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Abstract. Since June 2007, the Ozone Monitoring Instru- 1  Introduction
ment (OMI) Earth radiance data at specific viewing angles

have been affected by the row anomaly, which causes larg&ylfur dioxide (SQ) is a short-lived gas, released primar-
biases in sulfur dioxide (S£) columns retrieved using the jly by anthropogenic activities (e.g., smelting of sulfur ore,
band residual difference (BRI?) algorithm. To improve global compustion of coal, emissions from motor vehicles) and
measurements of atmospheric S@m OMI, we developed  natyral phenomena (e.g., volcanic and sulfur minerals de-
two correction approaches for the row anomaly effects in thecomposition) (Cullis and Hirschler, 1980; Seinfeld and Pan-
northern latitudes and along the full orbit. Firstly the resid- gjs 1998: Finlayson-Pitts and Pitts, 2000). There is concern
ual correction approach with median residual from a sliding ghout the impact of SPon the radiation balance of the at-
10° latitude range, and with that near the Equator was used tgnosphere through the formation of sulfate aerosols, as well
remove the anomalous high g€olumns in the northern lati- - a5 on ecosystems and human health (Intergovernmental Pan-
tudes. Secondly, in the case of the row anomaly along the fulk|gn Climate Change (IPCC), 2001).

orbit, the SQ biases caused by the anomalous 0zong) (O since the Nimbus-7 Total Ozone Mapping Spectrometer’s
column and underestimated Lambertian effective reflectlwty(TOMS) first sighting of S@ cloud from EI Chicldn’s erup-
(LER) were reduced, respectively, by using unaffected adjation in 1982 (Krueger, 1983), satellite remote sensing tech-
cent @ column and residual correction with median residual nology has been playing an important role in the field of
from asliding 10 latitude range. Comparisons with the OMI atmospheric monitoring. Later, Global Ozone Monitoring
SO, columns processed with median residual from a 5“d'”gExperiment (GOME), SCanning Imaging Absorption spec-
30 latitude range have illustrated the drastic improvementsygmeter for Atmospheric CartograpHY (SCIAMACHY),

