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Abstract

Accurate remote sensing retrieval of atmospheric constituents over cloudy areas is very challenging be-
cause of insu:cient knowledge of cloud parameters. Cloud treatments are highly idealized in most retrieval
algorithms. Using a radiative transfer model treating clouds as scattering media, we investigate the e>ects of
assuming opaque Lambertian clouds and employing a Partial Cloud Model (PCM) on Total Ozone Mapping
Spectrometer (TOMS) ozone retrievals, especially for tropical high-re?ectivity clouds. Assuming angularly
independent cloud re?ection is good because the Ozone Retrieval Errors (OREs) are within 1.5% of the total
ozone (i.e., within TOMS retrieval precision) when Cloud Optical Depth (COD)¿ 20. Because of Intra-Cloud
Ozone Absorption ENhancement (ICOAEN), assuming opaque clouds can introduce large OREs even for op-
tically thick clouds. For a water cloud of COD 40 spanning 2–12 km with 20.8 Dobson Unit (DU) ozone
homogeneously distributed in the cloud, the ORE is 17:8 DU in the nadir view. The ICOAEN e>ect depends
greatly on solar zenith angle, view zenith angle, and intra-cloud ozone amount and distribution. The TOMS
PCM is good because negative errors from the cloud fraction being underestimated partly cancel other positive
errors. At COD6 5, the TOMS algorithm retrieves approximately the correct total ozone because of compen-
sating errors. With increasing COD up to 20–40, the overall positive ORE increases and is Fnally dominated
by the ICOAEN e>ect. The ICOAEN e>ect is typically 5–13 DU on average over the Atlantic and Africa and
1–7 DU over the PaciFc for tropical high-altitude (cloud top pressure 6 300 hPa) and high-re?ectivity (re-
?ectivity ¿ 80%) clouds. Knowledge of TOMS ozone retrieval errors has important implications for remote
sensing of ozone/trace gases from other satellite instruments.
? 2003 Elsevier Ltd. All rights reserved.
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Nomenclature

AICO Actual Intra-Cloud Ozone
AZA Relative Azimuthal Zenith Angle
BCOA Below Cloud Ozone Absorption
CBH Cloud-Base Height
CGD Cloud Geometrical Depth
COD Cloud Optical Depth
COP Cloud Optical Property
CTH Cloud-Top Height
CTP Cloud-Top Pressure
DU Dobson Unit
ECF E>ective Cloud Fraction
EICO E>ective Intra-Cloud Ozone
FCF Forward Cloud Fraction
GOME Global Ozone Monitoring Experiment
HEX HEXagon column ice crystals
ICOAEN Intra-Cloud Ozone Absorption ENhancement
ISCCP International Satellite Cloud Climatology Project
OMI Ozone Monitoring Instrument
ORE Ozone Retrieval Error
OZAC OZone Above Clouds
OZBC OZone Below Clouds
PCM Partial Cloud Model
POLY POLYcrystals
PPGSRAD Polarized Plane-parallel Gauss-Seidel RADiative transfer model
SCIAMACHY SCanning Imaging Absorption SpectroMeter for Atmospheric ChartographY
SHADOZ Southern Hemisphere ADditional OZonesondes
SZA Solar Zenith Angle
TOC Total Ozone Column
TOMRAD TOMS RADiative transfer model
TOMS Total Ozone Mapping Spectrometer
V7 Version-7
VZA View Zenith Angle
WC Water Clouds
WCHG Water Clouds with Henyey–Greenstein phase function

1. Introduction

More than half of Earth’s surface is usually covered with clouds [1]. Accurate retrieval of atmo-
spheric constituents over cloudy areas is very important in determining the overall retrieval accuracy
from satellite, aircraft, or ground remote sensing measurements. However, accurate retrieval over
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cloudy areas is very complicated in the ultraviolet, visible, and infrared spectral region and remains
a most challenging goal. First, clouds prevent instruments from accurately measuring constituents
above clouds (e.g., for ground measurements) or below clouds (e.g., for space-borne measurements).
Second, microphysical (e.g., e>ective particle radius, shape, composition, and phase) and macrophys-
ical (e.g., cloud-top height, cloud fractional coverage, cloud optical depth, and cloud morphology)
characteristics of clouds, which are required for accurately evaluating the observed radiances from
such instruments, are not easily available and are highly variable both temporally and spatially.
Therefore, most retrieval algorithms of trace gases highly idealize clouds [2,3]. However, detailed
studies are required to examine the e>ects of these idealizations on retrieval accuracy.

The Total Ozone Mapping Spectrometer (TOMS) Version-7 (V7) algorithm assumes optically
thick clouds (cloud re?ectivity ¿ 80%) as opaque Lambertian surfaces, employs a Partial Cloud
Model (PCM), and determines the Cloud-Top Pressures (CTPs) from monthly mean International
Satellite Cloud Climatology Project (ISCCP) cloud data. Newchurch et al. [4] studied ozone retrieval
errors (OREs) caused by incorrect CTPs, and found unexplained above-cloud ozone excess of 4–9
Dobson Units (DU) (1 DU = 2:69× 1016 molecules cm−2) compared to ozone in neighboring clear
areas. They speculated that the assumption of opaque Lambertian clouds causes the unexplained
cloudy ozone excess. Actual clouds are not Lambertian even for optically thick clouds [5,6]. The
assumption of angularly independent cloud surfaces might lead to OREs. Also, photons can penetrate
the clouds, and the coupling of multiple scattering and absorption in the clouds results in a strong
absorption enhancement [7,8]. As for ground-based zenith-sky or global irradiance measurements,
the absorption path length can be enhanced by a factor of up to 10 [6,8,9]. Consistently, abnormal
increases up to 200 DU in the derived ozone have been reported in many studies over heavily cloudy
skies without taking in-cloud multiple scattering e>ects into account [8,10–12]. As for space-borne
measured backscattered radiation, the path enhancement is relatively smaller, typically about a factor
of 2 [6]. The absorption enhancement in the clouds was also recognized as a limiting factor in
accurately retrieving CTPs from the backscattered radiances in and around O2-A band [13–15].
Neglecting photon penetration inside clouds can lead to a signiFcant error in the retrieved CTP by
up to 200 hPa [14,15]. As for ozone retrieval from backscattered radiances, signiFcant errors can
occur if the amount of ozone in the clouds is signiFcant. In the TOMS V7 PCM, a pixel with
re?ectivity from 8% to 80% is treated as a linear combination of a cloudy scene of cloud re?ectivity
80% and a clear scene of ground re?ectivity 8% with the E>ective Cloud Fraction (ECF) as a free
parameter [16]. The 8% and 80% values are selected during the TOMS V7 algorithm development by
minimizing known errors in the retrieval. This PCM will be applied in the future Ozone Monitoring
Instrument (OMI) products for retrieving ozone and other trace gases [2,3]. In reality, the re?ectivity
of the cloud part might be much smaller than 80% but with a larger cloud fraction, or it might have a
larger cloud re?ectivity but with a smaller cloud fraction. The uncertainty in cloud fraction and cloud
re?ectivity might cause signiFcant OREs. Therefore, the assumption of 80% as minimum full-cloud
re?ectivity needs to be evaluated in terms of ozone retrieval.

Koelemeijer and Stammes [17] investigated the e>ects of clouds on ozone retrieval from Global
Ozone Monitoring Experiment (GOME) measurements. They found that the in?uence of clouds on
the retrieved Total Ozone Column (TOC) depends primarily on the Cloud-Top Height (CTH), Cloud
Optical Depth (COD), and cloud fraction. Some of the e>ects of clouds on GOME measurements are
expected on TOMS measurements as well. But some e>ects of clouds might be di>erent on TOMS
measurements because the GOME instrument and the ozone retrieval method are very di>erent. One
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limitation in these authors’ analysis of cloud e>ects is that they assume the Cloud Geometrical
Depth (CGD) to be 1 km. Because the amount of ozone in a 1-km cloud is small, the assumption
of 1-km clouds can largely underestimate the large enhanced ozone absorption inside geometrically
thick clouds.

This paper investigates the e>ects of assuming opaque Lambertian clouds and employing the
PCM on ozone retrieval, with a particular focus on errors over tropical high-re?ectivity convective
clouds. In Section 2, we describe the radiative transfer models and model setups. Section 3 gives
the methodology. We present the results in Section 4 and summarize this study in Section 5.

