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Abstract 14 

   The presence of polar mesospheric clouds (PMCs) in summer high latitudes could 15 

affect the retrieval of ozone profiles using backscattered ultraviolet (UV) measurements. 16 

PMC-induced errors in ozone profile retrievals from Ozone Monitoring Instrument (OMI) 17 

backscattered UV measurements are investigated through comparisons with Microwave 18 

Limb Sounder (MLS) ozone measurements. This comparison demonstrates that the 19 

presence of PMCs leads to systematic biases at pressures less than 6 hPa (~35 km); the 20 

biases increase from ~-2% at 2 hPa to ~-20% at 0.5 hPa on average, and are significantly 21 

correlated with brightness of PMCs. Sensitivity studies show that the radiance sensitivity 22 

to PMCs strongly depends on wavelength, increasing by a factor of ~4 from 300 nm to 23 

265 nm. It also strongly depends on the PMC scattering, thus depending on viewing 24 

geometry. The optimal estimation-based retrieval sensitivity analysis shows that PMCs 25 

located at 80-85 km have the greatest effect on ozone retrievals at ~0.2 hPa (~60 km), 26 
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where the retrieval errors range from -2.5% with PMC optical depth (POD) of 10−4 to -27 

20% with 10−3 at back scattering angles, and the impacts increase by a factor of ~5 at 28 

forward scattering angles due to stronger PMC sensitivities. To reduce the interference of 29 

PMCs on ozone retrievals, we perform simultaneous retrievals of POD and ozone with a 30 

loose constraint of 10−3 for POD, which results in retrieval errors of 1 −  4 × 10−4. It 31 

is demonstrated that the negative bias of OMI ozone retrievals relative to MLS can be 32 

improved by including the PMC in the forward model calculation and retrieval. 33 

1 Introduction  34 

    PMCs are tenuous layers of ice crystals that form at 80-85 km altitude only during 35 

the hemispheric summer season (~ 30 days before to ~ 65 days after summer solstice) at 36 

high latitudes and occasionally at mid-latitudes (Thomas et al., 1991; Taylor et al., 2002; 37 

DeLand et al., 2010). It has been suggested that the change of PMC properties such as 38 

frequency and brightness is linked to long-term changes in the composition and thermal 39 

structure of our atmosphere caused by human activities.  40 

   The mesospheric clouds in the daytime are detectable only from space, whereas 41 

ground-based observations are limited to immediately after sunset or before sunrise 42 

(DeLand et al., 2003). The optimal way to observe PMC from space is to employ limb-43 

viewing sensors measuring the scattered solar radiation from which the cloud layers are 44 

easily identified as the enhanced radiances against the relatively weak atmospheric 45 

scattering (Thomas et al., 1991; Deland et al., 2006). The seasonal-latitudinal behaviors 46 

of PMC occurrence, brightness, altitude were characterized from various limb-viewing 47 

instruments including the Solar Mesosphere Explorer (SME), the Student nitric Oxide 48 

Explore (SNOE), and the SCanning Imagining Absorption spectroMeter for Atmospheric 49 

CHartographY (Olivero and Thomas, 1986; Bailey et al., 2005; von Savigny et al., 2004). 50 

These satellite measurements further contribute to understanding of microphysical 51 

properties of PMCs such as water vapor content, size distribution, and shape, which still 52 
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remain a challenge (e.g., Thomas, 1984; Rapp et al., 2007; von Savigny and Burrows, 53 

2007). 54 

   Even through nadir-viewing sensors could not provide information about the PMC 55 

altitude, Thomas et al. (1991) first demonstrated that PMCs are detectable from nadir-56 

looking UV measurements using a brightness-based detection algorithm. PMC 57 

occurrence and residual albedo have been derived from Solar Backscatter Ultraviolet 58 

(SBUV, SBUV/2) and Ozone Monitoring Instrument (OMI) nadir UV measurements at 59 

shorter wavelengths below 300 nm where the Rayleigh-scattered background is 60 

comparatively low due to very strong ozone absorption. Thomas et al. (1991) found an 61 

anti-correlation of the PMC occurrence frequency with solar activity from 8 years of 62 

SBUV albedo data over the period 1978 to 1986. Further studies have demonstrated 63 

long-term trends over 30+ years in PMC occurrence frequency, brightness, particle radii, 64 

and ice water content (DeLand et al., 2003, 2007; Shettle et al., 2009; Hervig and 65 

Stevens, 2014; DeLand and Thomas, 2015). OMI PMC observations were used to 66 

characterize the local time variation of PMC occurrence frequency and brightness, with 67 

the advantage of overlapping pixels over the polar region due to the wide swath of OMI 68 

(Deland et al., 2011). On the other hand, the detectability of the signal of PMCs from UV 69 

wavelengths below 300 nm in the ozone Hartley bands implies that failure to account for 70 

