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Abstract. The Optical Spectrograph and InfraRed Imaging ozone. OSIRIS data are biased high compared with SAGE Il
System (OSIRIS) on board the Odin spacecraft has been takat 22.5 km, particularly at high latitudes. Dynamical coinci-
ing limb-scattered measurements of ozone number densitdence criteria, using derived meteorological products, were
profiles from 2001—present. The Stratospheric Aerosol andalso tested and yielded similar overall results, with slight im-
Gas Experiment Il (SAGE II) took solar occultation mea- provements to the correlation at high latitudes. The OSIRIS
surements of ozone number densities from 1984—-2005 andptics temperature is low<{16°C) during May-July, when
has been used in many studies of long-term ozone trends. Wine satellite enters the Earth’s shadow for part of its orbit.
present the characterization of OSIRIS SaskMART ¥5.0 During this period, OSIRIS measurements are biased low by
against the new SAGE Il v7.00 ozone profiles for 2001—-5-12 % for 27.5-38.5 km. Biases between OSIRIS ascend-
2005, the period over which these two missions had overlaping node (northward equatorial crossing timel8:00 LT —

This information can be used to merge OSIRIS with SAGE local time) and descending node (southward equatorial cross-
Il into a single ozone record from 1984 to the present, ifing time ~06:00LT) measurements are also noted under
other satellite ozone measurements are included to accousbme conditions. This work demonstrates that OSIRIS and
for gaps in the OSIRIS dataset in the winter hemisphere SAGE Il have excellent overall agreement and characterizes
Coincident measurement pairs were selectedtfbh, +1° the biases between these datasets.

latitude, and+500 km. The absolute value of the resulting
mean relative difference profile is5% for 13.5-54.5km
and<3 % for 24.5-53.5 km. Correlation coefficierRs> 0.9
were calculated for 13.5-49.5km, demonstrating excellentl  Introduction

overall agreement between the two datasets. Coincidence

criteria were relaxed to maximize the number of measure-Continuous and consistent long-term atmospheric datasets
ment pairs and the conditions under which measurement&re essential for the assessment of ozone recovery. The Op-
were taken. With the broad coincidence criteria, good agreetical Spectrograph and InfraRed Imaging System (OSIRIS)
ment (< 5 %) was observed under most conditions for 20.5-—satellite instrument has been measuring ozone profiles from
40.5 km. However, mean relative differences do exceed 592001 to the present, yielding a consistent dataset that spans
for several cases. Above 50 km, differences between OSIRIS1Yr. @ full solar cycle. These limb-scattered measurements

and SAGE |l are partly attributed to the diurnal variation of Nave a vertical resolution that is comparable to solar oc-
cultation measurements, but with far better global coverage.
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While good agreement between OSIRIS ozone profiles andl., 2004). The optical spectrograph measures limb scattered
some of those other datasets has been demonstrated (e.gunlight at 280—810 nm with a spectral resolution of approx-
Degenstein et al., 2009; and Dupuy et al., 2009), they havémately 1 nm. Odin has a polar orbit with a 96 min period
not yet been fully characterized through intercomparisons. that stays very near local dusk on the ascending track (north-
Owing to its precision, stability, and data-record length, ward equatorial crossing at18:00 LT — local time) and near
the Stratospheric Aerosol and Gas Experiment Il (SAGElocal dawn on the descending track (southward equatorial
Il) ozone dataset has formed a benchmark for World Mete-crossing at~ 06:00 LT), going through local midnight near
orological Organization (WMQO) Ozone Assessments (e.g.the south pole and local noon near the north pole. This pro-
WMO, 2006, 2010). The SAGE Il dataset, spannning 21cess repeats itself every orbit, with a slow precession in the
years, has been compared extensively against other instrdecal time of the ascending node throughout the lifetime of
ments (e.g., McPeters et al., 1994; Morris et al., 2002; Wanghe mission. The orbit provides measurement coverage from
et al., 2002; Liu et al., 2005; Nazaryan and McCormick, ~82.2 Sto~82.2 N latitude. Note that due to the preces-
2005; Brinksma et al., 2006; Froidevaux et al., 2008; sion in the local time of the ascending node, OSIRIS cover-
Dupuy et al.,, 2009; and Kroon et al.,, 2011), and hasage is improving in time. Due to Odin’s orbit, measurements
been used to determine stratospheric ozone trends (e.gare only taken in the summer hemisphere, with coverage in
Stolarski et al., 1992; Cunnold et al., 2000; Newchurch etboth hemispheres in the spring and fall. A review of the first
al., 2000, 2003; and Randel and Thompson, 2011). Theredecade of OSIRIS measurements is given by McLinden et
fore the SAGE Il dataset is an excellent baseline for satelliteal. (2012).
0zone measurements. The OSIRIS SaskMART v5X0 ozone data are used
OSIRIS and SAGE Il ozone datasets are both included inin this study. The Multiplicative Algebraic Reconstruction
the SEN (SPARC — Stratospheric Processes and their Role inTechnique (MART) retrieval algorithm (Roth et al., 2007;
Climate,l O3C — International Ozone CommissidiACO- Degenstein et al., 2009) combines ozone absorption infor-
O3 - Integrated Global Atmospheric Chemistry Observa-mation in both the UV and visible parts of the spectrum to
tions, NDACC — Network for the Detection of Atmospheric retrieve number density profiles from the cloud tops to 60 km
Composition Change) initiative, which aims to compile (down to a minimum of 10 km in the absence of clouds). Ra-
short-term satellite, long-term satellite, and ground-basedliative transfer is calculated using the SASKTRAN model
ozone measurements in a consistent mannéN(S2012).  (Bourassa et al., 2008b). Aerosol and Nére retrieved at
Short-term efforts include the European Space Agency'she same time as ozone to reduce biases (Bourassa et al.,
(ESA) Climate Change Initiative (CCI), which aims to com- 2007, 2008a, 2011). The SaskMART v&.M®zone dataset
pile the comprehensive observations that are necessary teas a vertical resolution of 2km and an estimated preci-
characterize the global climate system and its variability.sion of 3-4% in the middle stratosphere (Bourassa et al.,
These datasets must be validated, have well-characterized e2012). Prior to data distribution, OSIRIS data are screened
rors, and be distributed in data formats that are useable fousing the methods described in Appendix A. Furthermore,
a wide range of users (Bennett, 2012). In order to producedata were screened for polar stratospheric clouds at Southern
a multi-decadal ozone record,8l plans to merge modern Hemisphere high latitudes. For 6038, if the aerosol ex-
ozone measurements with the 1979-2005 SAGE | and SAGHinction exceeded 0.0005 kmh at a given altitude, ozone data
Il datasets. In order to merge datasets spatially and tempowere removed from 2 km above the given altitude down to the
rally, they must be very well characterized, and biases musbottom of the profile. This screening technique was selected
be well documented. based on comparisons between OSIRIS ascending and de-
We present the characterization of OSIRIS ozone pro-scending node measurements and against ozonesonde mea-
files against SAGE Il measurements from 2001-2005 andsurements. Note that similar screening was attempted at other
demonstrate that OSIRIS ozone data have the potential téatitudes, but removed many profiles and did not significantly
be combined with the SAGE |l dataset. Section 2 gives animprove comparison results.
overview of the OSIRIS and SAGE Il satellite instruments  SAGE Il was launched in October 1984 aboard the Earth
and ozone datasets. In Sect. 3, the intercomparison methodRadiation Budget Satellite (McCormick, 1987) and was in
ology is presented. The results of the satellite intercomparoperation until late 2005. From 1984-2000, SAGE Il took
isons are discussed in Sect. 4 and conclusions are given iabout 15 sunrise and 15 sunset solar occultation measure-
Sect. 5. ments per day, covering 8% to 80 N in latitude. Due the
degradation of the charging system, in 2000 the SAGE Il
sampling was reduced te 15 measurements per day, with
2 OSIRIS and SAGE Il ozone profiles the observation cycle focused on either sunrise or sunset
measurements. At reduced sampling, quasi-global coverage
The Canadian-made OSIRIS instrument, aboard the Swedistvas achieved on a monthly basis. Successive measurements
satellite Odin, was launched into a sun-synchronous orbitwvere separated by approximately’2d longitude and a frac-
on 20 February 2001 (Murtagh et al., 2002; Llewellyn et tion of a degree in latitude (McCormick et al., 1989). SAGE
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* 0ShS 500km long. The distribution of SAGE Il satellite sunrise
gigg ::gg and sunset occultations varies throughout the year. For 96 %
of SAGE Il measurements for 2001-2005, the satellite sun-

rise (sunset) occultations are taken during local sunrise (sun-
set). OSIRIS has excellent coverage in the summer hemi-
sphere and overlaps with many SAGE Il occultations.

