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Abstract. South Korea is planning to launch the GEMS the stratospheric ozone variation observed from high vertical
(Geostationary Environment Monitoring Spectrometer) in- resolution Earth Observing System (EOS) Microwave Limb
strument into the GeoKOMPSAT (Geostationary Korea Sounder (MLS). The differences in stratospheric ozone pro-
Multi-Purpose SATellite) platform in 2018 to monitor tro- files between GEMS and MLS are comparable to those be-
pospheric air pollutants on an hourly basis over East Asiatween OMI and MLS below 3 hPa ¢ 40 km), except with
GEMS will measure backscattered UV radiances coveringslightly larger biases and larger standard deviations by up to
the 300-500 nm wavelength range with a spectral resolutiorb %. At pressure altitudes above3 hPa, GEMS retrievals

of 0.6 nm. The main objective of this study is to evaluate show strong influence of a priori and large differences with
ozone profiles and stratospheric column ozone amounts reMLS, which, however, can be sufficiently improved by us-
trieved from simulated GEMS measurements. Ozone Mon4ng better a priori information. The GEMS-MLS differences
itoring Instrument (OMI) Level 1B radiances, which have show negative biases of less than 4 % for stratospheric col-
the spectral range 270-500 nm at spectral resolution of 0.424mn ozone, with standard deviations of 1-3 %, while OMI
0.63nm, are used to simulate the GEMS radiances. An opretrievals show similar agreements with MLS except for 1 %
timal estimation-based ozone profile algorithm is used tosmaller biases at middle and high latitudes.

retrieve ozone profiles from simulated GEMS radiances. Based on the comparisons, we conclude that GEMS
Firstly, we compare the retrieval characteristics (includingwill measure tropospheric ozone and stratospheric ozone
averaging kernels, degrees of freedom for signal, and reeolumns with accuracy comparable to that of OMI and ozone
trieval error) derived from the 270-330 nm (OMI) and 300- profiles with slightly worse performance than that of OMI
330 nm (GEMS) wavelength ranges. This comparison show®elow~ 3 hPa.

that the effect of not using measurements below 300 nm on
retrieval characteristics in the troposphere is insignificant.
However, the stratospheric ozone information in terms of
DFS decreases greatly from OMI to GEMS, by a factor of 1 ~ Introduction

~ 2. The number of the independent pieces of information

available from GEMS measurements is estimated to 3 orfAtmospheric ozone is a key air pollutant that must be
average in the stratosphere, with associated retrieval error§ionitored routinely over the globe due to its huge im-
of ~ 1% in stratospheric column ozone. The difference be-Pact on determining UV dose, air quality, radiation budget,
tween OMI and GEMS retrieval characteristics is apparentand climate change (e.g., Liu and Trainer, 1987; Crutzen,
for retrieving ozone layers above20 km, with a reduction ~ 1996; Hauglustaine and Brasseur, 2001). The main goal
in the sensitivity and an increase in the retrieval errors forof €arly space-based remote sensing was to observe daily