PMCs in ozone profile retrievals using these wavelengths might affect the determination 71 

of ozone and its trends in the upper atmosphere from nadir-viewing UV instruments such 72 

as SBUV, SBUV/2, OMI, Global Ozone Monitoring Experiment (GOME) (ESA, 1995), 73 

SCIAMACHY, GOME-2 (Munro et al., 2006), and Ozone Mapping and Profiler Suite 74 

(OMPS) Nadir Profiler instruments (Flynn et al., 2014). However, the impact of PMCs 75 

on ozone retrievals has not been taken into account for any ozone algorithm or even 76 

thoroughly investigated with sufficient statistical data. 77 

   This paper is motivated by two main goals. The first objective is to identify the effect 78 

of PMCs on OMI ozone profile retrievals. For this purpose, we combine the OMI PMC 79 
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detection algorithm of DeLand et al. (2010) and the OMI ozone profile retrieval 80 

algorithm of Liu et al. (2010a) and evaluate OMI ozone profiles for PMC and non-PMC 81 

pixels through comparison with collocated MLS measurements. The second one is to 82 

simultaneously retrieve the PMC optical depth with ozone using an optimal estimation 83 

technique, to reduce the interference on ozone profile retrievals.  84 

   In Sect. 2 we briefly introduce satellite measurements of OMI and MLS used in this 85 

study and then describe the PMC detection algorithm and the PMC optical depth (POD) 86 

retrieval algorithm, respectively. In Sect. 3.1 we evaluate OMI ozone profile retrievals 87 

(without POD retrievals) against MLS ozone profiles during the PMC season. Section 88 

3.2 presents the results from a retrieval sensitivity study to see if OMI measurements 89 

provide adequate sensitivity to measure PMC optical depth. The improvement of ozone 90 

profile retrievals with simultaneously retrieved POD is discussed in Sect. 3.3. We 91 

summarize and conclude our results in Sect. 4.  92 

2 Data and Methods 93 

2.1 OMI and MLS Ozone measurements 94 

   Both the OMI and MLS instruments are on board the Aura satellite which is flown in 95 

a 705 km sun-synchronous polar orbit with ascending equator-crossing time at ~13:45 96 

(Schoeberl et al., 2006). MLS measurements are taken about 7 minutes ahead of OMI for 97 

the same locations during daytime orbital tracks.  98 

   OMI is a nadir-viewing, ultraviolet-visible imaging spectrometer that measures 99 

backscattered radiances from 260 to 500 nm (UV-1: 260-310 nm; UV-2: 310-365 nm; 100 

VIS: 365-500 nm) at spectral resolutions of 0.42-0.63 nm with daily global coverage 101 

(Levelt et al., 2006). The spatial resolution is 13 × 24 km2 for UV-2 and VIS and 13 × 48 102 

km2 for UV-1 at nadir position in the global mode. The OMI science teams provide two 103 

operational total ozone products, OMTO3 (Bhartia and Wellemeyer, 2002) and 104 
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OMDOAO3 (Veefkind et al., 2006), and one operational ozone profile product, 105 

OMO3PR (Kroon et al., 2011). We use the Smithsonian Astrophysical Observatory (SAO) 106 

ozone profile algorithm (Liu et al., 2010a) to deal with the error analysis of OMI ozone 107 

profile retrievals due to PMC contamination. This algorithm retrieves partial column 108 

ozone at 24 layers (surface to ~ 65 km) from OMI measurements with the fitting window 109 

of 270-330 nm, based on the well-known optimal estimation (OE) technique (Rodgers, 110 

2000). The iterative solution of the nonlinear problem is given as: 111 

   Xi+1 = 𝑋𝑖 + (𝐾𝑖𝑇𝑆𝑦−1𝐾𝑖+𝑆𝑎−1)−1[𝐾𝑖𝑇𝑆𝑦−1(𝑌 − 𝑅(𝑋𝑖)) − 𝑆𝑎−1(𝑋𝑖 − 𝑋𝑎)]       (1) 112 

where Xi+1, 𝑋𝑖, 𝑋𝑎, and 𝑌 are the current and previous state vectors, a priori vector, 113 

and measured radiance vector (defined as logarithm of normalized radiance), respectively; 114 

𝑅(𝑋𝑖) and 𝐾𝑖 are the simulated logarithm of radiance spectrum and the weighting 115 

function matrix (∂R/ ∂Xi) calculated using the Vector Linearized Discrete Ordinate 116 