Coincident measurement pairs were selected for the three
sets of criteria given in Table 1. The narrow coincidence cri-
teria were used to select measurement pairs that sampled
very similar air masses. Thel h time criterion reduces the
impact of the diurnal variation of ozone at higher altitudes
(see Sect4.2), while the4+500 km distance criterion corre-
sponds to the approximate horizontal distance covered by an
individual OSIRIS or SAGE Il measurement. In order to in-
crease the number of coincident measurements for the in-
vestigation of possible biases, broad coincidence criteria of
+24 h andt1000 km were used. Note that the broad coinci-

, ‘ , : dence criteria allow morning and evening measurements to
1-Janm4 1-Janfa 1-Jan/G be compared against one another. For both the narrow and

Fig. 1. Sampling of SAGE Il and OSIRIS during the comparison broad criteria, at1° latitude criterion was also imposed.

period. (Top) Latitude of OSIRIS 25 km tangent height (blue) and !N order to determine the impact of mismatched air
SAGE Il 30 km tangent height for satellite sunrise (yellow) and sun- masses on the agreement between the measurements for the

set (red) occultations vs. measurement date. (Bottom) OSIRIS opbroad coincidence criteria, dynamical coincidence criteria
tics temperature vs. measurement date. were also tested. Derived meteorological products (DMPs)
(Manney et al., 2007) were calculated along the line-of-sight
of the SAGE Il measurements and directly above the OSIRIS
Il had measurement channels centered at 385, 453, 448, 52&ngent point, using meteorological fields from the UK Met
600, 940, and 1020 nm. Office stratosphere—troposphere data assimilation system.
SAGE Il v7.00 ozone data, which were released in Measurements at a given altitude were considered coincident
November 2012, are used in this study. Ozone slant columnsnly if both measurements were in the stratosphere or both
are inverted to a 1 km vertical resolution and placed onto aneasurements were in the troposphere. In the stratosphere,
0.5 km altitude grid using an onion peeling technique insteadadditional criteria were used based on scaled potential vor-
of the Twomey—Chahine technique used in earlier versiondicity (sPV) and stratospheric temperature. sPV values of
(Chu et al., 1989). The SAGE Il v7.00 data have slightly 1.2x 10~4s and 1.6x 10~*s~%, can be used to estimate
smaller ozone number densities than the v6.2 data, typicallghe outer and inner vortex edges (e.g., Manney et al., 2008),
on the order of 1-2 % due to the adoption of the ozone specrespectively, as they typically bound the region of strongest
troscopy of SCIAMACHY (SCanning Imaging Absorption PV gradients. Both measurements were required to either be
spectrometer for Atmospheric CHartogographY; Bogumil etinside the vortex (SP\ 1.6 x 10~*s™1) or outside the vor-
al., 2003). Prior to comparisons with OSIRIS, SAGE Il data tex (sPV< 1.2x 10~*s~1) at each altitude level. Measure-
were screened according to the recommendations of Wang ehents taken on the vortex edge (sPV betweenk11®4s~1
al. (2002). Furthermore, if an error value greater than or equahnd 1.6x 10~4s~1) were not included in the comparisons.
to 200% was found at a given altitude level below 30 km, Furthermore, a temperature coincidence criterion-&0 K
data at this level and all levels below were excluded from thewas imposed at each layer in the stratosphere to account for
comparisons. the temperature-dependence of ozone chemistry.
Ozone number density profiles were compared on the
OSIRIS altitude grid, which is regularly spaced at 1 km in-
3 Coincidence criteria & comparison methodology tervals. Since SAGE Il and OSIRIS retrieve the same fun-
damental quantity, number density as a function of altitude,
Figure 1 shows the latitudes of OSIRIS and SAGE Il mea-there was no need to convert ozone units or vertical coor-
surements for 2001-2005, the period during which bothdinates. SAGE Il profiles were smoothed with a triangular
OSIRIS and SAGE Il were operational. OSIRIS and SAGE filter to a 2km resolution to match the approximate verti-
Il coordinates are given for the 25 km and 30km tan- cal resolution of OSIRIS. The smoothing of the SAGE Il
gent heights, respectively. OSIRIS limb measurements havelata had< 1% influence (in absolute difference) on both
ground-tracks of~ 540 km ¢~ 330km) for up-scan (down- the mean relative difference between all coincident profiles
scan) measurements. SAGE Il ground-tracks areal800—  and the standard deviation in the mean relative difference for
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Table 1. Coincidence criteria for SAGE Il and OSIRIS comparisons.

Narrow Broad Dynamical
For full profile Time=+1h Time= +24h Time= +24h
Distance= +£500km  Distance= £1000km Distance= £1000 km
Latitude= £1° Latitude= +1° Latitude= +1°
At each altitude Temperature= +10K
layer Both air masses in troposphere or in stratosghere

Both air masses inside or outside the polar vdttex

2 Troposphere (stratosphere) defined as more than 1 km below (above) WMO thermal trop'Bﬂmjde.poIar vortex defined as sSPVL.6x 10~4s~1. Outside
polar vortex defined as sP¥1.2x 10~4s™1,

a) 355 km a) Number of Coincidences b) Mean Profiles

~ By : T : . : :

E 14l sobo U S DR : sab —— OSIRIS Mean |

T 1) : : : ———0%RIS 1S |

E 5 : g SAGE Il Mean |

‘:9 1 E4D_ ........... ............ ........... : E4D Nl = ==cAcE 1o

= = : : o= ; }

& na - : : - Y : : :
06 1 1 1 = Ok B [RREE IR = a0 \ .......... L
1-Janf02 1-Jul02 1-Jan@3 1-Jul03 1-Jand4  1-JulD4 1-Janfs  1-JulD5 % : : : % 1 : : :

+  OSIRIS : K : ; :
b) 255 km . sacen| 0 e WE T ey ........... SRR
851 : : : :

¥ h : A

E g ; 10 i

S 45 300 ] 2 4 5

QE 4 O, fmalicm®) 10"

= 35

W 3k c) Mean Relative Difference d) R Correlation Coefficient

© = LA . : . .

25 1 1 1 1 1 1 1 T ‘\\ B 4 :
1-Jan@2 1-Jul02 1-Jan@3 1-Jul03 1-Jand4  1-Jul4 1-Janf5 1-JulS Loy N

Fig. 2. Time series of OSIRIS (blue) and SAGE Il (red) ozone mea-
surements for 40—\ at (a) 35.5 km andb) 25.5 km.

Altitude (km)

21.5-39.5km. At high and low altitudes small improvements
to the standard deviation(1—4 %) were observed when the
data was smoothed. The mean relative differerdgg, at a
given altitude,z, between sets of coincident OSIRI$f{)
and SAGE Il (M) measurements was calculated as ’ ’ AL 08

Arel(2) = 100%x 1 N (M1 (z) — M2(2)) . (1) Fig. 3. Comparison results for narrow coincidence criteria (see Ta-
N P (M1;(z) + M2 (2))/2 ble 1).(a) Number of coincidencegb) Mean number density pro-
files (solid lines) and standard deviation (dashed lines) for OSIRIS
The standard deviation df,¢ was also calculated. (blue) and SAGE Il (red)(c) Mean relative difference for OSIRIS
minus SAGE Il (red solid line) with standard deviation (red dashed
lines).(d) R correlation coefficient for OSIRIS vs. SAGE profiles.

