere, sources
in addition to CHy oxidation include oxidation of non-
methane hydrocarbons resulting from biomass and fossil
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Figure 4.23.4: Summary of HO, annual zonal mean state for 2003-2010. The figures show the annual zonal mean cross
sections for 2003-2010 including the MIM, the absolute standard deviation, and the relative standard deviation over the HO,
fields (from left to right, respectively). Black contours in the middle and right-hand panels repeat the MIM distribution. Instru-
ments considered are Aura-MLS and SMILES. SMR is not included in the MIM due to its limited sampling.



fuel burning. There are also industrial sources from man-
ufacturing of building materials and household products.
Smoking also produces CH,0O. CH,O is highly toxic to hu-
mans and animals, causing allergic reactions, eye, nose, and
lung irritations, and potentially cancer.

4.24.1 Availability of CH,0 measurements

CH,O climatologies are available to the SPARC Data
Initiative from the MIPAS and ACE-FTS instruments, which
measure in the mid-IR (see Table 2.2). MIPAS provided
measurements only during the first years of its mission,
when the instrument was operating in the high spectral res-
olution mode [Steck et al., 2008]. It obtains measurements
from the upper troposphere to the upper stratosphere. ACE-
FTS on the other hand extends into the mid troposphere
while its upper bound is limited to the lower stratosphere
[Coheur et al., 2007; Dufour et al., 2009]. SMR produced
a CH,O product for the upper stratosphere [Ricaud et al.,
2007], however, these observations are not available here.

Tables 4.24.1 and 4.24.2 compile information on the avail-
ability of CH,O measurements, including time period, al-
titude range, vertical resolution, and references relevant for
the data product used in this report.

4,242  (H,0 evaluations: Annual zonal mean cross sections

Annual mean zonal mean cross sections are here analysed
to investigate mean biases between the two available da-
tasets. Figure 4.24.2 shows the annual zonal mean CH,0
climatologies for MIPAS (2002-2004) and ACE-FTS (2004-
2009), along with the differences of ACE-FTS to the MIM.
Note there is an overlap of only one month (March 2004)
between the instruments.

The MIM in the upper stratosphere (here defined by MIPAS
only) shows a clear maximum in the annual mean cross
section with values that are higher than in the tropical
upper troposphere. The strong maximum in CH,O found
in the tropics is present all year and is consistent with model
calculations [see also Ricaud et al., 2007]. In the lower
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Figure 4.24.1: Diurnal cycle of CH,0. CH,O variations
as a function of LST or SZA are shown at 10°N at 1, 10 and
100 hPa for March 15. The diurnal cycle is derived using a
chemical box model [McLinden et al., 2010].

stratosphere, MIPAS shows minima in CH,O located above
the subtropical jets of each hemisphere. These minima are
not seen in the ACE-FTS annual mean climatology, which
instead shows tropopause-following isopleths. MIPAS
averaging kernels [Steck et al., 2008] indicate that CH,O
measurements below 18 km do not contain substantial
altitude-resolved information in the UTLS. Thus the
differences between MIPAS and ACE-FTS resulting from a
comparison without application of averaging kernels should
not be over-interpreted. In the tropical and mid-latitudinal
lower stratosphere, ACE-FTS exhibits mostly larger mixing
ratios (more than 100%) than MIPAS, exceptin the subtropical
jet regions where the ACE-FTS measurements indicate lower
values than MIPAS. At higher latitudes and at the upper end
of the observational range, ACE-FTS measurements show
also lower values than MIPAS. In the UTLS, inter-annually
varying sources of CH,O may contribute to the differences
seen between the two instruments.

4.24.3 (H,0 evaluations: Meridional profiles

Meridional profile comparisons are shown in Figure 4.24.3
and illustrate the details in the differences between the MIPAS

Table 4.24.1: Available CH,0 measurement records from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.24.2: Time period, vertical range, vertical resolution, references and other comments for CH,0 measurements.

Instrument | Time period | Vertical range | Vertical resolution References Additional comments
ACE-FTS Mar 04 - 5-25km 3-4km Dufour et al., 2009 Research product from v2.2
V2.2 (500 - 25 hPa) used here
MIPAS Jul 02 - Mar 04 10-60 km 11 km Steck et al., 2008 Data only in high spectral
V2 (250 - 0.2 hPa) resolution mode available
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Figure 4.24.2: Cross sections of annual zonal mean CH>0. Annual zonal mean CH5O cross sections are shown for MIPAS
(2002-2004) and ACE-FTS (2004-2009), as well as the difference of ACE-FTS from the MIM.
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and ACE-FTS annual mean climatologies on a monthly basis.
Note again that due to the low altitude resolution of MIPAS
for this trace gas species and altitude range, the differences be-
tween MIPAS and ACE-FTS should be interpreted with care.

The measurements show smaller (or based on the SEM sta-
tistically less significant) differences in the SH than in the
NH high latitudes, similar to the results found by Steck et al.
[2008] for higher altitudes in comparisons with SMR. Rela-
tive differences in the NH between the two instruments are
larger for March (up to 100%) than for September (mostly
smaller than 50%). This result may be partially explained
by higher interannual variability at polar latitudes during
winter/spring than summer/autumn months together with
the fact that ACE-FTS and MIPAS monthly means were
not averaged over the same years. In contrast to the annual
mean and March evaluations, ACE-FTS shows positive
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differences from the MIM at higher latitudes in September
that are however statistically less significant.

4.24.4 Seasonality in CH;0

Monthly zonal mean cross sections are compared for Janu-
ary, April, July, and October in order to illustrate the sea-
sonal cycle found in CH,O and to investigate the consis-
tency of inter-instrument differences throughout the year
in more detail (Figure 4.24.4). The monthly zonal mean
differences are generally consistent with those derived from
the annual mean evaluation, although the differences show
somewhat more varying structures.

For a focus on seasonality in CH,O in the MS and US, ver-

tical profiles of MIPAS data are shown in Figure 4.24.5 for
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Figure 4.24.3: Meridional profiles of zonal monthly mean CH,0. Meridional zonal monthly mean CH,O profiles for March
(upper panels) and September (lower panels) are shown together with their differences from the MIM at 50, 100, 170, and
200 hPa. Error bars in the difference plots indicate the uncertainties in each climatological mean based on the SEM. The grey
shaded area indicates where relative differences are smaller than +5%.
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Figure 4.24.4: Monthly zonal mean cross sections of CH,0. Monthly zonal mean cross sections for MIPAS (2002-2004; up-
per row) and ACE-FTS (2004-2009; middle row) are shown for January, April, July, and October. Also shown (lower row) are
the relative differences of ACE-FTS to the MIM.

different latitudes. CH,O in the extratropical LS and MS
exhibits lowest values during autumn and winter. Maxima
in extratropical CH,O mixing ratios are found in the US
during spring and summer when available sunlight trig-

gers the production of CH;O.

Pressure [hPa]

4.24.5 Summary and conclusions: CH,0

CH,0O climatologies are available in the SPARC Data
Initiative from MIPAS and ACE-FTS. The measurements
were obtained in different years, with ACE-FTS focusing on
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Figure 4.24.5: Altitude profiles of CH,0. Zonal monthly mean altitude profiles from MIPAS are shown for three different
latitude bands in the tropics (0°N-5°N), at mid-latitudes (35°N-40°N) and in polar regions (70°N-75°N) for January, April, July

and October.
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the troposphere/lower stratosphere, while MIPAS obtained
measurements into the upper stratosphere. Differences in
regions of overlap are relatively large and reach from 40% to
over 100%. Largest differences are found in the subtropical
LS and attributable to the relatively low vertical resolution of
MIPAS, which is not adequate to resolve the distinct struc-
tures in CH,O tracer fields around the tropopause and jet
regions. In general, ACE-FTS shows mostly higher values
than MIPAS with the exception of the subtropical jet regions
and towards the upper limit of its measurement range.

4,25 Acetonitrile - CH3CN

Acetonitrile (CH3CN) is an organic trace gas in the atmo-
sphere, which is relatively long-lived (lifetime of around
20 years at 20 km). Its main source is biomass burning [Arijs
and Brasseur, 1986], with ocean uptake believed to be the dom-
inant sink of the constituent [de Gouw et al., 2003]. Chemical
loss occurs with the hydroxyl radical (OH), however, this re-
action is known to be rather slow. Tropospheric background
levels are between 50 and 200 pptv [de Gouw et al., 2003],
while greatly enhanced values are found in biomass burning
regions. Early measurements from UARS-MLS pointed to the
possible existence of an additional low latitude stratospheric
source of CH3CN between 30-10 hPa (25-30 km) [Livesey et
al., 2001], which has not been fully explained.

4,25.1 Availability of CH;CN measurements

Measurements of CH3CN are available to the SPARC Data
Initiative from one instrument only, SMILES, and hence
only cover a few months. The first satellite-based global
CH3CN observations were made by UARS-MLS [Livesey
et al., 2001; 2004], and more CH3CN products/analyses
have now become available. ACE-FTS offers also measure-
ments of global, lower stratospheric CH3CN, which are de-
scribed by Harrison and Bernath [2013]. While Aura-MLS
measurements of CH3CN exist, this noisy product has not
been sufficiently characterised and some high biases appear
to exist in the lower stratosphere [Livesey et al., 2013]. Sig-
nificant enhancements in lower stratospheric CH3CN, as
well as CO and HCN, were observed by Aura-MLS in the
Southern Hemisphere, after the large Australian bush fires
in February, 2009 [Pumphrey et al., 2011].

Tables 4.25.1 and 4.25.2 compile information on the avail-
ability of CH3CN measurements, including time period,
height range, vertical resolution, and references relevant for
the data product used in this report.

4.25.2  CH3CN evaluations: Zonal mean cross sections

Zonal monthly mean cross sections are shown in Figure
4.25.1 for selected months over the SMILES mission period
(2009-2010). The cross sections reveal a strong maximum
between 10 and 2 hPa, located in the SH tropics just off the
equator. This maximum is at somewhat higher altitudes in
the atmosphere than that identified in the early UARS-MLS
measurements [Livesey et al., 2001]. However, mixing ra-
tios are similar to those found in these early measurements
with maximum values between 50-60 pptv. ACE-FTS has
an observational range that is limited to the lower strato-
sphere, and shows no indications of a tropical maximum
at these altitudes [Harrison and Bernath, 2013]. Rather, it
shows values decreasing from about 150 ppt at 11.5 km to
less than 40 ppt at 25.5-29.5 km, the upper limit of its ob-
servational range.

No such maximum is seen in the extra-tropics as also il-
lustrated in Figure 4.25.2. The vertical profiles reveal only
a small seasonality in the tropics, increasing towards higher
latitudes. At 45°N-50°N, lowest values are found in early
spring, and highest in early winter at 10 hPa, although the
full amplitude of the seasonal cycle cannot be determined
due to the limited observation period.

4.25.3 Summary and conclusions: CH3CN

CH;CN climatologies are available to the SPARC Data
Initiative from the SMILES instrument only. The monthly
zonal mean CH3CN climatologies from SMILES have lim-
ited temporal and vertical coverage, but reveal a maximum
in the tropical upper stratosphere. Monthly profiles also
indicate some seasonality that is increasing towards higher
latitudes. No comparisons have been made with other in-
struments, however CH3CN mixing ratios are comparable
with those found in the literature on early UARS-MLS ob-
servations [Livesey et al., 2001]. CH3CN observations are
now also available from Aura-MLS [Livesey et al., 2013] and

Table 4.25.1: Available CH3CN measurement record from limb-sounding satellite instruments between 1978 and 2010.
The red filling of the grid boxes indicates the temporal and vertical coverage of the respective instrument.
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Table 4.25.2: Time period, vertical range, vertical resolution, references and other comments for CH;CN measurements.

Instrument Time period Vertical range | Vertical References Additional comments
resolution

SMILES Nov 2009 - Apr 2010 16 -0.1hPa 3-5km | See http://smiles.nict.go.jp/ Here, the total CH3CN

V2.1.5 index-e.html for information product is used
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Figure 4.25.1: Cross sections of monthly zonal mean CH3CN for 2009/2010. Monthly zonal mean CH3CN cross sections
for November and December 2009, and January and February 2010 as obtained from SMILES observations.
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Figure 4.25.2: Vertical profiles of CH3CN. Zonal mean vertical profiles of CH3CN from SMILES are shown for different
months and latitude bands (equator, subtropics, and mid-latitudes).

ACE-FTS (although these measurements are limited to the
lower stratosphere)[Harrison and Bernath, 2013].

4.26 Aerosol

Aerosol has both natural and anthropogenic sources.
Stratospheric aerosol consists primarily of liquid hydrated
sulfuric acid droplets with an effective radius in the submi-
crometer range [Carslaw et al., 1997]. The dominant source
gases of stratospheric aerosol are (in order of importance)
OCS, SO,, CS, and Di-Methyl-Sulfide (DMS), entering the
stratosphere primarily in the tropics [SPARC, 2006]. Nat-
ural sources of these precursors are ocean spray and des-
ert dust, biological activity in oceans, meteoritic material,
and volcanoes, the latter being capable of injecting mate-
rial directly into the stratosphere in both the tropics and
extra-tropics. The most important human source is fossil
fuel combustion (in particular from air traffic) and biomass
burning. Stratospheric aerosol has a key role in chemistry
and the radiation budget of the atmosphere [McCormick et
al., 1995]. It offers a surface for heterogeneous reactions,
controlling abundances of stratospheric NOy [Angell et al.,
1985; Hofmann and Solomon, 1989]. NOy in turn helps de-
termining abundances of ClOy and HOy, species that are
involved in stratospheric ozone depletion [Wennberg et al.,
1994; Solomon et al., 1996]. Direct radiative forcing caused
by increased aerosol loadings after volcanic eruptions leads
to stratospheric warming [Labitzke and McCormick, 1992]
and tropospheric cooling [Manabe and Wetherald, 1967].

Aerosol also serves as cloud condensation nuclei in the up-
per troposphere and the polar vortex regions [Laaksonen et
al., 2000], leading to an indirect radiative forcing effect. The
stratospheric aerosol layer [Junge et al., 1961], also called
the Junge layer, has been shown to be highly variable re-
sulting from both major and minor volcanic eruptions that
reach the stratosphere [ Vernier et al., 2011].