of our correctior_1 approaches under row ar)omaly conditionsgnd Ozone Monitoring Instrument (OMI) were developed,
T_he consistencies among the SEblumns inside and out- gnd all these instruments have high ;S@onitoring capa-
side the row anomaly areas have also demonstrated the efjlity. OMI, which was launched on the EOS/Aura plat-
fectiveness of our correction approaches under row anomalygrm in July 2004, combines the hyperspectral measure-
conditions. The analyses of the underestimation and the efments of GOME and SCIAMACHY with improved nadir
rors caused by the £xolumn and LER were conducted 10 gpatial resolution (18 24 kn?), and achieves the daily global
understand the limitations of our correction approaches. Thﬁ‘nonitoring of short-lifetime S@ It measures solar radia-
proposed approaches for the row anomaly effects can extenon backscattered by the Earth's atmosphere in the sun-
the valid range of OMI S@Planetary Boundary Layer (PBL) - synchronous polar orbit with 13:45 local Equator crossing
data produced using the BRD algorithm. time, and makes simultaneous measurements in a swath of
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about 2600 km, divided into 60 pixels (Levelt et al., 2006). residual from a sliding 10latitude range and with those
OMI’s high sensitivity to SQ and low noise enables detec- near the Equator was used to remove the anomalous high
tion of low near-surface SfOoemission, long-range tracking SO, columns in the northern latitudes (see Sect. 4.1). Dif-
of SO, cloud in the upper troposphere and lower stratospherderent from those in the northern latitudes, the,S©lumn
(Krueger et al., 2002; Krotkov et al., 2008; Carn et al., 2007;biases along the full orbit are mainly caused by the anoma-
Lietal., 2010; Yan et al., 2012). lous O3 columns and underestimated Lambertian effective
Approaches for retrieval of S{rom satellite instruments  reflectivity (LER), which are used as inputs in the BRD al-
have been developed and applied to detection of volcanigorithm (see Sect. 4.2). Our second correction approach in-
SO, for aviation (Yang et al., 2007; Krotkov et al., 2006; Rix volved reducing the S9biases along the full orbit by us-
et al., 2010; Lee et al., 2008; Corradini et al., 2009; Real-ing unaffected adjacent{ocolumn and residual correction
muto et al., 1994). Among the ultraviolet (UV) inversion al- with median residual from a sliding 10atitude range. The
gorithms of SQ, differential optical absorption spectroscopy OMI SO, columns from November 2008 to November 2009
(DOAS) (Platt, 1994; Platt and Stutz, 2008), linear fit al- were processed with proposed approaches in this paper, and
gorithm (LF) (Yang et al., 2007) and band residual differ- the results were compared with that processed with median
ence algorithm (BRD) (Krotkov et al., 2006) are sensitive to residual from a sliding 30latitude range suggested by Yang
high volcanic SQin the upper troposphere or the low strato- (Yang et al., 2007). Comparison results illustrate the drastic
sphere (Yang et al., 2007; Rix et al., 2010; Lee et al., 2008)improvements invoked by these correction approaches under
For OMI measurements, operational SPlanetary Bound- row anomaly conditions.
ary Layer (PBL) data have been processed with the BRD al- The paper is organized as follows. In Sect. 2, an overview
gorithm (Krotkov et al., 2006), which takes advantage of theof BRD algorithm and parameters needed for the forward
largest differential S@cross sections in the OMI UV2 spec- computation are presented. In Sect. 3, detailed analysis of
tral region (310-380 nm). OMl-retrieved S@BL columns  OMI data error sources is conducted to understand the
have been used to study regional emissions, synoptic pollueharacteristics of measurement error sources and the row
tion events and large point emission sources (Krotkov et al.anomaly effects. Correction approaches for improvement of
2008; Carn et al., 2007; Li et al., 2010; Yan et al., 2012). SO, retrievals with row anomaly are described in detail in
Background correction is necessary for atmospherig SO Sect. 4. In Sect. 5, to evaluate the effectiveness of our cor-
column retrieval, because retrieval errors and measurememection approaches, several orbits covering days with row
noises can result in false $©olumns over regions with very  anomaly effects from November 2008 to November 2009 are
low SO, emission. The DOAS retrieval algorithm uses a ref- selected to compare the $©@olumns before and after pro-
erence sector approach by subtracting the presumabjy SCcessed with proposed correction approaches. The limitations
free reference data (generally in the Pacific Ocean area) tof our correction approaches are also discussed in Sect. 5.
correct the latitudinal varying background errors (Khokhar etSection 6 summarizes the findings.
al., 2005; Richter et al., 2006). However, the forward model
errors and satellite measurement errors that affect tha&O
trieval are dynamic over the globe and vary with season, lat2  OMI SO, PBL columns retrieval
itude, observation geometryz@olumn amount, surface re-
flectivity, etc. Therefore, using a fixed reference sector forthe2.1  BRD algorithm overview
empirical correction of S@retrieval would possibly bring
New error sources. SO, PBL columns are retrieved from OMI measurements of
Yang developed a sliding median approach for residualthe solar irradiance and the Earth radiance (Van den Oord
correction, which has been applied to OMI S@roducts et al., 2002) in the ultraviolet (310.8 nm to 314.4 nm) using
(Krotkov et al., 2008; Yang et al., 2007). This approach cal-the BRD algorithm (Krotkov et al., 2006). In the BRD al-
culates the median residual for each cross-track pixel from aorithm, the TOMS total ozone retrieval (OMTO3) (Bhar-
sliding group of pixels covering about 3atitude along the tia and Wellemeyer, 2002) is firstly used to derive an ini-
orbit track, and then subtracts the sliding median value fortial estimate of total ozone (assuming zero,gCas well
each spectral band and each cross-track position to reduces the wavelength-independent LER. The OMTO3 algo-
the error interference for the centered pixels. However, thisrithm accomplishes this by matching calculated radiances
approach with median residual from a sliding®3@titude  using TOMS forward model (TOMRAD) (Dave, 1964) to
range has been unsuitable for the cases with row anomalthe measured radiances at a pair of wavelengths (317.5nm
since June 2007, and results in large biases in the retrievednd 331.2 nm under most conditions). The measurements at
SO, columns. 317.5nm are used to derive total ozone; the measurements
To improve the retrieval of SPwhen row anomaly oc- at 331.2 nm provide LER. Then the retrieved @lumn and
curs, we developed two correction approaches for the ronLER are used as inputs in TOMRAD to obtain the calculated
anomaly effects in the northern latitudes and along the fullV-pair values ¥-pair= N (Ashor) — N (Xiong), N = —100-
orbit. Firstly, the residual correction approach with medianlog,q({//F), I is Earth radiance and' is solar irradiance)
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48 O3 column, LER, solar zenith angle (SZA), view zenith an-
: " gle (VZA) and azimuth angle (AZ) is estimated at the three
wavelength pairs.
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3 Data error sources
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3.1 Systematic measurement errors
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OMI makes the measurements of the Earth radiance and
the solar irradiance in a Sun-synchronous orbit and provides
fully contiguous coverage of the globe with 14 or 15 orbits
daily. The measurements of solar irradiance are performed
once a day. One solar irradiance product is nominally used
for the operational processing of the Earth radiance measure-
ments of one day~ 14 orbits).
Fig. 1. O3 and SQ absorption spectrum in UV band. The black  OMI level 1b solar irradiances and Earth radiances are
dashed lines label the four wavelengths (310.8, 311.9, 313.2, an¢hre-calibrated using the Ground Data Processing Software
314.4nm) used in the SMBRD retrieval. (GDPS) developed by Dutch Space in the Netherlands (van
den Oord et al., 2006). However, even after GDPS calibra-
) tion, the remaining systematic measurement errors (i.e., solar
at the three wavelength pairs (P1: 310.8 vs. 311.9nm; P2 diance errors and Earth radiance errors in this paper) may

311.9 vs. 313.2nm; P3: 313.2 vs. 314.4nm) (Fig. 1). Thecqse the along- and cross-track biases in thers@ievals.
residuals at these three wavelength pairs are calculated as the

differences between the measured and calculdtgeir val- 3.2 Solar irradiance errors
ues (V-pair= N (Ashor) — N (Aiong))- In the presence of SO
the residuals at three wavelength pairs are positively correThe solar irradiance measurements from a quartz volume dif-
lated with atmospheric SGrolumns and three SGolumns  fuser depend on the viewing angle, the wavelength, as well
in the same OMI pixel can be obtained. The final,StI- as on the goniometry (incident azimuth and elevation an-
umn is the average of three $@olumns. gles of the Sun) onboard reflection diffuser (Veihelmann and