4 Results

Figure 2 shows a time series of OSIRIS and SAGE Il ozone

data for 40-45N at 35.5 and 25.5km. This time series is cellent summertime coverage from OSIRIS and winter cov-

included for qualitative purposes only and demonstrates thaérage from SAGE Il. OSIRIS does not measure ozone in

good agreement is observed between the two datasets. Thie winter hemisphere. Therefore, to produce a merged long-
time dependent variability of each dataset is similar and thereerm time series with global coverage, other current satel-
are no obvious biases, illustrating the potential for usinglite datasets would be required to complement the OSIRIS
OSIRIS ozone profiles to continue the long-term SAGE Il measurements. There are periods during which some dis-
record. Furthermore, the SAGE Il and OSIRIS datasets comagreement is visually evident. However, some differences
plement one another during their period of overlap, with ex-are expected as the instruments do not uniformly sample the

Atmos. Meas. Tech., 6, 1447t459 2013 www.atmos-meas-tech.net/6/1447/2013/
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latitude band: more OSIRIS measurements are skewed to: a) Humber of Coincidences b) Mean Profiles
ward 40 N, while SAGE Il measurements are skewed toward T — osms e |
45° N. Care has been taken to minimize the impact of sam- ™[ o S i T
pling biases for coincident measurement pairs, as discussei : 5 : —— SAGE Il Mean |
in Sect.3. Throughout most of the time series, SAGE lland £ [ S N oo seeEnto
OSIRIS appear to measure similar variability in ozone. Dur- = AN ' :

ing some periods, the SAGE ” data appear more compacté A0 b b g 30 ‘t ..............................
because measurements are taken only during a 1-2 day win L)

dOW, Wh||e OSIRIS measurements over Several days canng B[ 1) EEE AT TTRUSRNIEY PRI
be distinguished in the figure. However, the larger variability : : : .
observed by OSIRIS at 35 km in May—August cannot be ex- o o0 w0 eow o 2 s

plained by differences in spatial or temporal sampling. The N O, (moliem™) 10"
results shown in Fig. 2 are typical and consistent with time
series comparisons at other altitudes and latitudes covered b _
both SAGE Il and OSIRIS. a0
Figure 3 shows the overall agreement between OSIRIS anc
SAGE Il measurements selected with the narrow coincidenceE 40
criteria. There are 238 profiles meeting these coincidence cri-=
teria, with fewer valid measurements at lower and higher alti- = o
tudes. The OSIRIS and SAGE Il mean ozone number density< :
profiles and standard deviations are also shown. Standard de  znl..-
viations from both instruments are much larger than the re-
ported measurement errors and are similar to one another 0
indicating that OSIRIS and SAGE |l coincidences have sam- A (%)
pled similar large-scale seasonal and latitudinal variability in
air masses. Fig. 4. As for Fig. 3 for broad coincidence criteria (see Table 1).
The mean relative difference (see Eq. 1) and standard devi-
ation is given for OSIRIS minus SAGE II. The absolute value
of the mean relative difference +s5 % for 13.5-54.5kmand broad coincidence criteria, 5174 coincidences were found.
< 3% for 24.5-53.5 km, demonstrating excellent agreementThe standard deviations in OSIRIS and SAGE Il ozone num-
Below 13.5km, the differences are larger, likely due to theber density profiles are similar indicating that they sam-
inclusion of measurements taken below the tropopause agle similar large-scale seasonal and spatial variability in air
discussed in Sectl.1 A small positive bias is observed in masses.
OSIRIS measurements at 22.5km. This bias coincides with The mean relative difference for OSIRIS minus SAGE Il
the altitude at which UV and visible wavelengths are mergedis very similar to the results for the narrow coincidence cri-
together in the OSIRIS ozone retrievals (Degenstein et al.teria (Fig. 3c) for 15.5-40.5 km. Below 13.5 km, agreement
2009) and could, therefore, be caused by difficulties withimproves due to the inclusion of more high-latitude mea-
the merging process, although this is not evident in the consurements, and therefore a smaller contribution from tropo-
vergence of the retrieval. This bias also coincides with thespheric measurements. Above 50 km, OSIRIS is biased low
peak in the sensitivity of limb-scattered sunlight to aerosolscompared with SAGE IlI. This is primarily due to the diur-
at 600 nm (Fig. 1 of Bourassa et al., 2007), which could affectnal variation of ozone, as discussed in Sect. 4.2. The stan-
the retrievals at visible wavelengths. Therefore small errorsdard deviation in the relative differences in the middle strato-
in aerosol or albedo could cause this bias. The standard desphere { 8 %) is larger for the broad than for the narrow
viation in the mean relative difference+s6 % in the middle  coincidence criteria, and is no longer within the combined
stratosphere, which is within the range of the combined preprecision of the OSIRIS (3-4 %) and SAGE Il (4 %) mea-
cision of the OSIRIS (3—4 %) and SAGE Il (4 %) measure- surements at these altitudes. Furthermore Rl@rrelation
ments. Correlation coefficient® > 0.9 were calculated for coefficients are smaller for the broad than for the narrow
13.5-49.5 andR > 0.85 were calculated for 11.5-51.5km, coincidence criteria.
indicating strong correlation between the two datasets. The global comparison results are shown for dynamical
In order to merge datasets, possible biases between thenvincidence criteria in Fig. 5. When the dynamical criteria
must be assessed under a variety of conditions, such as latare applied,~2000—4000 coincidences remain, depending
tude, season, and solar zenith angle (SZA). Therefore, broadn the altitude layer. Mean relative differences are within
coincidence criteria (Table 1) were used to maximize the0.5% of mean relative differences for the broad coinci-
types of measurements being compared. Overall agreemeuence criteria at altitudes above 18.5 km. Standard devia-
between SAGE Il and OSIRIS is given in Fig. 4. For the tions improved by< 3% (in absolute difference) and global

c) Mean Relative Difference d) R Correlation Coefficient
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Fig. 5. As for Fig. 3 for dynamical coincidence criteria (see Table 1). Fig. 6. Latitudinal variation for comparisons between OSIRIS and

SAGE Il measurements, calculated for°liatitude bins (x-axis)

. o . . at various altitudes (y-axis) for (top) broad coincidence criteria
correlation coefficients improved by 0.04 at all altitudes  ang (bottom) dynamical coincidence criteria (see Table 1). (Left)

compared with the broad coincidence criteria. This suggest&ontours of mean relative differences (color scale), with the black
that for the broader coincidence criteria, the reduced corredashed lines indicating=5% mean relative difference. (Right)
lation is not caused entirely by mismatches between the aiContours of the correlation coefficien®, with the black dashed
masses sampled by the coincident measurements, due to tHees indicatingR = 0.5. The thick black lines indicate the average
relaxed time and distance criteria. Instead, this is probably/Norld Meteorological Organization thermal tropopause height of

the result of measurements being compared under a IargéPe coincident measurements, calculated from European Center for

variety of conditions (e.g., latitude, OSIRIS measurement“iedium-Range Weather Forecast analysis data. The grey shading
SZA). indicates regions for which there are fewer than 10 coincidences.

4.1 Dependence on latitude and season

ferences are< 5% at all latitudes. Above 40 km, latitudinal
Figure 6 is a contour plot of mean relative differences andbiases are observed and can partly be attributed to the diurnal
R correlation coefficients for both the broad and dynami- variation of ozone, as discussed in Sdc®.
cal coincidence criteria, calculated for coincidences within  When the dynamical coincidence criteria are included, the
1 latitude bins. For the broad coincidence criteria, meanlatitudinal variation of the mean relative difference and he
relative differences with absolute valuess % and correla-  correlation coefficient is largely unchanged. Belowt0 km,
tion coefficientsk > 0.5 are observed at most altitudes and the R correlation coefficient is improved slightly (by 0.1)
latitudes. Below the tropopause, both positive and negativeat high latitudes with the addition of the dynamical coinci-
biases are observed, reaching magnitudes of up to 30 % fadence criteria. Furthermore, most coincidences at3@or
some altitude/latitude bins. Furthermofe< 0.5 was calcu-  which R correlation coefficients are small (0-0.5) for the
lated for much of the troposphere, indicating that these meabroad coincidence criteria, are removed. This suggests that
surements are not well correlated. Fof &-40 N, between R correlation coefficients at high latitudes under the broad
the tropopause and 21.5km, OSIRIS is biased low by up tacoincidence criteria are affected slightly by mismatched air
23 % compared with SAGE II. The high bias in OSIRIS data masses arising from the structure of the polar vortex. Most
at 22.5km is strongest at high latitudes, reaching 6 % in thecoincidences near the average tropopause in the tropics are
Southern Hemisphere. For 23.5-38.5 km, mean relative difremoved by the criterion that both measurements be 1km