4.26.1 Availability of aerosol measurements

Measurements of aerosol since 1984 are available to the
SPARC Data Initiative, with the longest time series of
20 years from SAGE II ending in 2005. HALOE provides
aerosol measurements from 1991 to 2005. Aerosol mea-
surements over shorter time periods and with more limited
latitude coverage are also available from SAGE III, POAM I,
and POAM II1. The newer generation of satellite instruments
includes data from OSIRIS, GOMOS (two data products,
AERGOM and v6.01, the latter hereafter simply referred to
as GOMOS), and SCIAMACHY with measurements start-
ing in the early 2000s. The data presented in this report are
representative but not comprehensive. A number of valuable
aerosol products can also be obtained from SAGE I [Chu and
McCormick, 1979], SAM 1II [McCormick et al., 1979; 1981],
CLAES [Roche et al., 1993], SME [Eparvier et al., 1994; Rusch
et al., 1994], ORA [Fussen et al., 2001], ILAS and ILAS II
[Sasano, 2002], ISAMS [Taylor et al., 1993; Lambert et al.,
1993], ACE imager [Vanhellemont et al., 2008], HIRDLS
[Gille and Gray, 2011] and CALIPSO [Winker et al., 2003].
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Figure 4.26.1: Aerosol extinction for April 2003. Shown
are the zonal monthly mean altitude profiles of aerosol
extinction from POAM Ill at 60°N as derived from measure-
ments at different wavelengths. The longer the wavelength,
the smaller are the aerosol extinction values.

The most frequently measured aerosol parameter from
space that is evaluated in this report is aerosol extinction
(with the unit km™). Full characterisation of aerosol on the
other hand would rely on knowledge of size distribution
and composition. The retrieved extinction coeflicients are
a measure of the attenuation of the light passing through
the atmosphere due to scattering and absorption by aero-
sol particles. The extinction varies substantially with wave-
length - longer wavelengths have smaller values as can be
seen in Figure 4.26.1. This complicates multi-instrument
comparisons, such as those included in this report, since
the instruments measure over a wide range of wavelengths
(see Table 4.26.2). HALOE products for example are re-
trieved at much longer wavelengths than products from
other instruments, which does not allow for a direct com-
parison.

It should be noted that there exist fundamental differences
between the aerosol extinction products from occultation
and limb scattering instruments. Generally, solar, lunar,
or stellar occultation sounders are able to provide a direct
measurement of the atmosphere’s optical depth, which can
be translated into aerosol extinction without requiring as-
sumptions on aerosol composition or size. Limb scatter-
ing instruments, on the other hand, only provide a derived
quantity and require assumptions for aerosol properties in
order to characterise the scattering properties of the mea-
sured light. A clear benefit of the limb scattering instru-
ments is, however, much better geographical coverage. Note
that the two SCIAMACHY products at 470 nm and 750 nm
are not independent climatologies. The ratio between the
extinction coefficients at these wavelengths is prescribed by

the assumed particle size distribution and is not changed
by the retrieval. The results at 750 nm are considered to be
more reliable due to the much stronger sensitivity at this
wavelength. Note also that this is essentially the same tech-
nique as used by OSIRIS.

In this report, the monthly zonal mean climatologies of aero-
sol extinction will be validated using two different approach-
es. The first approach is to compare aerosol climatologies that
are derived from observations at similar wavelengths. These
evaluations have to be interpreted with care, since disagree-
ment between two instruments may be attributable to differ-
ences in the wavelengths used for the retrieval, while agree-
ment may merely reflect the result of compensating errors.
A second approach, which is introduced in more detail by
Hegglin et al. (in preparation), applies a normalisation factor
derived from each climatology during quiescent periods to
the available time series. This scaling of the aerosol extinc-
tion (AE) to obtain relative anomalies follows the equation:

AErel_ano = (AE/f -1 )*100

where fis a scaling factor and represents the mean aerosol
loading in 2004.

This approach has the advantage that all climatologies
(even when retrieved at very different wavelengths) can be
compared to each other at the same time. The normalisation
factor is in principle dependent on the particle size
distribution of the aerosol, which is neglected here and
may introduce some error in the comparison. However,
this error is considered to be of second-order importance
compared to other systematic inter-instrument differences
including those arising from the wavelength dependency
even at similar wavelengths. Only a few examples of this
new validation approach will be shown here. An assessment
using standard validation approaches between the earlier
satellite and ground-based measurements has been
provided in the SPARC ASAP Report [2006].

Tables 4.26.1 and 4.26.2 compile information on the avail-
ability of aerosol measurements used in this report, includ-
ing time period, altitude range, vertical resolution, relevant
references, and list of aerosol retrieval wavelengths.

4.26.2 Aerosol evaluations: Vertical and meridional profiles
at similar wavelengths

The available aerosol climatologies are evaluated using
zonal monthly means rather than annual means in order to
prevent large sampling biases, which would be expected in
annual mean comparisons due to the high variability found
in aerosol distributions along with the limited geographical
coverage solar occultation instruments offer. In the follow-
ing, we compare aerosol climatologies retrieved at similar
wavelengths. To this end the climatologies are classified
into five categories according to the wavelength used for
the retrievals:
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Table 4.26.1: Available aerosol measurement records from limb-sounding satellite instruments between 1978 and
2010. The red filling in each grid box indicates the temporal and vertical coverage (within the pressure range 300-0.1 hPa) of

the respective instrument.
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Table 4.26.2: Time period, vertical range, vertical resolution, references and other comments for aerosol extinction

measurements.
Instrument Time period Vertical range Vertical References Additional comments
resolution
POAM II Oct 1993 — Nov 1996 10-30km 1-1.5km | Lumpeetal, 1997 | Retrieved/available at 352, 442,
V6.0 Randall et al., 2000 | 601,781,921, 1060 nm
POAM III Apr 1998 — Dec 2005 5-25km 1-1.5km | Lumpeetal, 2002 | Retrieved/available at 353, 442,
V4.0 Randall et al., 2001 | 603,779,922,1018 nm
GOMOS Aug 2002 - Apr 2012 10 -40 km 4 km Vanhellemont et al., | Retrieved/available at 500 nm
V6.01 2010; 2016 (v6.01), and 350, 450, 470, 500,
AERGOM 525,600, 750 nm (AERGOM)
Aug 2002 - Apr 2012 15-32km 3-5km | vonSavignyetal, | Retrieved/available at
2015 750 (470) nm
SAGE Il Jan 1985 - Aug 2005 ~5-40 km 1km Damadeo et al., Retrieved/available at 386, 452,
V7.0 (channel dependent) 2013 525,1020 nm
SAGE Il Feb 2002 - Dec 2005 ~5-40 km 1 km Thomason, 2010 Retrieved/available at 520, 755,
V4.0 (channel dependent) 1020 nm
HALOE Oct 1991 — Nov 2005 | *dependent on aero- ~2 km Hervig et al., 1996b | Retrieved/available at 2450,
V19 sol loading Hervig and Deshler, | 3400, 3460, 5260 nm
2002
OSIRIS Nov 2001 - present 15-30km 2.2km Bourassaetal., Retrieved/available at 750 nm
V5.07 2007; 2012

e ~350 nm: 350-390 nm
e ~450 nm: 440-470 nm
* ~550 nm: 500-610 nm
e ~750 nm: 750-780 nm
e ~1050 nm: 1010-1060 nm

Note that no such comparisons could be made for HALOE,
since it derives aerosol extinction only at longer wavelengths
(2450-5260 nm).

SAGE 11, POAM I1l, and AERGOM (2003, wavelenghs ~350 nm)

Figure 4.26.2 shows the zonal monthly mean cross sections
for aerosol extinction climatologies are available from mea-
surements retrieved at wavelengths around 350 nm. Aero-
sol extinction climatologies from SAGE II are retrieved at
386 nm, AERGOM at 350 nm, and POAM III at 353 nm.

Note the different vertical range (300-10 hPa) used in the
following figures when compared to previous, monthly
zonal mean cross sections in this report.

Figure 4.26.2 reveals the general features of the strato-
spheric aerosol layer, with high aerosol extinction values in
the tropical UT that leak into the tropical LS, and mostly
tropopause following aerosol isolines similar as expected
from a longer-lived tropospheric source gas. Due to higher
sensitivity to temperature, chemistry, and transport and its
effects on aerosol, variability however is much higher than
for other long-lived chemical trace gases. Towards 10 hPa,
the atmosphere is becoming much ‘cleaner’ and the instru-
ments start to reach their detection limit.

AERGOM (SAGE II) shows higher (lower) values than the
MIM by around 10% in the middle stratosphere, and by
around 50% in the UT and LS. Note that in the following
the MIM has been constructed using all products shown in
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Figure 4.26.2: Cross sections of monthly zonal mean aerosol extinction (retrieved at around 350 nm) for April 2003.
The cross sections are shown for the MIM, AERGOM (at 350 nm), POAM Ill (at 353 nm), and SAGE Il (at 386 nm)(upper row).
Also shown are the relative differences of each instrument from the MIM (lower row). Note, the aerosol extinction climatolo-

gies are ordered according to rising retrieval wavelength.

each figure, even though a particular instrument may of-
fer more than one product in the considered wavelength
range. The differences can be at least partially explained by
the difference in wavelengths the two instruments use for
the aerosol extinction retrieval (with SAGE II retrieving
at longer wavelengths that yield lower extinction values).
POAM III however, which retrieves the aerosol at a simi-
lar wavelength as AERGOM, indicates more positive values
than both of these other instruments.

SAGE 11, POAM Ill, AERGOM, and SCIAMACHY (2003, wave-
lengths ~450 nm)

Figure 4.26.3a and b show the zonal monthly mean cross
sections for aerosol extinction climatologies and their dif-
ferences from the MIM as deduced from measurements
at wavelengths around 450 nm. Aerosol extinction clima-
tologies are available from SAGE II retrieved at 452 nm,
AERGOM at 450 and 470 nm, SCIAMACHY at 470 nm,
and POAM III at 442 nm. Note that the SCCAMACHY cli-
matologies at 470 nm have a very low information content
and basically just represent a scaled 750 nm product.

AERGOM and SAGE II retrieve at very similar wave-
lengths in this category with their 450 and 452 nm prod-
ucts, respectively. Nevertheless, they show relatively large
differences comparable to those seen in the previous com-
parison. Differences from the MIM are around +10%, with
AERGOM on the positive side and SAGE II on the negative
side. Note that the AERGOM product retrieved at 470 nm
still shows higher values than SAGE II (against expectations
from wavelength considerations), indicating a real negative

bias in SAGE II (or high bias in AERGOM). SCIAMACHY,
which has a product at 470 nm as well, shows also quite
large negative differences from the MIM through most of
the tropical/subtropical MS. These are partially expected
due to the wavelength-dependency. However, when com-
pared to the AERGOM product at 470 nm, the differenc-
es are still much larger. In the UT and LS, SCIAMACHY
shows strong positive differences from the MIM, attrib-
utable to the fact that here data were used to produce the
zonal means that were not filtered for cloud occurrence.
The only overlap with POAM III is seen in the Northern
Hemisphere, where the POAM III retrieval shows positive
deviations from the MIM, in best agreement with SAGE
II and SCIAMACHY. The relatively strong negative differ-
ences from the MIM in AERGOM at these higher latitudes
indicate that the products have likely a latitudinal structure
in their biases, potentially arising from sampling issues that
are more severe during the late winter/spring season where
the polar vortex may have generated large and persisting
horizontal gradients in the aerosol fields.

SAGE 11, SAGE 111, POAM 111, GOMOS, and AERGOM (2003, wave-
lengths ~550 nm)

Figure 4.26.4a shows the zonal monthly mean cross sections
for aerosol extinction climatologies for measurements
retrieved at wavelengths around 550 nm. Available are
GOMOS v6.01 aerosol extinction climatologies retrieved at
500 nm, and AERGOM at 500, 525, and 600 nm, SAGE II
at 525 nm, SAGE III at 520 nm, and POAM III at 603 nm.
Differences between single instruments and the MIM are
shown in Figure 4.26.4b.
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Figure 4.26.3a: Cross sections of monthly zonal mean aerosol extinction (retrieved at around 450 nm) for April 2003.
The cross sections are shown for the MIM, POAM Il (442 nm), AERGOM (450 nm) (upper row), SAGE Il (452 nm), AERGOM
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Figure 4.26.3b: Cross sections of monthly zonal mean differences in aerosol extinction (retrieved at around 450 nm) for
April 2003. Monthly zonal mean relative differences between the individual instruments and the MIM are shown.

A strong wavelength-dependency is obvious in this com-
parison category with large positive deviations from the
MIM for measurements obtained at 500 nm (GOMOS and
AERGOM) and large negative deviations from the MIM
at 600 nm (AERGOM). POAM III shows in contrast only
moderate and mostly positive differences from the MIM,
despite measuring at 600 nm as well. The other instruments
retrieving at similar wavelengths show reasonably good
agreement with differences of mostly below £10% through-
out the LS and MS (also SAGE III at 520 nm, and SAGE II
and AERGOM at 525 nm). Only in the tropical upper tro-
posphere, differences increase to above £20%.

SAGE 11l, POAM IIl, OSIRIS, SCIAMACHY, and AERGOM (2003,
wavelengths around 750)

Figure 4.26.5a shows the zonal monthly mean cross sections
for aerosol extinction climatologies from measurements
retrieved at wavelengths around 750 nm. OSIRIS retrieves
its aerosol extinction at 750 nm, SCTAMACHY at 750 nm,
AERGOM at 750 nm, SAGE III at 755 nm, and POAM II
at 779 nm. OSIRIS, SCIAMACHY, and AERGOM fields
are hence directly comparable, and even the wavelength
used for SAGE III retrievals is close enough so that derived
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Figure 4.26.4a: Cross sections of monthly zonal mean aerosol extinction (retrieved at around 500 nm) for April 2003.
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Figure 4.26.4b: Cross sections of monthly zonal mean differences in aerosol extinction (retrieved at around 550 nm) for
April 2003. Monthly zonal mean relative differences between the individual instruments and the MIM are shown.

differences can be interpreted as real instrument differences.

A distinct feature of high aerosol extinction values is seen
by all instruments in the Southern Hemisphere polar vortex
(here early spring is shown), which is caused by the pres-
ence of polar stratospheric clouds [e.g., Benson et al., 2006].

Through most of the tropical and mid-latitude middle strato-
sphere, OSIRIS and SCIAMACHY show good to very good
agreement (within £5-10%). Relative differences increase to-
wards the LS (£20%), the UT (+50%), and towards the polar
region of the winter hemisphere (here the SH) (+50%) where
dynamical variability and aerosol extinction values are larger.

SAGE IIT compares very well with the MIM (mostly within
+5%), except below 100 hPa where differences from the MIM
increase slightly. POAM III shows positive differences in the
SH of 20% (however here agreeing better with SCTAMACHY),
and a negative bias in the NH of up to 20% in the MS, which
is partially expected given the higher wavelength its product is
retrieved at. Differences from the MIM increase towards the LS
where negative biases of up to 50% are found. The AERGOM
product at 750 nm was expected to yield less accurate results
and hence was excluded from the calculation of the MIM. In-
deed, the differences from the MIM are as large as -50% (and
worse) through most of the stratosphere, with equally large
positive differences in the tropical lower stratosphere.
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Figure 4.26.5a: Cross sections of monthly zonal mean aerosol extinction (retrieved at around 750 nm) for September
2003. The cross sections are shown for the MIM (upper left panel), and for AERGOM (750 nm), SCIAMACHY (750 nm), OSIRIS

(750 nm), SAGE Ill (755 nm), and POAM Il (779 nm). Note that AERGOM is excluded from the MIM.
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Figure 4.26.5b: Cross sections of monthly zonal mean differences in aerosol extinction (retrieved at around 750 nm)
for September 2003. Monthly zonal mean relative differences between the individual instruments and the MIM are shown.