Radiative Transfer model (VIDORT) (Spurr, 2006; 2008); the measurement error 117 

covariance matrix and a priori error covariance matrix are defined as Sy  and Sa , 118 

respectively. Ozone a priori information is generally taken from climatological mean 119 

values and standard deviations of long-term measurements data, respectively. This 120 

iterative process is performed until the cost function 𝜒2 (Eq. 2) converges. 121 

   𝜒2 = �𝑆𝑦
−12{𝐾𝑖(Xi+1 − 𝑋𝑖) − [𝑌 − 𝑅(𝑋𝑖)]} )�

2

2

+  �𝑆𝑎
−12(Xi+1 − 𝑋𝑎) �

2

2

.     (2) 122 

where ‖ ‖22 denote the the sum of each element squared. 123 

 The quality of the retrievals could be characterized by the solution error, defined as 124 

the root square sum of the random noise error and smoothing error. The vertical 125 

resolution estimated by Liu et al. (2010a) is ~ 7-11 km in stratosphere. The retrieval 126 

random-noise errors range from 1% in the middle stratosphere to 10% in the lower 127 

stratosphere, and the solution errors are typically 1-6% in the stratosphere  128 

   MLS is a forward-looking, thermal-emission, microwave limb sounder that takes 129 
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measurements along-track and performs 240 limb scans per orbit with a footprint of ~ 6 130 

km across-track and ~200 km along-track (Waters et al., 2006). The MLS ozone used 131 

here is the version 3.3 standard ozone product (55 pressure levels) retrieved from the 240 132 

GHz radiance information, publicly available from the NASA Goddard Space Flight 133 

Center Earth Sciences (GES) data and Information Services Center (DISC). The typical 134 

vertical resolution of this product is 2.5-3.5 km from 261 to 0.2 hPa and 4-5.5 km from 135 

0.1 to 0.02 hPa; the precision is estimated to be a few% in the middle stratosphere, but 5-136 

100% below 150 hPa and 60-300% above 0.1 hPa. We apply all the data screening 137 

criteria recommended in Livesey et al. (2011) and hence limit MLS ozone data to 138 

“quality” higher than 0.6, “convergence” lower than 1.18, positive “precision” values and 139 

even “status” value for the pressure range of 261-0.02 hPa. 140 

 Liu et al. (2010b) used the v2.2 MLS ozone data to validate the OMI ozone profile 141 

retrievals and demonstrated the excellent OMI/MLS agreement of within 4% in the 142 

middle stratosphere, except for positive biases of 5-10% above 0.5 hPa and negative 143 

biases of 10-15% below 100 hPa, which are greatly improved by accounting for OMI’s 144 

coarser vertical resolution using OMI averaging kernels.  145 

2.2 OMI PMC detection 146 

The flag data to detect both PMC and non-PMC regions from OMI measurements are 147 

provided by DeLand et al. (2010). This detection algorithm uses albedo data (A = I/F, I= 148 

radiance, F=irradiance) at 267, 275, 283.5, 287.5, and 292.5 nm after interpolating all 149 

spectra to a 0.5 nm grid and averaging three consecutive bins. The PMC pixels are 150 

identified using enhancements above the Rayleigh scattering background. The 151 

background atmospheric albedo due to Rayleigh scattering and ozone absorption (Aray) is 152 

determined using a 4th order fit in solar zenith angle to non-PMC pixels for each orbit, 153 

after applying a geometric adjustment for cross-track albedo variations as defined in Eq. 154 

(4) of DeLand et al. (2010). Positive signals of albedo residuals (A - Aray) could be 155 
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induced by “false PMCs” including random instrument noise and geophysical variability 156 

of ozone as well as by the PMC scattering. The minimum residual albedo value for PMC 157 

detection is derived from measurements of clear atmospheric variability, and is adjusted 158 

to eliminate false PMC signal due to instrument noise. The false PMC signal due to a 159 

negative ozone deviation is screened out using the wavelength-dependence of PMC 160 

signals that become stronger at shorter wavelengths. The PMC are typically observed at 161 

latitudes above 55° from OMI where Solar Zenith Angle (SZA)s are above ~35°, 162 

Viewing Zenith Angle (VZA)s are below ~ 70°, relative AZimuth Angle (AZA)s range 163 

from ~ 40° to ~80° (right side of the nadir swath) and from ~ 110° and ~ 130° (left side 164 

of the nadir swath), depending on the cross-track position. 165 

  166 

2.3 PMC optical depth retrievals 167 

   In the standard ozone retrieval mode, the atmosphere is divided into 24 layers; the 168 

bottom level of a layer i is defined as 𝑃𝑖 = 2−
(𝑖−1)
2 × 1013.15 ℎ𝑃𝑃 with the top of 169 

atmosphere, the upper level of layer 24, set at 0.087 hPa (~65 km). Radiance calculations 170 

are made using the VLIDORT model for a Rayleigh atmosphere (no aerosol) assuming 171 

Lambertian reflectance for ground surface and for clouds.  172 

   Due to the well-defined spatiotemporal range for PMCs, we will first detect PMCs 173 

using the PMC detection algorithm specified in Sect. 2.2, and then calculate weighting 174 

functions for POD and include them in the state vector with loose constraints. In the 175 