2. Radiative transfer models and model setups

We use the Polarized Plane-parallel Gauss-Seidel RADiative transfer model (PPGSRAD) [18],
which treats clouds as scattering media, to simulate measured backscattered radiances, and use the
TOMS V7 algorithm to retrieve TOC. The forward model TOMS RADiative transfer model (TOM-
RAD) calculates the look-up table radiances for the TOMS V7 algorithm. One major di>erence
about cloud treatment is that TOMRAD treats clouds as Lambertian surfaces but PPGSRAD can
treat clouds as scattering media by specifying single scattering albedo, asymmetry factor, phase
matrix, CTH, and Cloud-Base Height (CBH).

To reduce the model bias between PPGSRAD and TOMRAD, all the input parameters to these
models are the same as much as possible except for clouds. The ozone absorption coe:cients
[19,20], Rayleigh scattering coe:cients [21], and molecular depolarization factors [21] used in the
TOMS V7 algorithm are used in PPGSRAD. Look-up table radiances in the operational TOMS
V7 algorithm are the sum of radiances at forty-Fve 0.05-nm intervals across each of the 1.1-nm
TOMS bandwidths weighted by solar ?ux and a triangular slit function. However, it is impractical
to do such calculation in PPGSRAD for cloudy-sky conditions because of the computation burden.
Instead, e>ective coe:cients are derived by weighting the corresponding spectral coe:cients across
each 1.1-nm bandwidth of NIMBUS-7 and Earth-Probe TOMS by the product of solar ?ux and a
triangular slit function. Correspondingly, these e>ective coe:cients are also used to recalculate the
look-up table radiances in the TOMS V7 algorithm. The original look-up table contains radiances
calculated only at 1.0 and 0:4 atm. To avoid the radiation interpolation error identiFed by Newchurch
et al. [4], the look-up table radiances are calculated at 10 pressure levels from 1 to 0:1 atm at 0.1-atm
intervals. The use of 10 pressure levels reduces radiance interpolation errors to within 0:1 DU under
most conditions. The interpolated TOMS standard climatological ozone and temperature proFles
[16] are used consistently in both TOMRAD and PPGSRAD. Polarization is always considered in
TOMRAD. In PPGSRAD, we usually include polarization unless the neglect of polarization will not
a>ect results.

Clouds are treated as homogeneous and plane-parallel, and the cloud phase can be liquid, ice,
or mix-phased. In PPGSRAD, we treat clouds as either Water Clouds (WC) or ice clouds. Ice
clouds are modeled either as HEXagonal column ice crystals (HEX) or POLYcrystals (POLY) that
represent either idealized or more realistic types of ice crystals. POLY, a randomized version of
the second-generation triadic Koch fractal, proposed by Macke et al. [22], is adopted in the ISCCP
retrieval algorithm for ice clouds. The refractive indices are obtained from Hale and Querry [23]
for WC. Han et al. [24] made a global survey of WC and found the average e>ective radius is



X. Liu et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 85 (2004) 337–365 341

Table 1
Refractive indexes and optical properties for water clouds

Wavelength (�m) Refractive index Asymmetry factor (g) Single
scattering

Real Imaginary albedo (!0)

0.3086 1.3479 1:405E− 8 0.8674 0.9999947
0.3123 1.3474 1:327E− 8 0.8675 0.9999950
0.3174 1.3469 1:227E− 8 0.8674 0.9999955
0.3224 1.3463 1:130E− 8 0.8673 0.9999959
0.3311 1.3453 9:678E− 9 0.8674 0.9999965
0.3397 1.3442 8:158E− 9 0.8674 0.9999971
0.3599 1.3421 5:148E− 9 0.8675 0.9999983
0.3800 1.3406 3:072E− 9 0.8672 0.9999988

Table 2
Refractive indexes and optical properties for HEX and POLY

Wavelength (�m) Refractive index Hexagonal column ice Polycrystals (POLY)
crystals (HEX)

Real Imaginary !0 g !0 g

0.3123 1.3314 5:012E− 9 0.9999927 0.7972 0.9999962 0.7320
0.3174 1.3304 4:825E− 9 0.9999930 0.7985 0.9999964 0.7305
0.3311 1.3279 4:345E− 9 0.9999940 0.7995 0.9999969 0.7341
0.3397 1.3265 4:069E− 9 0.9999946 0.8005 0.9999972 0.7383
0.3599 1.3235 3:503E− 9 0.9999955 0.8021 0.9999978 0.7372
0.3800 1.3212 3:053E− 9 0.9999964 0.8042 0.9999982 0.7360

∼ 10 �m. Water clouds are modeled with a gamma distribution with an e>ective radius of 10 �m
and an e>ective variance of 0:10 �m, a model that has been used in ISCCP cloud retrieval [25–28].
The Bohren–Hu>man Mie code [29] embedded in PPGSRAD calculates optical properties (single
scattering albedo, asymmetry factor, and phase matrix) for WC. Table 1 shows the refractive indices,
asymmetry factor, and single scattering albedo at NIMBUS-7 and Earth-Probe TOMS wavelengths.
The refractive indexes for clear ice are obtained from Warren [30]. For both HEX and POLY, a −2
power law size distribution is assumed with an e>ective radius of 30 �m and an e>ective variance of
0:1 �m [26,28,31]. The Ray Tracing code developed by Macke et al. [22] calculates optical properties
for ice clouds. Table 2 shows the refractive indices and optical properties for HEX and POLY at
NIMBUS-7 TOMS wavelengths. The calculated single scattering albedos, asymmetry factors, and
phase matrices are comparable to those values calculated by Macke et al. [22], Mishchenko et al.
[26], and Doutriaux-Boucher et al. [31].

The calculated extinction e:ciency for WC is close to 2 but is slightly di>erent at di>erent
wavelengths, so the COD for a cloud varies slightly with wavelength. For example, a cloud with a
COD of 40 at 312:34 nm has a COD of 40.17 at 380 nm. The extinction e:ciency for ice clouds
is assumed to be 2, so the COD is wavelength invariant. The COD values in the following context
refer to values at 312:34 nm.
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Radiances are calculated at Solar Zenith Angle (SZA) �0 = 0◦, 15◦, 30◦, 45◦, 60◦, 70◦, and 75◦;
View Zenith Angle (VZA) � from 0◦ to 70◦ every 5◦; and relative Azimuthal Zenith Angle (AZA)
�=0◦, 30◦, 60◦, 90◦, 120◦, 150◦, and 180◦. The average values and standard deviation values seen
in the following context are the statistics from all the above viewing geometry.

Although the input parameters are consistent in both TOMRAD and PPGSRAD as much as
possible, there is bias between these two models. Under clear-sky conditions, when we can compare
radiances calculated by both models, the radiances from PPGSRAD are smaller by 0:21±0:06% (the
value following “±” is the 1 standard deviation value) and 0:16± 0:08% at 312:34 nm on average
over all the viewing geometry for surface re?ectivity 8% and 80%, respectively. Correspondingly,
errors in retrieved ozone are 0:65 ± 0:20 and 0:35 ± 0:20 DU, respectively. These errors in both
radiances and retrieved ozone are relatively small compared to errors of our concern. In addition,
we have seen violation of conservation of energy (i.e., photon losses) at the surface for thick clouds
when using PPGSRAD in a conservative scattering case, but we observe conservation of energy to
within 1:0E−5 for irradiances at top of the atmosphere. And past comparisons have shown agreement
with radiances calculated using discrete ordinate transfer models at the top of the atmosphere, even
with this “disappearing photons” problem.

3. Methodology

To have a clear understanding of how assuming opaque Lambertian clouds causes OREs, we
divide the e>ects into four categories. The e>ect of assuming angularly independent cloud re?ection
on ozone retrieval is called the “Lambertian e>ect”. OREs resulting from the retrieved incorrect
cloud fraction when using the PCM are called the “PCM e>ect”. We call the sum of Lambertian and
PCM e>ects the “Lambertian-PCM e>ect”. OREs caused by actual ozone absorption enhancement
in clouds are called the “Intra-Cloud Ozone Absorption ENhancement (ICOAEN) e>ect”, which
can be considered as the E>ective Intra-Cloud Ozone (EICO) seen from the instrument. Similarly,
OREs due to actual ozone absorption below cloud bottoms by backscattered photons is called the
“Below-Cloud Ozone Absorption (BCOA) e>ect”. The sum of ICOAEN and BCOA e>ects is called
the “opaque e>ect”.