SAGE 11, SAGE Ill, and POAM III (2003, wavelengths around
1050 nm)

Figure 4.26.6 finally shows the zonal monthly mean cross sec-
tions for aerosol extinction climatologies from measurements
retrieved at wavelengths around 1050 nm. The instruments of-
fering products retrieved in this wavelength region are SAGE II
and SAGE III (with observations at 1020 nm) and POAM III
(with observations at 1018 nm). All three aerosol extinction
products are hence very well comparable to each other and
show relative differences from the MIM of mostly less than
+10%, indicating good agreement between the climatologies.

4,26.3 Aerosol evaluations: Altitude profiles

Given the limitations of comparing aerosol extinction
products retrieved at different wavelengths with each other,
we here show only a few more evaluations of vertical pro-
files in addition to the above monthly zonal mean evalu-
ations using this comparison approach. The examples are
chosen to provide additional seasonal information and to
perform comparisons between instruments that due to lim-
ited overlap with respect to geographical coverage were not
considered above.
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Figure 4.26.6: Cross sections of monthly zonal mean aerosol extinction (retrieved at around 1050 nm) for April 2003.
The cross sections are shown for the MIM (upper left panel), and for the instruments SAGE I, SAGE Ill, and POAM Il (middle
row). Also shown are the relative differences of each instrument to the MIM (lower row).

Figure 4.26.7 shows a comparison between SAGE II and
POAM II, with the latter not having been considered above.
Two sets of products retrieved at different wavelengths are
compared, SAGE II at 452 nm with POAM II at 442 nm, and
SAGE 1II at 1020 nm with POAM II at 1060 nm. While for
the first set, SAGE II should show slightly lower values than
POAM II in the 450 nm comparison given above discussed
wavelength dependency, SAGE II should show slightly
higher values than POAM 1I in the 1050 nm comparison.
However, this is not the case. The instruments show good
agreement (between +10%) in most examples, except for
the 450 nm case in the Southern Hemisphere in February,
where differences are up to £25%. The fact that the instru-
ments do not show the same sign in the difference from the
MIM in the two hemispheres indicates a hemisphere-de-
pendent instrument bias. These results are consistent with
the POAM II/SAGE II validation analysis of Randall et al.
[2000]. Differences were smaller in 1994, but by 1995-1996,
with a cleaner atmosphere, hemispheric biases showed up
that are thought to be caused by altitude registration errors
in one or both datasets.

Figure 4.26.8 shows comparisons in the wavelength cate-
gory of products retrieved at around 450 nm for April 2003.
In the Northern Hemisphere high latitudes, the AERGOM
products at 450 and 470 reveal extremely good agreement

with the SAGE II product at 452 nm through most of the
lower and middle stratosphere between 70 hPa and 15 hPa.
While POAM III retrieved at 442 nm exhibits a high bias
in the Northern Hemisphere, it shows excellent agree-
ment with AERGOM in the Southern Hemisphere over the
same altitude range. At altitudes below 70 hPa, however,
AERGOM (SAGE II and POAM III) exhibit large nega-
tive (positive) differences from the MIM in the Northern
Hemisphere and large positive (negative) differences from
the MIM in the Southern Hemisphere, respectively.

Figure 4.26.9 shows comparisons in the wavelength cat-
egory of products retrieved at around 550 nm. Good agree-
ment between most instrument products is found through-
out the LS above 100 hPa and MS below 15 hPa. Only the
AERGOM product at 600 nm seems to be somewhat an
outlier with much stronger negative differences from the
MIM than what could be expected from the wavelength dif-
ference to other products. Even at altitudes below 100 hPa,
there is generally good agreement between GOMOS,
POAM, and AERGOM, while the SAGE II and III data
products show rather large positive differences from the
MIM. Note that the cross sections in Figure 4.26.4b yield
a more complete picture on inter-instrument differences,
given that these show varying behaviour with latitude.
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Figure 4.26.7: Vertical profiles of zonal monthly mean aerosol extinction in 1995. The aerosol extinction profiles are
shown for SAGE Il and POAM Il at 60°N-65°N and 70°S-75°S on the left and right, and for products retrieved at wavelengths
around 450 nm and 1000 nm in upper and lower panels, respectively. The relative differences between the individual instru-
ments and the MIM are shown in the right-hand panels. Error bars indicate the uncertainty in the relative differences based
on the SEM of each instrument. The grey shaded area indicates where relative differences are smaller than 10%.

Finally, Figure 4.26.10 shows comparisons in the wave-
length category of products retrieved at around 750 nm.
At these wavelengths, the instruments again show good to
reasonably good agreement through most of the LS and MS
above 100 hPa, except for AERGOM, which shows large
negative deviations from the MIM and the other instru-
ments. Note that it was anticipated that the 750 nm data
product would yield poorer results, and AERGOM hence
was excluded from the MIM calculation. SCIAMACHY
shows the tendency to be higher than the other instruments
below 100 hPa (possibly due to the fact that unfiltered cli-
matologies were used in this comparison). Finally, note the
remarkable agreement between SAGE III and OSIRIS.

4.26.4 Aerosol evaluations: Interannual variability

Another important aspect of instrument performance apart
from the representation of the climatological mean structure
is the instruments’ capability to capture interannual variabil-
ity. For this evaluation, we now turn to the second approach
introduced above for the comparison of the aerosol extinc-
tion climatologies (see also Hegglin et al., in preparation),
which uses scaling factors applied to the different wavelength
products to make them better comparable to each other and
also to be able to include HALOE in the comparison.

The upper panel in Figure 4.26.11 shows the original time
series of aerosol extinction in the tropics at 50 hPa averaged

over 20°S-20°N as derived from a set of instruments at dif-
ferent retrieval wavelengths. A large spread between the
different time series is apparent, illustrating once more the
wavelength-dependency of aerosol extinction retrievals
described above (see Figure 4.26.1). Note that we includ-
ed only three products from AERGOM (at 350, 500, and
600 nm) so to keep the figure better readable.

The lower panel in Figure 4.26.11 shows each instrument’s
time series now scaled following equation (1) and using the
year 2004 as reference year. The applied scaling largely re-
moves the differences between the time series and collapses
the curves on top of each other. The time series derived
from different wavelengths become thereby comparable to
each other. At least after 1999 and during episodes of rela-
tively low aerosol loading, the agreement between the in-
struments is mostly good and lies within £10%. During epi-
sodes with higher aerosol loading, discrepancies between
the datasets increase.

In particular towards the earlier years of the comparison,
the differences between the time series increase to more
than 300%. In the mid to late 1990s, SAGE 1II at 1020 nm is
a clear outlier, showing a different relaxation timescale to-
wards background aerosol extinctions than its other wave-
length products and also HALOE. However, this SAGE II
product shows good agreement with the other aerosol ex-
tinction products available from 2002 onwards, indicating
that the enhanced aerosol loading and changing aerosol
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Figure 4.26.8: Vertical profiles of zonal monthly mean aerosol extinction in 2003 (retrieved at around 450 nm). The
aerosol extinction profiles are shown for different instruments (SAGE Il, POAM Ill, and AERGOM) at 60°N-65°N and 75°S-80°S
during April 2003 on the left and right, respectively. The relative differences between the individual instruments and the MIM
are shown in the right-hand panels. Error bars indicate the uncertainty in the relative differences based on the SEM of each
instrument. The grey shaded area indicates where relative differences are smaller than 10%.
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Figure 4.26.9: Vertical profiles of zonal monthly mean aerosol extinction in 2003 (retrieved at around 550 nm). The
aerosol extinction profiles are shown for different instruments and data products (SAGE Il, SAGE Ill, POAM Ill, GOMOS, and
AERGOM) at 70°N-75°N during September and 50°S-55°S during October on the left and right, respectively. The relative dif-
ferences between the individual instruments and the MIM are shown in the right-hand panels. Error bars indicate the uncer-

tainty in the relative differences based on the SEM of each instrument. The grey shaded area indicates where relative differ-
ences are smaller than 10%.
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Figure 4.26.10: Vertical profiles of zonal monthly mean aerosol extinction in 2003 (retrieved at around 750 nm). The
aerosol extinction profiles are shown for different instruments (SAGE Ill, AERGOM, SCIAMACHY, OSIRIS, and POAM lli) at
70°N-75°N and 50°S-55°S on the left and right, respectively. The relative differences between the individual instruments and
the MIM are shown in the right-hand panels. Error bars indicate the uncertainty in the relative differences based on the SEM

of each instrument. The grey shaded area indicates where relative differences are smaller than 10%. Note AERGOM is not
included in the MIM calculation.
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size distribution may affect the comparisons made here us-
ing scaled products adversely during the early years. Note
that with increasing wavelength the time series of SAGE 1II
(increasing relative anomalies) and HALOE (decreasing

relative anomalies) show opposite behaviour. The depen-
dency on aerosol size distribution may have been espe-
cially an issue within aged aerosol particles long after the
Mount Pinatubo eruption. On the other hand, the aerosol
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Figure 4.26.11: Tropical aerosol time series at 50 hPa. Time series of aerosol extinction (upper panel) and deseasonalised
and normalised aerosol extinction anomalies (lower panel) are shown for the latitude band 20°S-20°N at 50 hPa.

extinction products of SAGE II at 452 and 525 nm and of
HALOE at 3400 and at 3460 nm agree all fairly well with
each other. HALOE at 2450 and 5260 nm seem to underes-
timate relative anomaly values during 2003 and 2005 when
other products seem to agree well with each other. A prob-
lem in the HALOE 2450 and 5260 nm products has also
been pointed out in a study by Thomason [2012], thereby
lending support to our approach taken here.

In the later time period from 2002 onwards, GOMOS, while
generally agreeing well with SCTAMACHY and OSIRIS, ex-
hibits some strong spikes in its time series, which may be at-
tributable to small sampling sizes. AERGOM disagrees with
OSIRIS and SCIAMACHY (but not GOMOS) most strik-
ingly during 2009, and all of its products tend towards lower
aerosol extinctions than those from other instruments. The
AERGOM product at 350 nm yields largest discrepancies.

Figure 4.26.12 shows the same as the previous figure, but
for 80 hPa in the tropics. At this altitude, the scaled time
series show somewhat larger disagreement (mostly within
+20-25%), although the main feature of a double-peaked
structure with maxima during May and November is cap-
tured by most of them. Larger disagreement is expected
since at these levels the retrievals are most influenced by
high geophysical variability, inhomogeneous sampling, or
cloud effects. SAGE II at 1020 nm shows somewhat higher
variability than its other wavelength products. It remains to
be investigated whether this indicates a potential retrieval

problem or real natural variability that the longer wave-
lengths at these altitudes can capture better than the short-
er wavelengths. Both GOMOS and AERGOM do not agree
with the rest of the instruments during 2009. SCTAMACHY
on the other hand shows too high values when compared to
the other instruments in the beginning of its record.

Finally, Figure 4.26.13 shows the same evaluation for
the extra-tropics between 50°N-70°N. At these latitudes,
POAM II and POAM III measurements can also be includ-
ed in the comparison. Note that POAM II has been scaled
using the scaling factor derived from POAM III measure-
ments, which are measured at very similar wavelengths (see
Table 4.26.2), since there are no POAM II measurements
in the reference year 2004 available. POAM II exhibits the
same wavelength dependency as SAGE II, with increas-
ing relative anomalies with increasing wavelength, and
the two instruments agree generally reasonably well with
each other (mostly within 30% for POAM II at 921 and
1060 nm when compared to SAGE II at 1020 nm, and also
for POAM 1II at 601 nm compared to SAGE 1I at 386, 452,
and 525 nm). POAM III shows also a similar wavelength
dependency during years with lower aerosol loading, and
agrees well with HALOE and SAGE II overall. Finally after
2005, SCIAMACHY shows somewhat stronger maximum-
to-minimum fluctuations than the other instruments. At
least part of this behaviour may be attributed to the fact
that the SCIAMACHY data have not undergone filtering
to PSCs and clouds before inclusion in the monthly mean
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climatologies. GOMOS and AERGOM (except at 350 nm)
indicate mostly good agreement with OSIRIS even during
2009, however show some spikes in its time series as noted
for other levels/latitudes above.

Figure 4.26.14 shows the evolution of relative anomalies as
derived from Equation 1 for the different instrument obser-
vations and for the MIM (upper left) now as a function of
time and altitude. The original, unscaled data can be seen
in Figure A4.26.1 in Appendix A4. Note, the MIM is not to
be mistaken for a climate data record, but merely represents
a reference, since it includes all the available aerosol clima-
tologies and not only those considered to be of high quality.

The MIM anomaly time series clearly reveals distinct pulses
of enhanced stratospheric aerosol after the Nevado del Ruiz
(1985), Kelut (1990), and Mount Pinatubo (1991) volcanic
eruptions, a phase of relaxation towards background aero-
sol extinction values towards the late 1990s, and a relatively
‘clean’ background stratosphere between 1998 and 2004.
After that a period marked by some intermediate aerosol
influence following the eruptions of some smaller volca-
noes such as Manam (2005), Soufriére Hills and Tavurvur
(2006) occured [see Vernier et al., 2011]. The source of
aerosol in 2009 may indicate the impact of the Australian
‘Black Saturday’ bushfires on the stratospheric aerosol layer
[Siddaway et al., 2011].

The comparison of the different instrument products with
the timeseries of the MIM reveals overall good agreement
in terms of the structures seen. Note that the high values
in the tropical upper troposphere in SCIAMACHY are
due to the fact that the observations had not been filtered
for clouds before they were included in the monthly zonal
mean climatologies. Above around 100 hPa, the structures
in the SCTAMACHY anomalies however resemble those
found in the MIM well. The AERGOM time series from
retrievals at 350, 600, and 750 nm seem somewhat noisier
than the AERGOM products derived at other wavelengths
and hence do not represent the structures as well as the
other instruments’ time series.

