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[1] This paper describes and applies a new technique for retrieving diurnal variability
in tropospheric ozone vertical distribution using ground-based measurements of ultraviolet
sky radiances. The measured radiances are obtained by a polarization-insensitive modified
Brewer double spectrometer located at Goddard Space Flight Center, in Greenbelt,
Maryland, USA. Results demonstrate that the Brewer angular (0–72� viewing zenith
angle) and spectral (303–320 nm) measurements of sky radiance in the solar principal
plane provide sufficient information to derive tropospheric ozone diurnal variability. In
addition, the Brewer measurements provide stratospheric ozone vertical distributions at
least twice per day near sunrise and sunset. Frequent measurements of total column ozone
amounts from direct-sun observations are used as constraints in the retrieval. The vertical
ozone profile resolution is shown in terms of averaging kernels to yield at least four
points in the troposphere–low stratosphere, including good information in Umkehr layer 0
(0–5 km). The focus of this paper is on the derivation of stratospheric and tropospheric
ozone profiles using both simulated and measured radiances. We briefly discuss the
necessary modifications of the Brewer spectrometer that were used to eliminate
instrumental polarization sensitivity so that accurate sky radiances can be obtained in the
presence of strong Rayleigh scattering and aerosols. The results demonstrate that including
a site-specific and time-dependent aerosol correction, based on Brewer direct-sun
observations of aerosol optical thickness, is critical to minimize the sky radiance residuals
as a function of observing angle in the optimal estimation inversion algorithm and improve
the accuracy of the retrieved ozone profile.
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1. Introduction

[2] Ozone (O3) is a critical atmospheric constituent that is
involved in the photochemistry of both the troposphere and
stratosphere and in shielding the Earth’s surface from
Ultraviolet-B (UV-B) radiation (280–320 nm). In addition
to regulating the oxidation capacity of the lower atmosphere
and influencing background levels of trace chemicals, O3 is
an important greenhouse gas, affecting radiative balance
and global climate. Ozone absorption in the UV-B region of

the solar spectrum affects many photochemical and biolog-
ical processes. Variations in O3 concentration affect the
amount and spectral properties of surface UV radiation with
far-reaching consequences for both terrestrial and aquatic
ecosystems [e.g., Diffey, 1991; Tevini, 1993]. Increased
ground-level O3 concentrations are toxic upon inhalation
or contact, posing serious threats to agricultural productivity
and human health. The vertical distribution of O3 in the
troposphere typically shows strong seasonal and diurnal
variability, especially in polluted urban areas where there is
often more tropospheric O3 in the afternoon as photochem-
ical smog builds up [Taubman et al., 2006]. Thus, frequent
(e.g., hourly) measurements of tropospheric O3 concentra-
tions and vertical distribution are essential for determining
short timescale changes in O3 amounts close to the ground,
and quantifying the role of tropospheric O3 on local and
regional environmental degradation, tropospheric chemistry,
surface UV-B levels, human health and radiative forcing.
[3] Two main techniques have been available for mea-

suring tropospheric O3 at high vertical resolution: (1) in situ
sensing from balloon sondes and aircraft [e.g., Thompson et
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al., 2003; Taubman et al., 2006] and (2) remote sensing
using active ozone-lidar techniques [e.g., Browell et al.,
1985; Uthe et al., 1992; McGee et al., 1995]. As these
measurement approaches are typically associated with high
maintenance and operational labor costs, they are not suited
for long-term hourly measurements at multiple sites. More-
over, active ozone-lidar techniques usually do not detect
changes in the lower troposphere (altitudes below 7 km),
and are limited to night, early morning, and late evening
observations [McDermid et al., 1995, 2002; McGee et al.,
1995]. Several passive remote sensing techniques have been
developed for obtaining information on O3 vertical distri-
bution from satellites and ground-based observations. The
ground-based Umkehr technique [e.g., Mateer, 1965;
Petropavlovskikh et al., 2005] provides information on
stratospheric and limited information on upper tropospheric
O3 profiles using measurements of zenith-sky UV radiances
at different solar elevations. Umkehr observations are
restricted to measurements near sunrise and sunset (Solar
Zenith Angles, SZAs, between 60� and 90�) and last
approximately 2 h, during which significant changes in
atmospheric conditions can occur, causing O3 retrieval
errors. Satellite nadir-viewing (e.g., Solar Backscatter
Ultraviolet, SBUV, Global Ozone Monitoring Experiment,
GOME, and Scanning Imaging Absorption Spectrometer for
Atmospheric Cartography, SCIAMACHY) and limb-viewing
(e.g., Stratospheric Aerosol and Gas Experiment, SAGE,
and SCIAMACHY) observations can derive only one O3

profile, or tropospheric column O3 amount, per day using
optimal estimation theory [e.g., Hoogen et al., 1999; Rault,
2005; Palm et al., 2005; Liu et al., 2007] or residual-based
approaches [e.g., Fishman et al., 1990; Ziemke and Chandra,
1999; Schoeberl et al., 2006; Ziemke et al., 2006]. All of the
above passive techniques have little sensitivity to ozone
changes close to the ground (e.g., boundary layer ozone
pollution) and cannot report on diurnal changes.
[4] This paper discusses and applies a new practical

method for retrieving day-to-day variability in stratospheric
O3 profiles, and both seasonal and diurnal variability in
tropospheric O3 vertical distribution. Data are obtained from
sky radiances measured at five Viewing Zenith Angles,
VZAs, (0–72�) and six UV-B wavelengths (303–320 nm)
using a modified, commercially available, Brewer double
spectrometer [Kerr et al., 1985]. Brewer spectrometers are
widely used all over the world for accurate measurements of
solar direct and global irradiance and zenith sky radiances,
as well as retrievals of total column O3, sulfur dioxide, SO2,
and nitrogen dioxide, NO2, amounts [e.g., Kerr et al., 1988;
Cede and Herman, 2005; Cede et al., 2006a].
[5] The technique described in this paper is based on