The BRD algorithm takes advantage of the bands centere&leipool, 2006; Dobber et al., 2008). The viewing angle de-
at the local minima and maxima of the $@bsorption cross pendence, caused by calibration inaccuracies (Dobber et al.,
section between 310.8 and 314.4nm (Bogumil et al., 2003R006), results in unequal responses for all viewing angles (up
(Fig. 1), thereby maximizing the detection sensitivity to low to 0.5 % error in UV2). The wavelength dependence in OMI
SO columns. Note that the negative $@olumns in this  UV2 spectral region has an amplitude of up to 0.1 % for the
paper are caused by the interference between thea80CQ quartz volume diffuser (Dobber and Braak, 2010). The ir-
absorption and can typically indicate very low 5€lumns.  radiance goniometry correction in the OMI GDPS software

is realized by using the OPF calibration parameters derived
2.2 Forward model from in-flight measurement data. However, when the azimuth
. angle on the diffuser falls below 18.8r exceeds the value

TOMRAD accounts for all orders of scattering and gaseousyf 31.¢7, large goniometry calibration inaccuracies may re-
absorptions (Dave, 1964) and was adopted to derive the caky|t from extrapolation errors (Dobber et al., 2008). In addi-
culatedN-pair value in this paper. In the forward computa- tjon to these dependences, more noises can be introduced into
tion, the calculatedv-pair value is determined as follows: e jrradiance data because of increasing optical degradation
(1) OMI level 2 Qs column and LER retrieved by OMTO3  (pgbper and Braak, 2010). These errors in solar irradiance
algorithm as inputs; (2) ozone profiles determined by match-yre not constant and can cause the along-track stripes at spe-
ing the OMTO3 @ column to the TOMS-V8 ozone profile (ific viewing angles (one viewing angle corresponds to one

climatology, which varies with latitude and ozone column ¢ross-track position) (Veihelmann and Kleipool, 2006).
(Bhartia and Wellemeyer, 2002; Wellemeyer et al., 1997,

McPeters et al., 2007); (3) linear interpolation with eight 3.3 Earth radiance errors

solar zenith angles (2530, 45, 60°, 7C°, 77, 84, and

88°) and five viewing zenith angles (153(°, 45°, 60°, and  The systematic errors in the Earth radiance can cause cross-
70°); (4) the opaque surfaces characterized by the LER obitrack biases into retrieved S@olumns. The Earth radiance
tained from OMTOS3 algorithm; (5) the initial guess of the spectra, which are measured by the primary telescope mir-
zero SQ column and the surface pressure of 1013.25 hParor, mainly depend on viewing angle and optical degradation.
and finally (6) the calculated/-pair value as a function of The viewing angle dependence of the Earth radiance causes a

-

S(C )2 absorption cross-section (cmz)
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0
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o
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decrease of the value of level 1b radiance for the pixels at fa#t  Correction approaches for improvement of SQ

off-nadir viewing angles (Dobber et al., 2008). This decrease retrievals with row anomaly

has a subtle but significant effect on the OMI-retrievec SO

columns. Increasing optical degradation of the primary tele-The systematic measurement errors (Sects. 3.1.1 and 3.1.2),
scope mirror also introduces noises into the measured Earttvhich vary with season and latitude, cause a background
radiance. This degradation is difficult to monitor and cali- offset in the retrieved S column. In an effort to re-
brate because no accurate standards over the full OMI waveduce these systematic measurement errors, Yang developed

length range are readily available. a residual correction approach before the finaly S©0I-
umn retrieval (Yang et al., 2007). This approach calculates
3.4 OMIrow anomaly effects a median residual from a sliding group of pixels of SO

free (smaller than 2 DU, DU = Dobson Units, 1 DU 62 x
Jaross and Warner have shown that no long-term degrajgé molecules cm?) covering about 30latitude along the

dation was observed in the earth radiance data during thg i and then subtracts the sliding median value for each
three years after launch (from October 2004 to June 2007)56c1ra| band and each cross-track position. With this ap-

(Jaross and Warner, 2008). However, the Earth radiance daﬁ?roach, the retrieved SChias caused by the systematic er-
at specific viewing angles have been severely affected by can be reduced (Yang et al., 2007).

the row anomaly since June 2007 (Reference to the OMI

row anomaly reports ahttp://www.knmi.nl/omi/rese_arch/ SO, PBL column retrievals have been affected by the row
product/rowanomaly-background.phg row anomaly is an anomaly since June 2007. The S6iases caused by row

anomaly which affects the OMI measurements of Earth radi-ynomaly cannot be effectively reduced by the residual correc-
ance at all wavelengths for particular viewing angles of OMI 4jon, approach developed by Yang (Yang et al., 2007). To im-
(one viewing angle corresponds tq one cross-track position)prove global measurements of atmospherie §0m OMI,

The row anomaly affects the quality of OMI level 1b Earth \ye geveloped two effective correction approaches for im-
radiance data and consequently the retrieved &fumns. provement of S@retrievals with row anomaly in the north-