In order to be more quantitative about the inter-instru-
ment differences, Figure 4.26.15 shows the relative dif-
ferences between each instrument’s anomaly time series
and the MIM. We first focus on the SAGE II and HALOE
products during the rather clean phase of stratospheric
aerosol loading after 1998 up to 2005. Smallest deviations
from the MIM are seen in the SAGE II products at 452 and
525 nm, and the HALOE products at 3400 and 3460 nm
with values mostly between +5%. SAGE II at 1020 nm
largely agrees with these products except for altitudes
above 20 hPa, where it shows larger positive differences
from the MIM of +10 to +20%. HALOE at 3400 nm shows
increasing deviations below around 50 hPa. Both HALOE
products at 2450 and 5260 nm show somewhat larger dif-
ferences with respect to the MIM of +10%. These find-
ings are mostly consistent with the findings by Thomason
[2012], who stated that the HALOE products at 2450 and
5260 should not be used, and the product at 3460 nm may
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suffer from a NO, contamination in the retrieval below
19 km.

During the years with high aerosol loading following the
Mt. Pinatubo eruption, the different products however
show large differences that exhibit in some cases even a ver-
tical structure to them that complicates the interpretation.
SAGE II at 1020 nm is consistently high when compared to
the MIM, while SAGE 1II at 386 and 452 nm, and HALOE
at 5260 nm are low. SAGE II at 525 nm shows positive/
negative deviations above/below approximately 30 hPa,
and HALOE at 2450, 3400, and 3460 nm approximately the
opposite behaviour. The products during this time period
seem to suffer from inconsistencies most likely attributable
to the differences in aerosol size distributions assumed in
the different retrievals.

The comparison with the newer generation of limb-scattering
and limb occultation instruments show largely encouraging
results, although with somewhat larger biases even during
quiescent years. For OSIRIS, SCIAMACHY at 750 nm (or
470 nm), GOMOS, and AERGOM at 450, 470, 500, and
525 nm differences to the MIM are of around +10%, while
for AERGOM at 350, 600, and 750 nm differences increase
to more than +20%. During the time period with higher
aerosol loading, the differences to the MIM increase, with
mostly negative features in most AERGOM products and
SCIAMACHY, and positive features in GOMOS and OSIRIS.
Note that the alternating positive/negative departures from
the MIM in GOMOS, OSIRIS, and SCIAMACHY may
point towards sampling issues of these instruments, while
the mostly negative departures in AERGOM seem to reflect
a systematic low bias in the retrievals compared to the other
instruments’ aerosol extinction products.

The equivalent anomaly time series as in Figure 4.26.14
are shown in Figure 4.26.16 but for the northern mid- to
high-latitudes (50°N-70°N). At these latitudes, we can also
include POAM 1II and POAM III measurements into the
comparison. In the early years of the comparison, high
aerosol extinction values after the Mt. Pinatubo eruption
relax to lower background values, with similar features as
seen in the tropics. The MIM after 2000 shows two differ-
ent layers of enhanced aerosol, one above 30 hPa, which
most likely reflects aerosol from the Mt. Pinatubo eruption
transported within the deep branch of Brewer-Dobson
circulation to higher altitudes and latitudes, and one be-
low 70 hPa, which rather stems from more recent volcanic
injections of aerosol precursors into the LS at higher lati-
tudes.

The different aerosol extinction products from the instru-
ments show overall similar features, but the overall agree-
ment is much worse than in the tropics. Much of these differ-
ences may be explainable by differences in sampling, which
are considered to affect aerosol measurements more than
long-lived trace gas species due to less homogeneous distri-
butions in the stratosphere. However, differences between
products of the same instrument reveal that major problems
in certain wavelength products exist that must be real and
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Figure 4.26.14: Time-altitude evolution of aerosol anomalies in the tropics. The time-altitude evolution of normalised
aerosol anomalies averaged over 20°S-20°N is shown for the MIM and all retrieval products of the different limb satellite
sounders.
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Figure 4.26.14 continued.

cannot be attributed to sampling differences. Most striking
differences are found in HALOE at 2450 and 5260 nm, with
both products not showing an enhanced aerosol extinction
layer above 30 hPa. Also, POAM II at 352 nm seems not to
show the same physical features as seen in the other time
series. AERGOM time series at these latitudes have only in-
termittent coverage, but indicate also two layers of aerosol
as seen in the other time series. Both POAM III products
at 603 and 779 nm show very good to excellent agreement
when compared to the MIM through most of the lower and
middle stratosphere, along with slightly higher differences
for the other products, which may be reflective of the limi-
tation of the comparison methodology.

Chapter 4: Climatology evaluations 261
AERGOM (450 nm) aerosol relative anomaly 20S-20N
[ T
b ]
L v .
£ I Lid
100~ ! Wl
. . . I S
Jan85 Jan90 Jan95 Jan00 Jan05 Jan10
0 AERGOM (500 nm) aerosol relative anomaly 20S-20N %
15000
r i 5000
L "\ 1000
r 0 1 B
[ i I 1 100
: Ul ALRE
100 - | i
-0
L | ‘ I - 20
. . . 1 DL L |
Jan85 Jan90 Jan95 Jan00 Jan05 Jan10
AERGOM (600 nm) aerosol relative anomaly 20S-20N
10 T T T T v’l,l
i Il
b l |
E L N Y
100 It il L
|
L [l [ ]
N L
. . . ol L ANER
Jan85 Jan90 Jan95 Jan00 Jan05 Jan10
10 SCIAMACHY (470 nm) aerosol relative anomaly 20S-20N %
15000
L - 5000
L il 1000
[ i ||||||”||||| lll[ ] fﬁﬂ
b i I \IIIIIIIH|| 'y =,
E VL oA
100 -20
!ll‘NH‘VHMh‘\I“ Wil
» | | | iy g
Jan85 Jan90 Jan95 Jan00 Jan0s Jan10

Relative differences from the MIM are shown for each
anomaly time series in Figure 4.26.17. It is notable that
these do not necessarily show the same behaviour as in the
tropics. While SAGE II at 1020 nm shows positive devia-
tions between 200 and 30 hPa in the beginning of the re-
cord as in the tropics, it here now shows negative differ-
ences above 30 hPa. All the other SAGE II products now
show negative differences in the LS, and positive deviations
in the MS. Also, the differences between the time series are
here much larger with values around +10% during 2000-
2004, but with patches of larger and increasing differences
that reach up to £20 to £50% towards the end of the time-
series. The less reliable products from AERGOM at 600 and
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Figure 4.26.15: Time-altitude evolution of aerosol anomaly differences in the tropics. The time-altitude evolution of
normalised aerosol anomaly differences averaged over 20°S-20°N with respect to the MIM is shown for all retrieval products
of the different limb satellite sounders.
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Figure 4.26.15 continued.

750 nm show mostly negative deviations as also shown in
the evaluations considering similar wavelengths only (see
Figures 4.26.9 and 4.26.10). Note, the original unscaled
time series of aerosol extinction for the extra-tropics can be
found in Figure A4.26.2 in Appendix A4.

4,26.5 Summary and conclusions: Aerosol

Within the SPARC Data Initiative, a first overall com-
parison of available aerosol monthly zonal mean clima-
tologies based on aerosol extinction profile measure-
ments from 8 satellite instruments (SAGE II, HALOE,
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POAM II, POAM III, OSIRIS, SAGE III, SCIAMACHY,
and GOMOS) has been carried out. From these instru-
ments a total of 34 products are available, all retrieved at
different wavelengths ranging from 350 to 5260 nm. Given
the wavelength-dependency of aerosol extinction retriev-
als, the available products cannot all be directly compared
to each other. Two different approaches have hence been
chosen to compare the aerosol extinction products to each
other to gain information on their quality and physical
consistency. Note, interpretation of the findings from the
two comparison approaches remains difficult and needs to
be used with caution.
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Figure 4.26.16: Time-altitude evolution of aerosol anomalies in the extra-tropics. The time-altitude evolution of
normalised aerosol anomalies averaged over 50°N-70°N with respect to the MIM is shown for all retrieval products of the

different limb satellite sounders.
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Figure 4.26.16 continued.



266  Chapter 4: Climatology evaluations
10 MIM aerosol relative anomaly 50N-70N 0 AERGOM (350 nm) aerosol relatlve anomaly 50N-70N
' [ ' ‘ ‘ ‘ | l Il
- W - TYHUNUAN
£ " £ 18l '
[ [
> 1 3 L ]
: SR BRI BIN BN
100 BV R o WURIHUR R
| v v e i{ iy \§ ‘\i ! |
! I A : | | 1 r 1
Jan96 Jan98  Jan00 Jan02 Jan04 Jan06 Jan08 Jan10 Jan96  Jan98  Jan00 Jan02 Jan04 Jan06 Jan08 Jan10
10 AERGOM (450 nm) aerosol relative anomaly 50N-70N 10 AERGOM (470 nm) aerosol relative anomaly 50N-70N %
: , . .
TN H | I I M NM |\IM [ (T ] 15000
s ! = I ! 5000
< L < L 1000
< L ‘ g L 500
=1 =3
5 F g [ 100
& £ |1 & £ 50
100 F ‘ | 3 100 - | | -20
VRIHER \ i | -
| | 1 "h --20
r \
) ) ) ‘ # ) ) ) ) ) ) \ I-SO
Jan96  Jan98  Jan00 Jan02 Jan04 Jan06 Jan08 Jan10 Jan96 Jan98  Jan00  Jan02 Jan04 Jan06 Jan08 Jan10
0 AERGOM (500 nm) aerosol relative anomaly 50N-70N 0 AERGOM (525 nm) aerosol relative anomaly 50N-70N
" " " T T i " W1 T i
HM H II | L J’ I 1,
= | = |' TINE 4
g | I l g | l
o [ ' | o [ |
2 F 2 F
& f & f
100 | 'In l “— 100 - I‘ l' h
)
\ )
A \ ‘ ) | ‘}
Jan96  Jan98  Jan00 Jan02 Jan04 Jan06 Jan08 Jan10 Jan96 Jan98 Jan00 Jan02 Jan04 Jan06 Jan08 Jan10
AERGOM (600 nm) aerosol relative anomaly 50N-70N 0 AERGOM (750 nm) aerosol relative anomaly 50N-70N %
‘]0 T ‘ ¥ ‘ V\ T
| ) 15000
- il’! ‘( l’ e ad = L ) l | ] 5000
= L ‘ Il | 1 g L ‘ | 1000
; 8 ] g L “ | | \ ] 500
2 F 1 2 F B 100
¢ | IR \ IR
100f BIRI R 100 ; JE R
| (! 1% ', 4 o
L I | i i L ‘;iH‘ i ] -2
) ) ) ) . ) ) ) ) ) ) ) | 1 . I -50
Jan96  Jan98 Jan00 Jan02 Jan04 Jan06 Jan08 Jan10 Jan96  Jan98  Jan00  Jan02 Jan04 Jan06 Jan08 Jan10
SCIAMACHY (470 nm) aerosol relative anomaly 50N-70N SCIAMACHY (750 nm) aerosol relative anomaly 50N-70N
10 [ ‘ ‘ ‘ 1 N i 10 T
)
— i ‘) I | "" h ]l = i | ‘x
g ’ i l' r f nr\z , 1l
< L 1= L -
) L [ L 4
e | N l .
& F | & F
100 - il LN ‘ -‘ 100 ‘
| ‘ i
v i ’ v ! ’
Jan96  Jan98 Jan00 Jan02 Jan04 Jan06 Jan08 Jan10 Jan96  Jan98  Jan00 Jan02 Jan04 Jan06  Jan08 Jan10

Figure 4.26.16 continued.

In the first approach, original aerosol extinction products
retrieved at similar wavelengths are compared. Here, gen-
erally the aerosol extinction products show biases that at
least partially reflect expected wavelength-dependencies.
Some real inter-product differences however are revealed.
For example, the AERGOM and SCIAMACHY prod-
ucts at 470 nm do show relatively large differences from
the MIM in the tropics of around 30% (with AERGOM/
SCIAMACHY on the high/low side) and vice versa in the
mid-latitudes. The POAM III product at 603 nm shows
mostly positive differences from the MIM, despite the
fact that it was the product retrieved at the highest wave-
length (and hence should show negative differences from
the MIM). At 750 nm, AERGOM shows a clear negative

bias when compared to the MIM (which consists mostly
of products retrieved at the same wavelength). OSIRIS and
SCIAMACHY at 750 nm on the other hand agree well with
each other throughout the tropical and mid-latitude MS
and LS, with differences largely within +10% of the MIM.
SAGE III at 755 nm compares even very well to OSIRIS
(£5%).

In the second approach, a normalisation using the mean
aerosol extinction value derived from each product’s
climatology during a quiescent period as scaling factor
is applied to each products time series. This approach
neglects the spectral dependence of the normalisation
factor on aerosol-size distributions, which we assume to
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Figure 4.26.17: Time-altitude evolution of aerosol anomaly differences in the extra-tropics. The time-altitude evolution
of normalised aerosol anomaly differences averaged over 50°N-70°N with respect to the MIM is shown for all retrieval
products of the different limb satellite sounders.
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Figure 4.26.17 continued.
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Figure 4.26.17 continued.

be of second-order importance (see also Thomason, 2012).
Results from these comparisons can be summarised as
follows.

Evaluation of anomaly time series in both the tropics and the
extra-tropics reveal that most of the aerosol products cap-

ture the physical structures in the evolving aerosol layer of

the stratosphere well. The comparison of the different instru-
ment products with the time series of the MIM reveals overall
good agreement in terms of the physical structures seen in the
evolving stratospheric aerosol layer. Exceptions are HALOE at
2450 and 5260 nm, with both products missing to show an
enhanced aerosol extinction above 30 hPa, and POAM II at
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352 nm, which does not show the expected vertical structure.
AERGOM time series at 350, 600, and 750 nm seem somewhat
noisier than AERGOM products derived at other wavelengths
and as a consequence capture the physical structure less well.

During the time period 1998-2004 with conditions of rela-
tively low aerosol loading, most aerosol products agree
very well to within +5-10% from the MIM in the MS. At
altitudes below around 70 hPa, the differences increase
somewhat, but still remain largely within +10-20%. Excep-
tions are the HALOE products at 2450 nm and 5260 nm,
which show both somewhat larger (and also time-depen-
dent) differences. These results confirm earlier findings
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from Thomason [2012] who deemed these products as less
reliable. The comparison with the newer generation limb-
scattering and limb occultation instruments shows also
encouraging results, although with somewhat larger biases,
especially when moving into the extra-tropics. For OSIRIS,
SCIAMACHY at 470 and 700 nm, GOMOS at 500 nm, and
AERGOM at 450, 470, 500, and 525 nm differences to the
MIM are of around +10%, while for AERGOM at 350, 600,
and 750 nm differences increase to up to +20%. Note that
the larger differences found in the extra-tropics between
the instruments may at least partially be explained by larger
sampling biases.

During the years with high aerosol loading following the
Mt. Pinatubo eruption, the different products show increas-
ing differences that exhibit often a vertical structure. This
finding points towards problems in either the retrievals
during periods with high aerosol loading, or problems with
the comparison method that may over-simplify the wave-
length-dependent sensitivity of the retrieval on aerosol size
distributions.