Radiative Transfer (RT) modeling results showing that the
effect of an ozone change on the sky radiance measured at
the ground depends on the altitude of the ozone change, the
solar and viewing zenith angle of the measurement, and the
wavelength. RT calculations demonstrate that there is suf-
ficient information in the Brewer angular and spectral sky
radiances measured throughout the day to determine tropo-
spheric O3 profile diurnal variability with frequency up to
30 min. On the basis of averaging kernel analysis, Brewer
measurements at large SZAs (>75�) can provide additional
information on stratospheric O3 vertical distributions at least

twice per day, near sunrise and sunset. At large SZAs, the
technique described here provides an improved alternative
to the traditional Umkehr technique [Mateer, 1965;
Petropavlovskikh et al., 2005]. The two improvements
are (1) that the measurement only takes a few minutes
(compared to approximately 2 h in the Umkehr method)
and (2) that the retrieval has better vertical resolution in
the lower stratosphere (i.e., Umkehr layer 3).
[6] The retrieval method uses an optimal estimation

approach [Rodgers, 2000] to invert Brewer radiance mea-
surements and retrieve O3 profiles. Climatological a priori
information, obtained by combining satellite ozone data
with data from balloon ozonesondes [McPeters et al.,
2007], and total column O3 amounts, derived by nearly
simultaneous direct-sun Brewer observations, were used to
stabilize and constrain the retrieval. The optimal estimation
O3 profile retrieval approach has been discussed previously
in theory-only studies. Liu et al. [2006] demonstrated the
possibility and information content of retrieving tropo-
spheric O3 at a solar zenith angle of 45�, using synthetic
downwelling UV spectral radiances (300–340 nm), neglect-
ing polarization, and assuming a cloud-free and aerosol-free
sky. Guo et al. [2007] recently presented a method for
retrieving O3 profiles from simulated sky polarization data
(300–345 nm) obtained from a virtual ground-based
spectrometer at 0.2-nm spectral resolution (226 channels
used in their retrieval) and a signal-to-noise ratio better than
500 at all wavelengths. As mentioned by Guo et al. [2007],
their synthetic retrieval was conducted with very specific
geometry and parameterization and for perfectly known
atmospheric temperature and aerosol profiles, which is
unlikely to be true for real cases.
[7] The radiative transfer study and data analysis pre-

sented here is the first practical tropospheric O3 profile
retrieval that applies the optimal estimation method to a
dynamic atmosphere (that includes changing O3, aerosols
and trace gas amounts) and to the data and technical
characteristics of an existing class of ground-based spec-
trometers. Currently, there are more than 50 Brewer double
spectrometers operating worldwide that could be adapted
for this technique, with the majority in Canada, the US, and
Europe. Modification of the Brewer instrument is necessary
to eliminate instrumental polarization sensitivity so that
accurate sky radiances can be obtained in the presence of
aerosols.
[8] The emphasis in this paper is on the development and

optimization of the tropospheric O3 inversion algorithm, as
applied to the technical characteristics of the Brewer
instrument (section 2) and information content analysis of
simulated Brewer sky radiance data (sections 3.1–3.2).
Section 3.3 discusses the application of the retrieval to
measurements obtained from the modified Mark III Brewer
double spectrometer located at Goddard Space Flight Center
(GSFC) in Greenbelt, Maryland, USA (38.98�N, 76.83�W).
Results demonstrate that including a measured site-specific
and time-dependent aerosol correction is critical to achieving
an accurate fit to the sky radiance spectra and O3 retrieval.
Extending the technique to include longer wavelengths (i.e.,
l > 320 nm) could provide information on both O3 vertical
distribution and aerosol properties. In this study, the aerosol
optical properties (e.g., Aerosol Optical Thickness, AOT,

D06304 TZORTZIOU ET AL.: O3 PROFILE RETRIEVAL FROM BREWER

2 of 14

D06304



and Single Scattering Albedo, SSA) were not included as
part of the retrieved state vector, but were considered as
nonretrieved forward model parameters that were applied
as a dynamic correction. A detailed sensitivity study on the
effects of uncertainties in the measured aerosol properties
on the O3 retrieval is presented in section 3.4.

2. Methodology

2.1. Brewer Instrument

[9] In its various models, the Brewer spectrometer [e.g.,
Kerr et al., 1985] has been available for almost 25 years as a
means of making accurate measurements of solar irradiance
and zenith sky radiances, which can then be used to derive
total column O3, SO2, and NO2 amounts [Kerr et al., 1988;
Fioletov et al., 1998; Cede and Herman, 2005; Cede et al.,
2006a]. A newer version, the Mark-III Brewer double
spectrometer, has been used to derive more accurate total
column O3 and SO2 with the advantage of a very low
internal stray light fraction (<10�7) at the short UV-B
wavelengths. The very low instrumental stray light makes
the Mark III Brewer ideal for measuring sky radiances in the
UV spectral region except for the problem of polarization
sensitivity related to the grating and to the flat quartz
entrance window (Fresnel effect) covering the entrance port
[Cede et al., 2006b]. To eliminate both sources of polari-
zation sensitivity so that accurate sky radiances can be
obtained in the presence of aerosols, our Mark III Brewer
instrument (#171) was modified in 2004 by introducing a
depolarizer in front of the grating and by installing a curved
quartz window such that the measured incident radiation is
always perpendicular to the window surface (Figure 1).
[10] The Brewer #171 double monochromator has a

wavelength range from 282.6 to 363.6 nm and an approx-
imately triangular slit function with full width at half
maximum from 0.47 to 0.67 nm that decreases with
increasing wavelength. In the initial data reduction, raw
counts of the Brewer are converted to ‘‘effective count
rates,’’ which includes the laboratory radiometric calibra-
tion, corrections for the dark count, the internal attenuation

by neutral-density filters used to adjust the intensity reach-
ing the detector, the dead time of the photomultiplier tube,
and the instrument’s temperature dependence. The narrow
field-of-view port of Brewer #171 is absolutely calibrated in
our laboratory using the method described by Kazadzis et
al. [2005].
[11] The Brewer can operate either in a ‘‘scanning

mode,’’ where the gratings are moved and any wavelength
can be selected, or in a ‘‘slit mask mode,’’ which allows
nearly simultaneous measurements at six wavelengths that
are about 3 nm apart at fixed grating positions. In the slit
mask mode, the measured signals are obtained from multi-
ple runs over all six wavelengths. In the solar plane, sky
radiance measurements are obtained with a total integration
time of �0.5 s at each wavelength and each VZA. For total
column O3 retrievals [Kerr et al., 1981] and trace gases
(SO2 and NO2) [Cede et al., 2006a], the Brewer is operated
in direct-sun viewing mode.
[12] The Brewer direct-sun UV irradiance measurements