GEMS. We further investigate whether GEMS can resolvetotal column ozone and stratospheric ozone profiles glob-
ally (e.g., McPeters et al., 1998). Total column ozone
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observations were accomplished with the successive launcthe Asia-Pacific region. Creating an international constella-
of the Total Ozone Monitoring Spectrometer (TOMS), tion that includes GEMS, GMAP-Asia (Geostationary mis-
onboard Nimbus-7 (November 1978—-May 1993), Meteor-sion for Meteorology and Air Pollution, Japan), GEO-CAPE
3 (August 1991-November 1994), ADEOS (July 1996- (Geostationary Coastal and Air Pollution Events, USA) and
June 1997), and Earth Probe (July 1996-December 2005%entinel-4 (European Space Agency) starting in the 2017—
polar-orbiting satellites (Bhartia and Wellemeyer, 2002). The2020 time frame will provide global understanding of air
vertical distribution of stratospheric ozone has been observeduality and climate change issues.
from the Solar Backscatter UltraViolet (SBUV) on Nim-  The main objective of this study is to examine what ozone
bus 7 and National Oceanic and Atmospheric Administra-information can be achieved with the spectral characteris-
tion (NOAA) weather satellites (1984 to now) (Bhartia et al., tics of GEMS, employing its 300-500 nm spectral range.
1996). The TOMS and SBUV record has played an essenFirst, we determine whether or not GEMS achieves all of
tial role in warning of the problem of ozone depletion over the tropospheric ozone information that is obtainable from
Antarctica and in assessing the recovery of the ozone laye®©MI, over its 270-500 nm range. Second, we determine what
since the Montreal Protocol came into effect (Salby et al.,stratospheric ozone information is available from the re-
2011; Kuttippurath et al., 2012). Since the middle 1990s,duced GEMS spectral range. Due to wavelength-dependent
several UV/visible (and near infrared) spectrometers haveabsorption and Rayleigh scattering, the tropospheric infor-
been launched to continue the TOMS total ozone record, inmation is mostly contained in the Huggins band between
cluding the Global Ozone Monitoring Experiment (GOME), 300 and 340 nm, whereas Hartley band information at wave-
the SCanning Imaging Absorption Spectrometer for Atmo-lengths shorter thar 290 nm mainly provides information
spheric CHartograpY (SCIAMACHY), the Ozone Moni- for the altitude dependence of the ozone distribution above
toring Instrument (OMI), GOME-2, and the Ozone Map- the stratospheric peak (Bhartia et al., 1996; Chance et al.,
per Profiler Suite (OMPS). These low Earth orbit (LEO) 1997). The 300 nm lower limit of the GEMS spectral range
instruments measure spectra over wide wavelength rangds determined using the results of this study for tropospheric
(OMI: 270-500 nm, GOME: 240-790 nm, SCIAMACHY: o0zone, considering the difficulty and expense of building an
240-2380nm, OMPS: 270-380nm), whereas TOMS andnstrument for GEO measurements with an extended range.
SBUV measure backscattered radiances at 6 and 12 diddowever, accurate measurements of the stratospheric ozone
crete UV wavelength bands, respectively (European Spacerofile and column ozone on an hourly basis would allow
Agency, 1995; Bovensmann et al., 1999; Levelt et al., 2006).us to improve understanding of the impact of the change in
Thus they also measure additional tropospheric gases, irthe stratospheric ozone on the radiation budget and vertical
cluding NG, H2CO, H0, H2C20,, and SQ, which are in-  structure of temperature in the troposphere (Haigh, 1994).
dispensable for modeling tropospheric chemistry and fore-Thus, itis very valuable to examine the potential capability of
casting air quality, and the halogen compounds BrO, OCIO retrieving stratospheric profiles and stratospheric ozone col-
and 10, which are responsible for stratospheric and tropo-umn with proposed GEMS spectral coverage.
spheric ozone depletion (Kuhl et al., 2008; Saiz-Lopez et In this paper, we perform ozone profile retrievals using
al., 2007). These instruments have also shown their capabilan optimal estimation-based technique (Rodgers, 2000; Liu
ity to measure ozone profiles into the troposphere, resultingt al., 2005, 2010a) from OMI Level 1B radiances (Dobber
from advanced radiometric and wavelength calibration andet al., 2008) with fitting windows within the 270-330nm
forward calculations (e.g., Munro et al., 1998; Van Oss et al.,range, including the OMI fitting window, 270-330 nm and
2001; van der A et al., 2002; Liu et al, 2005, 2010a; Cai etthe eventual GEMS fitting window, 300—-330 nm. We first
al., 2012). Liu et al. (2010a), for example, demonstrated thatompare the retrieval sensitivity (averaging kernels and de-
OMI measurements contain up t01.5 degrees of freedom grees of freedom for signal, DFS) and the retrieval quality
for signal in the troposphere, and the retrieval error of the(solution errors) from retrievals using different fitting win-
tropospheric column ozone is normally within 2-5DU (5— dows. This comparison determines the 300 nm lower limit of
20 %). With the success of measuring air quality trace gasethe proposed GEMS spectral range for keeping tropospheric
from polar-orbiting satellites, there is increasing interest inozone information; it will ultimately show that how much
placing UV/visible spectrometers in geostationary orbit for stratospheric ozone information content is available with the
much higher temporal resolution (e.g., hourly) (BovensmannGEMS reduced spectral range. Second, we validate the pre-
et al., 2004; Chance, 2005, 2006; Natraj et al., 2011; Zoogdicted GEMS results for stratospheric ozone profiles and
man et al., 2011; Bak et al., 2012a; Fishman et al., 2012). columns using high vertical resolution ozone profiles made
The National Institute of Environmental Research by Microwave Limb Sounder (MLS).
(NIER/Ministry of Environment Korea) will launch GEMS Our paper is organized as follows. The GEMS pro-
in 2018 onboard the GeoKOMPSAT (Geostationary Koreagram is introduced in Sect. 2. The ozone profile retrieval
Multi-Purpose SATellite) (Kim, 2012). GEMS is a spatial algorithm used in this study is explained in Sect. 3. In
scanning UV/visible spectrometer to measure tropospheriSect. 4, we analyze the retrieval characteristics of OMI and
pollutants including @, NO2, H,CO, SQ and aerosols over GEMS to evaluate how different spectral coverage affects
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the performance. Comparison of GEMS and OMI strato-3 Ozone profile retrieval algorithm

spheric ozone retrievals to MLS measurements is presented

in Sect. 5. Section 6 presents conclusions on the accuracy diVe use the OMI ozone profile algorithm of Liu et al. (2010a)

stratospheric ozone columns and profiles and of tropospherito retrieve ozone profiles from BUV measurements. This al-

ozone columns and profiles when measured with the plannegorithm retrieves partial ozone columns at 24 layers from

GEMS spectral coverage. the surface to~60km (0.22hPa) using optimal estima-
tion (OE) (Rodgers, 2000), optimally combining information
from measurements with a priori information, depending on

2 GEMS program the sensitivity of the measurements. The principle of OE is

GEMS is planned for launch in 2018 onboard GeoKOMP- to find the optimal solution by simultaneously and iteratively

i . minimizing differences between measured and simulated ra-
SAT, together with ABI (Advanced Baseline Imager) typed di I
X iances, and between the state and the a priori vector (e.g., an
sensor and GOCI-2 (Geostationary Ocean Color Imager-2) P (e.9

. . ozone profile), constrained by measurement and a priori error
The spatial domain of GEMS covers 5000 kn5000 km : : .
. . covariance matrixes, respectively (Rodgers, 2000). We per-
ranging from 3 S (Indonesia) to 45N (south of the Rus- var X pectively (Rodg ) P

. . . form retrievals from OMI radiances with OMI (270-330 nm)
5|an|b;)_rde_r) ?Ed fmg gf toE/1V4\1/5’ 'I[EéTheI n_l(_)r:nlrll\la}lsspau?ll and GEMS (300-330 nm) spectral ranges respectively, after
resolution s 7 km m at>eoul. The spatia correcting some systematic biases derived from zonal mean
resolution ranges from 4.9 km near the Equator to 9km a

. ; ) LS V2.2 data in the tropics, (Liu et al., 2010b). GEMS
the northern boundary of the domain while E/W resolution ; ata in the tropics, (Liu et a )

h 0 k th ¢ ratio th that in S |? designed to have spectral resolution of 0.6 nm, while the
changes 1o keep the aspect ratio the same as that In GOl§pectral resolution of OMI is approximately 0.63 nm below
The spatial resolution at Seoul is 5.5 times better than th

13kmx 24 km resolution of the state-of-the-art OMI LEO 310nm and 0.42 from 310-365nm (Dobber et al,, 2008).