4,27 Upper troposphere / lower stratosphere (UTLS)
ozone evaluations based on TES averaging kernels

Section 4.1 provides a detailed description and comparison
of the ozone climatologies from limb-viewing instruments,
with a primary focus on the stratosphere. In this section we
consider the distribution of ozone in the UTLS (300-70 hPa)
and compare ozone measurements from six limb-viewing in-
struments (ACE-FTS, Aura-MLS, HIRDLS, MIPAS, OSIRIS,
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and SCIAMACHY) to those from the nadir-viewing Tropo-
spheric Emission Spectrometer (TES) for 2005-2010. These
results are also presented in Neu et al. [2014a]. TES is the
only nadir-viewing instrument in this initiative, as well as the
only instrument with a focus on tropospheric composition.
Its ozone measurements have good sensitivity from the sur-
face to 10 hPa and are well-validated against ozonesondes in
the UTLS [Nassar et al., 2008; Boxe et al., 2010], as discussed
in Section 4.27.2. Because TES is nadir viewing, it has rela-
tively coarse vertical resolution (~6-7 km; Figure 4.27.1a)
compared to the limb-viewing instruments discussed here,
most of which have vertical resolutions of ~2-4 km. While
TES has much finer horizontal resolution (<10 km) than the
limb sounders (~200 km), the spacing between measure-
ments is 182 km; thus its ability to resolve horizontal features
is not much different than that of the limb sounders.

Given the strong gradients and small-scale structure of trace
gas fields in the UTLS, differences in sampling and in verti-
cal and horizontal resolution among instruments can lead
to large differences that reflect sampling or smoothing error
rather than systematic bias. Toohey et al. [2013] (see also
Section 3.2) addresses the issue of sampling bias and shows,
for example, that the construction of the zonal mean clima-
tologies used here can lead to biases of a few percent in the
subtropical jet regions (~30°N and 30°S) due to a combina-
tion of the sloping ozone surfaces in these regions and the
increase in sampling density with latitude. Throughout the
rest of this report, a simplified approach of directly com-
paring the limb-sounding climatologies without account-
ing for differences in vertical resolution has been used.
However, because the vertical resolution of TES is so much
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Figure 4.27.1: a) Sample TES averaging kernel. The lines show the relative contribution of the “true” mixing ratio at each
pressure level to the retrieved mixing ratio at 500-1000 hPa (green), 100-500 hPa (blue) and 10-100 hPa (purple). TES ozone
averaging kernels vary with temperature, surface properties, clouds, and ozone. b) Influence of the TES a priori on the
virtual retrieval for MIPAS. Annual mean value of the ratio of Ax (the contribution of the original climatology to the virtual
retrieval) to x“ — Ax“ (the contribution of the TES a priori to the virtual retrieval) for MIPAS for 2008. Results are very similar
for other instruments and years. When the ratio is close to 1, the terms are of similar magnitude, so that the a priori and true
profiles contribute equally to the retrieved ozone; values less than ~20 indicate a significant contribution of the a priori to the

retrieval. Contour values of 1, 10, and 20 are shown.



coarser than that of the limb viewing instruments and be-
cause vertical resolution is so critical in the UTLS, in this
section we apply the TES observational operator (averaging
kernel + constraint) to ozone climatologies from the limb-
viewing instruments. This minimises the impact of vertical
resolution disparities and allows identification of system-
atic differences in the large-scale structure and variability of
UTLS ozone among the instruments. At the same time, the
approach smooths the finer-scale vertical gradients present
in the limb measurements and therefore represents a loss of
this information. We thus include in this section an exten-
sive analysis of the impact of the TES observational opera-
tor on the limb-viewing climatologies.

Ozone is the third largest component of radiative forcing
[Solomon et al., 2007], with maximum radiative effect in
the UTLS [Forster and Shine, 2002]. Yet the processes that
control the UTLS distribution of ozone and its trends and
variability, including the exchange of air between the strato-
sphere and troposphere, are not well quantified [WMO,
2011]. The UTLS region is characterised by strong ozone
gradients and complex and rapidly evolving small-scale fea-
tures such as tropopause folds [Gettelman et al., 2011 and
references therein]. Aircraft measurements are well-suited
for characterizing UTLS chemistry and dynamics because
of their high spatial and temporal resolution. However, air-
craft have only sparsely sampled the UTLS, raising questions
about the representativeness of these measurements for ap-
plications such as evaluating free-running global chemistry-
climate models [SPARC, 2010; Hegglin et al., 2010]. Current
satellite instruments lack the spatio-temporal resolution to
resolve some UTLS features, such as thin, highly dynamic
filaments. Furthermore, they can have low signal-to-noise
in the UTLS because of the small ozone abundance there
relative to the middle stratosphere, and clouds can inter-
fere with trace gas retrievals. However, satellites provide
much greater spatial and temporal coverage than aircraft,
at a vertical resolution that is commensurate with that of
most models [SPARC, 2010; Hegglin et al., 2010], and their
measurements have provided extensive improvements in
our understanding of UTLS structure and processes [e.g.,
Hegglin et al., 2009; Manney et al., 2011; Peevey et al., 2012].
Assessing the differences between satellite measurements in
the UTLS is critical to advancing our understanding of this
region and evaluating UTLS processes in models because
uncharacterised biases in satellite data can lead to incorrect
conclusions about UTLS chemistry or radiative forcing.

We include TES data in this comparison and use it to evalu-
ate measurements from the limb sounders in part because
TES ozone data have been extensively validated against
ozonesondes for a wide range of geophysical states and
latitudes. Studies have shown that there are no observable
changes in biases in the TES ozone data over time, and the
bias is well characterised as a function of latitude [ Worden
et al., 2007; Verstraeten et al., 2013]. In addition, the sonde
comparisons indicate that the calculated random errors are
in agreement with actual errors. This means that evaluating
other satellite measurements against TES provides an assess-
ment of instrument bias rather than unquantified errors in
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the TES retrieval. TES is extensively used for the evaluation
of upper tropospheric ozone and its precursors in chemistry
transport models [e.g., Jones et al., 2009]. In addition, since
TES measures over the entire wavelength range of ozone
infrared absorption, it can provide the sensitivity of outgo-
ing longwave radiation (OLR) to the vertical distribution
of ozone [Worden et al., 2008; Worden et al., 2011]. As part
of the Atmospheric Chemistry Climate Model Intercom-
parison Project (ACCMIP) TES tropospheric ozone and its
effect on OLR have been compared to the same quantities
derived from models and used to reduce uncertainties in
ozone radiative forcing [Bowman et al., 2013]. Assessing the
differences between TES and other instruments measuring
ozone in the UTLS region will provide a better understand-
ing of the ozone gradients and variability that TES fails to
capture due to its coarse resolution. Furthermore, improved
characterisation of satellite measurements of ozone in this
region will allow us to better quantify the significance of
model-measurement differences in precursor emissions
and radiative forcing in the UTLS.

4.27.1 Availability of UTLS ozone satellite datasets

The time period used for this analysis is determined by the
availability of TES data and covers July 2005 to December
2010. TES provides global coverage from July 2005 through
May 2008. To extend the life of the instrument, the latitu-
dinal coverage was reduced in June 2008 to 60°S-82°N and
in July 2008, to 50°S-70°N. From January to April 2010, the
instrument went offline due to problems with the scanning
mechanism. When operations resumed in May 2010, the
latitude coverage was further reduced to 30°S-50°N. A sec-
ond data gap of ~3 weeks occurred in October 2010, with
only two Global Surveys conducted that month. Tables
4.27.1 and 4.27.2 provide information of the availability
of UTLS ozone measurements for 2005-2010 as well as the
data version, vertical range, vertical resolution, and refer-
ences for the instruments discussed in this section.

4.27.2  TES ozone and operational operator

TES ozone measurements have been extensively validated
against ozonesondes [Nassar et al., 2008; Boxe et al., 2010;
Verstraeten et al., 2013]. In the 300-70 hPa region evaluated
here, TES is positively biased with respect to sondes in all
latitude regions except the southern low- and mid-latitudes
(15°S-60°S), where it is negatively biased. The mean bias is
smaller than 20% in all latitude regions. In the northern mid-
latitudes, the bias is +15-20% for 100 hPa < p < 300 hPa and
<+5% for 70 hPa < p < 100 hPa. The bias curveis “c-shaped” in
the southern mid-latitude UTLS, with near-zero bias at 300
and 70 hPa and a maximum value of -20% at 150 hPa. In the
tropical UTLS, TES shows a small positive bias (<10%) with
respect to sondes. An analysis of seasonal variations in the
northern mid-latitude (35°N-56°N) bias showed relatively
small seasonal differences, except during summer when
the bias decreases to <10% everywhere. Here, we include a
comparison of the SPARC Data Initiative climatologies to a
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Table 4.27.1: Available ozone measurements between 2005 and 2010 from limb-sounding satellite instruments and
the nadir-viewing TES instrument. The red filling of the grid boxes indicates the temporal (January to December) and verti-
cal (300 to 70 hPa) coverage of the respective instruments.

n
o
o
(]

2006

OSIRIS
MIPAS
SCIAMACHY
ACE-FTS
Aura-MLS
HIRDLS

TES

2007
2008
2009
2010

Table4.27.2: Dataversion, vertical range, vertical resolution, and references for ozone datasets used for UTLS evaluations.

Instrument and data version Vertical range Vertical resolution References
ACE-FTS V2.2update 5-95km 3-4km Dupuy et al., 2009
Aura-MLS V2.2 12-75km 3km Froidevaux et al., 2008; Jiang et al., 2007
HIRDLS V6.0 10-55km 1km Nardi et al., 2008; Gille et al., 2008
MIPAS V220 6—-70km 2.7-3.5km von Clarmann et al., 2009a
OSIRIS V5-0 10-60 km 2km Degenstein et al., 2009
SCIAMACHY V2.5 10-60 km 3-5km Mieruch et al., 2012
TES V4 0-35km 6-7km Worden et al., 2004; Boxe et al., 2010

“zonal mean” ozonesonde climatology (Sections 4.27.3 and
4.27.4) and find different biases for the TES climatology
than those reported in the TES validation literature in some
regions. These differences likely result from not accounting
for 1) the sampling locations of the ozonesonde profiles and
2) the difference in vertical resolution between TES and the
sondes in the climatological comparisons.

Use of zonal mean monthly mean averaging kernels

TESretrievalsusetheoptimal estimation technique [Rodgers,
2000], with the retrieved profile, X (In(vmr)), given by:

X=x"+A"(x-x")

where x(In(vmr)) is the true state, x“(In(vmr)) is the
a priori profile, and A™ is the averaging kernel matrix.
For the comparisons shown here, the climatologies of the
higher vertical resolution limb viewing instruments are
taken to be the “true” state, x, and the TES observational
operator (a priori and averaging kernel) are used to
simulate a “virtual” TES retrieval, X . Normally, this type of
comparison is done on a profile-by-profile basis. However,
due to the large number of instruments involved in this
comparison and the focus on zonal mean climatologies,
we apply the monthly mean zonal mean observational
operator to the monthly mean zonal mean SPARC Data
Initiative climatologies. The use of monthly mean zonal
mean averaging kernels can be justified by the fact that the
variations in TES averaging kernels are not highly correlated
with variations in ozone. In the troposphere, ozone explains
less than 25% of the variance in the averaging kernel
diagonal at all latitudes due to the strong dependence of the
averaging kernels on clouds, water vapor, and temperature,
as discussed by Aghedo et al. [2011]. In the UTLS region,

ozone explains up to 35% of the variance in the averaging
kernel diagonal in mid-latitudes, with a minimum value
at ~150-200 hPa where the sensitivity is relatively low
and the a priori has a significant impact on the retrievals
(see Section 4.27.3). In the tropical UTLS, ozone explains
20-60% of the variance in the averaging kernel diagonal,
with maximum correlation at ~150 hPa. However, at all
latitudes the dependence of the averaging kernel diagonal
on ozone abundance is weak for ozone within +40% of
the mean value at each level; the correlations are primarily
driven by ozone abundances more than 40% higher than
the mean value. In the mid-latitudes, ozone abundances
that are twice as large as the mean value at a given pressure
level have a ~30% higher averaging kernel diagonal value.
In the tropics, the slope of the relationship is somewhat
higher, and a 100% increase in ozone over the mean value
is associated with a 45% larger averaging kernel diagonal.

Aghedo et al. [2011] examined the error associated with
using monthly mean averaging kernels in two climate
models for p = 100 hPa. They found differences in ozone
of at most 3% when using monthly mean as compared to
time-varying averaging kernels. To test the error involved
in applying zonal mean averaging kernels to zonal mean
data, we examined the difference between TES and Aura-
MLS measurements for 2006. In the first case, we use
5°x10° gridded TES averaging kernels to smooth 5°x10°
gridded Aura-MLS measurements and calculate zonal
mean differences afterwards. In the second case, we use
zonal mean TES averaging kernels to smooth zonal mean
Aura-MLS data. The difference between the two cases is
always smaller than 10%, and the difference in the zonal
mean datasets is always smaller than the difference in
gridded datasets (except in high southern latitudes during
October). In addition, the difference between using zonal



mean averaging kernels aggregated from individual profiles
and using the zonal mean of the gridded averaging kernels
is negligible (< 2% everywhere). We therefore conclude that
using zonal mean averaging kernels with zonal mean data
provides a lower estimate that is within ~10% of the true
difference between each instrument and TES. However,
we note that because the averaging kernels are not fully
independent of the ozone abundance, comparison using the
TES observational operator may not accurately reflect the
difference between TES and another instrument if there are
large systematic differences between them. Given the fact
that the averaging kernels depend only weakly on the ozone
abundance for ozone within 40% of the mean value, we do
not expect this to be an issue except where instruments
differ from TES by more than 40%. In such cases, which
are rare (see the discussion of Figure 4.27.4 below), the
error associated with using an averaging kernel that has
sensitivity not appropriate for the ozone observed by the
other instrument can only be quantified by recalculating the
averaging kernel to “match” the instruments ozone, which
is beyond the scope of this report.