Atmos. Meas. Tech., 6, 1447459 2013 www.atmos-meas-tech.net/6/1447/2013/



C. Adams et al.: Characterization of Odin-OSIRIS ozone profiles with the SAGE |l dataset 1453

a) NovDec-Jan b) Feb-Mar-Apr Correlation at 545 km
55 er— % _ . S 35
e S ‘ : .. a0
| b 1 N y - . sheg
e s 5 —~ 3 T
—a s A = 40 ] E G -
£ £ = L
3 35 P * g 25 s 80
2 2 iy e
E T " =
i — = 2 7a
0- = " =
o i
- 1520 J| Z 15 70
L L i L L L L ' [ | L L L L | o
"0 B0 4020 0 20 20 FD BN HD 604020 0 20 40 6O A G SZA_> 85
Latitude {*) Latitude (%) & 1 e R= g;g 5]
Tt m=Uu.
cj May-Jun-Jul d) Aug-Sep-Oct . = 4.0e+09
= i N | 05 . et B0
50 - =0 [ v - 0s 1 18 2 25 3 35
45 .3 OBIRIS O, (10" mal/cm?) ()
e e T
=35 L = Fig. 8. Correlation plot of OSIRIS vs. SAGE Il ozone number den-
E 30 P> E sities at 54.5 km altitude. The color scale indicates the SZA of the
E S

25
20
15
10

OSIRIS measurements. Linear fits (dashed lines) and fitting statis-
tics (text) are indicated for all coincidences (grey) and for coinci-
dences with OSIRIS measurement SZ/A5° only (red). TheR
P | correlation coefficient is indicated by, the slope is indicated by
B0-60-40 20 O 20 40 60 80 d the v-int tis indicated by v. The black line indicates 1—
Latitude £) Latitude £) m, and the y-intercept is indicated by y. The black line indicates

: . : 1. Measurement pairs were selected for broad coincidence criteria
B = 00 9 (seeTabie ).
- - - 1 15 20

Fig. 7.As for Fig. 6a for 20 latitude bins in(@) November, Decem-
ber and Januaryb) February, March, and Apri(c) May, June,and 4.2 The diurnal variation of ozone at high altitudes
July, and(d) August, September, and October.

In the upper stratosphere and mesosphere, ozone has a di-
urnal variation, with larger number densities at night than
above or below the tropopause. Since the broad coincidencguring the day. At~ 55 km, ozone varies by 10-20 % be-
criteria yield approximately two times as many coincidencestween the daytime minimum and nighttime maximum (e.g.,
as the dynamical criteria with only a small impactBrcor-  Huang et al., 2010; and Sakazaki et al., 2013). Therefore, if
relation coefficients, the broad coincidence criteria were usedwo instruments sample ozone at different SZAs, biases can
for the remainder of the study. be introduced to the comparisons. Figure 8 shows the correla-
The seasonal variation of the mean relative differences betion between OSIRIS and SAGE Il coincidences at 54.5 km,
tween OSIRIS and SAGE Il is given in Fig. 7. Larger’20 with various measurement SZAs highlighted. Agreement be-
latitude bins were used due to the limited number of co-tween OSIRIS and SAGE Il coincidences has a strong SZA-
incidences. For 20.5-40.5km, OSIRIS agrees with SAGEdependence, with better agreement for OSIRIS SZAs near
Il within 5% at most latitudes during most seasons. Dur-twilight. The measurement SZA at the OSIRIS 25km tan-
ing May/June/July, OSIRIS measures less ozone than SAGlgent height ranges from 59-9with lower SZAs sampled at
Il, due to biases associated with low OSIRIS optics tem-high latitudes during the hemisphere’s summer. SAGE-II oc-
peratures during the summer (see Séd). At higher alti-  cultations are always at twilight SZAs of 89-°9& the 30 km
tudes, there is a seasonal dependence in the agreement, whigihgent height. Therefore, mismatches in measurement SZA
may be caused in part by the diurnal variation of ozone (seere expected to cause discrepancies between the SAGE Il and
Sect. 4.2) and the systematic variation of the OSIRIS meaQSIRIS datasets at high altitudes.
surement SZA with the season (see Fig. 4a of McLinden et Furthermore, errors can be introduced to satellite measure-
al., 2012). The low bias in OSIRIS data above the tropicalments through the “diurnal effect”, which is also known as
tropopause also has a seasonal variability, with a weaker biaghemical enhancement” (e.g., Fish et al., 1995; Newchurch
observed in the summer hemisphere. This seasonality magt al., 1996; Natarajan et al., 2005; Hendrick et al., 2006; and
be related to the ascending and descending node biases McLinden et al., 2006). Sunlight can pass through a range
the OSIRIS dataset (see SetH). of SZAs before reaching the instrument. Therefore, ozone is
sampled at various points in its diurnal cycle, not just the
reported SZA at the tangent point. At twilight, when ozone
varies rapidly with SZA, this effect is the largest. Natarajan
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et al. (2005) calculated the impact of the diurnal effect on a) Mean Relative Differences at Various OSIRIS Optics Temperatures
Halogen Occultation Experiment (HALOE) solar occultation =T
ozone measurements. They found that the diurnal effect lead:
to an overestimation of ozone at 55 knrefl0 % (~ 3 %) for
measurements taken at local sunrise (sunset). They reporte
that below 50 km, the diurnal effect was zero. Since HALOE
has a similar viewing geometry to SAGE I, these values

20
50}
45}
40}
3|
a0}

Altitude (k)

should be similar for SAGE II. For OSIRIS measurements, i; i g P -~ A0
the magnitude of the diurnal effect depends on the azimuthal | - = @ g
angle between incoming sunlight and the instrument as well , i | 20
as the SZA (McLinden et al., 2006), and therefore varies on u 5 oo 18 0 e 0
. OSIRIS Optics Temperature [ *C) Ay ()

a scan-by-scan basis.

In order to assess the impact of the diurnal variation of b) Number of OSIRIS Measurements vs Optics Temperatures
ozone on the OSIRIS versus SAGE Il comparisons, a photo- 14 ' ' ' '
chemical model (McLinden et al., 2000) was used to calcu- 1.2}

late the diurnal variation of ozone in 1@titude bands from 1L
80°S to 80'N for 21 March, 21 June, 21 September, and _
21 December, using climatological ozone profiles (McPeters 2
et al., 2007). Relative differences were calculated between= 28
profiles at typical OSIRIS measurement SZAs and a typi- 0.4t

cal SAGE Il measurement SZA (89)5 For OSIRIS mea- 0ot

surement SZAs< 80°, a negative bias appears in the mod-

eled relative difference profiles at 40—45 km, reachirigb i 5 10 15 20 25 30
by 47-50 km. At 54.5 km, the relative differences calculated OSIRIS Optics Temperature (°C)

with t,he photochemical model rapge froalS to—23 %, F’e_' Fig. 9. Variation in relative differences for OSIRIS minus SAGE I
pending on the measurement latitude and season. This is CORt various OSIRIS optics temperaturéa) Contours of mean rela-
sistent with the average relative difference for OSIRIS mea-ive differences (color-scale) calculated fdt@ OSIRIS optics tem-
surements taken at SZA80° minus coincident SAGE Il perature bins (x-axis) at various altitudes (y-axis). The black dashed
measurements 6f17.2+ 0.3 % (where error is the standard lines indicatet:5 % mean relative difference. The grey shading indi-
error,a/,/N). Note that the diurnal effect should not have a cates regions for which there are fewer than 10 coincidences. Mea-
large impact on the OSIRIS measurements for SZA6° surement pairs were selected with broad coincidence criteria (see
because ozone is not varying as rapidly as at twilight. Fur-Table 1).(b) Number of OSIRIS measurements (y-axis) at various
thermore, when the solar scattering angle, the azimuthal ar@ptics temperatures (x-axis) for the entire processed dataset (2001—
gle between the sun and OSIRIS~90°, the diurnal effect 2012).