POD retrieval mode, we add five more layers between ~65 km and ~90 at 5km intervals; 176 

the bottom level of a layer i is defined as  𝑃𝑖 = 10−((𝑖−25)×5+65
16 ) × 1013.15 𝑓𝑓𝑓 𝑖 =177 

25, … 29. A PMC layer is inserted to the single layer of 80-85 km. Simulating the 178 

scattering particles in the radiative process requires the specification of a particle size 179 

distribution, the distribution size, and the distribution dispersion width, and a particle 180 
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shape. The primary component of the PMC particles was first confirmed as non-spherical 181 

ice crystals by Hervig et al. (2001). The range of reported radii and size distribution 182 

widths is 15-100 nm and 10-20 nm and log-normal or Gaussian size distributions are 183 

normally assumed (Englert et al., 2007; Hervig et al., 2009). In this study, PMCs are 184 

assumed to be spherical ice particles with a log-normal size distribution 185 

(ro = 55 𝑛𝑛,𝜎𝑔 = 1.4 ), so that Mie theory can be used, because the particle shape plays 186 

a minor role in the UV scattering (Baumgarten and Thomas, 2005; Eremenko et al., 187 

2005). The ice refractive index, 1.33 + 5×10-9i at 300 nm from Warren (1984), was used 188 

for the entire wavelength range because of low dependence on UV wavelength. The 189 

temperature profile is taken from daily National Centers for Environmental Prediction 190 

(NCEP) final (FNL) Operational Global analysis data 191 

(http://rda.ucar.edu/datasets/ds083.2/) below 10 hPa and from climatological data above. 192 

We take ozone a priori information from monthly and zonal mean ozone profile 193 

climatology presented in McPeters and Labow (2012), which is based on the Aura MLS 194 

v3.3 data (2004-2010) and ozonesonde data (1988-2010). Climatological a priori 195 

information for PMC optical thickness is not available. It is selected here by trial and 196 

error. As a result, the a priori state and its error are set to be 0 and 10−3, respectively. 197 

The initial POD value is taken to be 10−4. 198 

3 Results and Discussion 199 

3.1 OMI /MLS comparison for with and without PMCs 200 

The ozone profile comparisons between OMI without retrieving PMCs and MLS are 201 

performed for two polar summer seasons, the North Hemisphere (NH), July 2007 and the 202 

South Hemisphere (SH), January 2008 when the PMC occurrence is most frequent in a 203 

given year. The comparison is limited to the high-latitude regions 75˚N-85˚N and 75˚S-204 

85˚S. The vertical range is limited to pressures larger than 0.1 hPa due to the weak 205 
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vertical ozone information from OMI measurements above; the retrieval could be 206 

adequately resolved below ~0.5 hPa in the stratosphere based on the averaging kernels 207 

(not shown here). In addition, MLS data have much larger uncertainties for ozone 208 

retrievals above 0.1 hPa as mentioned in Sect. 2.1. The collocated OMI and MLS 209 

measurements are separated into PMC and non-PMC pixels using the OMI PMC 210 

detection flag specified in Sect. 2.2. In order to reduce the effect of the OMI smoothing 211 

errors on the comparison, the high-resolution MLS data are convolved with the OMI 212 

averaging kernels. The upper panels of figure 1 compare the OMI and MLS ozone 213 

profiles averaged over PMC and non-PMC regions, respectively, on MLS pressure grids. 214 

The mean original/smoothed MLS profiles show no difference due to the presence of 215 

PMCs, but the differences become significant for the mean OMI profiles in the upper 216 

stratosphere. This demonstrates that the MLS stratospheric ozone product could be a 217 

proper reference for the evaluation of impacts of PMCs on OMI ozone retrievals during a 218 

PMC season. Despite the large relative biases (~ -20 % at 0.5 hPa) due to the presence of 219 

PMCs, the absolute bias is very small (~-0.05 DU at 0.5 hPa) because the ozone values in 220 

upper layers are quite small (Figure 1 c and d). It implies that the effect of PMCs on total 221 

ozone retrievals is negligible. 222 

Figure 2 shows the mean biases and standard deviations of relative differences 223 

between OMI and smoothed MLS ozone profiles. With non-PMC pixels the maximum 224 

negative bias of OMI relative to MLS reaches -13% for the NH and -6% for the SH, 225 

respectively, at ~0.5 hPa. This bias increases to -30% for the NH and -24% for the SH 226 

when there are PMCs. The mean bias difference between PMC and non-PMC is the 227 

difference between the black and green lines in Fig. 1, almost the same as the black line 228 

since the MLS PMC/non-PMC difference is almost zero. We can see that the PMC effect 229 

on OMI retrievals starts at ~6 hPa (~35 km), leading to erroneous ozone reductions of 230 