; . . The change in the sensitivity due to the different spectral
instrument at direct nadir. The planned GeoKOMPSAT lon- . ition of OMI and GEMS should be insignificant (Na-
gitude is 128.2E. The temporal resolution is 1 h during day-

! : .traj et al., 2011). For simplicity of comparison, the effects
time. The spectral coverage of 300500 nm in one channel I3 spectral resolution are ignored. The performance of the

s_elected to focus on megsurable tropospheric trace gases. GEMs system is at least comparable to the existing similar
simple one-channel design helps to ensure the 7-10yr life; EO instruments, as pointed out in Sect. 2, and thus we use

time re_quwemen?s. Based (.)n sen_smwty stu@es of spectr he OMI random-noise errors to construct measurement co-
resolution and signal-to-noise ratios to retrieve concentra-

. .=~ Zvariance error matrices for the retrieval performance of both
tions of NG, S, H2CO and Q, the_spec_:traliresol_uupp 'S OMI and GEMS. The inverse algorithm of Liu et al. (2010a)
selected to be 0.6 nm. $S@vas the main driver in optimizing

. . . . . uses a monthly and zonal mean ozone profile climatology
the resolution and signal-to-noise ratio requirements.

T th te retrieval of t h McPeters et al., 2007) to define the a priori vector and the
0 ensure the accurale retrieval of race gases, the acciy priori error covariance matrix. We limit our study to solar

racies on the wavelength and radiometric calibrations are re- . : A
X e zenith angles less than 8N and retrievals with fitting RMS
quired to be better than 0.01nm and 4 %. Utilizing the so- 9 9

. " (i.e., root mean square of fitting residuals relative to measure-
lar Fraunhofer lines, the actual accuracy may be determine

to much higher accuracy (0.001nm or better) (Caspar and ent error) less than 3.
Chance, 1997; Chance, 1998). The current requirement for
polarization sensitivity is< 2%. The impact of stray light . . .
on the UV/VIS measurements shall be less than 2 % of the4 Comparison of retrieval characteristics between OMI
true signal. The performance of the system is comparable to and GEMS
or expected to be better than the existing LEO instruments
GEMS will provide the first hourly measurements of trace
gases from space.

Accurate cloud pressure is an input for both ozone an
trace gas retrieval algorithms. OMI has used the@ ab-
sorption near 477 nm and rotational Raman scattering in th

This section shows the validity of the proposed GEMS spec-
tral coverage for providing the adequate tropospheric ozone
Gjnformation as well as investigating the loss of the strato-
spheric ozone information from excluding shorter UV wave-
lengths. We perform ozone retrievals from one orbit of OMI

UV measurements on 30 April 2006 with four spectral ranges

range 346-352nm to determlne:\ optlcal centro!d pressur‘iwindows). The upper limit of these windows is fixed to be
(OCP) (e.g., Acarreta et al., 2004; Joiner and Vasilkov, 2006"330 nm while the lower limit varies from 270 nm to 310 nm.

Vasilkov et al., 2004, 2008). GEMS includes both these specs,, . ) ) .
S : ) . We investigate the effect of different windows on ozone re-
tral ranges. In addition, cloud information at much higher

. . . . trievals using their retrieval sensitivities and errors. We use
spatial resolution will be available from an ABI typed sensor the averaging kernel (AK), which characterizes how well the
within typically 7 min from GEMS data acquisition. ging ’

measurements probe the vertical distribution of atmospheric
ozone information (Rodgers, 2000; Liu et al., 2005, 2010a) to
represent the retrieval sensitivity. Each row of the AK matrix
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(a) Tropospheric DFS (b) Tropospheric retrieval error plotted in P latitude bins, with corresponding solar zenith
2.0[7370-330 nm 30 . .
2s] ] angles. The stratospheric DFS shows larger values at higher

latitudes, mainly because the optical path length through the
stratospheric ozone layer becomes longer due to larger so-

lar zenith angles. Conversely, the tropospheric DFS values
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0.0 0 tend to be smaller at larger solar zenith angles due to the
—75-60-45-30-15 0 15 30 45 60 75 lat —75-60-45-30-15 0 15 30 45 60 75 lat . . . .
decreased penetration of UV radiation into the deep tropo-
o (c) Stratospheric DFS 5.0 3) Stratospheric retrieval error sphere (Liu et al., 2010a). In addition, the change of the tro-

12 face reflectivity. There is no distinct loss in the tropospheric
2r \ﬂ-vw«/v—" 0sh 1 DFES of the 300-330 nm relative to that from 270-330 nm.
0 0.0 However, the tropospheric DFS values are reduced by a fac-

—75-60-45-30-15 0 15 30 45 60 75 lat —75-60-45-30-15 0 15 30 45 60 75 lat

79 73 47 3333 11 16 30 46 60 sza 79 73 47 3333 11 16 30 46 60 sza tor Of 2 Wlth the Change Of the |OW€I' ||m|t from 270nm to