does not impact OSIRIS measurements. In order to assess

this fully, OSIRIS and SAGE Il measurements would have

to be corrected for the diurnal effect and then scaled to dikely due to differences in sampled latitudes. The number of

common SZA prior to comparison. OSIRIS measurements for all processed ozone data (2001
2012) within each temperature bin is also shown. Most mea-
4.3 OSIRIS optics temperatures surements are taken at optics temperatures of 1852fbr

which the bias between datasets is very small. 20% of all
Around June each year, Earth is between OSIRIS and th®©SIRIS measurements were taken for optics temperatures
sun as Odin passes over the Southern Hemisphere. During 16°C. Note that the OSIRIS optics temperature distribu-
this period of eclipse, OSIRIS cools due to lack of sunlight, tions for coincidences with SAGE 1l is qualitatively similar
as is apparent in the OSIRIS optics temperatures (Fig. 1)to the 2001-2012 distribution, but only 11 % of the OSIRIS
A contour plot of mean relative differences, calculatedin 1 scans were taken at optics temperatures belo%C16
temperature intervals, is shown in Fig. 9a. For 28.5-47.5km, The low bias in OSIRIS ozone for low optics temperatures
the OSIRIS data are biased low by 5-12 % for optics tem-is likely due to errors in pointing and/or spectral wavelength
peratures< 16°C. Above 47.5km, a larger low bias is ob- calibration. Low temperatures may cause misalignment be-
served, but this may be due in part to the diurnal variation oftween OSIRIS and the star tracker due to thermal bending,
ozone. The positive bias in measurements for altitudes abovélexing, or deformation torque, leading to an estimated 200—
40 km and optics temperatures25°C is due to the inclu- 400m error in the measurement altitude (McLinden et al.,
sion of more measurements at southern high latitudes, foR007). Altitude corrections as a function of OSIRIS optics
which OSIRIS is biased high compared with SAGE Il. Be- temperature were estimated, but did not significantly im-
low 20 km, mean relative differences vary with temperature,prove the comparisons results. Defocusing, reduced spectral
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resolution, and wavelength shifts of the instrument at low a) OSIRIS Descending minus 0OSIRIS Ascending
temperatures (Llewellyn et al., 2004) may also contribute to 22 A - A
this bias. Systematic errors can be introduced if the ozoneg 43 - - i 10
cross section is not convolved to the resolution of the spec-3 2 —— “\'/ 0
tra. These errors are expected to be largest in spectral region = 32 - — y

for which the ozone cross section varies rapidly with wave- © 22 @&x _
4

length, e.g., errors will be larger at UV wavelengths than at  10-—=2 = —— ——— = ——0

a0 -
visible wavelengths. For the OSIRIS SaskMART profile re- Latitude ) Dy (0]
trievals, the visible spectrum is used'belerS km and uv b) 0SIRIS Descending minus SAGE Il
data _are_used above this (Degenstein et al.,_ 2009). Since th =1 o =——=m—an T TN 20
low bias in OSIRIS measurements at low optics temperaturesz s - ﬁ_ﬁﬂ;j (ﬁ 10

occurs above 25 km, defocussing of the instrument is likely
contributing to the bias.

Currently, efforts are underway to improve SaskMART
ozone retrievals during the period of eclipse. The retrieval

Altitude (k

software is being updated to recalculate the wavelength cal- Latitude (7)

ibration_and resolution of the instrument for eagh scan by ¢) OSIRIS Ascending minus SAGE Il

comparing the OSIRIS measured spectrum with a high- 5 =~ | w0
resolution solar spectrum. With this calculated point-spread € 4 /= :3 - "

function (full-width half maximum versus wavelength) the = 3
ozone cross section can be smoothed on a scan-by-scan basé %
accounting for the reduced resolution when optics tempera- |
tures are low. Once these corrections have been performed
altitude corrections will also be revisited.

20
80 :
Latitude ) g (%)

Fig. 10. As for Fig. 6a for (a) OSIRIS descending node mi-
4.4 OSIRIS ascending versus descending node nus OSIRIS ascending node measurement pairs for 2001-2005,
measurements (b) OSIRIS descending node minus SAGE Il measurement pairs,
and(c) OSIRIS ascending node minus SAGE Il measurement pairs.
OSIRIS ascending and descending node measurements ha@®!RIS ascending and descending node measurement pairs and
differences in solar scattering angle and SZA that can lead®S'RIS and SAGE Il measurement pairs were all selected with
to biases in 0zone number density profiles due to uncertain®©2d coincidence criteria (see Table 1).
ties in the characterization of aerosol, albedo and clouds, and

how they are rgpreser)ted in the radiative .transfer mOdeI‘,IQ/vith ascending node measurements throughout much of the
order to investigate this, OSIRIS descending and ascendin

. . .gtratosphere. Some of these discrepancies may be due to the
node measurement pairs were selected using the broad COIR: | rnal variation of ozone or the diurnal effect (see Sea),

cidence criteria (Table 1). Figure 10a shows the mean relahowever the magnitudes of these biases are larger than pho-

gve diff(ejrence ‘Zt var?ous %ﬁstrgﬁss and Ia(;i_tudes ;OI' OSIRIS {4 chemical model predictions at lower altitudes (40-50 km),
escending node minus Y1 ascending node measur%'uggestingthatthere may be contributions from other effects.
ments for 2001-2005. Large biases occur in the troposphere, Mean relative differences for OSIRIS descending and as-

likely dluettg a FlOL:(:hd'umalltl.tef;eCt gntld/orzuongirtalfnnesf;g cending node measurements minus coincident SAGE Il oc-
aerosol retrievals at these allitudes. Below 2U.5Km ITom 98-, iations are also shown in Fig. 10. The positive bias in

. - C
80°S, OSIRIS descending node measurements are l_alas_e[ﬁje OSIRIS measurements at 22.5km occurs primarily at

Vi | . di b it the dat B0-80 S in ascending node measurements and at 40N70
occurs only In pofar spring and 1S much farger It tne data;, descending node measurements. The low bias in OSIRIS
are not filtered for polar stratospheric clouds (see S3c¢t.

X L data above 27.5km at 50-8N is evident only in the de-
suggesting that this bias is related to aerosols or undetectegfenOling node measurements. This corresponds to the pe-

polar stratospheric CIOUdS'. From .20'5_32'5 km, d_escendlng-od of measurements with low optics temperatures (see
node measurements are biased high compared with ascen 2ct4.3).
ing node measurements in the Southern Hemisphere and are
biased low in the Northern Hemisphere. This biasiS %

from 50° S to 30 N. The low bias in descending node mea- 5 Summary and discussion

surements at Northern Hemisphere high latitudes 5%

for much of the altitude range, and is strongest in the summeOSIRIS has been taking limb-scattered measurements of
and fall months (not shown here). Above 40.5km, OSIRISozone number density profiles from 2001 to the present.

descending node measurements are biased low compar€dSIRIS measurements cover the summer hemisphere daily,
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Table 2. Summary of biases between OSIRIS and SAGE Il ozone profiles.

Altitude Latitude Season Description
<=21.5km 60S-40N Al From the tropopause to 21.5 km OSIRIS is biased low compared with SAGE
Il by up to 23 %. These biases are largest in the winter hemisphere.
21.5-23.5km 60-80S, All OSIRIS biased high (2—6 %) compared with SAGE II. Strongest for
50-70 N 60-80 S in descending node measurements.

>=275km (O —-80°N May—July  OSIRIS ozone is biased low by 5-12 % when OSIRIS optics temperatures
are< 16°C during the eclipse period of the orbit. Strongest for descending
node measurements.

>=40.5km All All Latitudinal-dependent biases between OSIRIS and SAGE I, due partly to
the diurnal variation of ozone.

with a ~2km vertical resolution. The 1984-2005 SAGE tribution of data. This involves a three-step process: (1) ra-
Il ozone dataset has been used in many studies to estalsiances are screened for evidence of clouds and cosmic
lish ozone trends. In the present study, OSIRIS SaskMARTrays; (2) retrieved ozone profiles are screened using statis-
v5.0x ozone data were characterized with SAGE Il v7.00 tical techniques; and (3) retrieved ozone profiles are assessed
measurements for 2001-2005. Excellent overall agreementisually. These screening procedures are described in detail
was observed between the OSIRIS and SAGE Il datasetsn the paragraphs below.
with magnitudes of mean relative difference$ % for 13.5— The altitudes at which OSIRIS ozone profiles are contami-
54.5km and< 3 % for 24.5-53.5 km and correlation coeffi- nated with clouds are calculated in the SaskMART retrievals
cientsR > 0.9 for 13.5-49.5km, for a narrow set of coinci- and excluded from the final product. However, in some cases,
dence criteria. cloud altitudes are not correctly characterized. To determine
The OSIRIS data were characterized against the SAGE lif a scan is likely contaminated with a cloud, a detection ratio,
data for various latitudes and observation conditions, using,, is calculated at each altitude:
a broad set of coincidence criteria. Mean relative differences o
between OSIRIS and SAGE Il weke5 % under many con- v, =10g(1;/140km)/(pz/ paokm), (A1)
ditions, again showing excellent consistency between these o
two datasets. Several biases were identified and are summaherel! ./140km is the mean radiance of the spectrum at 743
rized in Table 2. These biases should be considered if th@nd 745.5 nm normalized to 40 km, apd paokm IS the neu-
OSIRIS and SAGE Il datasets are combined into a singletral density normalized to 40 km. The radiance of the spec-
time series. Efforts are also underway to improve OSIRIStrum is considered at 743 and 745.5 nm because clouds have
SaskMART retrievals, which should lead to the reduction ina larger impact toward the red part of the spectrum and at
some of these biases in future versions of the dataset. these wavelengths emission lines from other atmospheric
Overall, excellent agreement between OSIRIS and SAGEconstituents are avoided.df > 0.6 anywhere for 15-40 km,
Il satellite ozone records demonstrates the potential for mergthen the scan is likely contaminated by clouds and is re-
ing the OSIRIS and SAGE |l datasets. Prior to merging, moved. This cloud criterion leads to the rejection<of %
the long-term stability of OSIRIS measurements should beof scans. In future versions, the retrieval software will detect
assessed through comparisons with other datasets. Furthghese issues prior to retrieval so that the altitude range of the
more, at least one additional ozone dataset will be requiredetrieval is appropriate.
in order to cover the winter hemispheres. Therefore, biases Spectra are also scanned for radiation hits due to cosmic
between OSIRIS and additional datasets must be identifiedays in the detector, which typically cause a large, isolated
and quantified. Following this process, an ozone record in-spike in the spectrum. In order to identify spectra contami-
cluding OSIRIS and SAGE Il measurements spanning fromnated by cosmic rays, spectra at a given altitude ldyegre