The row anomaly have four different types of ef- g |atitudes and along the full orbit, which are presented in
fects on OMI radiance spectra: (1) blockage effect thaty;g paper.

causes a decrease in the Earth radiance level for sev-
eral viewing directions; (2) wavelength shift, which can 4 1 Row anomaly in the northern latitudes
be corrected by the OMI GDPS software version 1.1.3

(Voors, 2005); (3) Earth radiance from outside nominal gjyce May 2008, the cross-track positions 38-43 (1-based)
field of view, which gives an additive error on the mea- paye peen affected by row anomaly in the northern latitudes,
sured earth radiance; and (4) solar radiation that causegich results in an increase of the Earth radiance towards the
an increase in the Earth radiance levettg://iwww.knmi.  nqthern end of the OMI orbit. To understand the character-
nl/fomi/research/product/rowanomaly-background)pfiie jstics of row anomaly in the northern latitudes, we took the
OMI row anomaly is dynamic, varying irregularly with time - ejqyals at wavelength pair P1 as a case study (cases of pairs
and location (Dobber and Braak, 2010). _ P2 and P3 have similar row anomaly effects). Increase of the
According to the row anomaly effects on Earth radiance, g4 radiance in the northern latitudes causes decrease in the
the row anomaly could be divided into two types: one is themeasured\/-pairvalue at pair P1 (Fig. 2), and subsequent de-
row anomaly in the norther_n latitudes, and anot_her is the roW.rease in the residuals (Fig. 3) and median residuals (Fig. 4)
anomaly along the full orbit. The row anomaly in the north- 5 p1Because of the decrease of residuals in the northern lat-
ern latitudes, mainly caused by the reflection of sunlight intojy,jes the residual correction approach with median residual

the nadir port, can increase the Earth radiance level. But th¢.oy, 4 sliding 30 latitude range is unsuitable when the row
row anomaly along the full orbit, mainly caused by blocking anomaly occurs.

object, can decrease (blockage effect) and increase (Earth ra- 10 pixels from row 41 of orbit 23909, which were af-
diance from outside nominal field of view) the Earth radiance g teq by the row anomaly in the northern latitudes, were
level (result is a net decrease under mos_t conditions). Note co 4 as a case study. In Fig. 4, point A is aboutlaGitudes
that when row anomaly along the full orbit occurs, the row gt of point C (inflection point), where the residual begins
anomaly in the northern latitudes comprises a decrease ang yecrease. As shown in Fig. 4, when the centered pixel in
increase in the Earth radiance signal (result is a net increasey, o sliding group of pixels covering 3atitude approaching

the point A, more pixels with low residual values are selected
for median residual calculation. Those low residual values
(subsequently low median residuals) between points A and C
(Fig. 4) cause anomalous high values of corrected residuals
from latitudes SN to 35’ N (red line in black box in Fig. 4)
and consequently anomalous high S&lumns (maximum

In addition to the systematic measurement errors, the
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Residual

—— OMI measured N-pair value at P1, orbit 23909, row 41
—— OMI measured N-pair value at P1, orbit 23909, row 18

——Uncorrected residuals

—— Corrected residuals, 10° latitude range and with median near the equator (B-C)

—— Corrected residuals, 30° latitude range

——Median residuals, 10° latitude range and with median near the equator (B-C) L
Median residuals, 30° latitude range ‘L!

\q’;l
10 L L ! 1 L 1 L ! 1 L

L 1 1 I L L L L 1 . L y L
70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50
Latitude (degree) Latitude (degree)

Measured N-pair value for wavelength pair P1

Fig. 2. The measured N-pair values at wavelength pair P1 affectedrig. 4. The residuals (row 41, orbit 23909) at wavelength pair P1
(row 41 of orbit 23909, 12 January 2009) and not affected (row 18processed with median residual from a sliding 3&itude range

of orbit 23909) by the row anomaly in the northern part of the OMI and with those from a sliding 20atitude range (for the pixels from
orbit. points B to C, median residuals near the equator are used). Points A
and B are respectively about18nd 5 latitudes south of point C
where the residual begins to be decreased because of row anomaly.
The black straight line represents thie= 0 line.