Fig. 1. Retrieval characteristics with the four spectral ranges be-:?’10 nm, for most_of the_ tropics. The corresponding reFrlevaI
tween 270 nm and 330 nm, calculated from OMI level 1b data in €7T0rS show negligible increase with the change of window
orbit 9522 on 30 April 2006. In the left panea, c), the means of ~ from OMI to GEMS (300-330 nm), but show significant in-
degrees of freedom for signal (DFS) in the troposphere and stratocrease for the 305-330 nm window. At middle/high latitudes,
sphere are plotted in°llatitude bins (89S to 8¢ N) with solar  tropospheric column ozone retrievals seem to be less affected
zenith angles given. The right pan€ls d) show the correspond- by the spectral coverage used due to the limited light penetra-
ing retrieval errors in tropospheric and stratospheric ozone columnsgion at wavelengths less than300 nm into the troposphere
normalized to the a priori. at large solar zenith angle. This result suggests that the lower
limit 300 nm of the proposed GEMS spectral coverage is ac-
ceptable for simplifying the design of the spectrometer as
indicates the sensitivity of the retrieved ozone at each layemell as minimizing loss in tropospheric ozone information.
to the perturbation of ozone at all layers. It should be notedHowever, the lower limit for GEMS leads to a serious loss
that, in addition to the spectral range, the AK matrix also of the stratospheric ozone information compared to OMI.
depends strongly on the assumed a priori covariance and thEhe average stratospheric DFS values decrease-rérfor
measurement error, both of which are assumed to be the san@MI to ~ 3 for GEMS although the change in corresponding
here for both OMI and GEMS measurements. When the distratospheric ozone column retrieval errors is negligible.
agonal value of the AK matrix for a layer is unity, the mea-  We further examine altitude regions where excluding mea-
surements have sufficient information for ozone at that layersurements below 300 nm causes much loss of stratospheric
The AKs can be used to estimate the vertical resolution (VR)information. In Fig. 2, the performances for retrieving ozone
of retrievals often specified as the full width at half maximum profiles from OMI (blue lines) and GEMS (red lines) are
(FWHM). Each diagonal element of the AK gives the DFS compared with respect to the mean AKs and mean relative
for that layer, the number of independent pieces of informa-retrieval errors in low and mid-latitude regions, respectively.
tion available at that layer from measurements. The DFS idn the atmosphere below 20 km, AKs for each instrument
a standard measure of the capability of atmospheric profileshow similar distributions. This illustrates that GEMS con-
retrievals from satellite measurements (e.g., Liu et al., 2005tains not only most of the tropospheric ozone information
2010a; Worden et al., 2007; Natraj et al., 2011; Bak et al.,compared to OMI, but also most of the capability to sep-
2012a). The error budget in OE-based retrievals is estimatedrate tropospheric from stratospheric ozone columns. OMI
in terms of the random-noise error, smoothing error, solutionAKs have well-defined peaks from 25 km to 45 km, with
error, and systematic errors (Rodgers, 2000). For retrieval erthe highest DFS values. GEMS AK plots have very broad
ror, we use the solution error defined as the root-sum-squarpeaks above 30 km, with rapid reduction of their DFS val-
of the random noise and the smoothing error; the randormues. The GEMS profile retrieval errors increase~b$—2 %
noise from the measurements and the smoothing errors dugrom 2 % to 4 %) for most of the stratosphere and by 3-4 %
to the limited vertical resolution of retrievals and the use of (from 3—-4 % to 6—8 %) above 40 km. Above 30 km, the error
a priori information are directly estimated from the retrievals increase is significant as the retrieval error almost doubles. In
(Liu et al., 2005, 2010a). Solution error for UV retrievals is addition, Fig. 2 shows the comparison of the retrieval errors
typically dominated by the smoothing errors (Liu et al., 2005, with a priori errors (black line). The magnitude of GEMS re-
2010a). trieval errors is very close to a priori error abovel0 km,
Figure 1 shows how the retrieval characteristics for theindicating the weak retrieval sensitivity and the strong influ-
stratospheric and tropospheric column ozone change foence of a priori on the retrievals. It should be noted that, de-
the different spectral windows. The integrated DFS val- spite GEMS’s very weak vertical sensitivity abowe25 km
ues/retrieval errors in the troposphere and stratosphere ateased on averaging kernels, the increases in retrieval errors

error

ol \’\/,v 2s) ] pospheric DFS with respect to latitude is much more compli-
& zor W cated because of the influences of clouds, aerosols, and sur-

Atmos. Meas. Tech., 6, 239249, 2013 www.atmos-meas-tech.net/6/239/2013/



J. Bak et al.: Evaluation of ozone profile and tropospheric ozone retrievals 243

Low latitude : SZA=30°, VZA=33°,f,=0.08,0,=0.09 (a) (OMI-MLS)/MLS : MB % (a) (OMI-MLS)/MLS: SD %
T (ki) OMT TENTS oo T T Z{Jm) OMT GEITY v
55°0.12 0.00 ) 55" 4.9 6.5 = 0 T 0
52 0116 0.00 5 52 40 60 gt g ]
10°F ©49 023 0:004 10°F P2 049 45 7.6 I 30 5 .
. A46 0123 001 &4 £46 34 67 = =
“0 D44 031 002 044 24 62 o 20 o 40
gl X4l 036 0.05 S& x41 1.9 56 5 10F i B 5 10f E
- ®39 0335 0.08 - ®39 17 45 2 - 2
® Ay 136 035 011 N +36 14 36 @ @
= KX 04 o 313 3 £ - E s
o s 229 82'4 023 Jeoked o5 1Zg 30 = woof | oS S 100] [ Sy 8
H oz 0 3 § ?é %x oz éﬁg %é —80-60-40-20 0 20 40 60 80 10 —80-60-40-20 0 20 40 60 80 32
E :fg 8. 2 8§§ . :?9 1%,% 1?.% (b) (GEMS-MLS)/MLS : MB (b) (GEMS—MLS)/MLS : SD
o . 2 + + 3
10* T — %15 0.14 0.12] 10°F--- =% K~ K*15 17.9 1961 - J i 5 < 28
13 010 010 " 13 241 258 £ 1t f £ 1t
011 013 0.12 Py P11 254 265 ) ﬁ | | )
A79 019 0.19 S A A9 171 178 = g 24
06 025025 5y O 06 117 1211 o 0 o
X 4 0.24 0.23 X X X 4 14.0 14.4 5 10f 3 5 10f
10° ,® 1 012,0.113 10° . e e ® 1 229233 2 | | = -2 g
0.0 0.2 0.4 0.6 0 10 20 30 40 50 60 ° - f 4 20
Averaging Kernels Retrieval error (%) & 100 __: -6 A 100F
. R R —EnO _Qoo £ _ — »
Mid latitude : SZA=50°, VZA=32°/=0.11,0,-0.08 _ ~80-60-40-20 0 20 40 60 80 ~80-60-40-20 0 20 40 60 80 [ '°
% () OT_CENY ", Z{lm) OMI GEVIY (©) (A priori-MLS)/MLS : MB -10 (©) (A priori_MLS)/MLS : Sd
5470.16 0.00 7 54’ 62 89 ©) (A priori /MLS ) (A priori-MLS) :
51 0.19 0.01 4 & 51 52 B4 = 12
10° ©48 0.25 0.023 10°F [ ©48 4.7 8.6 ~ — s o
A48 029 0.05 & A5 246 35 79 s o
043 035 0.09 L 043 26 67 T L[ . &Y
X41 0136 0111 LoX x41 211 53 < < 8
-~ @38 0.33 0.13 bdad ®38 1.7 4.0 © = 18
s +36 033 015 Tt +36 16 36 £ 10 0 &
& %33 0.34 0.18 X %33 1.7 3.7 2 2
<10 31 036 0231 10'F, |\ 31 20 3o ? - 30 @ 4
o ©29 0.37 0.26 foodiod ©29 23 4.1 o pr— o
5 A26 0.32 0.24 MEFA A28 26 4.0 & 100F B I o £
a 024 0.22 0.17 ol 024 25 33 — ;_ﬂ 0
a X22 020 0.16 X X Xg2 29 358
4 ®20 027 023 ® e 20 51 63 —80-60-40-20 0 20 40 60 80 —80-60-40-20 0 20 40 60 80
o, L +17 029 0271 | , B + +17 9.0 104
10°F *15 0.24 0.23] 10°F 3 X %15 12.3 13.1]
13 021 0:20 i3 1B 13 . . . .
PG R B I A Ssop- - 21148 508 Fig. 3. Comparison of MLS ozone profile measurements with re-
06 012 011 8- 06 167 17.3 . . .
X 4 0.09 0.09 X X 4 13.0 13.2
b d ‘ siooonn | XX 34808z spect to(a) GEMS and(b) OMI retrievals for 10 latitude bins
0.0 02 0.4 0.6 0 10 20 30 40 50 60 (—80° S-80@ N) for April 2006.(c) The a priori (based on LLM cli-
Averaging Kernels Retrieval error (%)