1984 to the present could be created. normalized relative to the spectra at altitude layers above and
below:

Appendix A Inormalized= 109(12) /{[l0g(1;+1) + log(I;-1)1/2}. (A2)

Routine screening of OSIRIS ozone data Then, around each pixel that is used for aerosol and ozone

retrievals, the mean and standard deviation of normalized in-
This appendix describes the screening procedure that is afgensities of the ten surrounding pixels are calculated. If there
plied to the retrieved OSIRIS ozone profiles prior to the dis-is a spike in the mean and standard deviation around a given
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pixel, the scan is rejected. Less than 5% of scans were re- J.Geophys. Res., 112, D10217, d6i:1029/2006JD008079
jected due to radiation hits for 2001-2011. In future versions 2007. _
of the retrieval algorithm, cosmic ray hits will be identified Bourassa, A. E., Degenstein, D. A., and Llewellyn, E. J.: Re-

and handled prior to retrieval.
Infrequently, unstable retrievals may result in extremely

large, unphysical ozone values that are not apparent in thE
radiance data. Therefore, for each week, ozone and aeroso

data are grouped in 2@atitude bins at each altitude. For each
bin the standard deviation and the median absolute deviation

trieval of stratospheric aerosol size information from OSIRIS

limb scattered sunlight spectra, Atmos. Chem. Phys., 8, 6375—
6380, doi10.5194/acp-8-6375-2008008a.

|ourassa, A. E., Degenstein, D. A., and Llewellyn, E. J.: SASK-

TRAN: A spherical geometry radiative transfer code for efficient
estimation of limb scattered sunlight, J. Quant. Spectrosc. Ra.,
109, 52-73, doi0.1016/j.jgsrt.2007.07.002008b.

(MAD) of ozone and aerosol are calculated. For most alti- Bourassa, A. E., McLinden, C. A., Sioris, C. E., Brohede, S., Bath-
tudes, scans with ozone or aerosol values that deviate from gate, A. F., Llewellyn, E. J., and Degenstein, D. A.: Fasto;NO

the mean by more thandsor from the median by more than
10 MAD are rejected. These criteria are loosened at the top

retrievals from Odin-OSIRIS limb scatter measurements, Atmos.
Meas. Tech., 4, 965-972, db2.5194/amt-4-965-2012011.

and bottom of the profiles to account for larger natural vari-Bourassa, A. E., McLinden, C. A., Bathgate, A. F., Elash,

ability. Additionally, scans are removed if at any altitude the

ozone volume mixing ratio or aerosol exceeds 1, as these val-
ues are non-physical. This filtering scheme led to the remova!%r

of < 8% scans for 2001-2011.

Very infrequently, some outlier profiles pass the radiance
and statistical profile criteria described above. Therefore, the
profiles are inspected visually prior to approval, comparing
them collectively in bins of latitude and month. This tech-
nique has led to the identification and removal of 0.1 % of

B. J., and Degenstein, D. A.: Precision estimate for Odin-
OSIRIS limb scatter retrievals, J.Geophys. Res., 117, D04303,
doi:10.1029/2011JD016978012.

inksma, E. J., Bracher, A., Lolkema, D. E., Segers, A. J., Boyd, I.

S., Bramstedt, K., Claude, H., Godin-Beekmann, S., Hansen, G.,
Kopp, G., Leblanc, T., McDermid, I. S., Meijer, Y. J., Nakane,
H., Parrish, A., von Savigny, C., Stebel, K., Swart, D. P. J.,
Taha, G., and Piters, A. J. M.: Geophysical validation of SCIA-
MACHY Limb Ozone Profiles, Atmos. Chem. Phys., 6, 197—
209, doi10.5194/acp-6-197-2008006.

retrieved profiles for 2001-2011, the vast majority of which Chu, W. P., McCormick, M. P., Lenoble, J., Brogniez, C., and Pru-

are attributed to periods of incorrect altitude registration.

vost, P.: SAGE Il Inversion Algorithm, J. Geophys. Res., 94,
8339-8351, 1989.

Cunnold, D. M., Wang, H. J., Thomason, L. W., Zawodny, J. M.,

AcknowledgementsThank you to Landon Rieger for converting

the SAGE Il data format. This work was supported by the Natural
Sciences and Engineering Research Council (Canada) and t
Canadian Space Agency. Odin is a Swedish-led satellite projec
funded jointly by Sweden (SNSB), Canada (CSA), France (CNES),
and Finland (Tekes). SAGE Il data were provided by the NASA

Langley Research Center and the NASA Langley ChemistryD

and Dynamics branch. Work carried out at the Jet Propulsion
Laboratory, California Institute of Technology was done under
contract with the National Aeronautics and Space Administration.

Edited by: M. Weber

References

Bennett, V.: Guidelines for Data Producers — Climate Change Initia-
tive Phase 1, CCI-PRGM-EOPS-TN-22-0003, Issue 2, Revision
1, European Space Agency, 2012.

Bogumil, K., Orphal, J., Homann, T., Voigt, S., Spietz, P., Fleis-
chmann, O. C., Vogel, A., Hartmann, M., Kromminga, H.,
Bovensmann, H., Frerick, J., and Burrows, J. P.: Measurements
of molecular absorption spectra with the SCIAMACHY pre-
flight model: instrument characterization and reference data
for atmospheric remote-sensing in the 230-2380 nm region,
J. Photoch. Photobio. A., 157, 167-184, d@6i1016/S1010-
6030(03)00062-52003.

Bourassa, A. E., Degenstein, D. A., Gattinger, R. L., and Llewellyn,
E. J.: Stratospheric aerosol retrieval with optical spectro-
graph and infrared imaging system limb scatter measurements,

www.atmos-meas-tech.net/6/1447/2013/

Logan, J. A., and Megretskaia, I. A.: SAGE (version 5.96) ozone
trends in the lower stratosphere, J. Geophys. Res., 105, 4445—
4457, doi10.1029/1999JD900972000.

egenstein, D. A., Bourassa, A. E., Roth, C. Z., and Llewellyn,

E. J.: Limb scatter ozone retrieval from 10 to 60 km using a
multiplicative algebraic reconstruction technique, Atmos. Chem.
Phys., 9, 6521-6529, d&D.5194/acp-9-6521-2002009.

upuy, E., Walker, K. A., Kar, J., Boone, C. D., McElroy, C. T,

Bernath, P. F., Drummond, J. R., Skelton, R., McLeod, S. D.,
Hughes, R. C., Nowlan, C. R., Dufour, D. G., Zou, J., Nichi-
tiu, F., Strong, K., Baron, P., Bevilacqua, R. M., Blumenstock,
T., Bodeker, G. E., Borsdorff, T., Bourassa, A. E., Bovens-
mann, H., Boyd, I. S., Bracher, A., Brogniez, C., Burrows, J. P.,
Catoire, V., Ceccherini, S., Chabrillat, S., Christensen, T., Cof-
fey, M. T., Cortesi, U., Davies, J., De Clercq, C., Degenstein,
D. A., De Mazere, M., Demoulin, P., Dodion, J., Firanski, B.,
Fischer, H., Forbes, G., Froidevaux, L., Fussen, D., Gerard, P.,
Godin-Beekmann, S., Goutail, F., Granville, J., Griffith, D., Ha-
ley, C. S., Hannigan, J. W., ¢pfner, M., Jin, J. J., Jones, A,
Jones, N. B., Jucks, K., Kagawa, A., Kasai, Y., Kerzenmacher,
T. E., Kleinohl, A., Klekociuk, A. R., Kramer, I., Kllmann,

H., Kuttippurath, J., Kydla, E., Lambert, J.-C., Livesey, N. J.,
Llewellyn, E. J., Lloyd, N. D., Mahieu, E., Manney, G. L., Mar-
shall, B. T., McConnell, J. C., McCormick, M. P., McDermid, .
S., McHugh, M., McLinden, C. A., Mellgvist, J., Mizutani, K.,
Murayama, Y., Murtagh, D. P., Oelhaf, H., Parrish, A., Petelina,
S. V., Piccolo, C., Pommereau, J.-P., Randall, C. E., Robert, C.,
Roth, C., Schneider, M., Senten, C., Steck, T., Strandberg, A.,
Strawbridge, K. B., Sussmann, R., Swart, D. P. J., Tarasick, D.
W., Taylor, J. R., Btard, C., Thomason, L. W., Thompson, A.