Fig. 1 compares the actual scene setup in the forward simulation and the corresponding scene
assumed in the TOMS V7 algorithm. In the forward calculation, the cloud fraction is set as 1 with
CTP Pc. However, in the TOMS V7 retrieval, the scene is assumed to be a cloudy sky of re?ectivity
¿ 80% at Pc with a cloud fraction fc (06fc6 1) and a clear sky of surface re?ectivity 6 8%
with a fraction 1 − fc. If 0¡fc¡ 1, the cloud re?ectivity is 80% and the ground re?ectivity is
8%. In Fig. 1, 
t , 
a, and 
b are the TOC, Ozone Above Clouds (OZAC), and Ozone Below
Clouds (OZBC), respectively, from the given ozone proFle. In the retrieval, the retrieved TOC 
′

t
still consists of two parts: the added OZBC (
′

b) and the directly retrieved ozone (
′
a). The 


′
b,

which is reported in the TOMS V7 level-2 data, is approximately the product of 
b and fc as long
as the ozone proFle for ozone retrieval is not very di>erent from the ozone proFle used in forward
simulation. If the actual cloud is opaque and the ozone retrieval is perfect, 
′

a should be equal to

a with 
′

b equal to 
b. Corresponding to the fact that the retrieved ozone consists of two parts, the
error in TOC (W
t) is decomposed into the error in OZAC (W
a) and the error in OZBC (W
b).
These errors W
t , W
a, and W
b are deFned as the di>erence between the retrieved quantities and
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Fig. 1. Comparison of scenes between forward simulation and retrieval. (a) Full cloudy scene in the forward calculation.
(b) Assumed scene in the TOMS retrieval.

the forward-calculation quantities as follows:

W
x = 
′
x − 
x; x = t; a; b: (1)

If no ozone is placed below the cloud top, the ICOAEN and BCOA e>ects are zero. This con-
Fguration simulates an opaque cloud in terms of ozone absorption although photons still penetrate
the cloud. Therefore, we can study the e>ect due to Lambertian and PCM e>ects. The forward
radiances calculated using PPGSRAD are inverted to retrieve the TOC. The di>erence between the
retrieved and input TOC gives the Lambertian-PCM e>ect. Although the ozone below clouds is
treated as nonexistent to simulate opaque clouds, it is included in the input TOC. If the ECF is
forced to be the a priori cloud fraction by modiFcation of the TOMS V7 algorithm, the PCM e>ect
diminishes to zero and only the Lambertian e>ect exists. Assuming that the PCM and Lambertian
e>ects are independent, we can obtain the PCM e>ect by subtracting the Lambertian e>ect from the
Lambertian-PCM e>ect. To investigate the ICOAEN e>ect only, two sets of backscattered radiances
are calculated using PPGSRAD, with and without intra-cloud ozone, respectively. The di>erence
between the retrieved TOC with and without ozone gives the ICOAEN e>ect. This method of com-
paring the cases with and without absorbers (or absorption) in the cloud has been applied to study
absorption and e>ective path length enhancements in clouds [6,8,14,32]. Similarly, the BCOA e>ect
can be obtained by comparing the di>erence in the retrieved ozone between simulations with and
without ozone below the cloud base in the forward simulation.

We determine the base case for radiance simulation from tropical deep convective clouds. Analysis
of ISCCP D1 cloud data for deep convective clouds in the tropics (10◦S–10◦N) in October 1983
indicates that COD values for these clouds range from 23 to 379 with a mean value of 44:2± 18:4
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and CTPs range from 127 hPa to 503 hPa with a mean value of 252:8± 84:9 hPa [28]. The average
cloud-top albedo (the ratio of upward ?ux to downward ?ux) for a WC of COD 40 ranges from
77% to 88% when the SZA increases from 0◦ to 75◦. The average albedos are close to 80%,
indicating that the TOMS V7 algorithm treats such a scene as nearly overcast or overcast. Based
on ISCCP observations and the TOMS PCM, we choose a WC with a COD of 40 positioned at
2–12 km to represent a typical cloud for this study. We typically treat clouds as WC because there
is a large uncertainty in the optical properties of ice clouds and because water clouds are most
commonly used in applications. The TOMS standard low-latitude ozone proFle L275 (i.e., with a
TOC of 275 DU) is used as a representative proFle. Ground surface pressure is Fxed at 1:0 atm.
Typically, radiance calculation is done at NIMBUS-7 TOMS wavelengths (312.3, 317.4, 331.1, 339.7,
359.9, and 380:0 nm). We test the sensitivities of OREs to Cloud Optical Properties (COPs), COD,
cloud locations, ozone amount and distribution in the clouds, atmospheric proFles, and measurement
wavelengths (e.g., NIMBUS-7 vs. Earth-Probe TOMS. Earth-Probe TOMS measures radiances at
308.6, 312.6, 317.6, 322.4, 331.3 and 360:4 nm). Sections 4.1–4.4 present results for forward full
clouds (i.e., cloud fraction is assumed to be 1 in the forward simulation) and Section 4.5 discusses
how OREs vary with Forward Cloud Fractions (FCFs, i.e., cloud fractions assumed in forward
simulations).

4. Results and discussion

4.1. Lambertian and PCM e?ects

Fig. 2 shows the distributions of W
t for the base condition. The TOMS standard ozone proFle
L275 is used except that OZBC is forced to be zero to exclude ozone absorption below clouds. The
error distributions represent the Lambertian-PCM e>ects. The error patterns are dependent on SZA,
VZA, and AZA. The W
t ranges from −4:1 to 4:4 DU with an average error of −0:8 ± 1:1 DU.
Fig. 3a shows the W
t , W
a, and W
b due to Lambertian-PCM e>ect as a function of ECF. We
can see that W
a is mainly positive and W
b is mainly negative except at the ECF of 1. These
two errors usually cancel each other, leading to smaller errors in the TOC. With decreasing ECF,
both W
a and W
b increase in their magnitudes. At the EFC of 1, W
b varies from −2 to 7 DU
mainly because of proFle di>erence between retrieval and forward calculation. At large geometrical
path length (i.e., sec �0 + sec �), higher-latitude proFles with more tropospheric ozone could be used
in the retrieval, thus leading to large positive errors up to ∼ 7 DU.

Fig. 3b shows the W
t , W
a, and W
b due to the Lambertian e>ect as a function of geometrical
path length when the ECF is forced to be 1. W
t is very close to W
a except at larger viewing
geometry where W
b is not zero. The Lambertian e>ect ranges from −4:1 to 4:4 DU with an average
error of 0:2± 1:3 DU.
The di>erence between Figs. 3a and b indicates the PCM e>ect, shown in Fig. 3c. Errors are zero

at the ECF of 1 just because of the deFnition of the PCM e>ect. The positive W
a and negative
W
b e>ects almost cancel, leading to a much smaller PCM e>ect. It is straightforward that W
b

increases in magnitude with decreasing ECF according to its deFnition.
Table 3 shows error ranges and average errors arising from the Lambertian and PCM e>ects for

di>erent COPs, CODs, cloud locations, atmospheric ozone proFles, and measurement wavelengths.
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Table 3
Average values and ranges of Lambertian-PCM, Lambertian, and PCM e>ects

Lambertian-PCM e>ects Lambertian e>ect PCM e>ect

Cloud ProFle Cloud Location Error Avg. error ± Error Avg. error ± Error Avg. error ±
type COD (km) range (DU) 1 s.d. (DU) range (DU) 1s.d. (DU) range (DU) 1 s.d. (DU)

Base case WC L275 40 2–12 −4:1–4.4 −0:8± 1:1 −4:1–4.4 −0:2± 1:3 −3:0–0.4 −0:5± 0:8

Optical properties WCHG L275 40 2–12 −9:8–4.8 −0:6± 1:0 −4:6–4.8 0:1± 1:2 −8:2–0.0 −0:7± 1:2
HEX L275 40 2–12 −7:6–10.9 −0:1± 1:3 −7:6–10.9 0:0± 1:4 −1:6–0.3 −0:2± 0:3
POLY L275 40 2–12 −2:8–3.3 1:4± 1:2 −2:8–3.3 1:4± 1:2 −0:8–0.4 0:0± 0:1

COD WC L275 1 2–12 −18:3–4.0 −12:4± 3:6 −3:4–10.0 6:0± 2:5 −22:3–0.0 −18:4± 4:1
WC L275 2 2–12 −16:8–2.7 −11:0± 3:3 −4:3–8.5 4:2± 2:4 −18:9–0.0 −15:2± 3:9
WC L275 5 2–12 −12:5–4.9 −8:1± 2:7 −3:9–6.1 1:3± 2:0 −13:9–0.3 −9:4± 2:8
WC L275 10 2–12 −8:0–4.9 −5:2± 2:1 −4:1–4.8 0:0± 1:8 −9:5–0.0 −5:2± 2:0
WC L275 20 2–12 −4:6–4.7 −2:4± 1:5 −4:4–4.7 −0:3± 1:5 −5:6–0.0 −2:2± 1:3
WC L275 100 2–12 −4:0–4.0 −0:3± 1:2 −4:0–4.0 −0:2± 1:2 −1:2–0.0 −0:1± 0:3