matology) used in the GEMS/OMI retrievals is also compared with

Fig. 2. Comparison of mean averaging kernels and relative retrievaMLS. Left and right panels show the mean biases (MB) and the
errors (normalized to a priori profiles) at each layer from OMI (blue) 1o standard deviations (SD) of the relative differences as functions
and GEMS (red) retrievals, for low latitude (38-30 N: upper ~ Of MLS vertical layers (0.22-215 hPa). The black line indicates the
panel) and mid-latitude (306/N—60 S/N: lower panel). The asso- Position of the mean tropopause during April 2006.

ciated a priori error is also plotted with black line in right figures.

In this analysis, we only consider pixels with cloud fraction of less

than 0.3 and surface albedo less than 20 %. The caption includesures ¢ 1.3km resolution), 6 per decade from 0.1-1hPa
the average conditions for low/mid-latitude pixels: solar zenith an- (~ 2.5 km resolution), and 3 per decade at lower pressures.
gle (SZA), viewing zenith angle (VZA), cloud fractioryd), and  For comparisons, the MLS profiles of volume mixing ratio
surface albedoof). The dashed line denotes the mean tropopausey e converted into partial ozone columns in Dobson units

height. The first column of each legend gives the center altitudes OEDU 1DU=2.687x 10 molecules crm?). V3.3 MLS and

the 24 layers. The other two columns in the left figures give DFS; . ) -
in the right figures they give relative retrieval errors (%). OMI/GEMS partial columns are interpolated into the MLS

V2.2 retrieval grids. The vertical spacing of the V2.2 pressure
grid is similar to OMI,~ 2.5 km below 0.1 hPa, and hence the
appear to be small. This is because the a priori error for thighterpolation error on the difference between OMI and MLS
altitude range is already very small (5-7 %); the retrieval er-retrieved p_roflle_s is expected to be smaller when comparing
rors also remain very small irrespective of spectral range, andn€m on this grid.

the comparison of retrieval error might not reflect all the im- /N Figs. 3—7 we compare the OMI and GEMS profiles
pact of reduced spectral range. and column ozone to MLS from 215 hPa to 0.2 hPa, the ver-

tical range recommended by Liu et al. (2010b) for com-
paring OMI and MLS v2.2 ozone profiles. The comparison
5 Evaluation of ozone retrievals against MLS approach largely follows Liu et al. (2010b).

In this section, we assess whether information available frons.1 MLS data

GEMS measurements is enough to resolve the true vari-

ability of the stratospheric ozone profiles. The MLS V3.3 MLS is on board the Aura platform with OMI, so the effect of
standard @ products for April 2006 are used as reference the spatiotemporal variability on comparisons with OMI (and
values. We collocate MLS and OMI pixels withi#t0.5° GEMS) is relatively small (Liu et al., 2010b). MLS measures
in both latitude and longitude and 500s in time, giving microwave thermal emission from many molecules; ozone
~ 30000 collocated pixels. We apply data screening to exprofiles are derived from emission near 240 GHz. MLS is
clude bad retrievals from both profile algorithms using crite- limb-viewing and thus has higher vertical resolution but
ria described in Sect. 3 for OMI and in Sect. 5.1 for MLS. much sparser horizontal coverage than OMI. The V3.3 MLS
V3.3 MLS O3 profiles are recommended for use from 261— Oz data used here are from the NASA Goddard Space Flight
0.02 hPa (Livesey et al., 2011). They are provided at 12 pres€enter Earth Sciences (GES) Data and Information Services
sure levels per pressure decade from 1 hPa and higher pre€enter (DISC). Although extensive validation results for the
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the collocated profiles globally for April 2006.
P g y P Fig. 5. Scatter plots ofa) GEMS versus MLS(b) OMI versus