can also provide information on AOT at various wave-
lengths between 303 and 363 nm [Carvalho and Henriques,
2000; Groebner et al., 2001; Cheymol and De Backer,
2003; Bais et al., 2005; Kazadzis et al., 2005]. The Brewer
spectrometer at GSFC has always operated in conjunction
with Cimel Sun photometers (reference instruments of
NASA AERONET network: http://aeronet.gsfc.nasa.gov
[Holben et al., 1998]) that provide additional aerosol
information (e.g., AOT, particle size distribution (PSD)
and SSA at visible wavelengths l > 440 nm) [e.g., Dubovik
et al., 2002]. In addition, the Brewer at GSFC operates in
conjunction with a UV Multifilter Rotating Shadowband
Radiometer (MFRSR) that measures total column O3

[Slusser et al., 1999; Gao et al., 2001], and AOT and
SSA in the UV [Krotkov et al., 2005a, 2005b]. The UV-
MFRSR was recently modified to add a 440 nm channel so
as to overlap the Cimel almucantar inversions [Dubovik et
al., 2002] and provide information on the spectral depen-
dence of SSA values eliminating a potentially incorrect
extrapolation from the visible range [Krotkov et al., 2007].
[13] The tropospheric O3 retrieval described here uses

spectral and angular sky radiances in the solar principal
plane measured at the Brewer’s #171 six wavelengths at
the standard ozone slit mask position (303.22, 306.32,
310.06, 313.50, 316.79, 319.98 nm). Because aerosol for-
ward scattering within the solar aureole affects the accuracy
of the Brewer measurements, only sky radiances measured
at the anti-sun direction were used in the retrieval. Measure-
ments in the solar plane anti-sun direction are performed at
five VZAs (0, 18, 36, 54, 72�). A complete scan of the
principal plane (solar and antisolar directions) is made every
�30 min throughout the day. The random noise standard
deviations in the Brewer UV radiances (±sN, see Table 1)
are typically larger for shorter wavelengths, larger VZAs,
and larger SZAs. In addition to random noise, absolute sky
radiances measured by the Brewer instrument are estimated
to have approximately a 2% uncertainty (1 sigma). A small
fraction of the uncertainty (�0.5%) is due to the wavelength
calibration and wavelength stability of the instrument, which
affects each wavelength differently. The larger fraction of the
uncertainty is in the absolute radiometric laboratory calibra-
tion, affecting all wavelengths approximately in the same

Figure 1. A photograph of the modified Mark III Brewer
double spectrometer (#171) at NASA GSFC site in
Greenbelt, Maryland, showing the modified curved radiance
entrance port on the bottom right.
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way. This bias can largely be removed by normalizing the
measured radiance spectra to measurements at a specific
VZA or a specific wavelength. To minimize the effect of the
calibration bias, the O3 retrieval was performed after nor-
malizing all radiances in the five shortest-wavelength slit
mask positions (303.22–316.79 nm) to the radiances mea-
sured at 319.98 nm, which is the least affected by changes in
O3. Reducing the number of independent wavelengths from
six to five increases the statistical noise in the retrieval, but
improves the accuracy.

2.2. Tropospheric Ozone Inversion Algorithm

[14] The inversion strategy for O3 profile retrieval uses a
forward RT model to simultaneously fit Brewer angular and
spectral measurements of sky radiance, I(VZA, l), con-
strained by the nearly simultaneous Brewer direct-sun total
column ozone measurement, TCO. The TCO measurement
is practically independent of the ozone profile shape at
SZAs less than 80�. The inversion algorithm is based on the
optimal estimation approach [Rodgers, 2000], and uses
climatological a priori O3 profile information [McPeters et
al., 2007] to stabilize the retrieval. The basic equations used
are:

y ¼ f xð Þ þ ey
xa ¼ xþ ea ð1Þ

Here, solar-normalized sky measurements or N values,
defined as N(VZA, l) = �100 log10[I(VZA, l)/F], where
F is the solar irradiance (ATLAS-3 SUSIM solar spectrum
convolved with the measured wavelength-dependent
Brewer slit functions and corrected to the actual Sun-Earth
distance), are combined with the Brewer measurement of
TCO into a single measurement vector, y. As mentioned in
section 2.1, Brewer measurements in the five shortest-
wavelength slit mask positions (303.22–316.79 nm) were
normalized to those at 319.98 nm to minimize systematic
errors in sky radiances (both from the model and
measurements). The retrieval assumes that residual random
errors have a Gaussian distribution about the mean with
known covariance matrix Sy (covariance matrix has only
diagonal elements, Table 1). To constrain the retrieval to

only positive ozone values, the state vector x is defined as
the natural logarithm of the ozone amount, wj, in the
standard Umkehr layer j: x = [xj] = [ln(wj)], for j = 0:10 [0–
5, 5–10, 10–15, 15–20, . . ., 45–50 km]. The measure-
ments are constrained with the a priori ozone profile; ea is
the error in the a priori ozone profile xa with covariance
matrix Sa [McPeters et al., 2007] (see also discussion
below).
[15] According to the optimal estimation approach, the

statistically best solution that can be derived from all given
data is a vector xo corresponding to the minimum of the
following quadratic form (cost function with regularization
term):

Y xð Þ ¼ y� f xð Þð ÞTS�1
y y� f xð Þð Þ þ xa � xð ÞTS�1

a xa � xð Þ ð2Þ

Minimization of the cost function Y(x) is implemented
using Gauss-Newton iterations of a linearized approxima-
tion K of the forward model f(x) at each iteration step:

xpþ1 ¼ xp þ Spþ1 KT
pS

�1
y y� f xp

� �� �
þ S�1

a xa � xp
� �h i

ð3Þ

where, {Kp}i,j = {@f(x)}i/@xjjxp is the Jacobian weighting
function matrix of the partial derivatives (sensitivity of the
forward model F to the state x) in the near vicinity of the
vector xp and Sp+1 = (Kp