~20% at 0.5 hPa and ~2% at 2 hPa, similarly for both hemispheres. If we account for the 231 

occurrence frequency of PMCs, the overall PMC effect on average ozone at 0.5 hPa is 232 
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7.1 % (20 % × 2268/6388) in the NH as there are ~ 2268 PMC pixels among 6388 233 

pixels. This overall effect is three times larger compared to 2.3 % (20 % × 792/6808) 234 

in the SH.  235 

These PMC-induced ozone errors for OMI are more significant compared to ~10% 236 

error in individual SBUV ozone retrievals based on the SBUV version 5 algorithm 237 

(Thomas et al., 1991) and mean errors of up to 2-3 % in SBUV/2 ozone retrievals based 238 

on the SBUV version 8.6 algorithm (Bhartia et al., 2013). That is because the OMI ozone 239 

algorithm uses more wavelengths (270-330 nm) than SBUV algorithms (12 discrete 240 

wavelength bands between 240 and 340 nm), which are sensitive at PMCs. The spatial 241 

resolution of OMI, 48 km × 13 km is much smaller than SBUV (200 km × 200 km) and 242 

SBUV/2 (170 km × 170 km), so OMI has more chance to see a brighter PMC, resulting 243 

in a larger impact on ozone retrievals. In addition, the comparison of standard deviations 244 

shows almost no difference, indicating that the presence of PMCs mainly causes 245 

systematic retrieval biases.  246 

In Fig. 3, OMI/MLS biases are plotted as functions of the PMC albedo residuals at 247 

267 nm for the NH polar summer. This figure emphasizes that brighter PMCs have 248 

greater impact on the upper atmospheric ozone retrievals from UV measurements. The 249 

OMI-MLS differences increase up to 60-80% at the topmost three layers when PMCs are 250 

very bright. For dark PMC pixels, OMI retrievals agree well with MLS (mean biases are 251 

close to zero), except for negative biases of -20% in 0.15-0.46 hPa and -10% in 0.68-1.0 252 

hPa. Observations from the Cloud Imaging and Particle Size (CIPS) instrument on the 253 

Aeronomy of Ice in the Mesosphere (AIM) satellite show that faint PMCs below the 254 

OMI detection threshold, with brightness as low as 1.0 × 10-6 sr-1, are observed in 80-90% 255 

of all samples at 80° latitude (Lumpe et al., 2013). Thus, even pixels that are “dark” 256 

based on the OMI detection threshold may still have enough PMC contamination to bias 257 

OMI ozone retrievals above 1.0 hPa. A strong negative correlation of more than 0.5 is 258 

found in partial ozone columns above 2 hPa and no correlation (<0.1) at those layers 259 



11 

 

below 6 hPa. This similar behavior is detected for the relationship between biases due to 260 

PMCs and albedo residuals in the SH polar summer presented in Table 1. 261 

 262 

3.2 Sensitivity of UV radiances to PMCs  263 

In Fig. 4.a, the sensitivity of OMI radiance to POD ranging from 10−5 to 10−3 is 264 

plotted as functions of wavelength for a SZA of 70°, VZA of 45° and AZA of 135°. 265 

Despite being optically thin, PMCs can significantly affect the UV radiances at shorter 266 

wavelengths where the signal is weak, implying that the effect of PMC scattering may be 267 

not negligible for the stratospheric ozone retrievals from OMI as well as the SBUV, 268 

SBUV/2, GOME, GOME-2, SCIAMACHY, and OMPS Nadir Profiler instruments. The 269 

presence of PMCs with the optical depth of 10−3 enhances the radiances from 2% at 270 

300 nm to 8% at 265 nm for AZA of 135°. This sensitivity increases 4 times for the same 271 

SZA and VZA but AZA of 45° (Fig. 4.b). Furthermore, it is shown that POD should be 272 

larger than ~10−4 for the case in Fig. 4.a and larger than ~2 ×  10−5 in Fig. 4.b to be 273 

detectable from UV measurements as the OMI measurement errors at ~270 nm are ~1%.  274 

Figure 4.c shows the viewing geometry dependence of PMC sensitivity at 267 nm. 275 

The sensitivity varies largely with SZA, VZA, and AZA, except that at AZA larger than 276 

90° the dependence on viewing geometry becomes relatively insignificant. This 277 

dependence on AZA is mainly due to the steeper phase function variation of PMCs at 278 

forward scattering angles, displayed in Fig. 4.d. The significant increase in PMC 279 

sensitivity with larger SZA or VZA at AZA < 90° is mainly due to the larger photon path 280 

length for PMC scattering. Overall, the dependence on viewing geometry is a direct 281 

result of the strength of the PMC scattering.  282 

Sensitivity studies using the optimal estimation formulation (with a loose PMC a 283 

priori constraint of  10−3 ) show that POD can be retrieved with errors from 1 −284 