Cloud location WC L275 40 2–3 −12:2–4.2 1:1± 2:0 −12:2–4.5 1:3± 2:1 −0:8–0.0 −0:2± 0:2
WC L275 40 2–7 −7:2–3.9 0:4± 1:3 −7:2–4.2 0:7± 1:6 −1:3–0.0 −0:3± 0:4
WC L275 40 11–12 −4:1–3.9 −0:8± 1:2 −4:1–3.9 −0:2± 1:4 −3:0–0.3 −0:6± 0:8
WC L275 40 7–12 −4:1–3.9 −0:8± 1:2 −4:2–4.4 −0:2± 1:4 −3:0–0.4 −0:6± 0:8

ProFle WC L225 40 2–12 −3:0–2.4 −0:9± 0:9 −3:1–2.5 −0:4± 1:1 −2:6–0.0 −0:5± 0:7
WC L325 40 2–12 −5:7–6.7 −0:7± 1:4 −5:7–6.7 −0:2± 1:6 −2:9–0.0 −0:5± 0:7
WC M325 40 2–12 −10:1–4.4 −1:7± 2:8 −10:4–4.2 −1:8± 2:7 −10:6–3.0 0:10± 3:6
WC M375 40 2–12 −11:2–4.8 −1:8± 3:3 −11:5–7.1 −2:0± 3:2 −11:4–4.4 0:2± 4:5
WC M425 40 2–12 −11:7–8.0 −3:7± 3:4 −11:7–11.0 −2:3± 4:2 −8:2–1.8 −1:4± 2:0

Earth-probe WC L275 40 2–12 −10:5–3.0 −0:5± 1:1 −4:9–3.0 −0:0± 1:3 −10:8–0.0 −0:5± 0:8
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Fig. 2. Ozone retrieval errors in total ozone due to the Lambertian-PCM e>ect at di>erent solar zenith angles (0◦; 30◦; 60◦,
and 75◦) for a water cloud of optical depth 40 at 2–12 km. The low-latitude ozone Fle L275 is used except that no ozone
is put below the cloud top. The asterisk symbol on the x-axis indicates the solar zenith angle.

It should be noted that some cloud setups are unreasonable and are shown for illustration only.
To show how the Lambertian and PCM e>ects vary with COPs, we calculate results for 2–12 km
clouds with COD 40 but with four di>erent COPs: WC, Water Clouds with Henyey–Greenstein phase
function (WCHG), HEX, and POLY. WC and WCHG have the same single scattering albedos and
asymmetry factors but with di>erent phase functions. The Lambertian-PCM e>ect shows di>erent
angular distributions for these four COPs. For HEX, there are several spots with large negative or
positive errors probably arising from some spikes in the calculated phase function. However, the
average errors for di>erent COPs are within ±2 DU.

We compare the average Lambertian and PCM e>ects and their ranges for 2–12 km clouds with
di>erent CODs (1, 2, 5, 10, 20, 40, and 100). Because the ECF decreases with decreasing COD, the
negative PCM e>ect increases in magnitude, from −0:2 ± 0:2 DU at COD 100 to −18:4 ± 4:1 DU
at COD 1. The average Lambertian e>ect increases with decreasing COD, from −0:2 ± 1:2 DU at
COD 100 to 6:0 ± 2:5 DU at COD 1. At smaller CODs, the Lambertian-PCM e>ect is dominated
by the negative PCM e>ect.

Four cloud locations (2–3, 2–7, 11–12, and 7–12 km) along with the base condition are used to
show how the Lambertian and PCM e>ects vary with cloud locations. Model setups other than cloud
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(b)

(c)

(a)

Fig. 3. Lambertian and PCM e>ects for a 2–12 km water cloud of optical depth 40. (a) The Lambertian-PCM e>ect as a
function of derived e>ective cloud fraction. (b) The Lambertian e>ect as a function of geometrical path length. (c) The
PCM e>ect as a function of derived e>ective cloud fraction.
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location are the same. The Lambertian and PCM e>ects do not change with CBH if the CTH is
the same. With decreasing CTH, the Lambertian e>ect becomes more scattered. The errors are more
positive at most angles, but are more negative at several large SZAs and VZAs on the solar side.
However, the average errors for these clouds are all within ±2 DU.

We test the sensitivity of the Lambertian and PCM e>ects to varying ozone proFles (L225, L325,
M325, M375, and M425). “L” and “M” stand for low-latitude and mid-latitude, respectively. The
three digits represent the TOC of the ozone proFle. The latitudes assumed in ozone retrieval are
0◦ and 45◦ for using low- and mid-latitude proFles, respectively. With increasing TOC in ozone
proFles, both the Lambertian and PCM e>ects are slightly more scattered. Especially, errors using
mid-latitude ozone proFles are much more scattered and less orderly compared to errors using
low-latitude ozone proFles because of the used proFle-mixing scheme in the TOMS V7 algorithm.
However, the average errors are within 1.5% of the TOC for these ozone proFles. We investigate
the Lambertian and PCM e>ects at Earth-Probe TOMS wavelengths and Fnd almost no di>erence
from NIMBUS-7 wavelengths.

According to the above results, the Lambertian and PCM e>ects vary with viewing geometry,
COP, COD, CTH, and ozone proFle. Although the triplet method in the TOMS V7 algorithm,
which retrieves ozone from measured radiances at ozone-sensitive, ozone weak absorbing, and ozone
non-absorbing wavelengths can greatly reduce errors caused by assuming Lambertian clouds, several
factors can cause the observed OREs. Forward calculation assumes scattering clouds while retrieval
assumes Lambertian clouds; ozone proFles could be di>erent between forward calculation and re-
trieval; the ECF is di>erent from the actual cloud fraction. The air mass factors could therefore be
di>erent between forward and retrieval scenes and therefore errors occur in the directly retrieved
part of the ozone (i.e., OZAC). The slightly nonlinear wavelength-dependence in the cloud re?ec-
tion might also cause some OREs in OZAC. The proFle and cloud fraction di>erence between
retrieval and simulation can cause large errors in the added OZBC. However, OREs due to the
Lambertian-PCM e>ect are usually within 1.5% of the TOC, i.e., within the TOMS retrieval preci-
sion [16], under di>erent conditions except when COD ¡ 20.

4.2. ICOAEN e?ect

Fig. 4 shows the ICOAEN e>ect as a function of viewing geometry for the base condition.
The a priori amount of ozone in the 2–12 km cloud from TOMS standard ozone proFle L275 is
20:8 DU, but we homogeneously redistribute the intra-cloud ozone amount. The EICO ranges from
0 to 18:6 DU. The ICOAEN e>ect is essentially azimuthally independent but strongly dependent
on the SZA and VZA, consistent with the results by Saiedy et al. [14]. The exchange of SZA
and VZA does not change the EICO. The larger the SZA and VZA, usually the smaller the EICO
will be. For example, the EICO is 17:7 DU at �0 = 0◦ and � = 0◦ and is ∼ 2:6 DU at �0 = 75◦
and � = 60◦. The largest EICO of 18:6 DU occurs not exactly at nadir view but at �0 = 0◦ and
� = 5◦. Because of the backscattering peak at the scattering angle of 180◦ in the phase func-
tion for WC, photons penetrate less at nadir and the EICO is smaller at the nadir view than at
�0 = 0◦ and � = 5◦. The fact that the highest EICO of 18:6 DU is close to the a priori ozone in
the cloud indicates that the sensor can e>ectively see almost all the intra-cloud ozone under these
conditions.
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Fig. 4. Retrieved e>ective intra-cloud ozone as a function of viewing geometry for a 2–12 km water cloud of cloud
optical depth 40. The low-latitude ozone proFle L275 is used except that the 20:8 DU intra-cloud ozone is homogeneously
distributed. The red asterisk symbol on the x-axis indicates the solar zenith angle.