Atmos. Meas. Tech., 6, 144169 2013


http://dx.doi.org/10.1016/S1010-6030(03)00062-5
http://dx.doi.org/10.1016/S1010-6030(03)00062-5
http://dx.doi.org/10.1029/2006JD008079
http://dx.doi.org/10.5194/acp-8-6375-2008
http://dx.doi.org/10.1016/j.jqsrt.2007.07.007
http://dx.doi.org/10.5194/amt-4-965-2011
http://dx.doi.org/10.1029/2011JD016976
http://dx.doi.org/10.5194/acp-6-197-2006
http://dx.doi.org/10.1029/1999JD900976
http://dx.doi.org/10.5194/acp-9-6521-2009

1458 C. Adams et al.: Characterization of Odin-OSIRIS ozone profiles with the SAGE |l dataset

Froidevaux, L., McLeod, S., Takacs, L. L., Suarez, M. J., Trepte,
C. R,, Cuddy, D. C., Livesey, N. J., Harwood, R. S., and Wa-
ters, J. W.: Solar occultation satellite data and derived me-
teorological products: Sampling issues and comparisons with

M., Tully, M. B., Urban, J., Vanhellemont, F., Vigouroux, C.,
von Clarmann, T., von der Gathen, P., von Savigny, C., Waters,
J. W., Witte, J. C., Wolff, M., and Zawodny, J. M.: Validation of
ozone measurements from the Atmospheric Chemistry Experi-
ment (ACE), Atmos. Chem. Phys., 9, 287-343, 80i5194/acp- Aura Microwave Limb Sounder, J. Geophys. Res., 112, D24S50,
9-287-20092009. doi:10.1029/2007JD008709007.
Fish, D. J., Jones, R. L., and Strong, E. K.: Midlatitude observationsManney, G. L., Daffer, W. H., Strawbridge, K. B., Walker, K. A,
of the diurnal variation of stratospheric BrO, J. Geophys. Res., Boone, C. D., Bernath, P. F., Kerzenmacher, T., Schwartz, M. J.,
100, 18863-18871, 1995. Strong, K., Sica, R. J., Kiger, K., Pumphrey, H. C., Lambert, A.,
Froidevaux, L., Jiang, Y. B., Lambert, A., Livesey, N. J., Read, Santee, M. L., Livesey, N. J., Remsberg, E. E., Mlynczak, M. G.,
W. G., Waters, J. W., Browell, E. V., Hair, J. W., Avery, M. A., and Russell Ill, J. R.: The high Arctic in extreme winters: vortex,
McGee, T. J., Twigg, L. W., Sumnicht, G. K., Jucks, K. W., Mar- temperature, and MLS and ACE-FTS trace gas evolution, Atmos.
gitan, J. J., Sen, B., Stachnik, R. A., Toon, G. C., Bernath, P. Chem. Phys., 8, 505-522, db.5194/acp-8-505-2002008.
F., Boone, C. D., Walker, K. A., Filipiak, M. J., Harwood, R. McCormick, M. P.: Sage II: An Overview, Adv. Space Res., 7, 219-
S., Fuller, R. A., Manney, G. L., Schwartz, M. J., Daffer, W. 226, doi10.1016/0273-1177(87)90151-1087.
H., Drouin, B. J., Cofield, R. E., Cuddy, D. T., Jarnot, R. F., McCormick, M. P., Zawodny, J. M., Veica, R. E., Larsen, J. C., and
Knosp, B. W., Perun, V. S., Snyder, W. V., Stek, P. C., Thurstans, Wange, P. H.: An Overview of SAGE Il and Il Ozone Measure-
R. P., and Wagner, P. A.: Validation of Aura Microwave Limb ments, Planet. Space Sci., 37, 1567-1586, 1989.

Sounder stratospheric ozone measurements, J. Geophys. RedlcLinden, C. A, Olsen, S. C., Hannegan, B., Wild, O., and Prather,
113, D15S20, doi:0.1029/2007JD008772008. M. J.: Stratospheric ozone in 3-D models: A simple chemistry
Hendrick, F., Van Roozendael, M., Kylling, A., Petritoli, A., and the cross-tropopause flux, J. Geophys. Res., 105, 14653—

Rozanov, A., Sanghavi, S., Schofield, R., Von Friedeburg, C., 14665, 2000.

Wagner, T., Wittrock, F., Foteyn, D., and Mazi, D.: Inter- McLinden, C. A., Haley, C. S., and Sioris, C. E.: Diurnal effects

comparison exercise between different radiative transfer mod- in limb scatter observations, J. Geophys. Res., 111, D14302,

els used for the interpretation of ground-based zenith-sky and doi:10.1029/2005JD006622006.

multi-axis DOAS observations, Atmos. Chem. Phys., 6, 93—-108,McLinden, C. A., Fioletov, V. E., Haley, C. S., Lloyd, N., Roth,

doi:10.5194/acp-6-93-200@2006. C., Degenstein, D., Bourassa, A., McElroy, C. T., and Llewellyn,
Huang, F. T., Mayr, H. G., Russell, J. M., and Mlynczak, M. G.: E. J.: An evaluation of Odin/OSIRIS limb pointing and strato-

Ozone diurnal variations in the stratosphere and lower meso- spheric ozone through comparisons with ozonesondes, Can. J.

sphere, based on measurements from SABER on TIMED, J. Phys., 85,1125-1141, d&D.1139/P07-11,2007.

Geophys. Res., 115, D24308, ddl:1029/2010JD014482010. McLinden, C. A,, Bourassa, A. E., Brohede, S., Cooper, M., De-

Kroon, M., De Haan, J. F., Veefkind, J. P., Froidevaux, L., Wang,
R., Kivi, R., and Hakkarainen, J. J.: Validation of operational
ozone profiles from the Ozone Monitoring Instrument, J. Geo-
phys. Res., 116, 1-25, dD.1029/2010JD01510Q011.

Liu, X., Chance, K., Sioris, C. E., Spurr, R. J. D., Kurosu, T. P,,
Martin, R. V., and Newchurch, M. J.: Ozone profile and tro-

genstein, D. A, Evans, W. J. F,, Gattinger, R. L., Haley, C. S,,
Llewellyn, E. J., Lloyd, N. D., Loewen, P., Martin, R. V., Mc-
Connell, J. C., McDade, I. C., Murtagh, D., Rieger, L., Von Sav-
igny, C., Sheese, P. E., Sioris, C. E., Solheim, B., and Strong, K.:
OSIRIS: A decade of scattered light, B. Am. Meteorol. Soc., 93,
1845-1863, doi0.1175/BAMS-D-11-00135,2012.

pospheric ozone retrievals from the Global Ozone Monitoring McPeters, R. D., Miles, T., Flynn, L. E., Wellemeyer, C. G., and

Experiment: Algorithm description and validation, J. Geophys.
Res., 110, D220307, ddi0.1029/2005JD00624Q005.
Llewellyn, E. J., Lloyd, N. D., Degenstein, D. A., Gattinger, R.

Zawodny, J. M.: Comparison of SBUV and SAGE Il ozone pro-
files: Implications for ozone trends, J. Geophys. Res., 99, 20513—
20524, doi10.1029/94JD020Q8.994.