MLS, and(c) a priori versus MLS for partial column ozone at three
vertical layers between°N and 90 N for April 2006. The layers
V3.3 MLS ozone product have not been released, they argre pounded by 0.2, 1, 68, and 215 hPa. Color coding for different
not expected to differ significantly from those for the V2.2 |atitude bins is indicated in the legend on the top left panel. Dashed
data (Livesey et al., 2011). Based on the V2.2 MLS valida-lines are unit slope.
tion papers by Froidevaux et al. (2008), Jiang et al. (2007),
and Livesey et al. (2008), the precision of the ozone profiles
is ~ 5% for much of the stratosphere, increasingthb0 % at  small-scale changes observed by MLS. A priori biases have
the lowest stratospheric altitudes. The precision of the stratoopposite signs around tropical tropopause, mostly positive,
spheric column ozone down to 215 hPa is about 2 %. To exindicating that some of the differences (where ozone values
clude bad retrievals, we reject profiles with negative ozoneare relatively small) are due to systematic biases between
values less than0.15 ppmv over 45-261 hPa pressure rangeOMI/GEMS and MLS.
and consider profiles having evstatusvalue,quality higher The largest impact of not using measurements below
than 0.6,convergencdower than 1.18, angrecisionvalue ~ 300nm is mainly found for pressures less thar8 hPa
higher than 0, according to the V3.3 data screening recom{~ 40 km) where there is no peak in the AKs for GEMS and

mendations by Livesey et al. (2011). the retrieval error is very close to a priori (Fig. 2). GEMS
retrievals show the large biases-eR0 % down to 3 hPa, es-
5.2 Comparison of stratospheric profiles pecially at high latitude. The GEMS positive mean biases

at these layers are consistent with those of the a priori, in-
We analyze the statistical differences of GEMS/OMI re- dicating the strong influence of the a priori on retrievals.
trievals and a priori relative to MLS profiles for April 2006. Moreover, the GEMS retrievals have more vertical oscillation
A priori profiles are based on the monthly zonal mean ozonen the biases between 1-50 hPa especially ihSEB0 N,
profile climatology of McPeters et al. (2007) (hereafter the due to reduced vertical sensitivity and stronger a priori influ-
“LLM” climatology). The absolute difference is normalized ence relative to OMI retrievals. For example, the tropical re-
to MLS measurements to define the relative differences. Figgion shows distinct negative biasef—10 % at~ 2 hPa and
ure 3 shows the mean biases versu$ Iifitudinal bins at  positive bias of~ 10 % at~ 10 hPa where OMI is retrieved
each MLS layer from 0.22-215 hPa and the correspondingvithin +5 % with respect to MLS.
1o standard deviations. OMI and GEMS retrievals have sim- Figure 4 shows globally averaged profiles of mean biases
ilar agreement with MLS around the mean tropopause (blackand standard deviations for April 2006. From 60 to 100 hPa,
line), but show some large negative biases, usually withinthe global mean biases of GEMS show 5% larger negative
—20 % to—40 % below 68 hPa at low/mid-latitude. The stan- mean biases than OMI. From 1 hPa to 0.2 hPa, the global bi-
dard deviations of the biases range from 20 % to 50 %. Thesases range from 0% to 17 % for GEMS and from 0% to
large differences in the tropopause region likely originate10 % for OMI. The global mean bias profiles remain within
from insufficient vertical resolution of OMI to capture the +5% between 1 hPa and 60 hPa for both OMI and GEMS

Atmos. Meas. Tech., 6, 239249, 2013 www.atmos-meas-tech.net/6/239/2013/



J. Bak et al.: Evaluation of ozone profile and tropospheric ozone retrievals 245

2 GEMS—-MLS  OMI-MLS (a) (OMI-MLS)/MLS : MB % (a) (OMI-MLS)/MLS: SD %
OMB . -
A..TD} 9: 1 - 3 ‘;2 § 1 3 &
= < < 60
S 10 ﬁé"&?a&_:&‘ - w S o
a8 5 10Fb o il 5 10 i
A 2 2
I 2 == A
k o o
SR - el 00 e | | & 100] - )
e =l [ —80-60-40-20 0 20 40 60 80 —80-60-40-20 0 20 40 60 80 32
o — 10
8 -10 [ K{—"//_ il (b) (GEMS—-MLS)/MLS : MB (b) (GEMS—MLS)/MLS : SD
\./
—~ I 6~ 28
e £ - RN
= 2 =g
—-80-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 2 of EH o g 10F &
Latitude 2 | B 2 g
i - 4 20
= oo} | o | | o & oo MESTECEES
_ GEMS-MLS _OMI-MLS ~80-60-40-20 0 20 40 60 80 ~B0-60-40-20 0 20 40 60 80 [ '°
4 (c) (A priori—MLS)/MLS : MB -10 (c) (A priori-MLS)/MLS : Sd
12
—_ ﬁ 2By © 14 g
X 2 V= % i &
> 75 & £ 8
e o I )
. [ N 3 10f 20 3
a T~ = o ¢ :
[ o & 100f — M
8 -2 \=‘\ P i /-'//- = 0
0 \\.k\i/ \l\\./ . S ~80-60-40-20 0 20 40 60 80 ~80-60-40-20 0 20 40 60 80
i -
-4
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Fig. 6. Comparison of stratospheric column ozone (SCO) above

215hPa in 10 latitude bins for April 2006. The upper panel and a priori. However, the GEMS retrievals have slightly weaker

lower panel display the mean biases (square symbol) and standarcbrrelation with MLS than does OMI even below 1 hPa. The

deviations (triangle symbol) for absolute differences (DU) and rela-GEMS performance for the middle columrs Glightly in-

tive differences (%), respectively. The relative difference is definedcreases the positive biases $y0.8 DU (0.4 %) at low lati-

as the absolute difference100 %/MLS. tude and~ 4 DU (1.5%) at middle/high latitude in relation
to OMI. For the lower column @) the largest difference be-
tween OMI and GEMS with MLS is at mid-latitude: mean bi-

retrievals. However, the corresponding standard deviations ofses increase from9.1 DU (~13 %) for OMI to —15.5 DU

GEMS mean biases are found to be slightly larger than thos%_zo_s %) for GEMS. The high latitude also shows the sig-

for OMI, by up to~ 5%. nificant increase in the absolute mean biases frof® DU
] . to —12.2DU. In contrast, the low latitude mean biases in-
5.3 Comparison of sub-column @ in the stratosphere crease by 0.5DU (3 %) due to the exclusion below 300 nm.