The ratio of the two sets of calculated radiances at ozone-absorbing wavelengths indicates ozone
absorption optical thickness �O3 inside the clouds [6,8]:

IO3

Ino O3

≈ exp(−�O3); (2)

where IO3 and Ino O3 are the calculated backscattered radiance at the top of the atmosphere for
radiances with and without ozone in clouds, respectively. The above equation assumes that the
absorption inside clouds is su:ciently smaller so that scattering and absorption can be considered
as independent processes [6]. In our case, the average ozone absorption coe:cient at 317 nm for
20:8 DU homogeneously inside clouds is fairly small, only 1:89×10−3 km−1. Therefore, we can apply
Eq. (2) to directly derive the ICOAEN e>ect. If we know the ozone absorption optical thickness
per DU of ozone (��;O3), we can obtain the EICO W
calc via the following equation:

IO3

Ino O3

≈ exp
{
−��;O3W
calc

(
1

cos �0
+

1
cos �

)}
: (3)

The geometrical path length is the approximate air mass factor, implicitly considered in the TOMS
V7 algorithm. Eq. (3) applies even for inhomogeneous ozone distribution as long as the ��;O3

is approximately constant. Because the ozone absorption coe:cient is only slightly temperature
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Fig. 5. Comparison of e>ective intra-cloud ozone between direct calculation from Eq. (3) at 317 nm and TOMS retrieval
for the base condition.

dependent at 310–340 nm, we can apply Eq. (3). Fig. 5 shows a comparison of EICO between direct
calculation at 317 nm using Eq. (3) and TOMS V7 retrieval (results in Fig. 4) at all the viewing
geometries. There is an excellent relationship between these two calculations with a correlation of
0.999. Comparisons at other ozone-absorbing wavelengths show similar correlations as well, but the
slopes and o>sets are slightly di>erent. The excellent comparison indicates that using the triplet
method in the TOMS V7 algorithm cannot reduce the error induced by ozone absorption inside
clouds because the photon path length in clouds does not vary much with TOMS wavelengths.
Also, the good comparison suggests it is much faster to compute the ICOAEN e>ect from direct
calculation because the radiances need to be calculated at only one ozone-absorbing wavelength.

Fig. 6a shows the ICOAEN e>ect as a function of VZA for WC, WCHG, HEX, and POLY,
respectively, at �0=0◦ and 75◦. The clouds and ozone proFles are the same as those in the base case
except for di>erent cloud phase functions. The ICOAEN e>ect does not vary much with di>erent
COPs and is within 3 DU except at nadir. The EICO at nadir is only 10:3 DU for HEX, much
smaller than the EICO at �0=0◦ and �=15◦ (17:9 DU). This occurs because its backscattering peak
is much larger than that in WC so that backscattered photons’ penetration is shallower inside the
clouds. Although WC and WCHG have the same asymmetry factor, the larger ICOAEN e>ect for
WCHG arises primarily from the fact that the phase function for WCHG is smaller by a factor of
Fve than that of WC at backscattering angle 140–180◦. Among WC, HEX, and POLY, the EICO is
usually largest for WC and smallest for POLY. The di>erence in the EICO among WC, HEX, and
POLY can be explained by their di>erence in phase function. The larger the asymmetry factor, the
smaller the backscattering, and the deeper the photons penetrate the cloud, and therefore the larger
the EICO will be.

Fig. 6b shows the ICOAEN e>ect as a function of COD at three sets of viewing geometries. The
cloud setups and ozone proFles are the same except for di>erent CODs (0.1, 0.5, 1, 2, 5, 8, 10,
20, 30, 40, 60, 80, 100, 150, 200, 300, 400, and 500). The neglect of polarization has very little
e>ect on the ICOAEN e>ect because neglecting polarization has almost the same e>ect on ozone
retrieval for both cases with and without intra-cloud ozone. So the polarization is not included for
CODs greater than 100 to reduce computation time. The EICO usually decreases with increasing
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Fig. 6. Sensitivities of ICOAEN e>ect to various factors. (a) E>ective intra-cloud ozone (EICO) vs. view zenith angle
for 2–12 km clouds of optical depth 40 for water clouds, water clouds with Henyey–Greenstein phase function, hexagonal
column crystals, and polycrystals at solar zenith angles 0◦ and 75◦. (b) EICO vs. cloud optical depth for 2–12 km water
clouds. (c) EICO and the ratio of EICO to Actual Intra-Cloud Ozone (AICO) vs. AICO for 2–12 km water clouds of
optical thickness 40. (d) EICO and the ratio of EICO to AICO vs. cloud thickness for 2–12 km water clouds of optical
thickness 40. The low-latitude ozone proFle L275 is used.

COD except at small CODs. The EICO at nadir view is about 11 DU at a COD of 500, which is
∼ 60% of the EICO with a COD of 40 but is still signiFcant. At nadir, the EICO peaks at COD
10 and increases with increasing COD at COD less than 10. The EICO peak shifts to a smaller
COD with increasing VZAs and SZAs. The EICO peak at some intermediate CODs is related to the
imperfect ozone retrieval e:ciency in the lower troposphere at near-ultraviolet wavelengths when
the re?ectivity is small [33,34]. When the COD is very small, the cloudy atmosphere approaches a
clear-sky atmosphere. The retrieved ozone for the case without ozone in the cloud is overestimated
because the tropospheric part of the proFle for simulation has less ozone than the TOMS standard
ozone proFle. The di>erence in the retrieved ozone between situations with and without ozone in
the cloud is therefore reduced.

The solid line in Fig. 6c shows the ICOAEN e>ect as a function of Actual Intra-Cloud Ozone
(AICO) for the base condition except with di>erent AICO values (5.2, 10.4, 15.6, 20.8, 26.0, 31.2,
36.4, and 41:6 DU). The ICOAEN e>ect is strongly dependent on the AICO, and the EICO is nearly
linearly proportional to the AICO. The dashed line in Fig. 6c shows that the ratio of EICO to AICO
slightly decreases with increasing AICO. For example, the ratio at nadir is 0.89 and 0.84 for a priori



352 X. Liu et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 85 (2004) 337–365

ozone of 5.2 and 41:6 DU, respectively. This variation with AICO is expected because the smaller
the AICO, the deeper photons penetrate the cloud, and the greater is the ratio of EICO to AICO.

If the ozone proFle does not change for di>erent CGDs, the AICO increases with increasing CGD,
and so does the EICO, according to Fig. 6c. Therefore, the ICOAEN e>ect also strongly depends
on CGD. Fig. 6d shows the ratio of EICO to AICO as a function of CGD. The ozone proFles and
cloud setups are the same as in the base case except that there are di>erent CGDs and homogeneous
distribution of ozone inside clouds. The ratio varies with GCD within 15%, largest for a cloud at
11–12 km (e.g., 0.95 at nadir view) and smallest for a cloud at 2–3 km (e.g., 0.81 at nadir view).
The solid lines are for clouds with CBH Fxed at 2 km. The larger the CGD is, the higher the CTH
will be, the smaller the cloud scattering coe:cient will be, and the larger the AICO will be. Wu [15]
found that oxygen absorption in the cloud at 0.7609 and 0:7634 �m (i.e., oxygen-A band) increases
with increasing cloud scattering coe:cient for the same CODs. The increasing AICO and decreasing
cloud scattering coe:cient will decrease the ratio of EICO to AICO. However, the ratio in Fig. 6d
increases with increasing CTH. The increase of the ratio with increasing CTH is primarily a result
of interaction between cloud re?ection and Rayleigh scattering above the cloud. When the CTH is
lower, there is more path length enhancement above the cloud because of the stronger Rayleigh
scattering. For a case without intra-cloud ozone, the radiance gain from the absence of ozone in
the cloud produces more absorption above the cloud for lower-altitude clouds. The di>erence in the
retrieved ozone between situations with and without ozone relative to AICO increases with increasing
CTH. The dashed lines in Fig. 6d are for clouds with CTH Fxed at 12 km. The ratio of EICO to
AICO decreases with increasing CGD mainly because of the increasing AICO and decreasing cloud
scattering coe:cient.

We test the sensitivity of the ICOAEN e>ect to atmospheric ozone proFles (L225, L275, L325,
M325, M375, and M425). Although the EICO values vary with di>erent ozone proFles because the
AICO changes, the ratio of EICO to AICO does not change much for di>erent atmospheric ozone
proFles. Also, the ICOAEN e>ect exhibits little di>erence between NIMBUS-7 and Earth-Probe
TOMS wavelengths.