TSy
�1Kp + Sa

�1)�1 is the solution
error covariance matrix. The partial derivative elements for
sky radiances Kp are recalculated numerically at each
iteration step by finite differencing forward model calcu-
lated Ni values (TOMRAD code, see section 2.3) with
respect to logarithms of the layer ozone amounts. The
iteration starts with some initial estimate of the state xin and
continues until the convergence is satisfied when both the
norm of the vector Dxp (difference between iterations) and
the cost function increment become less than specified
threshold values (i.e., 0.3% change in the cost function). It
should be noted here that forward calculations are done
for all orders of scattering, as compared with traditional
Umkehr retrieval forward model, where only single
scattering is recalculated at each step and multiple scattering
is taken from the look-up tables while it is still adjusted for
ozone profile change.
2.2.1. A Priori Ozone Information
[16] The optimal estimation approach [Rodgers, 2000]

uses climatological a priori information to stabilize the
retrievals. The O3 climatology used in this paper, was
derived by combining data from the SAGE II instrument
on the ERBS satellite and the Microwave Limb Sounder
(MLS) instrument on UARS satellite with data from balloon
ozonesondes [McPeters et al., 2007]. This climatology was
produced for use with the Version 8 Total Ozone Mapping
Spectrometer (TOMS) and SBUV ozone profile retrieval
algorithms. For the inversion of simulated Brewer data
(section 3.1), the a priori O3 profile and covariance matrix,
Sa, were derived from the climatology for latitude zone 30–
40�N and the month of January. For the inversion of Brewer
measurements obtained on 23 July 2005 (section 3.3), an
ozone climatology for the latitude zone 30–40�N and the
month of July was used. Because the ozone retrieval method
described here is particularly sensitive to changes in tropo-

Table 1. Random Noise (2-Sigma) in Brewer Radiances,

Estimated as the Average of Data Obtained at the GSFC Site in

2005a

SZA (deg) VZA

Wavelengths (nm)

303 306 310 313 316 320

75 72 3.18 1.66 0.83 0.48 0.33 0.30
75 54 3.32 1.71 0.85 0.49 0.34 0.30
75 36 3.35 1.66 0.82 0.46 0.31 0.30
75 18 3.51 1.64 0.77 0.42 0.30 0.30
75 0 4.04 1.82 0.81 0.43 0.30 0.30
45 72 1.10 0.76 0.57 0.40 0.31 0.30
45 54 1.18 0.84 0.62 0.41 0.35 0.30
45 36 1.25 0.86 0.62 0.41 0.38 0.31
45 18 1.25 0.86 0.62 0.41 0.33 0.30
45 0 1.30 0.87 0.61 0.40 0.31 0.30

aOnly SZA = 45� and SZA = 75� are shown here. The 2-sigma noise in
Brewer data is in %.
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spheric O3, especially at small SZAs, the a priori constraint
is relaxed in the first three Umkehr layers by increasing the
a priori standard deviation (similarly as described by Liu et
al. [2006]). However, for retrievals at small SZAs, a strong
a priori constraint is forced for stratospheric layers, because
the small-SZA observations are not very sensitive to
changes in stratospheric ozone. The retrieval assumes no a
priori correlations between O3 layers (zero off-diagonal
elements of Sa).
2.2.2. Error Estimate
[17] The solution error covariance could be split between

smoothing and retrieval errors [Rodgers, 2000]:

x̂ � x0 þ A� Ið Þ x0 � xað Þ þGyey ð4Þ

The smoothing error is defined by the averaging Kernel
matrix A = GyKx, which represents the sensitivity of the
retrieved state x̂ to the perturbations in the true state xo (I is
identity matrix in state space) and the a priori ozone
statistics (covariance matrix). Since ozone profile statistics
are not known at the GSFC site, no attempt was made to
characterize the smoothing error here, considering the
retrieval as an estimate of the smoothed true ozone profile
[Rodgers, 2000]. The retrieval error is given by the Gyey
term, where Gy = Sp+1Kp

TSy
�1 is the gain matrix and ey is

calculated from estimates of the Brewer measurement noise
(see Table 1), neglecting forward RT model errors
(TOMRAD RT code [Dave, 1964]). The forward RT model
errors are not expected to be significant, since the algorithm
uses an accurate vector treatment of sky radiance multiple
scattering for exact observational geometry and realistic
aerosol corrections based on colocated and nearly simulta-
neous ancillary measurements of aerosol optical properties
(see section 2.3). Thus, the covariance of the retrieval noise
is determined by Brewer measurement noise, Sm = GySeGy

T,
where the Brewer measurement noise covariance matrix Se
is assumed diagonal with variances shown in Table 1.

2.3. Forward Radiative Transfer Models and Data
Simulation

[18] The auxiliary equations method, which accounts for
all orders of scattering and polarization effects (TOMRAD
RT code [Dave, 1964]), was used as a forward model to
calculate radiances and weighting functions during the
retrieval process. The TOMRAD RT code assumes a hori-
zontally homogeneous Rayleigh atmosphere with a speci-
fied O3 profile, neglecting the effects of aerosols. The
pseudo-spherical geometry correction (no refraction) was
applied to the direct solar irradiance. Forward model calcu-
lations were performed using O3 and temperature profiles,
spline interpolated to 101 pressure layers (20 equal logP
layers per decade of pressure). The O3 absorption coeffi-
cients estimated for the GOME satellite instrument [Burrows
et al., 1999] were used, along with the Rayleigh scattering
coefficients and depolarization factors [Bates, 1984], slit-
averaged using measured Brewer slit functions and weighted
using ATLAS-3/SUSIM solar flux.
[19] The TOMRAD RT code was also used to simulate