) ) ) . Inthis pressure range, the ozone is mostly retrieved in the up-
In order to better upderstand the information o.btalned W|thper troposphere in the tropics and is in the lower stratosphere
different spectral windows, we explore the retrieval perfor- o migdie/high latitudes. In addition, the lower columg i®
mance for sub-layer columngOThe profiles are integrated 0y smaller in the tropics than those at middle and high lati-
into the three pressure layers, bounded by the 0.2, 1, 68,4eg Therefore the middie/high latitude lower columyi©
and 215hPa pressure levels. Figure 5a gives scatter plofgqre strongly impacted by the exclusion below 300 nm than
of GEMS versus MLS layer column ozone grouped into yhe oy [atitude. Overall, the impact of the 270 to 300 nm
low (0°-30°), middle (30-6C), and high (60-90°) lati-  gneciral information on the comparison of retrievals with
tude bands for the Northern Hemisphere. Figure 5b and Gy, s is found to be larger in the lower columng@han mid-
give OMI and a priori with respect to MLS. The comparison yio column Q despite the negligible difference in the re-
statistics (mean biases, standard deviations, and correlatiofq, 4| sensitivity around the tropopause between OMI and

coefficients) are summarized in Table 1. GEMS as shown in Fig. 2. This is because the relative a pri-
First, the weak sensitivity of GEMS measurements t0 0.2—yj grror (thus the retrieval error) for the loweg@olumn is

1hPa layer column &(upper column @) is clearly found,  gjgnificantly larger than that for the middle columg.O

with a correlation coefficient of 0 with MLS. In this layer,

the scatter of GEMS versus MLS is very similar to that of a 5.4 Comparison of stratospheric column ozone

priori and MLS, especially in the low/mid-latitudes. In con-

trast, OMI contains more information content than GEMS We compare stratospheric column ozone (SCO) from 0.2
due to the inclusion of spectral information below 300 nm, asto 215hPa as function of latitude in Fig. 6. Both OMI
seen from the positive correlation of more than 0.6 with MLS and GEMS SCO are generally negatively biased with re-
above 30N. Second, both OMI and GEMS retrievals show spect to MLS. In Table 1, we indicate the positive biases
considerable sensitivity to middle and lower layer column above 68 hPa and negative biases below it for sub-layer col-
O3. They show much better agreement with MLS than with umn G; between 215 hPa and 0.2 hPa. Therefore, the SCO
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Table 1. Comparison statistics corresponding to Fig. 5.

Upper column @ [0.2-1 hPa]

GEMS-MLS OMI-MLS A priori-MLS
Lat. Biast 102 Rb Biast 1o R Biast 1o R
0°N-3C° N 0.02+0.07 (1.7+5.3) 0.04 0.04-0.07 (3.2:5.5) 0.19 0.04:0.07 (3.0:5.4) 0.02
30° N-6C° N 0.09+0.10 (7.7+8.1) —0.06 0.02£0.07 (1.9+6.1) 0.64 0.04-0.08 (6.1 7.0) 0.28
60° N-9C° N 0.10+0.18 (9.8+ 15.5) -0.21 —0.01+0.08 (-0.9+7.2) 0.64 0.04:0.12 (3.9+10.7) 0.04
Middle column G [1-68 hPa]
GEMS-MLS OMI-MLS A priori-MLS
Lat. Bias+ 10 R Bias+ 1o R Bias+ 1o R
0°N-3C° N 2.23+3.65 (1.0+1.6) 0.83 1.42-2.86 (0.6+1.2) 0.89 2.76£5.54 (1.2+:2.4) 0.44
30° N-6C° N 4.00+7.10 (1.7 3.0) 0.88 0.44-5.65 (0.2 2.4) 0.92 1.22-12.52 (0.745.4) 0.04
60° N-9C° N 4.851+8.28 (2.2£ 3.7) 0.92 1.75:-7.05 (0.8£3.2) 0.93 2.98:14.49 (1.4 6.6) 0.54
Lower column Q [68—215 hPa]
GEMS-MLS OMI-MLS A priori-MLS
Lat. Bias+ 10 R Bias+ 1o R Bias+ lo R
0°N-3C° N —7.09+£3.72 (-40.7+£ 15.7) 0.91 —6.53+3.62 (-37.3+16.3) 0.92 0.1A5.58 (4.1+ 26.8) 0.75

30°N-60°N —15.48+11.96 (-20.8£16.0) 0.94 —9.09+11.18¢(13.0+£15.3) 096 —545+2532(1.6:30.6) 0.70
60° N-9C°N  —12.19+15.27 (-8.4+10.7) 0.81 —7.88+14.67(5.3+£10.2) 0.83 —17.03+21.00 (10.4+13.9) 0.43

@Mean biases andsistandard deviations are in DU (values in parentheses are in peft@utjrelation coefficient.

negative biases might be largely contributed by the retrievals OMI-GEMS

in the tropospheric region. The OMI biases relative to MLS 5 ' ' ' ' ' ' '
V3.3 for April 2006 investigated in this study are within [ ToTat |
10DU (—3%) that are larger compared to the biases rel- 3 i~ e Sttﬁflgg‘:'glﬁgﬁg""'
ative to MLSV2.2 for 2006 within 5.5DU-2 %) (Liu et ~ B

al., 2010b). The mean biases show their maximum values é et il - SRR S ~ et
in mid-latitudes; their standard deviations increase gener- QO e e e BT
ally with latitude. The GEMS/OMI biases in the tropics are R T - T T =l
less than—2%. The main difference in OMI and GEMS B ol .
stratospheric column ozone is found at latitude bands above Z8 e B
35° N/S; GEMS biases are larger than OMI biases by up to Y DA VA
4 DU (~1%). Standard deviations for the GEMS and MLS -5 . . . . , , .
differences are similar to those for the OMI and MLS differ- 0 10 20 30 40 50 60 70 80
ences, varying from 1 % to 3 %, depending on latitude. Solar Zenith Angle