Because photons emerging at the cloud top can be backscattered from an arbitrary depth in the
cloud, the ICOAEN e>ect should be dependent on the ozone distribution in the cloud. Fig. 7a shows
Fve ozone proFles in a 2–12 km cloud in terms of ozone absorption coe:cients at 317 nm. These
ozone proFles di>er from each other only in the cloud and are the same as L275 outside the clouds.
These proFles are as follows: (1) original L275, (2) constant ozone mixing ratio, (3) homogeneous
distribution, (4) linearly increasing ozone with altitude, (5) linearly decreasing ozone with altitude.
The AICO is 20:8 DU for all the proFles. Fig. 7b shows the ICOAEN e>ect as a function of VZA
for these ozone proFles at �0 = 30◦. The ICOAEN e>ect is highest for the linearly increasing ozone
proFle and smallest for the linearly decreasing ozone proFle. At �=0◦, the EICO is 14.5, 13.3, 16.7,
23.1, and 10:0 DU for proFles 1–5, respectively. The EICO for the original TOMS standard proFle
(proFle 1) is 2 DU smaller than that for the homogeneous proFle (proFle 3) because less ozone is
distributed in the upper part of the cloud in proFle 1. The EICO for the well-mixed proFle (proFle
2) is smaller than the EICOs for proFles 1 and 3 for similar reasons. Therefore, the ICOAEN e>ect
is strongly dependent on ozone distribution in the clouds, and ozone distribution in the upper part
of the clouds contributes more to the EICO.

Fig. 8 shows the vertical distribution of ozone absorption inside the clouds for the base condition.
The cloud is divided into 20 layers, and ozone is homogeneously distributed. For each cloud layer,



X. Liu et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 85 (2004) 337–365 353
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Fig. 7. (a) Ozone absorption coe:cients vs. altitude for Fve intra-cloud ozone proFles. All proFles contain 20:8 DU ozone.
(b) Retrieved intra-cloud ozone vs. view zenith angle at solar zenith angle 30◦ for the base case except with di>erent
intra-cloud ozone proFles as shown in (a).

two sets of radiances at 317 nm are calculated using PPGSRAD, one with ozone in the cloud except
for that particular layer and the other with ozone in all layers. The di>erence in the retrieved ozone
between these two sets of radiances indicates the EICO from the other cloud layers. The di>erence
between the EICO for the whole cloud and the EICO from the other cloud layers approximates the
contribution to ozone absorption by that particular layer. We can see that the ratios peak in the upper
part of the cloud and that the peak altitude increases with increasing viewing geometries. At larger
viewing geometries, the ratio peaks in the top cloud layer, indicating that the resolution of 0.5-km
cloud layer is not enough to resolve the exact peak altitude. Below the peak, the ratios decrease
dramatically with decreasing altitude. At smaller viewing geometries, the ratio in the upper part of
the cloud can be greater than 1 because of the enhanced ozone absorption. The ratio in the lower
part of the cloud is much smaller than 1 because very few backscattered photons penetrate the lower
part of the cloud.

4.3. BCOA e?ect

The method used to obtain the BCOA e>ect is similar to that to obtain the ICOAEN e>ect except
that we calculate two sets of radiances, with and without ozone below cloud bottoms. Fig. 9 shows
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Fig. 8. Vertical distributions of ratios of retrieved e>ec-
tive intra-cloud ozone to actual intra-cloud ozone in each
0.5-km cloud layer for the base condition at three sets of
viewing geometries.

Fig. 9. E>ective ozone below cloud bottoms as a function
of view zenith angle for water clouds with di>erent optical
depths and cloud locations at solar zenith angle 30◦. The
low-latitude ozone proFle L275 is used.

the BCOA e>ect as a function of VZA for several cloudy conditions at �0 = 30◦. Similar to the
ICOAEN e>ect, the BCOA e>ect decreases with increasing SZAs and VZAs, and the SZA and
VZA are interchangeable. When the BCOA e>ect is signiFcant, the BCOA e>ect decreases strongly
with increasing COD. For an 11–12 km WC at nadir view, 17:1 DU out of 24:1 DU ozone below
cloud bottoms can be measured for COD 1 but only 1:3 DU for COD 40. For clouds with the same
COD, the BCOA e>ect increases with increasing CBH, because the amount of ozone below cloud
bottoms increases. The ratio of measured ozone to actual ozone below cloud bottoms decreases
with decreasing CBH. For example, the ratio is about 0.71 at nadir view for a WC of COD 1 at
11–12 km but only 0.26 for a WC of COD 1 at 2–3 km. Because of more interaction among Rayleigh
scattering, cloud re?ection, and surface re?ection below cloud bottoms with lower CBH, photons that
penetrate the cloud have a smaller possibility of being backscattered to the top of the atmosphere.
Overall, the BCOA becomes signiFcant at smaller SZAs and VZAs when the cloud is optically thin
and the ozone amount below the cloud bottom is large.

4.4. Overall OREs associated with clouds

Ozone retrieval errors due to the Lambertian, PCM, ICOAEN, and BCOA e>ects are studied
in detail in Sections 4.1–4.3. This section presents the overall OREs associated with clouds, and
investigates the essential e>ects that are primarily responsible for OREs. OREs are compared between
two retrievals, one using the TOMS V7 algorithm and the other using the modiFed TOMS V7
algorithm by forcing the ECF to be the forward cloud fraction. The Frst retrieval includes all the
four e>ects on ozone retrieval, and the second retrieval includes three e>ects but not the PCM e>ect.

Fig. 10a shows OREs from the two retrievals as a function of VZA at �0=30◦ for a WC of COD
1 positioned at 2–12 km. Errors in the TOC are very small using the TOMS V7 algorithm (circle)
but are largely positive using the correct cloud fraction (asterisk). Using the TOMS V7 algorithm,
errors in OZAC (plus) are about 20–30 DU, primarily because of the ICOAEN, Lambertian, and
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Fig. 10. Comparison of ozone retrieval errors between using the TOMS version-7 algorithm (Rs = 80%) and the modiFed
algorithm by forcing the e>ective cloud fraction to be the a priori cloud fraction (fc = 1) at solar zenith angle 30◦. (a)
For the base case except at cloud optical depth 1. (b) For the base case. The W
t , W
a, and W
b indicate the error in
total ozone, error in ozone above clouds, and error in ozone below clouds, respectively.

PCM e>ects, and errors in OZBC (cross) are about −25 DU due primarily to the PCM e>ect.
Because of compensating errors, the TOMS V7 algorithm retrieves approximately the correct TOC.
With use of the correct cloud fraction, errors in OZAC (diamond) are similar to those using the
TOMS V7 algorithm, and errors in OZBC (triangle) are almost zero. The overall errors in TOC
are therefore largely positive. Fig. 10b shows results similar to Fig. 10a but for COD 40. At COD
40, the derived ECF is mostly one or very close to one. Therefore, errors in ozone converge using
these two retrievals. Errors in OZBC are almost zero for both retrievals. Errors in OZAC are about
10–13 DU due primarily to the ICOAEN e>ect. The overall errors in TOC are, therefore, largely
positive due primarily to the ICOAEN e>ect. It should be noted that the overall OREs in TOC
decrease dramatically with increasing SZAs and VZAs for optically thick clouds. For example, the
ORE is about 16 DU at �0 = 0◦ and �= 0◦ and about 2 DU at �0 = 75◦ and �= 60◦.

Fig. 11 shows errors in TOC using the TOMS V7 algorithm for clouds at 2–12 km with di>erent
CODs at �0=30◦ and �=30◦. With increasing COD, the negative PCM e>ect and positive Lambertian
e>ect decrease more dramatically in magnitude than the positive ICOAEN e>ect. Positive errors in
TOC Frst increase with increasing COD until the COD reaches 20–40 when the PCM and Lambertian
e>ects are close to zero. Then the overall error is dominated by the ICOAEN e>ect and slightly
decreases with the further increase of COD.
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Fig. 11. Errors in total ozone (circle), ozone above clouds (plus), and ozone below clouds (cross) as a function of cloud
optical depth at solar zenith angle 30◦ and view zenith angle 30◦. The ozone proFles and cloud setups are the same as
the base case except at di>erent cloud optical depths.

Fig. 12 shows errors in TOC for COD 1 but for clouds at 2–3 and 11–12 km, respectively. In
addition to the two retrievals, Fig. 12 also shows errors for retrievals assuming minimum full-cloud
re?ectivity as 40% and 100%, respectively. We can see that errors for more reasonable clouds at
2–3 and 11–12 km are similar to those for the cloud at 2–12 km. But the positive errors in TOC are
due primarily to the Lambertian e>ect for the 2–3 km cloud and due primarily to the BCOA e>ect
for the 11–12 km cloud. Assuming minimum full-cloud re?ectivity to be 100% does not improve
the ozone retrieval much compared to using the TOMS V7 PCM. OREs assuming re?ectivity to be
40% lie between those using the TOMS V7 algorithm and the correct cloud fraction because the
derived ECFs lie between those derived from the two retrievals.