Applying the TES observational operator

For each instrument, we interpolate the monthly mean zonal
mean climatologies from the SPARC pressure grid to the TES
retrieval levels (67 levels between the surface and 0.1 hPa).
We fill in the levels below the lowest measurement in each
latitude bin (at pressure p,,,,) using the monthly mean,
zonal mean TES a priori as a “fill profile”. The “virtual” TES
retrievals are calculated and then interpolated back to the
SPARC pressure grid, and we average over all of the available
data from 2005-2010 to create the climatologies shown
here. We use the a priori as a fill profile because it makes
A(x—x")=0 in the “troposphere” (defined as p > p,,, for
each instrument) since x = x“ there, which is equivalent to
applying the observational operator only to the levels where
the limb-viewing instruments provide measurements.
However, the fill profile can still impact the comparison
to TES due to the vertical smearing of the averaging
kernels. The difference between the virtual retrieval for a
given instrument ( %, ) and TES (%,,,) can be written as
Riysr = Sgug = A% O =Xy )= A O = X

where A* is the “stratospheric’ component of the

averaging kernel matrix (p < pPpax)s Xpen

the ozone
profile measured by the limb-viewing instrument, A®
represents the cross-terms of the averaging kernel that
define the tropospheric influence on the stratosphere,
and xjeo is the fill profile. To test the sensitivity of our
results to our approach of using the TES a priori to fill in
the profiles below the lowest measurement level, we have
also calculated virtual retrievals in which we scale the TES
a priori. We do so by multiplying the a priori profile by
the percent difference between the individual instrument’s
ozone value and the TES a priori ozone at p,,, for each
latitude bin. Comparison of the virtual retrievals using the
two different filling methods allows us to identify regions
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where our results are highly dependent on our assumptions
for p > pyax as discussed below.

4.27.3 UTLS ozone evaluations: Zonal mean cross sections,
vertical and meridional profiles

As throughout Chapter 4, we use a series of diagnostics to
evaluate differences in the vertical, latitudinal, and temporal
structure of ozone as represented by the SPARC Data Initia-
tive climatologies. However, rather than examining differ-
ences from the multi-instrument mean, we use the TES cli-
matology as the standard to which the other climatologies
are compared and, in some cases, include climatological
ozonesonde measurements as an additional validation tool.
We also analyse the impact of the TES observational opera-
tor on the climatologies from the limb-viewing instruments
and assess how the use of the observational operator affects
the ozone inter-comparison.

The second column of Figure 4.27.2 shows the zonal mean
ozone climatology for each instrument from 300 to 70 hPa
averaged over 2005-2010 (2005-2007 for HIRDLS) using
the data directly from the SPARC Data Initiative archive.
All of the instruments show similar features, including the
typical low tropical values, strong subtropical gradients,
and relatively flat mid-latitude isopleths that reflect the
competing effects of the stratospheric overturning circula-
tion and mixing with the troposphere. The instruments also
all show lower ozone values in the Southern Hemisphere
than in the Northern Hemisphere in the annual mean due
to the asymmetry in the overturning circulation. A few in-
struments show features not seen in the climatologies from
any of the other instruments. The MIPAS climatology has
an unusual contour shape in the tropics between ~200 and
100 hPa, with a slight “double ear” structure in the subtrop-
ics and a deep minimum near the equator, and Aura-MLS
has very flat, tightly spaced contours near 100 hPa. It is
likely that some of the differences in the climatologies in
the upper tropical troposphere arise from differences in the
impact of clouds on the retrievals and in criteria used for
cloud screening, which can cause sampling artefacts. The
OSIRIS climatology has an unusually strong zonal gradient
at ~75°N below 250 hPa, which appears to reflect sampling
bias in the climatology resulting from a lack of measure-
ments in polar winter [Toohey et al., 2013].

Impact of TES observational operator

The third column of Figure 4.27.2 shows the virtual retriev-
als using the TES observational operator, and the fourth col-
umn shows the percent difference between the virtual TES
retrieval (VTR) and the original climatology (OC) for each
instrument (shown in the left column) (100*(VTR-OC)/
OC). Hatched regions in the right column indicate where
the choice of fill profile (TES a priori or scaled a priori) has
a significant impact on the VTR, quantified (arbitrarily) as
where the difference between the VIRs using the two fill
profiles exceeds 10%. The HIRDLS climatology shows the
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Figure 4.27.2: Cross sections of annual mean zonal mean ozone from 300 to 70 hPa for 2005-2010. First column: Ozone
cross section from TES. Second column: Ozone cross sections from ACE-FTS, Aura-MLS, HIRDLS (2005-2007), MIPAS, OSIRIS,
SCIAMACHY. Third column: Cross sections from ACE-FTS, Aura-MLS, HIRDLS, MIPAS, OSIRIS, SCIAMACHY after application
of the TES observational operator. Fourth Column: Percent change in annual mean zonal mean ozone introduced by the
TES observational operator (100*(VTR — OC)/OC, where VTR=virtual TES retrival and OC=O0Original Climatology). Hatching
indicates regions where the difference between the virtual retrievals using the TES a priori as the fill profile and those using
the scaled a priori as the fill profile exceeds 10%. See text for details.



most uniform and smallest changes in ozone after the appli-
cation of the TES observational operator. The operator acts
to smooth out the small-scale features seen in the MIPAS,
Aura-MLS, and OSIRIS climatologies, as seen in the center
column, due to the vertical smearing of the broad averaging
kernels. In the tropics, the observational operator tends to
increase ozone for p < 80 hPa and decrease it for p > 80 hPa
relative to the original climatologies (with strong increases
at 100 hPa associated with the unusual features in MIPAS
and Aura-MLS). MIPAS and Aura-MLS are the only two
instruments for which the choice of the fill profile has a sig-
nificant impact in the tropics. It is unclear why this is the
case for Aura-MLS, but the MIPAS tropical ozone values
are very low at p > 250 hPa compared to the other instru-
ments, and there is a very large difference between the TES
a priori and the a priori scaled using the MIPAS measure-
ments in this region.

In the extra-tropics, the observational operator tends
to increase ozone at ~150 hPa and decrease it above and
below, which increases the vertical and horizontal gradients
of ozone in the virtual retrievals compared to the original
climatologies. This increase in gradient clearly cannot
result from the TES averaging kernels, which smooth and
flatten vertical gradients. Rather the increase results from
the influence of the a priori; comparison of the terms Ax,
the contribution of the “true” profile from each climatology
to the virtual retrieval, and, x“ - Ax“, the contribution of
the TES a priori to the virtual retrieval, (Figure 4.27.1b)
shows that TES’s sensitivity is lowest and the a priori profile
makes the largest contribution to X in the mid-latitudes at
~150-200 hPa, as well as in the southern high latitudes at
p > 150 hPa.

The sensitivity to the fill profile is largest in the extra-tropics,
in particular for the climatologies whose range does not ex-
tend to 300 hPa (Aura-MLS, OSIRIS, and SCIAMACHY).
Between ~200 and 300 hPa there are large vertical gradi-
ents in mid-latitude ozone that are not well-represented by
the TES a priori, so that there is a large difference between
the two fill profiles (the a priori and the scaled a priori).
Furthermore, the averaging kernels spread the information
from 300 hPa upward to ~100 hPa in the extra-tropics, so
that changing ozone at 300 hPa has a significant influence
over a large vertical range.

Figure A4.27.1 in Appendix A4 shows the difference be-
tween the VTRs and OCs for January, April, July, and Octo-
ber. The results for the individual months are similar to the
annual mean results shown here, with the exception of Oc-
tober. Because TES has relatively low sensitivity in southern
high latitudes (see Figure 4.27.1b and discussion thereof)
and the a priori does not adequately capture the characteris-
tics of Antarctic ozone depletion, the application of the ob-
servational operator results in strong increases in ozone for
p <~170 hPa and strong decreases in ozone for p >~170 hPa
at latitudes poleward of 50°S in the virtual retrievals of all
of the instruments. We also note a greater tendency for the
difference between the VTRs using the two fill profiles to
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exceed 10% in the Southern Hemisphere during January-
April and in the Northern Hemisphere during July-October.

Figure 4.27.3 shows a comparison of zonal mean vertical
profiles in the northern mid-latitudes (April), tropics (annual
mean), and southern mid-latitudes (October). The left column
is once again the original SPARC Data Initiative climatology
for each instrument, while the centre and right columns show
the virtual retrievals using the TES observation operator and
the percent difference between the virtual retrievals and the
original data (100*(VTR-OC)/OC), respectively. Dashed lines
in the right column indicate where the choice of fill profile af-
fects the VIR by more than 10%. In the mid-latitudes, the ob-
servational operator smoothes the vertical profiles; it decreas-
es ozone for p >150 hPa and increases it for p < 150 hPa for
all instruments for which the virtual retrievals do not depend
strongly on the fill profile. In the tropics, as discussed above,
the observational operator acts to slightly increase ozone at
P < 80 hPa and slightly decrease it at p > 80 hPa, as well as to
smooth small-scale vertical structures.

Percent difference from TES

Figure 4.27.4 shows the percent difference between the
annual mean climatology for each instrument and TES
(100*(OC-TES)/TES, left column) and the percent differ-
ence between the virtual retrievals for each instrument and
TES (100*(VTR-TES)/TES, right column). The hatched
regions in the right column indicate where differences in
the VTR due to the choice of fill profile exceed 50% of the
difference between the VTR and TES for each instrument.
While 50% is an arbitrary choice, it highlights a combina-
tion of regions where the fill profile has a relatively large
impact on the virtual retrievals (see Figure 4.27.2 above)
and regions where differences between the virtual retrievals
and TES are small so that even small differences due to the
fill profile are large relative to VTR-TES. The original clima-
tologies from all instruments except ACE-FT'S and OSIRIS
show positive differences of more than 25% with respect to
TES in the tropics. However, except for HIRDLS, which is
affected by uncorrected emission from aerosol in the tropics
(J. Gille, private communication, 2013), the biases are not
uniform in pressure and there are some regions with nega-
tive biases, including for p < 70 hPa (which can impact the
region of interest when the TES observational operator is
applied). The virtual retrievals represent the combined in-
fluence of the vertical smoothing of the TES averaging ker-
nel and the a priori, whose influence is not negligible due to
TES’s imperfect sensitivity. Together these act to both verti-
cally smooth the differences from TES and reduce them to
< 25% for the virtual retrievals from all instruments except
HIRDLS. However, for the Aura-MLS and MIPAS virtual
retrievals, the biases with respect to TES are robust (i.e., not
strongly dependent on the fill profile) only for p < ~100 hPa.
For ACE-FTS, which is a solar occultation instrument and
has very sparse sampling in the tropics due to its orbit, the
difference from TES may largely reflect a >5% tropical sam-
pling bias in the climatology [Toohey et al., 2013].
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Figure 4.27.3: Vertical profiles of zonal mean ozone for 2005-2010. Left column: Ozone profiles from the original clima-
tology for each instrument. Centre column: Ozone profiles after application of the TES observational operator. TES measure-
ments are the same as in the left column. Right column: The percent change in the ozone profiles introduced by the TES
observational operator for all instruments except TES (100*(VTR-OC)/0C). Dashed lines indicate portions of the profile where
the difference between the virtual retrievals using the TES a priori as the fill profile and those using the scaled a priori as the
fill profile exceeds 10%. Top row: Zonal mean ozone profiles and differences for 40°N-45°N for April 2005-2010. Centre row:
Annual mean zonal mean ozone profiles and differences for 5°S-5°N for 2005-2010. Bottom row: Zonal mean ozone profiles

and differences for 40°S-45°S for October 2005-2010.

HIRDLS and MIPAS also have annual mean positive dif-
ferences of 10-30% with respect to TES at p > 150 hPa in
the northern mid- and high latitudes. Again, the differences
with respect to TES can be seen in the original climatolo-
gies, but the vertical extent of the positive biases is greater
in the virtual retrievals. The climatologies from the other
instruments also show positive differences from TES in the
same region, but for the most part these are not seen in the
original climatologies and are an artefact of the impact of
the fill profile. In the Southern Hemisphere, the original
climatologies are generally negatively biased with respect
to TES, especially above 200 hPa. The TES observational
operator strongly reduces the difference between the origi-
nal datasets and TES in the Southern Hemisphere, such
that the virtual retrievals agree with the TES climatology to
within ~10%. This is likely because the differences between

the original climatologies and TES occur largely in the re-
gion where TES has low sensitivity and the a priori plays
an important role in the virtual retrievals (Figure 4.27.1b).
OSIRIS and SCTAMACHY, which measure only in the sun-
lit portion of the atmosphere, have >5% negative sampling
biases in their climatologies in the southern mid- and high-
latitudes [Toohey et al., 2013], which may at least partially
explain their larger differences with respect to TES relative
to the climatologies from other instruments.

Figure A4.27.2 in Appendix A4 shows the percent differ-
ence between the virtual retrievals for each instrument and
TES for the same months as shown in Figure A4.27.1 in
Appendix A4. The differences for individual months are gen-
erally similar to those for the annual mean (Figure 4.27.4
right column). The positive difference between MIPAS and
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Figure 4.27.4: Cross sections of annual mean zonal mean ozone differences from 300 to 70 hPa for 2005-2010. Left
column: Annual mean zonal mean ozone percent differences between the climatology from each instrument and TES for
2005-2010 (HIRDLS: 2005-2007) (100*(OC-TES)/TES). Right column: Percent differences between the virtual retrieval from
each instrument and TES after application of the TES observational operator (100%(VTR-TES)/TES). Hatched regions indicate
where the difference in the virtual retrieval using the two different fill profiles exceeds 50% of the difference between the
virtual retrieval and TES.
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TES in the tropics is larger in January than throughout the
rest of the year, and the positive difference between both
HIRDLS and MIPAS and TES in the northern mid- and
high latitudes is largest in July. SCTAMACHY is the only
instrument with a large (positive) difference with respect to
TES in southern high latitudes during October, despite the
fact that the virtual retrieval is strongly influenced by the
a priori in that region and thus not expected to differ great-
ly from TES (see discussion above). The SCIAMACHY
climatology has the highest October ozone values of any
of the climatologies from ~150 hPa < p < ~100 hPa and
~70-80°S (see Figure A4.27.5 in Appendix A4, discussed
below), where there is a local maximum in TES Southern
Hemisphere sensitivity (see Figure 4.27.1b). This maxi-
mum in sensitivity preserves the high ozone values in the
SCIAMACHY virtual retrieval and spreads them vertically
throughout the UTLS.

Latitudinal gradients on pressure surfaces

Figure 4.27.5 shows the 2005-2010 mean April ozone from
each instrument as a function of latitude on four pressure
surfaces. The original datasets (first column), virtual re-
trievals (second column), and percent differences between
the original datasets and TES (100*(OC-TES)/TES, third
column) and virtual retrievals and TES (100*(VTR-TES)/
TES, fourth column) are all shown. Dashed lines in the
fourth column indicate where differences in the VIR due
to the choice of fill profile exceed 50% of the difference be-
tween the VTR and TES for an instrument. In addition to
the satellite climatologies, the first column also includes a
“zonal mean” ozone climatology from ozonesonde mea-
surements at 48 stations from the datasets described by
Logan [1999] (representative of 1980-1993) and Thompson
et al. [2003] (representative of 1997-2011) (Table 4.27.3).
We note that there are at most 4 ozonesonde stations in a
given latitude band, and many latitude bands contain only
one station, likely leading to large sampling biases. Further-
more, no attempt has been made to account for differences
in vertical resolution between the satellites and the sondes,
primarily because it is unclear whether the use of zonal
mean averaging kernels would exacerbate the sampling
bias. Nevertheless, we include the ozonesonde climatology
to demonstrate the good agreement between the satellites
and the sondes and to provide an additional tool to investi-
gate biases in the satellite climatologies.