pixels (SQ column less than 2 DU) covering 2@&nd 10
latitude are consistent with those covering® 3titude in
the cross-track direction. It also demonstrates that the me-
— Uncorresiad reslAials SLP1-orR 23008 Tl dian residuals covering’3atitude may not include sufficient
—Uncorrectod residuals at P1, orbit 2350, row 18 information for background errors for residual correction.
Therefore, the window with TOlatitude range was chosen
for residual correction from points A to B of row 41 orbit
23909 (point B is about%latitude south of point C). It is
) I A T T I N A O worth noting that there is a trade-off between the window
kIR Lot egrey: T 2 &= size and the effectiveness of the residual correction: too big
a window for residual correction might result in poor cor-
Fig. 3. The residuals at wavelength pair P1 affected (row 41 of orbit rection under the row anomaly conditions, while too small a
23909, 12 January 2009) and not affected (row 18 of orbit 23909)window might lead to reduction of the $S@hformation con-
by the row anomaly in the northern part of the OMI orbit. The black tgined in the non-anomaly area.
straight line represents the= 0 line. For the pixels from points B to C (transition zone), a small
window with less than 10latitude range is needed. How-
ever, as shown in Fig. 5, such a window would not include
40 DU) (inside red ellipse in Fig. 6). In this case, high valuesthe sufficient information for background errors for residual
of the SQ columns are not caused by strong S&bsorp-  correction. In the extreme case of using the current line(SO
tion, but rather by the underestimated median residuals frontolumn less than 2 DU) as median residual calculation, the
points A to C. corrected residual will be equal to 0. Therefore, for the pix-
To make full use of the valid pixels not affected by the els from points B and C, we take the median residual near the
row anomaly from points A to C, median residuals from a Equator that is not affected by row anomaly as background
smaller sliding window could better reduce the backgroundvalues, like Krotkov who used the orbital equatorial averages
errors. The question is what the suitable sliding window is.for correction of SQ retrievals (Krotkov et al., 2006). For
To answer this question, measurements from orbit 18637 (othe pixels from point C to the terminator (latitude85°),
16 January 2008, little affected by the row anomaly) with we use the residual correction approach with median resid-
latitudes ranging from- 0° to ~ +30° covering an oceanic ual from a sliding 10 latitude range. Note that when the se-
area with low SQ emission were specifically selected. Me- lected pixels approach the terminator, the window size for
dian residuals from four different sliding window sizes cov- median residual is reduced to ensure approximately equal
ering B, 1, 20° and 30 latitude range are calculated. Fig- pixels on either side of the selected pixels along the orbit.
ure 5 shows that the median residuals from a sliding group ofAfter these procedures, the median residuals from points A

Residual
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0.5H—Residuals at P1

—Median residuals, sliding 30° latitude range
—— Median residual, sliding 20° latitude range
0.4 — Median residual, sliding 30° latitude range
—— Median residual, sliding 30° latitude range

@

Residual

-0.2
0

IIO 2‘0 30 4‘0 5‘0 60
Cross Track Position
Fig. 5. Median residuals from four different sliding windows at

wavelength pair P1 (swath line 1115, orbit 18637). (b)

to C have no large decreases (Fig. 4), and the anomalous high
SO, columns in the northern part of the orbit 23909 are re-
moved (see Fig. 6). For the consistency of residual correction
over the globe, residual correction with median residual from
a sliding 10 latitude range is also applied to the OMI pixels

n Ephe southern Iatlltu.detz' th latitud . ith ti Fig. 6. SO, columns before (left panels) and after (right panels) cor-
€ rowanomaly In the nortnern latitudes varnes with ime . ;. , ¢4 the case with row anomaly in the northern latituda:

and location, so the location of point C (inflection point) it 22965, 8 November 20080) orbit 23909, 12 January 2009.
changes irregularly and Ueeds to be determined for ea_chlote that the missing data in the above maps are due to the value of
affected row. The correction approach for wavelength pairso, column being less thar10.

P1 can also be applied to the residuals at wavelength pairs

P2 and P3. The final SOcolumns are the average of $0

columns of three wavelength pairs P1, P2, and P3. Note

that due to the exacerbated UV-light penetration problemwhich are affected by the row anomaly along the full or-
(Krotkov et al., 2006), coupled with row anomaly effects in bit, are consistent with those from row 18 not affected by
the northern latitudes, the Earth radiances at latitudes highethe row anomaly. Both of them have a large increase in
than point C have little correlation with the $@bsorption  the northern~ 50° latitude because of the volcanic eruption
and consequently SQetrievals are in general not useful. It (Sarychev volcano eruption starting on 11 June 2009, Global
is also worth noting that some rows of the sample results involcanism Program). The reason for the good relationship
Fig. 6 are also slightly affected by the row anomaly along thebetween measuredl-pair value and S@column would be

full orbit, which will be discussed in Sect. 4.2. that the decrease of Earth radiance caused by row anomaly
along the full orbit could be cancelled by using pair N values
4.2 Row anomaly along the full orbit (N-pair= N (Ashor) — N (Aiong))-

The residual biases along the full orbit are mainly caused

Since January 2009, SOcolumn retrievals have been by the anomalous § column and underestimated LER,
severely affected by the row anomaly along the full orbit which are used as inputs to obtain the calculatégair
caused by blocking object (see Figs. 11 and 12). The anomalyalue in the BRD algorithm. The OMTO34xolumn and
results in decrease of OMI level 1b radiance in certain po-LER are estimated by matching calculated radiances to the
sitions along the full orbit. Subsequently, the decreased rameasured radiances at a pair of wavelengths (317.5nm and
diance leads to large biases in the residuals (blue line ir8B31.2 nm under most conditions). But the reduction of radi-
Fig. 10), which cannot be reduced by the correction approactances caused by the row anomaly results in large biases in
described in Sect. 4.1. the retrieved @column and LER (Fig. panels 7a and b). The

Different from those affected by row anomaly in the north- biases existed in the {Ocolumns as large as 30 % for orbit
ern latitudes, the measured-pair values at P1 affected by 26166 (increasing 1% £columns causes 5-15 % increase
the row anomaly along the full orbit are still positively cor- in retrieved SQ column), and the underestimate of LER is as
related with the S@ columns. As shown in Fig. 9a, the large as 300 % (decreasing 1% LER causes 0.2—-1 % increase
measuredV-pair values at P1 from row 39 of orbit 26166, in retrieved SQ column). Because of thedolumn errors
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+03, orbit 01208, swath line 1000