L., Petelina, S. V, Bourassa, A. E., Wiensz, J. T., lvanov, E. V, McPeters, R. D., Labow, G. J., and Logan, J. A.: Ozone climatolog-

Mcdade, I. C., Solheim, B. H., Mcconnell, J. C., Haley, C. S,,
Von Savigny, C., Sioris, C. E., Mclinden, C. A., Griffioen, E.,

ical profiles for satellite retrieval algorithms, J. Geophys. Res.,
112, D05308, doi0.1029/2005JD006822007.

Kaminski, J., Evans, W. F. J., Puckrin, E., Strong, K., Wehrle, Morris, G. A., Gleason, J. F.,, Russell Ill, J. M., Schoeberl, M. R.,

V., Hum, R. H., Kendall, D. J. W., Matsushita, J., Murtagh, D.

and McCormick, M. P.: A comparison of HALOE V19 with

P., Brohede, S., Stegman, J., Witt, G., Barnes, G., Payne, W. F., SAGE Il V6 . 00 ozone observations using trajectory mapping, J.

Piche, L., Smith, K., Warshaw, G., Deslauniers, D., Marchand, P.,
Richardson, E. H., King, R. A., Wevers, |., Mccreath, W., &,

E., Oikarinen, L., Leppelmeier, G. W., Auvinen, H. &die, G.,
Hauchecorne, A., Lélvre, F., De La Ne, J., Ricaud, P., Frisk,
U., Sjoberg, F., Von Sdele, F., and Nordh, L.: The OSIRIS

instrument on the Odin spacecraft, Can. J. Phys., 82, 411-422,

doi:10.1139/P04-0032004.
Manney, G. L., Daffer, W. H., Zawodny, J. M., Bernath, P. F., Hop-
pel, K. W., Walker, K. A., Knosp, B. W., Boone, C., Rems-

berg, E. E., Santee, M. L., Harvey, V. L., Pawson, S., JacksonNatarajan,

D. R., Deaver, L., McElray, C. T., McLinden, C. A., Drum-
mond, J. R., Pumphrey, H. C., Lambert, A., Schwartz, M. J.,

Atmos. Meas. Tech., 6, 1447459 2013

Geophys. Res., 107, 4177, di€:1029/2001JD000842002.

Murtagh, D., Frisk, U., Merino, F., Ridal, M., Jonsson, A., Stegman,

J., Witt, G., Jinénez, C., Megie, G., Ng J. De, Ricaud, P,
Baron, P., Pardo, J. R., Llewellyn, E. J., Degenstein, D. A., Gat-
tinger, R. L., Lloyd, N. D., Evans, W. F. J., Mcdade, I. C., Haley,
C. S., Sioris, C., Savigny, V., Solheim, B. H., Mcconnell, J. C.,
Richardson, E. H., Leppelmeier, G. W., Auvinen, H., and Oikari-
nen, L.: Review: An overview of the Odin atmospheric mission,
Can. J. Phys., 80, 309-319, did):1139/P01-1572002.

M., Deaver, L. E., Thompson, E., and Maugill,
B.: Impact of twilight gradients on the retrieval of meso-
spheric ozone from HALOE, J. Geophys. Res., 110, D13305,

www.atmos-meas-tech.net/6/1447/2013/


http://dx.doi.org/10.5194/acp-9-287-2009
http://dx.doi.org/10.5194/acp-9-287-2009
http://dx.doi.org/10.1029/2007JD008771
http://dx.doi.org/10.5194/acp-6-93-2006
http://dx.doi.org/10.1029/2010JD014484
http://dx.doi.org/10.1029/2010JD015100
http://dx.doi.org/10.1029/2005JD006240
http://dx.doi.org/10.1139/P04-005
http://dx.doi.org/10.1029/2007JD008709
http://dx.doi.org/10.5194/acp-8-505-2008
http://dx.doi.org/10.1016/0273-1177(87)90151-7
http://dx.doi.org/10.1029/2005JD006628
http://dx.doi.org/10.1139/P07-112
http://dx.doi.org/10.1175/BAMS-D-11-00135.1
http://dx.doi.org/10.1029/94JD02008
http://dx.doi.org/10.1029/2005JD006823
http://dx.doi.org/10.1029/2001JD000847
http://dx.doi.org/10.1139/P01-157

C. Adams et al.: Characterization of Odin-OSIRIS ozone profiles with the SAGE |l dataset 1459

do0i:10.1029/2004JD005719005. Roth, C. Z., Degenstein, D. A., Bourassa, A. E., and Llewellyn, E.

Nazaryan, H. and McCormick, M. P.: Comparisons of Strato- J.: The retrieval of vertical profiles of the ozone number density
spheric Aerosol and Gas Experiment (SAGE IlI) and So- using Chappuis band absorption information and a multiplica-
lar Backscatter Ultraviolet Instrument (SBUV/2) ozone pro- tive algebraic reconstruction technique, Can. J. Phys., 85, 1225—
files and trend estimates, J. Geophys. Res., 110, D17302, 1243, doi10.1139/P07-13®007.

doi:10.1029/2004JD005482005. Sakazaki, T., Fujiwara, M., Mitsuda, C., Imai, K., Manago, N.,
Newchurch, M. J., Allen, M., Gunson, M. R., Salawitch, R. J., Naito, Y., Nakamura, T., Akiyoshi, H., Kinnison, D., Sano, T.,
Collins, G. B., Huston, K. H., Abbas, M. M., Abrams, M. C., Suzuki, M., and Shiotani, M.: Diurnal ozone variations in the

Chang, A. Y., Fahey, D. W., Gao, R. S., Irion, F. W., Loewenstein,  stratosphere revealed in observations from the Superconduct-

M., Manney, G. L., Michelsen, H. A., Podolske, J. R., Rinsland, ing Submillimeter-Wave Limb-Emission Sounder (SMILES) on

C. P., and Zander, R.: Stratospheric NO andoN&bundances board the International Space Station (ISS), J. Geophys. Res.,

from ATMOS solar-occultation measurements, J. Geophys. Res., 118, 2991-3006, dadi0.1002/jgrd.5022®013.

23, 2373-2376, 1996. SI2N: SN Initiative, available at:http://igaco-03.fmi.fi’VDO/
Newchurch, M. J., Bishop, L., Cunnold, D., Flynn, L. E., Godin,  working_groups.htm(last access: 22 May 2012), 2012.

S., Frith, S. H., Hood, L., Miller, A. J., Oltmans, S., Randel, W., Stolarski, R., Bojkov, R., Bishop, L., Zerefos, C., Staehelin, J., and

Reinsel, G., Stolarski, R., Wang, R., Yang, E.-S., and Zawodny, Zawodny, J.: Measured trends in stratospheric ozone, Science,

J. M.: Upper-stratospheric ozone trends 1979-1998, J. Geophys. 256, 342—349, dol0.1126/science.256.5055.34892.

Res., 105, 14625-14636, 2000. Wang, H. J., Cunnold, D. M., Thomason, L. W., Zawodny,
Newchurch, M. J., Yang, E.-S., Cunnold, D. M., Reinsel, G.C.,Za- J. M., and Bodeker, G. E.: Assessment of SAGE ver-

wodny, J. M., and Russell lll, J. M.: Evidence for slowdown in  sion 6.1 ozone data quality, J. Geophys. Res., 107, 4691,

stratospheric ozone loss: First stage of ozone recovery, J. Geo- doi:10.1029/2002JD002412002.

phys. Res., 108, 4507, d0.1029/2003JD003472003. WMO: Scientific assessment of ozone depletion 2006, Rep. 47,
Randel, W. J. and Thompson, A. M.: Interannual variability and  Global ozone research monitoring project, Geneva, 2006.

trends in tropical ozone derived from SAGE Il satellite data WMO: Scientific assessment of ozone depletion 2010, Rep. 52,

and SHADOZ ozonesondes, J. Geophys. Res., 116, D07303, Global ozone research monitoring project, Geneva, 2010.

doi:10.1029/2010JD015192011.

www.atmos-meas-tech.net/6/1447/2013/ Atmos. Meas. Tech., 6, 144169 2013


http://dx.doi.org/10.1029/2004JD005719
http://dx.doi.org/10.1029/2004JD005483
http://dx.doi.org/10.1029/2003JD003471
http://dx.doi.org/10.1029/2010JD015195
http://dx.doi.org/10.1139/P07-130
http://dx.doi.org/10.1002/jgrd.50220
http://igaco-o3.fmi.fi/VDO/working_groups.html
http://igaco-o3.fmi.fi/VDO/working_groups.html
http://dx.doi.org/10.1126/science.256.5055.342
http://dx.doi.org/10.1029/2002JD002418