6.5 ×  10−4 depending on viewing geometry, as shown in Fig. 5. The POD retrieval 285 



12 

 

errors are smaller at longer slant paths and smaller AZAs where the scattering is stronger 286 

and sensitivity becomes larger. As we mentioned in Sect. 2.2 the typical AZA for OMI 287 

PMC detection varies from 40° to 130° (SZAs >35°, latitude >55°N/S) and thereby the 288 

errors of OMI POD retrievals are expected to have significant dependence on the 289 

scattering angle. 290 

Figure 6 shows the impact of PMCs on ozone profile retrievals due to the neglect of 291 

PMCs, estimated as 𝜕𝑥𝑜3�
𝜕𝑌

∙ 𝜕𝑌
𝑥𝑃𝑂𝐷

∙ ∆𝑃𝑂𝐷. This result is generally consistent with the effect 292 

of PMCs on the OMI and MLS comparisons shown in Figs 1-2: The presence of PMCs 293 

results in negative ozone retrieval errors above 6 hPa, the ozone errors increase rapidly 294 

up to ~0.5 hPa and continue to increase with the greatest peak impact at 0.2 hPa (60 km). 295 

At AZA = 135° (Fig. 6.a) ozone errors increase -2.5% for POD of 10−4 to -25% for 296 

POD of 10−3. These ozone retrieval errors are expected to increase at longer slant paths 297 

and smaller AZAs. For example, as shown in Fig. 6.b, the errors increase by a factor of 5 298 

when the AZA is changed to 45°. 299 

3.3 Simultaneous retrievals of ozone profile and PMC optical 300 

depth  301 

As mentioned in Sect. 2.3, the POD a priori value and its error are determined as 302 

0 and 10−3, respectively, by trial and error. The POD initial value of 10−4 is close to the 303 

minimum value that is detectable from UV radiances below 300 nm as shown in Figs. 4. 304 

a and b. An example for POD retrieved from OMI nadir measurements with three a priori 305 

errors is presented in Fig. 7. This example illustrates that the a priori error value of 306 

10−4 is a very tight constraint as the retrieved POD values are very small for both PMC 307 

and non-PMC pixels. This also indicates that the POD can be consistently retrieved from 308 

measurement information with a priori error values ≥ 10−3, implying that the degree of 309 

freedom for signal is close to 1 for the POD parameter. The retrieved optical depths are 310 
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generally larger at PMC pixels than at non-PMC pixels. Furthermore, the significant 311 

correlation (r=~ 0.8) between POD and albedo residuals is demonstrated in Fig. 8. The 312 

typical value of the retrieved optical depth is around 1 − 5 ×  10−4  and increases up to 313 

15 ×  10−4 for bright PMC pixels. Solution errors for PMC increase from  1 × 10−4 at 314 

larger SZAs to 4 × 10−4 at smaller SZAs. These retrieval errors are distinctly smaller 315 

than the a priori error of 10−3. This result are consistent with the sensitivity studies as 316 

shown in Fig. 5, considering the AZAs for OMI measurements used in Fig. 7 vary from 317 

61° and 89° and VZAs are within 11°. 318 

Figure 8b compares the retrieved ozone columns above 40 km with and without 319 

including the POD in the state vector. It illustrates that the retrieved ozone values tend to 320 

be larger if the PODs are simultaneously retrieved because of slight anticorrelation 321 

between POD and ozone parameters in the upper atmosphere. The ozone column 322 

differences are larger for PMC pixels than for non-PMC pixels, indicating that the 323 

simultaneously retrieved POD could correct the negative biases in OMI ozone retrievals. 324 

However, there are non-PMC pixels that show significant correlation between the POD 325 

and ozone parameters at SZAs 57°-67°, indicating that some PMC pixels are not detected 326 

from OMI. Figure 9 and 10 evaluate the improvements of OMI/MLS ozone profile 327 

comparisons with the simultaneous retrievals of POD and ozone. The systematic biases 328 

due to PMCs are mostly corrected, especially for bright PMC pixels: the negative biases 329 

range from 15% to 50% depending on the PMC albedo residuals in the upper atmosphere, 330 

but are reduced to within ±10% below 1-2 hPa. The significant negative correlation 331 

between OMI/MLS ozone differences and PMC albedo residuals found in Figure 3 is 332 

reduced to within 0.1 in most layers, except for the topmost two layers (R=-0.25). 333 

However, the simultaneous ozone/POD retrievals systematically show positive biases (~ 334 

10%) for the layers of 1.21-2.15 hPa relative to MLS data, irrespective of albedo 335 

residuals, and even for non-PMC pixels.  336 
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4. Summary and Discussion 337 