Brewer measurements for a pure Rayleigh scattering atmo-
sphere. Surface albedo was fixed equal to 0.02 at all wave-
lengths. Simulations were performed for the Brewer’s six

wavelengths (303.22–319.98 nm), for five Brewer VZAs
(0–72�) in the solar plane, and various SZAs (<75�).
Estimated random noise, based on the 1-sigma error observed
in the Brewer total column O3 amount (�0.5%) and the
Brewer UV radiances (±sN, see Table 1), was applied to the
synthetic measurement vector. The random noise applied to
the simulated radiances was estimated for each wavelength,
VZA and SZA, as the average noise of all measured
data obtained in 2005. Ozone retrievals were repeated for
10 independent realizations to estimate error propagation
from random noise to the retrieval (see section 3.1).
[20] Since the TOMRAD RT model does not allow for

aerosol scattering, the University of Arizona Gauss-Seidel,
pseudo-spherical polarized RT code [Herman et al., 1995]
was used to simulate Brewer measurements for a real
atmosphere that includes both O3 and aerosols, and to
calculate aerosol corrections during the retrieval process.
The interface to the Arizona code and specification of the
background atmosphere were modified to match that of the
TOMRAD code and ensure that the two codes were in
agreement (<0.1%) for a pure Rayleigh scattering atmo-
sphere. Time-dependent and site-specific aerosol optical
models were constructed using Brewer direct-sun measure-
ments of AOT in the spectral range 303 to 320 nm. Brewer
AOT were corrected for gaseous absorption from O3 and
NO2 and agreed, within specified uncertainty (i.e., better
than �0.02), with spectrally extrapolated AOT from
AERONET network-reference Sun photometers. The aero-
sol size distribution was derived from AERONET almu-
cantar inversions [Dubovik et al., 2002]. The aerosol SSA in
the UV-B wavelength region, which cannot be obtained
from AERONET, was estimated from the measurements of
global and diffuse atmospheric transmittances measured by
a UV-MFRSR instrument [Krotkov et al., 2005b, 2007].
Aerosol vertical distributions in the boundary layer were
chosen in agreement with micropulse lidar measurements at
Goddard (MPL net, http://mplnet.gsfc.nasa.gov/).
[21] The aerosol correction was calculated by running the

Arizona RT code for two cases, one for a pure Rayleigh
atmosphere and the second with aerosols added to the
model. The runs were made with the exact measurement
geometry (SZAs and VZAs) and an a priori O3 profile
scaled to the total column ozone amount measured by the
Brewer. The correction was applied to the TOMRAD
calculated radiances at each iteration step. For small
amounts of aerosols (e.g., AOT500 = 0.23, typical clear
day at the GSFC site [Dubovik et al., 2002]), there is little
effect on the weighting functions, but significant effect on
the sky radiances and O3 retrieval. This procedure allows
the much faster TOMRAD RT model to be used directly in
the retrieval algorithm.
[22] Corrections for the Ring effect were not included in

the retrievals shown below. Preliminary calculations dem-
onstrated that this effect has little impact on the O3 retrieval
at all Brewer wavelengths except 310 nm (data not shown
here). Results showed that the retrieval method works well
even when information at 310 nm is not included (see
section 3.1). If necessary, normalization of sky radiances to
zenith direction [Liu et al., 2006] practically eliminates the
Ring effect, at the cost of reducing stratospheric information
content of the measurements. Zenith normalization did not
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significantly change the retrieved tropospheric ozone values,
but increased the random noise in the retrieval. The algo-
rithm presented here does not use zenith sky normalization.

3. Results and Discussion

3.1. Inversion Characterization

3.1.1. Air Mass Factor
[23] The air mass factor, AMF, concept was used to

examine the sensitivity of the sky radiance measurements
to relative changes in O3 amount in a given vertical layer.
The AMF can be expressed as the ratio of the fractional
change in logarithm of sky radiance at a specific wavelength
and VZA, Dln(Ii(x)), when the O3 absorption optical
thickness in a certain layer j is perturbed by a small amount
Dtj, to Dtj: AMFi,j = Dln(Ii(x))/Dtj [Liu et al., 2005]. In
general, a larger AMF in a layer means increased sensitivity
to ozone change. The calculated AMFs are shown in Figure 2
for Brewer measurements at 312 nm, five VZAs in the solar
plane (0, 18, 36, 54, 72�) and three SZAs (45, 60 and 75�).
[24] At 45� SZA and VZA = 0� (Figure 2a), the AMF

increases with decreasing altitude reaching a maximum
value at about 6 km (or, within Umkehr layer 1). This
suggests that zenith sky measurements at SZA = 45� are
most sensitive to O3 changes at this altitude. As SZA
increases, zenith sky measurements become more sensitive

to higher altitudes (i.e., maximum value at 7 km for SZA =
60�, Figure 2b). As the VZA increases, the altitude of
maximum AMF decreases and the absolute value of AMF
increases, suggesting that measurements at large VZAs (i.e.,
72�) become increasingly sensitive to O3 changes closer to
the surface (Figures 2a and 2b). At altitudes higher than
Umkehr layer 4 (20 to 25 km), the AMFs are the same for
all VZAs and equal to the estimated geometrical path
(indicated in Figure 2 as the vertical dashed line). This
means that there is no additional information about strato-
spheric O3 in multiple angle sky measurements at small to
moderate SZAs less than approximately 60�. The results
presented here for SZA = 45� are consistent with Liu et al.
[2006, Figure 2a].
[25] At SZA = 75� (Figure 2c) and VZAs smaller than

�54�, the AMF increases with increasing altitude suggest-
ing that Brewer sky measurements at large solar zenith
angles are sensitive to stratospheric O3 changes. Moreover,
Brewer measurements at large VZAs (e.g., 72�) are equally
sensitive to O3 changes in the lower troposphere regardless
of SZA (Figures 2a and 2b), suggesting that Brewer sky
measurements at different SZAs can provide information on
diurnal changes in surface O3 amounts.
3.1.2. Averaging Kernels
[26] The averaging Kernel matrix A = GyKx, represents

the sensitivity of the retrieved state x̂ to the perturbations in

Figure 2. The Air Mass Factor for (a) SZA = 45�, (b) SZA = 60�, and SZA = 75�. Results are shown at
312 nm and five VZAs (0, 18, 36, 54, and 72). The dotted line is the value of the geometrical path
(�sec(SZA)).