According to the above results, the assumption of minimum full-cloud re?ectivity to be 80%
in the TOMS V7 algorithm (i.e., the TOMS V7 PCM) is fairly good because the negative PCM
e>ect o>sets other positive errors to reduce the overall errors. Especially for clouds with smaller
CODs, the use of TOMS PCM leads to approximately the correct results because of compensat-
ing errors among ICOAEN, BCOA, Lambertian, and PCM e>ects. For optically thin clouds, the
neglect of photon penetration in the clouds in the assumption of opaque clouds is largely com-
pensated for by partial clear-sky conditions. For optically thick clouds, the PCM e>ect is not
helpful to reduce the overall OREs, and a signiFcant portion of the ozone below the clouds is
included twice in the TOC, in both the directly retrieved OZAC and the added OZBC, leading to
largely positive errors. Note that results are subject to change if the actual intra-cloud ozone amount
and distribution are very di>erent from the assumed ones (i.e., using the TOMS standard ozone
proFles).

4.5. OREs associated with partial clouds

From Sections 4.1 to 4.4, the clouds in the forward simulation are assumed overcast. This
section brie?y discusses OREs associated with forward partial clouds. To simulate radiances for
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Fig. 12. Comparison of ozone retrieval errors in total ozone vs. view zenith angle among assuming minimum full-cloud
re?ectivity as 40%, 60%, 80% (i.e., the TOMS version-7 algorithm), 100%, and forcing the e>ective cloud fraction to be
the a priori cloud fraction for a water cloud of cloud optical depth 1 with di>erent cloud locations at solar zenith angle
30◦. (a) A 2–3 km cloud. (b) An 11–12 km cloud. The low-latitude ozone proFle L275 is used.

forward partial clouds, we employ the independent pixel approximation consistent with the TOMS V7
algorithm. The radiance for a partial cloud of cloud fraction fc is the fraction-weighted sum of
the radiances for a clear sky of ground re?ectivity 8% and a cloudy sky of COD �:

I(fc; �; Pc) = I(�; Pc)× fc + I(Rg = 8%; Pg)× (1− fc): (4)

The methods to obtain the Lambertian, PCM, ICOAEN, and BCOA e>ects for such forward partial
clouds are similar to those for forward full clouds. The Lambertian e>ect is obtained similarly except
for forcing the derived ECF to be consistent with the a priori FCF.

Fig. 13 shows the Lambertian-PCM e>ect (left) and the opaque e>ect (right) for a 2–12 km cloud
of CODs 1 and 40, respectively. We can see that errors in TOC due to these di>erent e>ects are
proportional to FCF when errors for forward full clouds are signiFcant. OREs are similar for other
cloudy conditions. The nonlinear relationship between EICO and FCF for COD 40 is due to the
large di>erence in the radiance between clear and cloudy conditions. Because all these e>ects are
approximately proportional to the FCF, the overall OREs are approximately the corresponding values
for full clouds but weighted by the FCF.
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Fig. 13. Lambertian-PCM and opaque e>ects as a function of forward cloud fraction at three sets of viewing geometries for
2–12 km water clouds. (a) Lambertian-PCM e>ect for cloud optical depth 1. (b) Lambertian-PCM e>ect for cloud optical
depth 40. (c) Opaque e>ect for cloud optical depth 1. (d) Opaque e>ect for cloud optical depth 40. The low-latitude
ozone proFle L275 is used.

4.6. Possibility of directly correcting OREs associated with clouds

From the above results, we know that OREs associated with clouds vary with many factors besides
viewing geometry: COP, COD, CTH, CBH, ozone amount and distribution inside clouds, actual ozone
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proFle, and cloud fraction. Accurately correcting OREs associated with clouds in the TOMS data is
impossible because most of the information is not available. Fortunately, the Lambertian, PCM, and
BCOA e>ects are very small at COD¿ 20. At small CODs, the negative PCM e>ect partly o>sets
other positive errors, leading to approximately the correct retrieval. The cloudy conditions of most
concern are probably the deep convective clouds with large COD and CGD. Correcting OREs in
these scenes requires mainly knowledge of intra-cloud ozone amount and distribution, cloud optical
depth, and cloud geometrical depth. With the retrieved TOMS re?ectivity, we can estimate the cloud
optical depth and geometrical depth by assuming some cloud types. Then the key to correcting the
ICOAEN e>ect is the a priori knowledge of ozone amount and distribution in the clouds.

Ozone proFle measurements in deep convective cloudy conditions are very limited, probably be-
cause balloons are not likely to survive the updrafts of convective storms cells. Examination of
∼ 2500 ozonesonde-measured ozone proFles at about ∼ 20 tropical and mid-latitude ozonesonde
stations Fnds that only 59 proFles have relative humidity greater than 80% over at least 4-km
in altitude, not to mention measurements under deep convective cloudy conditions. Studies using
mesoscale chemical transport models indicate deep convection can redistribute surface trace gases
in the clouds [35–38]. Kley et al. [39] observed near-zero ozone concentration in both the marine
boundary layer and the upper troposphere over the convective PaciFc, indicating the convective lift-
ing of the ozone-poor surface air to the upper troposphere. Measurements by Strom et al. [40] of the
trace gases (i.e., ozone) in two cumulonimbus anvils over western Europe indicated that much of the
anvil air is rapidly transported from the surface with limited dilution. Because of the large temporal
and spatial variability of surface ozone, the ozone inside the convective clouds may represent larger
temporal and spatial variability as well, and its concentration might be larger or smaller than that
in the corresponding clear air. Furthermore, the intra-cloud distribution of ozone does not simply
follow a redistribution of surface ozone. Photolysis and heterogeneous processes in the clouds [41],
chemical reactions speciFc to thunderstorms [42], and stratospheric intrusion [35,43–46] may lead
to production or loss inside the clouds. Dickerson et al. [35], Poulida et al. [44], and Winterrath
et al. [46] found enhanced ozone mixing ratios in the mid-latitude convective clouds and ascribed
the enhancement to the intrusion of stratospheric air. Winterrath et al. [46] also suggested that the
enhanced ozone may be produced by non-lightning discharge mechanisms. Suhre et al. [45] found
high concentrations of ozone (100–500 ppbv) in the upper equatorial Atlantic troposphere near strong
convective activities contrasting to the near-zero observation in the upper PaciFc troposphere by Kley
et al. [39]. These very high ozone values were attributed to the downward movement of stratospheric
air due to convection or quasi-isentropic transport from the extratropical stratosphere [43,45]. Over-
all, the limited measurements from case studies and model studies indicate that intra-cloud ozone
presents large spatial and temporal variability. Without knowledge of ozone amount and distribution
in the clouds, it is impossible to directly estimate the ICOAEN e>ect by simulating intra-cloud ozone
absorption using radiative transfer models.

4.7. Estimation of OREs in tropical convective cloudy areas

Newchurch et al. [4] estimated the cloudy/clear TOC di>erence after correcting cloud-height er-
rors and incorrect tropospheric climatology at four selected regions in tropical areas. Because the
chemical and dynamic e>ects on cloudy/clear TOC di>erence are estimated to be small over tropi-
cal deep convective cloudy conditions, the remaining cloudy/clear TOC di>erences can be ascribed
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to OREs caused by nonlinearity calibration and the assumption of opaque Lambertian clouds. We
use the above process to indirectly estimate the average OREs resulting from assuming opaque
Lambertian clouds in the tropical areas (15◦S–15◦N) during 1979–1983, when the Temperature
Humidity Infrared Radiometer cloud data are available. Cloudy pixels with re?ectivity ¿ 80% and
CTP 6 300 hPa are selected and pixels with re?ectivity 6 20% are used to represent clear pixels.
OREs due to incorrect CTPs are corrected following the procedures described in Newchurch et al.
[4]. Clear-sky TOC contains OREs arising from imperfect ozone retrieval e:ciency, and the added
OZBC contains OREs because the TOMS standard climatology ozone proFles are used instead of
actual ozone proFles. The SHADOZ (Southern Hemisphere Additional Ozonesondes) tropospheric
ozone proFles [47] are used as actual ozone proFles to correct incorrect tropospheric climatology
for both clear and cloudy conditions. In the Southern Hemisphere, this SHADOZ reference is used
independent of latitude and interpolated across longitude. The ozone reference in the Northern Hemi-
sphere is the same as that in the Southern Hemisphere but is six months out of phase. From the
NIMBUS-7/Earth-Probe TOMS bias in the cloudy/clear TOC di>erence, about ∼ 4:4 ± 1:1 DU is
ascribed to OREs caused by nonlinearity calibration that occurs in NIMBUS-7 TOMS data. Finally,
we derive the approximate OREs arising from the assumption of opaque Lambertian clouds. The
readers are referred to Newchurch et al. [4] for more detail.