700
(a) —OMI OMTO3 O, columns, orbit 26166, row 39
| ——LER, orbit 01208, swath line 1000

——OMI OMTO3 03 columns, orbit 26166, row 18|

600|

3

Column amount O, (DU)

Ratio=value of each row / median of all rows
N
h

T | T w
s . . . s s L . 0.5 . . i

L 1 1 L
-40 -30 -20 -10 0 10 20 30 40 50 60 70 0 10 20 30 . 40 50 60
Latitude (degree) Cross Track Position

1 1 1 1 1 1 ] Fig. 8. Relative variation of @ column and LER with cross track

o
T

the underestimated LER affected by the row anomaly. Fortu-

nately, the decreases of the calculatégair values, which

are caused by the underestimated LER, are almost unchanged

along the full orbit compared with the calculat&dpair val-

A T e T TeT TS ues using the adjaceng@olumn and LER (Fig. 9b). There-
Latitude (degree) fore, the decreases in the calculaféepair values could be

Fig. 7. OMI Og columns(a) and LER (b) from rows 39 and 18 removed by the residual correction approach with median

of orbit 26166. Rows 39 and 18 are respectively affected and nolre_sidual from a _sliding I0latitude range_. After process_ed
affected by the row anomaly along the full orbit. with above mentioned procedures, the biases in the residuals

at row 39 can be significantly reduced, as shown in Fig. 10.
The corrected residuals at row 39 are consistent with those at
and underestimated LER (row 39, orbit 26166), the calcu-row 18, which have a high value at50° latitude north be-
lated N-pair values from TOMRAD model computation are cause of the volcanic eruption (Sarychev volcano eruption).
inconsistent with those not affected by the row anomaly atSubsequently, the large biases in;8@lumns of orbit 26166
row 18 (Fig. 9b). This inconsistency of calculat¥epair val- can be effectively reduced by using the corrected residuals
ues causes large errors in the residuals at P1 (Fig. 10). (see Fig. 11).
Consequently, reasonable; ©olumns are needed to ob-
tain the calculatedv-pair values for the rows affected by 5 Results and discussion
row anomaly over a full orbit. The atmospherig,@pprox-
i_matgly 90 % of w_hich rt_asides in the strgtosphere, cha_nge%_1 Full orbit comparisons
little in nearby latitude in the same orbit (Fig. 8) (Smith,
1989). Therefore, the adjaceng @olumn not affected by  As discussed in Sect. 4, the Siases caused by row
the row anomaly could be chosen to represent the anomagnomaly can be effectively reduced after processed with our
lous O3 column at row 39 affected by the row anomaly. Then correction approaches. To evaluate the effectiveness of our
the calculatedv-pair values are recalculated using adjacentcorrection approaches, several orbits covering different days
Oz columns as input. Consequently, large biases (caused byith row anomaly effects from November 2008 to Novem-
anomalous @ column) in the calculatedV-pair values can  per 2009 were selected to compare the, 86lumns before
be reduced, as shown in Fig. 9b. and after correction. As shown in Fig. 12, the Stiases
In the case of using adjaceng@olumn to represent the  caused by row anomaly are reduced by modification of slid-

anomalous @ column, the underestimate of LER causes ajng median range and corrections of anomalogs@d LER
decrease in the calculatéd-pair value compared with that effects.

using the adjacent £column and LER (Fig. 9b). Different
from the case of @ column retrieval, LER retrieved from

&
i
\

£ —OWI OWTOS refioctviy a1 331 nm, orbit 26766, row 39 position (6 October 2004, swath line 1000, orbit 01208, not affected
§ 1_5.(b) ——OMI OMTO3 reflectivity at 331 nm, orbit 26166, row 18 g by the row anomaly)

1 MI 331 nm have large variation in nearby latitude because of
J‘;ﬁ 05} | different surface type and cloud cover, as shown in Fig. 8.
| Therefore, it is not suitable to use adjacent LER to represent
-
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—— OMI measured N-pair value at P1, orbit 26166, row 39 —Uncomrected residuals at P1, orbit 26168, row 18
L —Uncorrected residuals at P1, orbit 26166, row 39 E
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(b) Fig. 10. The residuals from row 39 of orbit 26166 (16 June 2009)
L 1 before and after correction for the row anomaly effects along the
—— Calculated N-pair value at P1, orbit 26166, row 39 . .
——Calculatod N-pai value at 1, orit 6166, row 18 full orbit. Rows 39 and 18 are respectively affected and not affected
0 | iy e i i e s : by the row anomaly along the full orbit. The black straight line rep-

resents th& = 0 line.

N-pair value for wavelength pair P1

L L L L L L L L L L L L -
-40 -30 -20 -10 0 10 20 30 40 50 60 70 L
Latitude (degree)

Fig. 9. () OMI measuredV-pair values for rows 39 and 18 of orbit
26166; (b) calculatedN-pair values for rows 39 and 18 of orbit
26166, and recalculated-pair values for row 39 of orbit 26166. o ”""‘“gg £ T T
Rows 39 and 18 are respectively affected and not affected by the
row anomaly along the full orbit.