Figure 3. Averaging Kernels at SZAs (a) 75�, (b) 65�, (c) 55�, (d) 45�, and (e) 35�.
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the true state xo The Averaging Kernels were estimated for
five different SZAs in the range 35–75� (Figure 3). On the
basis of these results, at relatively large SZAs (close to
sunrise and sunset) the retrieval is more sensitive in the
upper troposphere and lower stratosphere (Umkehr layers 2,
3) than in the middle troposphere (e.g., Umkehr layer 1)
(Figure 3a). The estimated averaging kernel for Umkehr
layer 3, peaks at the right altitude and is well resolved,
which is an improvement over the traditional Umkehr
technique where the kernel for layer 3 has significant
negative excursions [e.g., Rodgers et al., 1998]. Moreover,
at SZA = 75�, the lower troposphere (Umkehr layer 0) is
also very well resolved (retrieval sensitivity close to 1,
Figure 3a). This is in agreement with our AMF calculations.
[27] As the SZA decreases (e.g., morning to noon), the

sensitivity to profile shape moves downward in the atmo-
sphere providing increasingly accurate retrievals in the
lower and upper troposphere (e.g., Figures 3c–3e). At
SZAs = 35–55�, Umkehr layers 0, 1, 2 are well resolved,
with retrieval sensitivity close to 1 in layers 0 and 1. This
means that we can expect resolved ozone points near the
surface, at about 2, 7 and 12 km. These results are in agreement
with the calculations of AMF shown in Figures 2a and 2b for
SZAs 45� and 60�.
[28] The midlatitude stratospheric O3 profile shape is

assumed approximately constant from sunrise to sunset.
Thus, information on stratospheric O3 obtained at the
beginning or end of the day (e.g., SZA = 75–85�) can be
used as a priori knowledge to constrain stratospheric O3 for
the retrievals at smaller SZAs when the sky measurements
are not as sensitive to O3 changes at high altitudes (Figure 2).
Hourly retrievals at SZAs smaller than �75� can then be
used to track diurnal tropospheric variability in O3. On days
when this assumption fails, as whenever a stratospheric
plume of equatorial air moves toward higher latitudes, the
lower tropospheric retrieval will still be accurate, but
the middle troposphere and lower stratosphere will not.
The overall error will be constrained by the hourly, accurate
measurement of total column ozone amount.

3.1.3. Ozone Retrieval Tests
[29] To test the retrieval method performance and subse-

quently optimize the inversion algorithm, retrievals were
initially performed using simulations of Brewer measure-
ments derived as described in section 2.3. Ozone retrievals
were performed at large (75�) and relatively small (45�)
SZAs. To demonstrate the sensitivity of the retrieval at
different altitudes, simulations were performed for an atmo-
sphere with an assumed ‘‘true’’ O3 vertical distribution that
was different (see Figure 4) from the climatological O3

profile in all Umkehr layers. In addition, the simulations
included some diurnal variation in the ‘‘true’’ total column
ozone and tropospheric O3 amounts. At SZA = 75� ‘‘true’’
O3 values were 22 and 20 DU in Umkehr layers 0 and 1,
respectively, and TCO was 305 DU. At SZA = 45� ‘‘true’’
O3 was 37 and 25 DU in Umkehr layers 0 and 1, respec-
tively, and TCO was 325 DU. Stratospheric O3 in the ‘‘true’’
profiles was kept constant throughout the day. As shown in
Figure 4, retrieval results were consistent with expectations
based on the results of air mass factor and averaging kernel
calculations.
[30] For the retrieval at SZA = 75� (Figure 4a), the

climatological O3 profile was used as a priori information
(dashed line in Figure 4a). The retrieved O3 values in
Umkehr layers 3 through 9 were in good agreement with
the ‘‘true’’ O3 as expected on the basis of the AMF and
Averaging Kernel analyses (estimated standard deviation in
the retrieval is shown as x axis error bars). These results
show that at large SZAs, the retrieval method provides an
improved alternative to the traditional Umkehr technique
[Mateer, 1965; Petropavlovskikh et al., 2005]. The two
improvements are (1) that the measurement only takes a
few minutes and (2) that the retrieval has better vertical
resolution in the lower stratosphere (i.e., Umkehr layer 3).
In addition, the SZA = 75� retrieval at Umkehr layer 0 was
in good agreement with the ‘‘true’’ O3 values at SZA = 75�
suggesting that Brewer measurements at large SZAs can
also provide accurate tropospheric O3 information close to
the Earth’s surface.

Figure 4. Climatological a priori (dashed line), ‘‘true’’ (solid line), and retrieved (circles) O3 profiles for
retrievals at (a) SZA = 75� and (b) SZA = 45�. (c) Retrieval at SZA = 45� using the Brewer measurements
at the beginning of the day (i.e., SZA = 75�) as a priori O3 information to constrain O3 in the stratosphere.
(d) Same as Figure 4c but retrievals at SZA = 75� and SZA = 45� were performed without including the
310 nm wave band. The horizontal bars represent one standard deviation in the retrieval resulting from
the measured noise in simulated radiances (Table 1).
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[31] An O3 retrieval was performed for measurements at
SZA = 45� (Figure 4b), using the climatological O3 profile
as a priori information (dashed line in Figure 4b). In this
case, retrieved O3 values, agreed well with the ‘‘true’’ O3 in
the first three Umkehr layers. As expected from the aver-
aging kernels, the small SZA retrieval did not perform well
in the stratosphere because most of the information at high
altitudes is provided by the a priori O3 profile. To correct
this problem, the retrieval at SZA = 45� was performed
again using the retrieval at SZA = 75� as a priori informa-
tion to constrain O3 at high altitudes (Figure 4c). This
removes most of the effect of errors in the upper strato-
sphere on the retrievals at lower altitudes. Retrieved O3

values were in good agreement with the ‘‘true’’ O3 close to
the ground, despite the fact that the ‘‘true’’ tropospheric O3

at SZA = 45� was considerably different than that at SZA =
75� because of assumed diurnal variation. Standard devia-
tions in the retrieval and estimated differences between
retrieved and true O3 profiles were relatively small. Similar
results were obtained when the retrieval performance was
examined after excluding the 310 nm wavelength to avoid
possible errors due to Ring effects (Figure 4d).