   This work demonstrats the interference of tenuous PMCs on OMI ozone profile 338 

retrievals above 6 hPa. The presence of PMCs leads to the systematic biases of -2% at 2 339 

hPa and -20% at 0.5 hPa for pixels with PMCs in both hemispheres; however, the overall 340 

impact on the average ozone in the NH are three times larger than that in the SH if the 341 

PMC occurrence frequency is considered. The magnitude of systematic biases can 342 

increase to up to ~60 - 80% for very bright PMC pixels. Despite the large relative biases 343 

in the upper atmosphere, the impact of PMCs on our retrieved total ozone (~305 DU for 344 

the NH summer polar region) is negligible with the absolute biases of ~ 0.05 DU at 0.5 345 

hPa.  346 

   Sensitivity analysis shows that the PMC sensitivity is strongly dependent on 347 

wavelength, larger at shorter wavelengths where the signals are weak. PMC sensitivity is 348 

also strongly dependent on viewing geometry in the forward scattering direction (e.g., 349 

relative azimuth angles less than 90°); PMC sensitivity increases with larger SZAs and 350 

VZAs due to longer path lengths for PMC scattering and especially with smaller AZAs 351 

due to much stronger forward scattering. For AZAs greater than 90°, the dependence 352 

becomes insignificant because the PMC scattering varies much less with viewing 353 

geometry. PMC optical depth of ~10−4 is detectable from OMI data in the back 354 

scattering direction and the PMC detection limit could be smaller for the forward 355 

scattering direction. The maximum contribution of ignoring PMC to ozone retrievals is 356 

found at ~0.2 hPa.  357 

   To reduce PMC interference on upper level ozone retrievals, we added the PMC 358 

optical depth (POD) to the state vector in the OMI optimal estimation ozone profile 359 

algorithm. The PMC a priori value and a priori error are set at 0 and 10−3, respectively in 360 

this study. The selected a priori error value corresponds to a loose constraint, implying 361 

that the retrieved optical depth comes mainly from measurement information. As a result, 362 
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the POD can be retrieved with uncertainties of 1 − 4 × 10−4 depending on solar zenith 363 

angle. A near-linear relationship is found between POD and albedo residuals (R~0.8); the 364 

retrieved POD values are 1 − 5 × 10−4  at dark PMC pixels and increase up to 365 

15 × 10−4 for bright PMC pixels. It is demonstrated that the simultaneous retrieval of 366 

POD could improve the OMI and MLS comparisons. The negative OMI biases are 367 

reduced to within ±10% after simultaneous ozone/POD retrievals. In addition, this 368 

simultaneous retrieval reduces the strong negative correlation between OMI/MLS biases 369 

and PMC albedo residuals to ~0.1 above 2 hPa, which is found to be stronger than -0.5 370 

for ozone retrieval only. However, there are some non-PMC pixels where large POD 371 

values are retrieved and hence are correlated with ozone parameters, which might 372 

represent undetected PMC pixels from OMI UV measurements. 373 

   This study indicates that the impact of PMC scattering is likely not negligible for 374 

stratospheric ozone retrievals from OMI, SBUV, SBUV/2, GOME, GOME-2, 375 

SCIAMACHY, and OMPS Nadir Profiler as the effects of PMCs have not been taken 376 

into account in any of the operational ozone profile algorithms. The presence of PMCs 377 

has greater influence on our OMI ozone retrievals compared to the PMC-induced errors 378 

on SBUV and SBUV/2 ozone retrievals shown in Thomas et al., (1991) and Bhartia et al. 379 

(2013), which could be explained by OMI having more chances to see brighter PMC 380 

pixels due to its much smaller pixel size and by our algorithm using continuous 381 

wavelengths of 270-330 nm whereas the SBUV algorithms use several discrete 382 

wavelength bands between 240 and 340 nm. In addition, the different ozone retrieval 383 

algorithms have different sensitivity to PMC contamination. For example, PMC-induced 384 

errors in Nimbus-7 SBUV ozone data based on the NASA Version 5 algorithm 385 

(McPeters et al, 1980) can be as large as 10 %. Recently, Bhartia et al. (2013) did some 386 

analysis of PMC effects on NOAA-18 SBUV/2 ozone data using the NASA Version 8.6 387 

algorithm and found that the average effects are typically in the 2-3% range. Likewise, 388 

the OMI operational ozone profile product, OMO3PR (Kroon et al., 2011) has different 389 
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response to PMC contamination due to different implementation details although it is 390 

also based on optimal estimation with the same fitting window; the comparison between 391 

two OMI algorithms has been described in Bak et al., (2015). We compare the OMO3PR 392 

ozone product between PMC and non-PMC pixels, similarly to Fig. 1.a (not shown here). 393 

The impact of PMCs on the OMO3PR product is comparable to our ozone retrievals 394 

below 0.1 hPa, but becomes smaller above them with erroneous ozone reduction of ~ 10% 395 

at 0.5 hPa. This smaller impact is likely due to fitting of second-order polynomial 396 

radiance offsets to account for stray lights [Personal communication, P. Veefkind], which 397 

is not used in our algorithm. The impact of PMCs on total ozone retrievals such as 398 