Fig. 14 shows the seasonally and annually averaged OREs, which are mainly contributed by the
ICOAEN e>ect for such thick clouds. There is a wave-1 pattern in the errors, usually maximizing
over the Atlantic Ocean and Africa and minimizing over the PaciFc Ocean. Typically, the ICOAEN
e>ect ranges from 5 to 13 DU over the Atlantic Ocean and Africa, and ranges from 1 to 7 DU over
the PaciFc Ocean. The wave-1 distribution of OREs is caused by the convective redistribution of
surface air. Because of the higher H2O and lower NOx marine environment over the PaciFc Ocean
compared to that over the Atlantic Ocean and Africa, the concentration of surface ozone is lower.
The convective redistribution leads to more intra-cloud ozone over the Atlantic Ocean and Africa.
Therefore, the ICOAEN e>ect is larger over the Atlantic Ocean and Africa. The large values of the
ICOAEN e>ect over the North Atlantic Ocean during March–May, with a magnitude of 15–21 DU,
might contain signiFcant errors because the approximate actual tropospheric ozone from SHADOZ
measurements is shifted by six months in the Northern Hemisphere. The measured monthly mean
tropospheric ozone at Paramaribo (5:8◦N; 55:2◦W) [47] during 1999–2001 is about 28:6 DU during
March–May, smaller by 14:8 DU than the approximated value over the North Atlantic Ocean. If we
use ozone measurements at Paramaribo as the approximate tropospheric ozone for the north Atlantic
Ocean, the ICOAEN e>ect will be reduced by ∼ 10 DU to 5–11 DU.

OREs associated with clouds can largely underestimate the derived tropospheric ozone using
cloudy/clear di>erence techniques. The convective-cloudy di>erential and clear-cloudy pairs methods
[48,49] used only cloud Felds with monthly minimum OZAC (in the convective-cloudy di>eren-
tial method) or six 5-day minimum OZAC values (in the clear-cloudy pairs method). These cloud
Felds are closer to tropopause by 30–50 hPa, improving the derived tropospheric ozone only by
2–3 DU. These two methods actually select cloud Felds with small OREs or with extremely small
OZAC values that partly o>set positive OREs, leading to much smaller errors in the derived tro-
pospheric ozone [50]. The use of minimum OZAC values is determined by tuning the derived
tropospheric ozone to match the measured tropospheric ozone at selected ozonesonde stations. So
large errors can occur in the derived tropospheric ozone at locations other than these ozonesonde
stations.
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(a)

(b)

(c)

(d)

(e)

Fig. 14. Ozone retrieval errors for tropical convective clouds (re?ectivity ¿ 80% and cloud-top pressure 6 300 hPa)
averaged in 5◦-longitude× 5◦-latitude areas estimated from TOMS data during 1979–1983. (a)–(d) Seasonally averaged
ozone retrieval errors for the winter, spring, summer, and fall, respectively. (e) Annually averaged ozone retrieval errors.
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5. Summary and conclusions

The assumption of opaque Lambertian clouds and the employed Partial Cloud Model (PCM) can
cause errors in the TOMS retrieved ozone. To simulate measured backscattered radiances, we use
a radiative transfer model that treats clouds as scattering media, and then retrieve the total ozone
using the TOMS version-7 algorithm. We study ozone retrieval errors (OREs) with di>erent Cloud
Optical Properties (COPs), Cloud Optical Depths (CODs), Cloud Geometrical Depths (CGDs), ozone
proFles, intra-cloud ozone amounts and distributions, and measurement wavelengths (Earth-Probe vs.
NIMBUS-7 TOMS).

The overall OREs are divided into four categories: Lambertian (i.e., assumption of angularly in-
dependent Lambertian cloud surfaces), PCM (i.e., the used Partial Cloud Model), ICOAEN (i.e.,
Intra-Cloud Ozone Absorption ENhancement), and BCOA (i.e., Below-Cloud Ozone Absorption)
e>ects. The Lambertian e>ect varies with COP, COD, cloud-top height, and ozone proFle and re-
sults from the air mass factor di>erence between simulated scattering clouds and assumed Lambertian
clouds, proFle di>erence between retrieval and forward calculation, and some slightly nonlinear wave-
length dependence in the cloud re?ection. But OREs caused by the Lambertian e>ect are usually
within the TOMS retrieval precision at COD¿ 20, indicating the assumption of angularly indepen-
dent cloud re?ection is fairly good. The PCM e>ect results primarily from the cloud fraction being
underestimated so the added ozone below clouds decreases. At COD¿ 20, the average PCM e>ect
is within 2:5 DU. The ICOAEN e>ect occurs because backscattered photons penetrate the clouds and
the in-cloud multiple scattering enhances ozone absorption. The ICOAEN e>ect depends signiFcantly
on observation viewing geometry, ozone amount and distribution inside clouds, and CGD. The e>ec-
tive intra-cloud ozone (EICO, i.e., the error) decreases with increasing solar zenith angle and view
zenith angle. For homogeneous ozone distribution, the EICO is almost equal to the actual intra-cloud
ozone at near nadir view but is close to 0 at larger viewing geometries (e.g., �0 =75◦, �=60◦). The
EICO is almost directly proportional to the actual intra-cloud ozone. However, the ratio of e>ective
to actual intra-cloud ozone decreases slightly with increasing actual intra-cloud ozone. The increase
of CGD usually increases the amount of actual intra-cloud ozone, therefore increasing the EICO. In
the clouds, the sensitivity of the ICOAEN e>ect to ozone peaks in the upper part of the clouds and
decreases dramatically with decreasing altitude below the peak. The ICOAEN e>ect varies slightly
with di>erent COPs; the smaller the asymmetry factor, the smaller the EICO is. Assuming clouds to
be ice clouds only slightly decreases the ICOAEN e>ect. The ICOAEN e>ect usually decreases with
increasing COD, decreasing by 40% when COD increases from 10 to 500. The BCOA e>ect occurs
because backscattered photons penetrate below cloud bottoms and are partly absorbed by ozone. The
BCOA e>ect is signiFcant only when the cloud is optically thin and the amount of ozone below the
cloud bottoms is large. The use of TOMS version-7 PCM is good because the negative PCM e>ect
cancels other positive OREs. At smaller CODs (COD6 5), the TOMS version-7 algorithm retrieved
approximately the correct ozone because of compensating errors. With increasing CODs, the negative
PCM e>ect decreases more dramatically than other positive e>ects do. Therefore, the overall OREs
are positive and increase with increasing COD until the COD reaches about 20–40, when the PCM
e>ect is very small. Then the overall OREs are dominated by the ICOAEN e>ect and the further
increase of COD slightly decreases the OREs. OREs for forward full clouds apply to forward partial
clouds but approximately weighted by forward cloud fractions. Directly correcting OREs caused by
assuming opaque Lambertian clouds in TOMS data is impossible because of insu:cient knowledge
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of cloud parameters and intra-cloud ozone amount and distribution. We estimate from the TOMS
cloudy/clear total ozone di>erence that OREs in the TOMS data are usually 5–13 DU on average
over the Atlantic Ocean and Africa and 1–7 DU over the PaciFc Ocean for tropical high-altitude
and high-re?ectivity clouds.

Knowledge of TOMS OREs, especially the ICOAEN e>ect, applies to ozone/trace gas retrieval
from other satellite instruments such as OMI (Ozone Monitoring Instrument), GOME (Global Ozone
Monitoring Instrument), and SCIAMACHY (SCanning Imaging Absorption SpectroMeter for Atmo-
spheric ChartographY). Several problems need further study. In this study, we assumed single-layer
homogeneous clouds, which clearly is not accurate for clouds of limited horizontal extent and cloud
edge pixels. Although this cloud treatment is more realistic than the TOMS treatment, it is still
idealized. More detailed work using a 3-D radiative transfer model is needed to study OREs for
more realistic clouds such as multi-layer, inhomogeneous, and broken clouds. The current knowledge
about how ozone and trace gases are distributed in the clouds is far from su:cient, which is the
key to directly correcting ozone retrieval errors. Understanding how trace gases are distributed in
convective clouds requires more measurements and further modeling e>ort using mesoscale transport
and chemical models. In addition, the ICOAEN e>ect indicates that it is possible to derive ozone
and other trace gases inside clouds and therefore correct retrieval errors from satellite measurements.
O2–O2 absorption bands in OMI will provide estimation of photon paths inside clouds and may
allow estimation of O3 and NO2 inside clouds.
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