3.2. Aerosol Effect

[32] One of the main objectives of this study is applica-
tion of the inversion technique to a real atmosphere where
both O3 and aerosols change throughout the day and affect
UV sky radiances measured from the ground. Although
normalization of Brewer measurements in the five shortest-
wavelength slit mask positions to 319.98 nm minimizes
systematic errors in sky radiances, this normalization does
not sufficiently remove the effect of aerosols. As an
example, Figure 5 shows the effect of aerosols on Brewer-
measured radiance ratios for a relatively clear summer
atmosphere at the GSFC site. For this specific case, mea-

sured aerosol parameters were AOT(500) = 0.18, AOT(320) =
0.41, and SSA = 0.94. A typical clear day at the GSFC site
has an AOT(500) of about 0.23 [Dubovik et al., 2002].
Calculations were performed using the Arizona RT code
for SZA = 45�, TCO = 323 DU, and an O3 profile shape
from the TOMS climatology for the month of July (latitude
zone 30–40�N).
[33] Even for this relatively clear day, the effect of

aerosols on the N values (DN = N(aerosol) � N(no aerosol))
was of the order of ±25% (±10 N values) and strongly
dependent on the VZA for all wavelengths in the range
303–320 nm (Figure 5a). Normalizing N values spectrally
to 319.98 nm reduced the aerosol effect to ±8% (±3 N
values) (Figure 5b). Further normalizing sky radiances to a
specific direction (e.g., zenith sky), did not reduce the
aerosol effect because of the strong VZA dependence of
the sky radiances and spectral ratios. These results show
that, even on apparently clear summer days, the spectral and
angular dependence of aerosol scattering significantly
affects the spectral and angular dependence of radiance
ratios in the 303–320 nm spectral region with subsequent
effects on the O3 retrieval. Therefore, aerosol effects were
explicitly included in the retrieval using the Arizona RT
code and site-specific and time-dependent aerosol optical
models constructed as described in section 2.3.

3.3. Ozone Retrievals Using Measured Sky Radiances

[34] The O3 profile retrieval method was applied to
measured radiances obtained by the modified double
Brewer spectrometer operating at GSFC. The retrievals
are shown below for data collected under cloud-free con-
ditions on 23 July 2005. Brewer TCO during that day varied
between 312 and 323 DU. The SBUV/2 TCO, measured
over GSFC on 23 July 2005 (SZA = 34�), was 312 DU. The
climatological O3 profile for the latitude zone 30–40�N and

Figure 5. Effect of aerosols on (a) N values (estimated as N(w-AC) � N(w/o-AC)) and (b) radiance ratios
(estimated as Rad.Ratio(w-AC) � Rad.Ratio(w/o-AC)). w-AC denotes Arizona runs for an atmosphere that
includes aerosols, and w/o-AC denotes Arizona runs for same atmosphere but no aerosols. Each point
corresponds to a specific VZA (0–72�) and wave band (Figure 5a), or wave band ratio (Figure 5b). Here,
Brewer wavelength labels are rounded to three significant digits.
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the month of July [McPeters et al., 2007] was used as a
priori information for the retrieval at SZA = 75�. The O3

profile retrieved from measurements at SZA = 75� was then
used as an a priori for the retrievals at smaller SZAs. RT
model calculations were performed for the exact values of
measured Brewer wavelengths, SZAs, and VZAs to avoid
look-up table interpolation errors. Information on surface
pressure was derived from measurements from the nearby
(5 km) USDA location in Beltsville, MD, reduced by
�2 mbar to account for the change in altitude between
the Beltsville location and the GSFC Brewer location.
[35] Retrievals were initially performed for a pure

Rayleigh atmosphere (Figure 6a), and then corrected for
aerosols (Figures 6b and 6c). Inversion of the Brewer data
without a correction for aerosols resulted in large systematic
N value residuals that were (1) significantly larger than
expected on the basis of the measurement errors, (2) large
at all wavelengths, and (3) strongly dependent on VZA
(Figure 6a; only results for SZA = 45� are shown here,
qualitatively similar results were obtained for retrievals at
other SZAs). The magnitude and shape of the residuals were
similar to the magnitude and shape of the residuals shown in
Figure 5a, indicating the presence of aerosols and the need
to correct for the aerosol effect. Neglecting the effect of

aerosols in the retrieval, results in an incorrect O3 profile
that has the same effect on the calculated radiance ratios as
the combined effect of ozone and aerosols present in the
atmosphere. The O3 profiles retrieved in this case are shown
in Figure 7a for SZA = 45� and 75�. The retrieved O3

profiles were considerably different than the SBUV/2 mea-
sured O3 profile both in the troposphere (e.g., Umkehr layer
0) and in the stratosphere.
[36] Including a correction for the effect of aerosols in the

inversion of the Brewer data significantly reduced the resid-
uals in the N values (Figure 6b). The aerosol correction was
estimated using the methodology described in section 2.3.
Measured AOT(320), based on the Brewer direct-sun mea-
surements, was 0.315 at SZA = 75� and 0.41 at SZA = 45�.
Single scattering albedo, derived using the direct/diffuse
irradiance ratio measured with the colocated UV-MFRSR,
was 0.94 without large diurnal variation. The aerosol
vertical distribution in the boundary layer was chosen in
agreement with Micropulse lidar measurements performed
during the same day at the GSFC site (lidar measurements
performed during 1200–2400 UTC). Including this first-
order aerosol correction in the retrieval reduced the residuals
in the N values from ±10 N values (without aerosol
correction) to less than ±1 N values (�2%) (results for

Figure 6. Residuals in N values between Brewer data (23 July 2005, SZA = 45�) and retrieval
(a) without aerosol correction (w/o-AC) and (b) after correcting for the aerosol effect (w-AC).
(c) Residuals in radiance ratios between Brewer data and retrieval after correcting for the aerosol effect.
Each point corresponds to a specific VZA (0–72�) and wave band (Figures 6a and 6b), or wave band
ratio (Figure 6c). Similar results were obtained for SZA = 75�. Here, Brewer wavelength labels are
rounded to three significant digits.
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SZA = 45� are shown in Figure 6b; similar results were
obtained for retrievals at SZA = 75�). Estimated residuals in
radiance ratios, after correcting for aerosols, were less than
±0.7 N values (Figure 6c), and in almost all cases less than
the estimated Brewer measurement noise.
[37] The O3 profiles retrieved after accounting for the

effects of aerosols on the solar principle plane radiance
distributions are shown in Figure 7b for SZAs 45� and 75�.
Estimated O3 amounts in the upper troposphere and in the
stratosphere were in good agreement with the SBUV/2
measurements over GSFC for the same day. For SZA =
45�, the retrieved O3 value at Umkehr layer 2 is likely
overestimated, and at layer 1, subsequently, underestimated
(Figure 7b). These results are probably due to noise in
Brewer measurements (see error bars in Figures 4c and 4d).
The retrieved O3 amount in Umkehr layer 0 was 26 DU at
SZA = 45�. This is consistent with ozonesonde measure-
ments performed at nearby Beltsville, MD, which showed
that O3 amount in Umkehr layer 0 was 29 DU and 30 DU
on 21 and 26 July 2005, respectively (there were no
ozonesonde measurements made on 23 July 2005). How-
ever, the SBUV/2 O3 value in Umkehr layer 0 was 22 DU,
considerably lower than the ozonesonde measurements,
showing that the new Brewer analysis method presented
here provides an improved estimate of the ozone in the
boundary layer.
[38] These results suggest that incorporation of an aerosol

correction based on colocated aerosol measurements is
necessary for removing the large effect of even small
aerosol amounts when retrieving O3 profiles from Brewer
measurements of sky radiances.