OMTO3 (Bhartia and Wellemeyer, 2002) and OMDOAO3 (Veefkind et al., 2006) are 399 

negligible because the total ozone algorithms use longer wavelengths than 310 nm where 400 

the PMC signal is very weak and the impacts of PMCs on the ozone columns are too 401 

small to affect the total ozone retrievals. 402 
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 559 

 560 
Figure 1. Difference of mean ozone profiles from OMI (black), collocated MLS (red), 561 

and MLS convolved with OMI averaging kernels (green) between PMC and non-PMC 562 

pixels ((𝐏𝐏𝐏 − 𝐍𝐏𝐏𝐏)/NPMC × 𝟏𝟏𝟏 %) (upper panels), with OMI ozone (solid lines) 563 

and solution error (dashed line) profiles averaged over PMC and non-PMC pixels, 564 

respectively (lower panels). (a, c) and (b, d) are results from NH 2007 (July 2007, 75˚N-565 

85˚N) and SH 2008 (January 2008, 75˚S-85˚S) summer seasons, respectively. 566 
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 567 
Figure 2. Same as Figure 1, but for the mean differences (solid lines) between OMI and 568 

collocated MLS convolved with OMI averaging kernels, (OMI-MLS)/OMI a priori×569 

𝟏𝟏𝟏%, and their 1σ standard deviations (dashed lines) for PMC (red) and non-PMC 570 

(black) pixels. The number of collocations (N) is shown in the legend. 571 
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 572 
Figure 3. Scatter plots between OMI/convolved MLS partial column ozone difference 573 

(%) for eight MLS layers and PMC albedo residual at 267 nm (× 10-6 sr-1) for NH 2007 574 

summer. The correlation coefficients (R) are shown in the legend. 575 

 576 
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Table 1. Correlation between OMI/convolved MLS ozone differences and PMC albedo 577 

residuals at 267nm as shown in Figure 3, but for SH 2008 summer. 578 

Layer (hPa) Correlation Layer (hPa) Correlation 

0.15-0.22 -0.42 1.78-2.15 -0.49 

0.32-0.46 -0.57 2.61-3.16 -0.36 

0.68-1.00 -0.59 3.83-4.64 -0.27 

1.21-1.47 -0.54 5.62-6.81 -0.14 
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 579 

 580 

 581 

 582 
Figure 4. (a) Jacobians with respect to PMC optical depth (“tau”) as functions of 583 

wavelength at SZA =70°, VZA= 45°, and AZA=135° for five optical depth values 584 

ranging from 10-5 to 10-3. (b) Same as (a), but for AZA=45°. (c) Normalized PMC 585 

Jacobians at 267 nm as a function of AZA with various SZAs and VZAs. (d) PMC phase 586 

function as a function of scattering angle (𝚽) for wavelengths ranging from 260 to 340 587 

nm, normalized to unity at 𝚽 = 𝟗𝟏°. 588 

 589 
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 590 
Figure 5. Same as Fig. 4.c, but for PMC optical depth retrieval errors (root sum square of 591 

random noise and smoothing errors). 592 

 593 

 594 
  Figure 6. Ozone profile retrieval errors as functions of pressure due to the neglect of 595 

PMCs estimated based on the optimal estimation approach. 596 

 597 

 598 
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 599 
Figure 7. Retrieved PMC optical depth values and retrieval errors as functions of solar 600 

zenith angle for OMI orbit number 15881 and cross-track position 13 (UV1) with a fixed 601 

a priori value of 0 and three a priori error values, (a) 10−2, (b) 10−3, and (c) 10−4, 602 

respectively.  603 

 

 
 

 

Figure 8. (a) Scatter plot between retrieved PMC optical depths (POD) and PMC albedo 

residuals  at 267 nm for OMI orbit number 15881 and cross-track position 13 (UV1). (b) 
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OMI ozone column (above 40 km) differences between “ozone only” and “ozone+POD” 

retrieval modes. 

 

 604 

 605 

 606 

 607 

  608 
 Figure 9. Collocated OMI/convolved MLS profile differences (solid lines) and their 1σ 609 

standard deviations (dashed lines) for different ranges of PMC albedo residual (Ar) 610 

values (sr−1 ) at 267 nm for the NH 2007 summer season. The blue and red lines 611 

represent the comparisons when OMI ozone profiles are retrieved with and without PMC 612 

optical depths (PODs), respectively. The numbers of the Non-PMC and PMC pixels are 613 

included as legends. 614 

 615 
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 616 
 Figure 10. Same as Figure 3, but with PMC optical depths simultaneously retrieved 617 

with ozone. 618 
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