At p < 200 hPa, the absolute differences between the
climatologies are mostly small, except at high latitudes
(>50°N/S, Figure 4.27.5, first column). Given the large
ozone abundance at high latitudes, however, the absolute
differences between the instruments translate to small
relative differences; the limb-viewing instruments agree
with each other and with TES (Figure 4.27.5, third
column) to within ~30% at mid- and high latitudes for
p < 200. The ozonesonde measurements suggest that
the TES climatology is positively biased by ~20% in the
Northern Hemisphere extra-tropics for 80 < p < 200 hPa,
in good agreement with the TES validation studies. In the

Southern Hemisphere extra-tropics, the TES climatology
shows positive biases of 20-30% with respect to the
ozonesonde climatology for p > 100 hPa and negative biases
of 20-30% for p < 100 hPa. The inconsistency between this
comparison and the validation results discussed in Section
4.27.2 likely arises from the sparse ozonesonde coverage in
the Southern Hemisphere, the fact that we have not applied
the TES operator to the ozonesonde measurements, and the
comparison here being limited to a single month (results
for the seasonal cycle are discussed in Section 4.27.4).
For latitudes > ~40°N/S and p < 200 hPa, it appears that
the differences between the climatologies from the limb
instruments and the TES climatology likely reflect biases in
TES rather than any significant bias in the limb sounders’
climatologies. The direct comparison of the satellite
climatologies to TES, using the TES operational operator,
results in agreement of all of the satellite climatologies
at the 10% level for this region (Figure 4.27.5, fourth
column). However, in reducing the difference between
the limb sounders and TES, the use of the observational
operator also introduces some of the TES bias into the
virtual retrievals.

In the tropics, where ozone abundances are low, small ab-
solute differences translate into large relative differences, as
also seen in Figure 4.27.4. The limb-viewing instruments
differ from one another and from TES by up to 90% in
the tropics and subtropics (Figure 4.27.5, third column).
The TES climatology does not differ systematically from
the ozonesonde climatology in the tropics for p < 200 hPa,
except at 150 hPa, where it is positively biased by ~25%
in April. Thus, the greater ozone abundances in the limb
sounder climatologies represent an over-estimate of tropi-
cal ozone throughout most of the UTLS for this month.
However, although differences between the annual mean
climatologies are generally similar to or smaller than the
differences shown here for April, the annual mean TES cli-
matology at 150 hPa is actually biased low by >20% relative
to the annual mean ozonesonde climatology over much of
the tropics (see also Section 4.27.4, discussion of Figures
A4.27.3-A4.27.5 in Appendix A4 below). Again, this con-
tradicts coincident validation studies showing a small posi-
tive bias for TES throughout the tropical UTLS. The an-
nual mean positive differences between the limb sounder
climatologies and TES seen in Figure 4.27.4 thus likely
reflect true positive biases for the limb climatologies only
for p < 150 hPa. With the exception of HIRDLS, which has
high ozone values over a deep vertical extent (thus limiting
the impact of smoothing), the TES observational operator
greatly reduces the differences between the climatologies,
with agreement to within ~30% in the tropics and subtrop-
ics. The comparison to TES is most robust for p < 100 hPa,
where the virtual retrievals are relatively free of influence
from the fill profile. While the annual mean pattern of dif-
ferences between HIRDLS and TES is more or less centred
at the equator (Figure 4.27.4), the HIRDLS climatology
shows the largest differences from TES and from the other
climatologies in the southern subtropics in April, suggest-
ing perhaps a seasonal variability in the aerosol effect on
the ozone retrievals.
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Figure 4.27.5: Meridional profiles of monthly mean zonal mean ozone for April 2005-2010. First column: Meridional
zonal mean ozone profiles from the climatology for each instrument at 250 hPa (top row), 150 hPa (second row), 100 hPa
(third row), and 80 hPa (bottom row) for April 2005-2010. Black circles show the ozonesonde climatology; vertical bars
represent the standard deviation of climatological mean values for latitude bands with more than one station. Second
column: Meridional profiles after application of the TES observational operator to climatologies from each instrument. The
TES measurements are the same as in the first column. Third column: Percent difference between each instrument and TES as
a function of latitude on each pressure surface. (100*(OC-TES)/TES) Black circles show the ozonesonde climatology; vertical
bars are as above. Fourth column: Same as third column, but for virtual retrievals with the TES observational operator applied
(100%(VTR -TES)/TES). Dashed lines indicate portions of the virtual retrieval where the difference in the virtual retrieval using
the two different fill profiles exceeds 50% of the difference between the virtual retrieval and TES.

Figures A4.27.3-A4.27.5 in Appendix A4 show results for
January, July, and October. As discussed above, TES is bi-
ased low relative to the tropical sonde measurements at
150 hPa in each of these months, while the limb sound-
ers are in good agreement with the sondes. In January, TES
is also biased high relative to the sondes in the southern
extra-tropics at this same pressure level; the limb sounders
again agree well with the sonde measurements. July shows
the best overall agreement among the climatologies in the
tropics, both for the original climatologies and the virtual

TES retrievals. During October the limb sounders are in
much better agreement with the sondes in the southern
extra-tropics than TES is, and the decrease in ozone for
p > 170 hPa and increase in ozone for p < 170 hPa result-
ing from application of the TES observational operator at
southern high latitudes (see discussion of Figure A4.27.1
in Appendix A4) introduces negative biases and positive bi-
ases, respectively, in the VTRs.
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Table 4.27.3: Station information for the ozonesonde climatology. The latitude, longitude, average number of soundings
per month and length of data record for each ozonesonde station used in the climatology is given, along with the zonal mean
latitude bins (which are the same as those used for the satellite climatologies). The data are from Logan et al. [1999] (denoted
by *), and Thompson et al. [2003] (denoted by t). Black rectangles show the stations that are averaged to calculate the seasonal
cyclein the tropics (15°S-15°N) and northern and southern mid-latitudes (40°N-45°N and 40°5-45°S) in Figure 4.27.6. We include
Asp. Laverton, located at 38°S, in the calculation of the southern mid-latitude seasonal cycle to avoid the use of a single station.

Station name Latitude Longitude Soundings/ Data record Latitude bin
month

Forster® 71°S 12°E 28 1985-1991 70-75°S
Syowa* 69°S 39°E 18 1986-1993 65-70°S
Marambio* 64°S 57°W 20 1988-1995 60-65°S
Lauder* 45°S 170°E 24 1986-1990 45-50°S
Asp. Laverton* 38°S 145°E 24 1980-1995 35-40°S
Pretoria® 26°S 28°E 11 1990-1993 25-30°S
Irenet 26°S 28°E 19 1998-2012 25-30°S
La Reuniont 21°S 56°E 31 1998-2012 20-25°S
Suvaf 18°S 178°E 22 1998-2011 15-20°S
Tahitit 18°S 149°W 6 1998-1999 15-20°S
Am. Samoat 14°S 170°W 37 1998-2012 10-15°S
Am. Samoa* 14°S 170°W 13 1986-1996 10-15°S
Ascension Island 8°S 14°W 45 1998-2010 5-10°S
Watukosek 8°S 113°E 24 1998-2012 5-10°S
Natal* 6°S 35°W 23 1978-1992 5-10°S
Natal¥ 5°S 35°W 39 1998-2011 5-10°S
Brazzaville* 4°S 14°E 7 1990-1992 0-5°S
Malindit 3°S 40°E 8 1999-2006 0-5°S
Nairobif 1°S 37°E 46 1998-2012 0-5°S
San Cristobalf 1°S 89.6°W 31 1998-2012 0-5°S
Kuala Lumpurf 3°N 102°E 23 1998-2012 0-5°N
Paramaribot 6°N 55°W 33 1999-2012 5-10°N
Cotonout 6°N 2°E 7 2005-2007 5-10°N
Panama* 9°N 80°W 4 1966-1969 5-10°N
Herediat 10°N 84°W 6 2005-2012 10-15°N
Poona* 19°N 74°E 1 1966-1986 15-20°N
Hilot 19°N 155°W 50 1998-2012 15-20°N
Hilo* 20°N 155°W 30 1985-1993 20-25°N
Ha Noif 21°N 106°E 9 2004-2012 20-25°N
Naha* 26°N 128°E 15 1989-1995 25-30°N
Kagoshima* 32°N 131°E 19 1980-1995 30-35°N
Tateno* 36°N 140°E 37 1980-1995 35-40°N
Azores* 38°N 29°W 22 1983-1995 35-40°N
Cagliari* 39°N 9°E 25 1968-1980 35-40°N
Boulder* 40°N 105°W 27 1985-1993 40-45°N
Sapporo* 43°N 141°E 21 1980-1995 40-45°N
Sofia* 43°N 23°E 16 1982-1991 40-45°N
Biscarosse* 44°N 1°W 28 1976-1993 40-45°N
Payerne* 47°N 7°E 95 1980-1993 45-50°N
Hohenpeissenberg* 48°N 11°E 135 1980-1993 45-50°N
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Table 4.27.3 continued.
Station name Latitude Longitude Soundings/ Data record Latitude bin
month
Lindenberg* 52°N 99°E 18 1980-1995 50-55°N
Edmonton* 53°N 114°W 41 1980-1993 50-55°N
Goose Bay* 53°N 60°W 45 1980-1993 50-55°N
Churchill* 59°N 147°W 43 1980-1993 55-60°N
Sodankyla* 67°N 27°E 20 1989-1992 65-70°N
Resolute* 75°N 95°W 45 1980-1993 75-80°N
Ny Alesund* 79°N 12°E 19 1990-1993 75-80°N
Alert* 83°N 62°W 29 1988-1993 80-85°N

4.27.4 UTLS ozone evaluations: Seasonal cyces

Figure 4.27.6 shows the seasonal cycle of ozone in the
southern mid-latitudes, tropics, and northern mid-lat-
itudes averaged over 2005-2010 for the original clima-
tologies as well as for the virtual retrievals using the TES
observational operator. Dashed lines in the right column
of plots for each latitude region again indicate where dif-
ferences in the VIR due to the choice of fill profile ex-
ceed 50% of the difference between the VTR and TES for
an instrument. The ozonesonde climatology is included
in the left column for each region. The seasonal variabil-
ity of ozone is largely driven by seasonal changes in the
Brewer-Dobson circulation [Folkins et al., 2006; Randel et
al., 2007]. In the mid-latitudes, there is an annual cycle
in ozone at all pressure levels, with maxima and minima
in September and March, respectively, in the Southern
Hemisphere and March and August, respectively, in the
Northern Hemisphere [Logan et al., 1999]. In the trop-
ics, there is a weak semi-annual cycle driven primarily by
mixing below ~150 hPa [Konopka et al., 2010; Ploeger et
al., 2012], with maxima in June and September, transition-
ing to a strong single peak with a maximum in August at
100 hPa and above.

There are large differences among the climatologies in the
timing and magnitude of the seasonal cycle in the tropical
UT (p 2 100 hPa). The OSIRIS climatology has the largest
difference in peak-to-peak amplitude (>100%) relative to
TES, while the SCTAMACHY climatology has the largest
difference in timing, with a single broad peak from March
to September. However, while the TES climatology seasonal
cycle shows reasonable agreement with the sonde climatol-
ogy at these levels (though with a general negative bias),
the station-to-station variability in ozone from the sonde
measurements is so large that the sonde climatology en-
compasses all of the satellite climatologies. The differences
between the satellite climatologies are reduced in the com-
parison with the TES observational operator, so that the
differences in seasonal cycle amplitude among all of the
virtual retrievals are less than 50%, but are still much larg-
er than in any other region. We note that the choice of fill
profile significantly impacts most of the virtual retrievals

in the tropical upper troposphere, so that, combined with
the large variability in the sonde climatology, our conclu-
sions are less robust here than anywhere else. We also note
that, as discussed in Section 4.27.3, the difference between
the TES and ozonesonde climatologies is smaller in April
than any other time of the year at 150 hPa and that the TES
climatology is negatively biased with respect to the sondes
for p > 150 hPa.

In the tropics between 100 and 70 hPa, there are also large
discrepancies between the satellite climatologies, with dif-
ferences in the magnitude of the seasonal cycle of up to 85%
relative to TES for the original climatologies. Here, how-
ever, the TES seasonal cycle agrees very well with that from
the ozonesondes, and the variability in the ozonesonde cli-
matology is largely diminished. The smoothing by the TES
observational operator greatly improves the consistency
in the seasonal cycle amplitude (to within 20% except for
HIRDLS, which differs in peak-to-peak amplitude from
TES by 25-45% at these pressure levels), with the largest im-
pactat 100 hPa. In the original datasets, there are differences
of up to 2 months in the timing of the ozone minimum and
maximum; with the observational operator the consistency
is improved to +1 month. The changes in timing result from
some combination of smoothing the seasonal cycle signal
over a deep layer, with differences in phase throughout the
layer, and the influence of the seasonal cycles in the TES a
priori and averaging kernel.

There is excellent agreement among the satellite climatolo-
gies regarding the timing and magnitude of the seasonal
cycle in northern mid-latitudes for p < 200 hPa; addition-
ally, they all agree well with the ozonesonde climatology.
For all instruments except ACE-FTS (which has limited
sampling), the seasonal cycle peak-to-peak amplitude is
consistent to within 25% for the original climatologies
and for all instruments including ACE-FTS it is consis-
tent within <5% using the TES observational operator.
At p 2 200 hPa, the MIPAS, SCIAMACHY, and HIRDLS
climatologies have a 50-75% larger seasonal cycle than
TES, whose climatology agrees well with the sondes. How-
ever, the magnitudes of the seasonal cycle in the satellite
climatologies are consistent to within 5% when they are
compared with the TES observational operator, with only
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Figure 4.27.6: Seasonal cycle of ozone in the UTLS for 2005-2010. Seasonal cycle of ozone from 40°5-45°S (two left col-
umns), 15°S-15°N (two centre columns), and 40°N-45°N (two right columns) at 250 hPa (first row), 150 hPa (second row),
100 hPa (third row), and 80 hPa (fourth row). The left column in each grouping shows the seasonal cycle for each climatol-
ogy, the right column in each grouping shows the seasonal cycle after application of the TES observational operator. The TES
measurements are the same in both left and right columns of each group. Dashed lines in the figures in the right column of
each group indicate portions of the virtual retrieval where the difference in the virtual retrieval using the two different fill pro-
files exceeds 50% of the difference between the virtual retrieval and TES in the annual mean. Black circles in the left columns
of each grouping show the ozonesonde climatology; vertical bars represent the standard deviation of the climatological

ozonesonde measurements from the stations in each latitude band.

the MIPAS virtual retrievals being strongly dependent on
the fill profile. In the southern mid-latitudes, the ampli-
tude and timing of the TES seasonal cycle agree well with
the ozonesonde climatology (though with a positive bias
throughout the year at 150 hPa) at all levels except 100 hPa,
where the ozone maximum in the TES climatology is al-
most 150 ppb larger than that seen in the ozonesondes
and HIRDLS, MIPAS, and Aura-MLS climatologies. At
p <100 hPa, SCTAMACHY and OSIRIS have a 15% small-
er seasonal cycle than those of the other instruments and
sondes; the flatness results from an underestimate of the
ozone maximum relative to the other climatologies and
may be due to their limited sampling during winter. When
the TES observational operator is applied to the climatolo-
gies, they agree to within 5% except for SCTAMACHY and
OSIRIS. The vertical smoothing of the TES operator in fact
spreads the low winter values in these climatologies to all
of the pressure levels. We note that the increases in ozone
at 150 and 100 hPa in the HIRDLS, MIPAS, and Aura-MLS
virtual retrievals relative to the original climatologies rep-

resent another example of the TES operator introducing
possible biases in the virtual retrievals.