] T

10 -5 0 5 10 15 20
To evaluate the effectiveness of our correction approachels:_ 1S |  orbit 26166 (16 June 2009 dwith
for the case when low SOcolumns are affected by the ig. 11.S0; columns of orbi (16 June ) processed wi

. median residual from a sliding 3@atitude range (left) and with the
rqw an(?maly, SQ (?olumns of orbit 26166 (16 June 2.0.09) correction approaches for the row anomaly effects (right). Note that
with latitudes ranging from~ 0° to ~ +20° (North Pacific

- . the missing data in the above maps are due to the value gf SO
Ocean area) were selected. With very low anthropogeniGoymn being less than10.

SO, emission and no volcanic eruption events (see Volcanic

Activity Reports from Global Volcanism Program) in this

area, the S@ columns should be near zero (Chin et al., 52 [Limitations and discussion

2000). Affected by the systematic measurement errors and

row anomaly, the S@columns are larger or less than 0 over 5.2.1 Underestimation

the selected area. Under non-anomaly conditions, the biases

in the SG columns can be reduced by the median residu-When the row anomaly occurs, the residual correction ap-
als from a sliding 30 latitude range. However, under the proach with median residual from a sliding°l@titude range
row anomaly conditions, this approach fails to reduce theis also applied to the pixels outside the row anomaly areas
row anomaly effects and the average,S@lumns of orbit  for the consistency of global residual correction presented
26166 over the North Pacific Ocean area show significant inin this paper. However, for the pixels not affected by row
creases at cross-track positions 31-41 and 48-50 (Fig. 13anomaly, there is a difference between;Sédlumns pro-
But with our correction approaches for the row anomaly ef- cessed with median residual from a sliding &titude range
fects, these anomalous high 5&lumns are reduced to near and with those from a sliding 20atitude range. To evaluate
zero (Fig. 13), which demonstrates the effectiveness of outhe difference of sliding 30and 10 latitude range on the
correction approaches for the case with lonb®0lumns af-  retrieved SQ columns, the pixels from the northern area of
fected by row anomaly. orbit 18639 with latitudes ranging from 0° to ~ +45° were
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Fig. 12. Comparisons between $@olumns processed with median residual from a sliding [a@itude range (left panels) and with the
correction approaches for the row anomaly effects (right pan@srrbit 23911, 12 January 200@)) orbit 25179, 9 April 2009(c) orbit
25731, 17 May 2009(d) orbit 27783, 5 October 2009e) orbit 28279, 8 November 2009. Note that the missing data in the above maps are
due to the value of S©column being less thar10.

selected. For orbit 18639 (16 January 2008), the row anomail, which also proves the underestimation for orbit 18639.
lies have very little impact on the retrieved $@olumns,  This underestimation is mainly related to a large area of high
as eastern China has a large area of high 8@issions SO, emissions in eastern China. When the sliding range is
(Fig. 14). changed from 30latitude to 10 latitude in China, more pix-
The SQ columns processed with median residual from els with high SQ columns are included for median residual
a sliding 30 latitude range and with those from a°1lat- calculation. Therefore, increased median residuals result in
itude range show good correlation for orbit 18639 (correla-the slight underestimation of S@olumn amount in China.
tion coefficient reaching to 0.97) (Fig. 15). However, median For the case with low Sgxolumns (less than 10 DU), the un-
residuals from a sliding TOatitude range cause a slight un- derestimations are uncertain (overestimations may also oc-
derestimation for the case with high $@olumn amounts. cur) because of the uncertainty of median residuals from a
As shown in Fig. 15, in the case when the .S&lumns  sliding 30 and 10 latitude range.
are larger than 10 DU, the S@olumns processed with me- ~ We recognize that the precise S@ertical column is im-
dian residual from a sliding POatitude range are underes- portant, and that the residual correction with median residual
timated by 6 % to 16 % compared with those from a sliding from a sliding 10 latitude range may actually affect the ab-
30° latitude range. The slope of regression line is larger tharsolute value of the retrieved S@olumn. However, actual
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Fig. 15. Scatterplots of S@columns processed with median resid-
ual from a sliding 30 latitude range versus with those from a sliding
10° latitude range for orbit 18639. The blue dashed line represents
theY = X line. The red solid line denotes the regression line.

Fig. 13.Average S@ column amount for each row index before and
after correction for the row anomaly effects. Data from orbit 26166
with latitudes ranging from~ 0° to ~ +20° (North Pacific Ocean
area).

non-anomaly conditions, the interference fromabsorption
causes negative S@olumn. Under the row anomaly condi-
tions, the decrease and increase of OMI measured radiances
% since June 2007 result in large biases in the retrieveddd

g umn and LER, and subsequently make it more difficult to get

: accurate SQretrieval.