Fig. 8. Direct comparisons of total/stratospheric/tropospheric ozone
column between OMI and GEMS. The mean biases of OMI-GEMS
6 Conclusions ozone columns from retrievals of orbit 9522 on 30 April 2006 are
plotted as a function of solar zenith angle.
We investigate the retrieval performance for ozone profiles
from OMI level 1B data using different spectral windows
(OMI: 270-330 nm, GEMS: 300-330nm), in order to iden- spectral coverage is nearly optimal for maximizing the tro-
tify the weakness of excluding measurements below 300 nnpospheric ozone information available from UV measure-
on retrievals. This exclusion makes little difference in both ments. However, the exclusion of spectral information be-
retrieval sensitivity and the retrieval error for the troposphericlow 300 nm substantially reduces the stratospheric DFS. The
ozone profile/column retrieval. The change of the lower spec{oss of stratospheric ozone information occurs mostly above
tral limit from 300 nm to 310 nm leads to a significant reduc- ~20km. The stratospheric column retrieval errors do not
tion in the tropospheric DFS with a significant increase in thevary much with spectral coverage, but the errors at individual
associated retrieval errors. Therefore, the proposed GEM$ayers show significant increases.
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GEMS retrievals have, on average, three independenture work. Furthermore, we indicated that the large negative
pieces of information in the stratosphere. In order to deter-biases around tropopause are associated with the systematic
mine whether the three independent pieces are enough to réiases between OMI/GEMS and MLS V3.3 retrievals.
port the stratospheric ozone profiles and stratospheric col- As the total ozone columns are mostly determined from
umn ozone, we further evaluate both OMI and GEMS re-the radiance measurements at the longer wavelengths (
trievals using high-resolution MLS V3.3 standarg@oduct 300 nm), which are in both GEMS and OMI spectral range,
for April 2006. GEMS profiles show an excellent agreementthe similar OMI/GEMS SCO retrieval performance indi-
with MLS data except for the tropopause region and altitudesectly demonstrates that the tropospheric ozone column re-
above~ 3 hPa: the global mean biases are withib % with trieval performance is similar to that of OMI. Further-
standard deviation of 5-10 %. This agreement is comparablenore, we directly demonstrated that the GEMS performance
to that of OMI and MLS except with larger standard devia- can provide the tropospheric ozone retrieval sensitivity at
tions by up to 5%. The weakness of GEMS profile retrievalsleast comparable to OMI. Nevertheless, even a small er-
is mainly found above- 3 hPa. Because GEMS contains lit- ror or bias in the stratospheric ozone column could trans-
tle vertical information above 3 hPa as shown in Fig. 2, com-late into a large error or bias in the tropospheric ozone col-
parisons at layers above 3hPa show a large dependence ofmn, simply because the tropospheric component is usu-
GEMS retrievals on a priori (LLM climatology), with the ally a small part of the total column. In order to check
large differences corresponding to large differences betweethe differences in the tropospheric ozone columns due to
a priori and MLS. This suggests that the large GEMS ozonethe different spectral range, the direct comparison of to-
biases above 3hPa can be reduced by using better a priotal/stratospheric/tropospheric 0zone columns between OMI
information. A priori information used in this study is basi- and GEMS is performed. The mean biases between retrievals
cally from the LLM climatology, derived using ozone mea- are plotted as a function of solar zenith angle in Fig. 8. Com-
surements from ozonesondes (1988-2002), SAGE Il (1988-parisons show the larger differences of retrievals at smaller
2001), and Upper Atmosphere Research Satellite (UARS)olar zenith angles (tropics) where the lower limit of the
MLS (1991-99). Figure 7 is the same as Fig. 3, except forspectral coverage plays a significant role in the retrieval char-
using a priori data from the updated version of the LLM cli- acteristics as shown in Fig. 1. The total column ozone com-
matology presented by McPeters and Labow (2012) (hereparison shows the mean difference~00 DU at solar zenith
after, the “ML climatology”). This climatology is formed angle greater than 40 GEMS tropospheric (stratospheric)
from the Aura MLS V3.3 data (2004-2010) and ozonesondecolumn ozone retrievals are negatively (positively) biased
data (1988-2010). We found that the a priori information relative to OMI within~ 2 DU. On the other hand, bias of
from the ML climatology greatly improves the GEMS/OMI ~ 3 DU (~1 %) in the stratospheric ozone column and bias
retrievals above~ 3hPa. Even for below 3hPa, some im- of ~—-1DU (~0.5%) in total ozone column translate into
provements are found. However, the ML climatology tends tobias of~4 DU (~ 10 %) in the tropospheric ozone column
increase the differences between retrievals and ozonesondd small solar zenith angle of less thar? 30his result illus-
measurements generally in the upper troposphere and lowdrates that little changes of the retrieval characteristics need to
stratosphere (UTLS) compared to the LLM climatology (not be carefully considered in developing the GEMS algorithm
shown here). We will further investigate the various a priori for the tropospheric ozone retrievals.
data to select the optimal one for GEMS ozone profile re- This study contributed to determining the projected GEMS
trievals in a future study. spectral coverage for tropospheric ozone retrievals and

Both GEMS and OMI retrievals below 68 hPa show large demonstrated the possibility of retrieving the stratospheric
mean biases with MLS and their large standard deviationspzone profiles from GEMS spectral information despite the
but GEMS has larger biases, especially at mid-latitudes. Théack of Hartley band information.
altitude region below 68 hPa is associated with the UTLS
region where atmospheric dynamical processes strongly in-
fluence ozone variability. The LLM climatology only repre- AcknowledgementsThis research was supported by the Eco-
sents ozone variances as function of month and latitude anﬁlni’a’st'gam‘;g:‘g} 0;;5(::;:152532(O)]l-)zs(::\(/);t?))l’,y}(\cl)\/"::l. fiﬁjggrcbr;
itgirr]eeb[)j':'ngorteZliJc;ﬁb‘:%é?;fﬁztess()enqgnggzga?éo dneevéatlir(lgigcs ASA a_nd the Smithsonian In_st_itution. We ac_knowledge OMI angl
the differences between OMIGEMS and MLS might be re- SI\‘/ItLljylsmence teams for providing the satellite data used in this
lated to differences between a priori and true states. There-
fore, there is substantial room for improving ozone retrievalsgdited by: F. Boersma
in the UTLS region by using the dynamically oriented a pri-
ori information. The tropopause height dependent (TB) cli-
matology of ozone profiles for the OMI retrieval algorithm
is under development by Bak et al. (2012b). We will inves-
tigate the use of TB climatology for GEMS retrievals in fu-
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