Figure A4.27.6 in Appendix A4 shows the seasonal cycles
for high latitudes. In the northern high latitudes, results
are generally similar to those for mid-latitudes; there is
relatively good agreement between the climatologies for
p < 200 hPa, particularly for the VIRs. However, TES is
biased high relative to the limb sounders and to the sondes
during the first half of the year for p < 150 hPa, and the
observational operator transfers this bias to the limb
sounder VTRs. In the southern high latitudes, the seasonal
cycles at 250 hPa and p < 150 hPa are very different, with
maximum values in January/February at 250 hPa and in
July/August for p < 150 hPa. TES does a very poor job of
reproducing the seasonal cycle from the sondes and the
other instruments at 150 hPa. At p < 100 hPa, all of the
instruments except ACE-FTS agree very well. ACE-FTS
is much lower than the other instruments for August and
September, but is in very good agreement with the sonde



climatology for these months. However, given the fact that
only one sonde station is included here and that ACE-FTS
samples this region less frequently than many of the other
instruments, it is difficult to say anything conclusive about
sampling differences versus biases in this case.

4.27.5 UTLS ozone evaluations: Interannual variability

Figure 4.27.7 shows the deviations from the 2005-2010
climatological monthly mean ozone for each instrument
in the southern mid-latitudes, tropics, and northern mid-
latitudes using the original climatologies as well as the
virtual retrievals with the TES observational operator. As for
the seasonal cycle, the differences between the climatologies
are largest in the tropics and the TES observational operator
damps out much of the smaller scale variability particularly
for p = 100 hPa, and greatly improves the consistency in
this region. Overall, the interannual variability in ozone is
relatively low in the tropics, as expected, and the only signal
that is observed by all of the instruments is a pronounced
minimum in early 2010 throughout the UTLS region. This
minimum can be seen in the original climatologies and
is not an artefact of the TES observational operator. The
low ozone values result from changes in convection and
an increase in the Brewer-Dobson circulation associated
with the 2009-2010 EI Nifio and coincident strong Easterly
shear phase of the stratospheric quasi-biennial oscillation
(QBO) [Neu et al., 2014b]. While a tropical QBO signal is
not particularly apparent for other years due to the noise
in individual climatologies and the spread between them
at these levels, we note that the timing of the minima
and maxima in the HIRDLS climatology at p < 100 hPa
is consistent with the QBO phase for 2005-2008 and that
because the HIRDLS measurements are averaged over
a shorter time period than the other instruments, the
QBO signal is amplified in the HIRDLS record. However,
it is not clear whether this fully explains the very large
differences between HIRDLS and the other instruments
for p < 100 hPa, or whether there might be an additional
signal from QBO-related variability of the aerosol that
affects the HIRDLS ozone retrievals. Regardless of the
explanation, the TES observational operator spreads the
information from p < 100 hPa downward so that it increases
the apparent differences between HIRDLS and the other
instruments for p > 100 hPa in the virtual retrievals. ACE-
FTS also shows large differences in interannual variability
from the other instruments at p < 100 hPa, likely due to its
sparse sampling of the tropics. The interannual variability
in OSIRIS ozone is somewhat noisier than that of the other
instruments, even with the TES observational operator, but
it is generally consistent with the other climatologies for
p < 100 hPa, where the fill profile has little influence on the
virtual retrieval.

The interannual variability is more consistent between the
various climatologies in the northern and southern mid-
latitudes than in the tropics, both in the original datasets
and in the vertically smoothed virtual retrievals. As was
the case for the seasonal cycle, the HIRDLS climatology
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and virtual retrievals agree very well with those from the
other instruments in mid-latitudes, despite their large
differences from the other instruments in the tropics. The
largest discrepancies in mid-latitude interannual variability
can be seen in the climatologies from ACE-FTS and OSIRIS
in the Southern Hemisphere. In the case of ACE-FTS, the
sampling is likely to blame, though we note that there may
be a contribution from the fact that the lowest retrieval level
(and thus the influence of the fill profile) varies throughout
the year and between years more for ACE-FTS than for any
other instrument. OSIRIS does not continuously sample the
40°S-45°S latitude band, so that the climatological monthly
mean and deviations from the mean are not well-defined
in Southern Hemisphere winter. The TES observational
operator reduces the ozone variability somewhat in mid-
latitudes, but the major deviations in northern mid-latitude
ozone in 2008 and 2010 are well-preserved, except during
the Jan-April 2010 TES data gap. The northern mid-
latitude ozone minimum in 2008 and maximum in 2010
result from changes in the Brewer-Dobson circulation
associated with La Nifia / Westerly shear QBO and El Nifio
/ Easterly shear QBO, respectively [Neu et al., 2014b]. In the
southern mid-latitudes, the climatologies all show maxima
in 2005 and 2007 and minima in 2006 at p < 100 hPa. The
TES observational operator reduces the maxima in the
virtual retrievals due to the vertical smearing. TES stopped
sampling south of 30°S in January 2010.

Figure A4.27.7 in Appendix A4 shows the interannual
variability at high latitudes. northern high latitudes have
similar interannual variability as that seen in mid-latitudes,
with the exception of noticeably low ozone values during
2005. Southern Hemisphere high latitude ozone variabil-
ity is considerably larger than that in mid-latitudes, with
pronounced minima in late 2006 and 2008 and maxima in
late 2007 and 2010. While the TES southern high latitude
record is quite short, the main features of the limb sounder
climatologies are preserved in the virtual retrievals.

4.27.6  Summary and conclusions: UTLS ozone

While the use of zonal mean climatologies for detailed
UTLS process studies is obviously limited, the SPARC Data
Initiative climatologies nevertheless represent our best
knowledge of the abundance and temporal variability of
ozone in the UTLS and the characterisation of the datasets
presented here will provide valuable information for model
evaluation. Overall findings are presented in the following
summary, and Figure 4.27.8 is a synopsis plot showing the
median, median absolute deviation, and standard deviation
of monthly mean relative differences between measurements
from the limb viewing instruments and TES in the tropics
and mid-latitudes, both for the original climatologies and
the virtual TES retrievals. Figure 4.27.8 clearly shows the
reduction in the difference between the limb sounders and
TES as well as the reduction in variance when using the
TES observational operator. It also highlights the better
agreement among the instruments in mid-latitudes relative
to the tropics.
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Figure 4.27.7: Interannual variability of ozone in the UTLS for 2005-2010. Deseasonalised ozone anomalies at 150 hPa and
80 hPa for 40°N-45°N (top 4 panels), 15°5-15°N (middle 4 panels), and 40°5-45°S (bottom 4 panels). The left column shows the
original climatologies, the right column shows the climatologies after application of the TES observational operator. Dashed
lines in the figures in the right column indicate portions of the virtual retrieval where the difference in the virtual retrieval using
the two different fill profiles exceeds 50% of the difference between the virtual retrieval and TES in the annual mean.
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Figure 4.27.8: Summary plot of UTLS ozone. Summary plot showing the median (square), median absolute deviation (thick
line), and standard deviation (thin line) of monthly mean relative differences from TES. Here, the tropics are defined as 20°S-
20°N, and mid-latitudes include 30°5-50°S and 30°N-50°N. Shaded grey regions show 10% difference from TES for reference.
Left column shows results for the original climatologies, while the right column shows the results for the virtual TES retrievals.

Key findings: nadir- and limb-viewing instruments comparisons

* Using the TES observational operator to vertically smooth
the climatologies from the higher resolution limb-viewing
instruments provides a common basis for comparison of
the large-scale ozone morphology as well as the seasonal
and interannual variability of ozone within the UTLS.

* However, this approach has several limitations, includ-

ing:

1) that the virtual retrievals can be sensitive to how
one chooses to “fill in” the profiles below the lowest
measurement level of the limb sounders,

2) that the TES sensitivity varies in the UTLS such that
the a priori profile has a significant influence near

150 hPa in the extra-tropics,
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3) that the averaging kernels are not fully independent
of the ozone abundance, resulting in errors in the
virtual retrievals that are difficult to quantify.

We have tried to account for these factors when pos-

sible, and to focus on robust differences in the UTLS

climatologies.

The TES observational operator smoothes small-scale

ozone structures and due to the influence of the a priori

tends to increase tropical-extra-tropical ozone gradi-
ents as well as mid-latitude vertical ozone gradients in
the climatologies from the limb-viewing instruments.

The TES observational operator also reduces and verti-
cally smoothes the differences between the limb clima-
tologies and TES.

The TES observational operator reduces the temporal
variability of the ozone climatologies from the high-
resolution instruments but also greatly improves the
consistency between them. This indicates that the dif-
ferences in vertical resolution among the limb-viewing
instruments make a substantial contribution to differ-
ences in their retrieved ozone distributions both relative
to TES and relative to one other.

Atmospheric mean state and variability

Most of the limb-viewing instruments have climatolog-
ical-mean positive differences (ranging from 5-75%)
relative to TES ozone in the tropics, though for several
instruments the differences depend strongly on the fill
profile below ~100 hPa.

For p <100 hPa, the positive difference from TES likely
reflect true positive biases for the climatologies given
TES’s lack of bias with respect to the ozonesonde cli-
matology.

In the Northern Hemisphere extra-tropics, only the
HIRDLS and MIPAS climatologies have differences
with respect to TES that are >15% and are also indepen-
dent of the fill profile.

In the southern extra-tropics, the TES observational
operator greatly reduces differences between the limb-
sounder climatologies and TES due to TES’s low sen-
sitivity at the pressure levels where the differences be-
tween the original climatologies and TES are largest.

There are large differences in the timing and magnitude
of the seasonal cycle in the tropical upper troposphere.

At p < 100 hPa, the climatologies show a more consis-
tent tropical seasonal cycle, particularly when smoothed
to the TES vertical resolution. The TES observational
operator reduces the differences in seasonal cycle am-
plitude to within 20% of TES for all instruments except
HIRDLS.

In general, there is very good agreement among the cli-
matologies regarding both the timing and magnitude
of the seasonal cycle in mid- and high latitudes, except
that ozone from the OSIRIS and SCIAMACHY clima-
tologies is ~15% low relative to the other instruments
during the southern mid-latitude maximum, likely due

to their limited sampling of this region. In southern
high latitudes, all of the instruments except ACE-FTS
overestimate the October ozone minimum relative to
the ozonesonde climatology, but a definitive assessment
of biases is precluded by sampling differences.

All of the climatologies show low interannual variability
in the tropics (except for HIRDLS) and higher variabil-
ity in mid- and high latitudes.

* Northern mid-latitude interannual variability greatly
exceeds that in southern mid-latitudes for p > 80 hPa,
but variability in southern high latitudes is larger than
that in northern high latitudes. The sampling of the
ACE-FTS instrument is insufficient to capture interan-
nual variability on monthly time scales in the tropics.

e The TES observational operator greatly reduces the
interannual variability in ozone from the limb-sound-
er climatologies for p > 100 hPa in the tropics and
p > 200 hPa in mid-latitudes. This improves the consis-
tency between the datasets but may limit the usefulness
of the virtual retrievals for quantifying UTLS variability.

Instrument-specific conclusions

e While the ACE-FTS climatology agrees well with the
climatologies from TES and the other limb-viewing in-
struments for the annual mean ozone distribution, the
instrument’s sampling pattern impacts its ability to fully
capture seasonal and interannual variability, particu-
larly in the tropics.

e The HIRDLS climatology shows large positive differ-
ences from TES and the other limb sounders in the
tropics, as well as a smaller positive difference in the NH
extra-tropics for p > 150 hPa. The seasonal cycle am-
plitude is larger and the interannual variability is quite
different in the tropics when compared to the other cli-
matologies. However, both the seasonal and interannual
variability are in very good agreement with the other
climatologies in mid-latitudes. The large tropical ozone
values are likely due to uncorrected emission from aero-
sol, and the differences in temporal variability relative
to the other climatologies suggest that this aerosol effect
may vary with time.

e The MIPAS climatology has a different morphology
than is seen in the climatologies from the other in-
struments in the tropics between 200 and 100 hPa and
much lower ozone values than any other climatology in
the tropical upper troposphere. It is positively biased
with respect to TES for p < 100 hPa in the tropics and
for p 2 150 hPa in the northern extra-tropics but agrees
relatively well elsewhere.

e The MLS climatology has unrealistically “flat” contours
in the tropics near 100 hPa, but otherwise agrees quite
well with the climatologies from TES and the other limb
sounders.

e The OSIRIS climatology shows the best overall agree-
ment with TES. The limited sampling in polar winter
results in unrealistic horizontal ozone gradients in the
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northern high latitude lowermost stratosphere and in
the southern mid-latitudes results in a slightly under-
estimated seasonal cycle and problems capturing the
interannual variability of UTLS ozone in some months.
* The SCIAMACHY climatology is positively biased with
respect to TES in the tropics. As for OSIRIS, the limited
sampling during polar night leads to a smaller ampli-
tude southern mid-latitude seasonal cycle than is seen

in the other climatologies.

4.27.7 Recommendations: UTLS ozone

* A much more detailed UTLS inter-comparison using
high spatial and temporal resolution measurements of
multiple species is needed to fully characterise differ-
ences between instruments in this region, and has been
proposed as a follow-on to the SPARC Data Initiative.

e Such an inter-comparison will require diagnostic
tools that minimise geophysical variability and
differences in sampling and resolution such as tracer-
tracer correlations, probability distribution functions,
tropopause-relative vertical coordinates, and jet-based
coordinates [e.g., Hegglin et al., 2008; SPARC, 2010;
Manney et al., 2011].

 The proposed follow-on analysis promises to not only
provide a detailed assessment of the quality of the sat-
ellite data, but also to improve our understanding of
UTLS structure and processes.
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