Q% The row anomaly effects on measured radiances lead to the

= -

anomalous @ column and underestimated LER at 331 nm.
In this paper, we utilize the adjaceng ©olumn not affected

&

v i e by the row anomaly to reduce the S6iases caused by the
T ; ; ; — anomalous @column, and use residual correction with me-
-10 -5 0 5 10 15 20 dian residual from a sliding 2Qatitude range to reduce the

Fig. 14. SO, columns of orbit 18639 (16 January 2008) with lati- ShQ blas.esl Causedhby tﬂe un.derTStlm%t%d LER. Eowever, Irr]]
tudes ranging from- 0° to ~ 4+45°. (Left) results processed with t ej special case when there Is a large al eren_ce etween the
median residual from a sliding Satitude range, (right) results @djacent @ column and the actual {xolumns in anomaly

processed with median residual from a sliding latitude range. area, the adjacentgxolumn can lead to large bias in the
retrieved SQ column. Besides, if the row anomaly causes a

very large reduction in the measured radiance, the remaining
background errors in the residuals are dynamic and difficultLER error after residual correction can still lead to large bias
to obtain over the globe. Various mathematical approachen the retrieved S@column.
for background errors correction may have different effects When the measured radiance data are affected by very se-
on the accurate retrieval of $SQ@olumn. Current S@re- vere row anomaly, the SCrolumns after our correction ap-
trieval approaches (BRD, LF and DOAS) can only obtain the proaches will still have large biases. In the extreme case, the
relative SQ columns, but not absolute $@esults. There- row anomaly effects are so large that the measuremvent
fore, the residual correction approach with median residuapair values have no correlation with the 8&lumns. In this
from a sliding 10 latitude range can be considered as an ef-case, new effective corrections for the affected Earth radiance
fective approach for the case when the row anomaly occursat specific viewing angles are needed.
For the orbits that were not affected by the row anomaly (be-
fore June 2007), we recommend using the residual correction
approach developed by Yang (Yang et al., 2007), which cal6 Conclusions

culates median residual from a sliding°3@titude range. . )
We have presented two correction approaches for improve-

5.2.2 O column and LER errors ment of OMI SGQ PBL retrieval with row anomaly in the

northern latitudes and along the full orbit. The sample results
In the BRD algorithm, @ column and LER used as inputs have demonstrated the success of our correction approaches,
can interfere with S@retrieval in the ultraviolet band. Under with which large biases in the retrieved $€@olumns from
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BRD algorithm are greatly reduced so that consistent SO Chin, M., Savoie, D. L., Huebert, B. J., Bandy, A. R., Thorn-
values are achieved both inside and outside of row anomaly ton, D. C., Bates, T. S., Quinn, P. K., Saltzman, E. S., and
areas. The correction approaches for the row anomaly effects De Bruyn, W. J.: Atmospheric sulfur cycle simulated in the
can extend the valid range of OMI $S®BL data produced global model GOCART. Comparison with field observations
using the BRD algorithm. and regional budgets, J. Geophys. Res., 105, 24689-24712,

In addition to the instrument measurement errors, the re-_ 401:10:1029/2000JD900383000. .

. . . . . . Corradini, S., Merucci, L., and Prata, A. J.: Retrieval of Sédm
trieval algorithm model errors, which are not discussed in this

. . . ) thermal infrared satellite measurements: correction procedures
study, can bring about more complex biases in retrievegl SO for the effects of volcanic ash, Atmos. Meas. Tech., 2, 177-191,

columns. Over the years, a number of algorithms (DOAS,  4i:10.5194/amt-2-177-20090009.

BRD, LF, etc.) for determining SOfrom satellite instru-  culiis, C. F. and Hirschler, M. M.: Atmospheric Sulfur- Natural and
ments have been developed in the ultraviolet spectral region Man-made sources, Atmos. Environ., 14, 1263—-1278, 1980.
(8310 nm to 340 nm). However, the retrieved SEblumns  Dave, J. V.: Meaning of successive iteration of the auxiliary equa-
using these algorithms are affected by the nonlinear effect tion of radiative tranfer, Astrophys. J., 140, 1292-1303, 1964.
(Yang et al., 2007), because they assume an approximate limobber, M. R. and Braak, R.: Known instrumental effects that af-
ear relationship between $S@olumns and the reflected TOA  fectthe OML1B product of the Ozone Monitoring Instrument on
radiation. This linear approximation leads to an underesti- EOS Aura, last update: 17 December 2010.

mation of the actual S9column by the BRD, DOAS and Dobber, M. R., Dirksen, R. J., Levelt_, P. F., Van den Oord,
LF algorithms, especially with a large 3©@olumn. Besides, G. H. J, Voors, R. H. M, Kleipool, Q. Jaross, G.,

hich i bsorber in the ul ol | Kowalewski, M., Hilsenrath, E., Leppelmeier, G. W., de Vries,
Os, which is a strong absorber in the ultraviolet spectral re- J., Dierssen, W., and Rozemeijer, N. C.: Ozone Monitoring In-

gion, needs to be distinguished from S@hich is small in strument Calibration, IEEE T. Geosci. Remote, 44, 1209-1238,

the atmosphere under most conditions and has little absorp- ¢oi:10.1109/TGRS.2006.869987006.

tion effect on the ultraviolet radiance. Therefore, the quan-Dobber, M. R., Kleipool, Q., Dirksen, R. J., Levelt, P. F., Jaross,

titative retrieval of S@ column, especially low near-surface  G., Taylor, S. L., Kelly, T. J., Flynn, L. E., Leppelmeier, G. W.,

SO, column, needs further study. and Rozemeijer, N. C.: Validation of ozone monitoring instru-
ment level 1b data products, J. Geophys. Res., 113, D15S06,
doi:10.1029/2007JD008663008.
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