3.4. Sensitivity of the O3 Retrieval to Aerosol Model

[39] The sensitivity of the ozone retrieval to (1) AOT,
(2) aerosol SSA, (3) aerosol PSD, and (4) aerosol plume
height was examined, in order to estimate the errors in the

O3 retrieval associated with the uncertainties in the aerosol
optical model.
3.4.1. AOT
[40] The aerosol optical thickness at 320 nm, AOT(320),

was varied between 0.4 and 0.54 (Figures 8a–8d). This
change in AOT affected the viewing angle dependence of
both N values (Figure 8a) and radiance ratios (Figure 8b),
which then affected the absolute values of O3 retrieved in
different Umkehr layers (±6 DU in the first 5 layers and
�11 DU at layer 5; see Figures 8c and 8d). On the basis of
comparisons with AERONET data, the uncertainty in the
AOT values derived from the Brewer direct-sun measure-
ments is �0.02 (1-sigma). Variability in AOT(320) by 0.02
(i.e., from 0.40 to 0.42), affected the retrieved O3 values by
less than ±1.5 DU in different Umkehr layers and had a
negligible effect on the shape of the retrieved O3 profile.
3.4.2. Aerosol SSA
[41] Typical variability in aerosol SSA at 325 nm during

summer at the GSFC site is between 0.86 and 0.95 [Krotkov
et al., 2005b, their Table 1]. A change in SSA by �0.04 had
a noticeable effect on the absolute N values, but only a
small effect on their angular dependence (Figure 8e) and on
the radiance spectral ratios (Figure 8f). As a result, it had a
negligible effect on the O3 retrieval, as shown by the small
differences (±1.4 DU) in the retrieved O3 values in each
Umkehr layer and the almost identical shape of the two O3

profiles (Figures 8g and 8h).
3.4.3. Aerosol PSD
[42] To examine the sensitivity of the retrieval to the

aerosol PSD, the number fraction of coarse particles was
increased by a factor of 10, keeping AOT constant. This
large change in the PSD affected the viewing angle
dependence of the N values (Figure 8i) and radiance ratios
(Figure 8j). As a result, it also affected the retrieved O3

(±7 DU O3 change in different Umkehr layers). However,
O3 in the first Umkehr layer changed by less than 3 DU
(Figures 8k and 8l), while the overall shape of the retrieved
O3 profile was not affected significantly. Such a large
increase in the number fraction of coarse particles would
require predominantly dust aerosol, which is highly unlikely
at the GSFC site. Using PSD climatology for this site
[Dubovik et al., 2002], the expected variability in PSD is
considerably smaller, resulting in a change in O3 by less
than 1 DU in different Umkehr layers.
3.4.4. Aerosol Plume Height
[43] An assumption made in the Arizona code for the

calculation of the aerosol correction concerns the vertical
distribution of aerosols. To examine the sensitivity of the O3

retrieval to the aerosol vertical profile, the retrieval was
performed for two cases with significantly different aerosol
distributions in the troposphere (Figures 8m–8p). In one
case, the maximum aerosol amount was in the boundary
layer followed by an exponential decrease with increasing
altitude. In the second case, the aerosol vertical distribution
was a Gaussian with a maximum at 2 km and standard
deviation 1.5 km. The effect on the retrieved radiance ratios
(Figure 8n) and O3 profile (Figures 8o and 8p) was small,
with differences in O3 less than ±2.3 DU in different
Umkehr layers.
[44] These results suggest that while it is critical to

include the effects of aerosols in the forward model, the
O3 retrieval is mostly sensitive to AOT. AOT can be

Figure 7. Ozone retrieval based on Brewer measurements
from 23 July 2005 (a) for a pure Rayleigh atmosphere and
(b) for the real atmosphere with aerosols. Retrievals are
shown at SZA = 75� (using climatology as a priori
information) and SZA = 45� (using retrieval at SZA = 75�
as a priori information). The SBUV/2 O3 profile and the
ozonesonde measurement (average of ozonesonde measure-
ments performed on 21 and 26 July 2005) are also shown.
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estimated with an accuracy of 0.02 (1-sigma error) from the
Brewer direct-sun measurements that are performed nearly
simultaneously with the sky measurements and at the same
wavelengths as those used in the retrieval. Climatological
values for SSA and PSD can be used to estimate a first-
order aerosol correction [Arola et al., 2005; Bais et al.,
2005; Krotkov et al., 2005b, 2007]. This constrains the
aerosol parameters in the forward model to sufficient
accuracy for reliable tropospheric O3 retrievals.
[45] Calculation of a specific aerosol correction using the

Arizona code requires an assumption about the vertical
distribution of O3. The sensitivity of the O3 retrieval to this

assumption was examined by running the retrieval for two
different aerosol corrections that were calculated for the
same aerosol model, but significantly different O3 distribu-
tions (Figure 9e). The effect on the retrieved O3 vertical
distribution and absolute O3 values was less than ±3 DU at
Umkehr layer 0 (Figures 9c and 9d).
[46] For the purpose of developing the algorithm, the

current method of estimating the effect of aerosols on the
retrievals is based on colocated aerosol measurements (e.g.,
using the Brewer direct-sun AOT, AERONET (PSD), MPL
(vertical distribution) and UV-MFRSR (SSA)). It may be
possible to obtain aerosol information directly from the

Figure 8. Effect of uncertainty in AOT, SSA, PSD, and aerosol plume height on estimated aerosol
correction and O3 retrieval. Residuals in N values are shown only at 303 nm, and residuals in radiance
ratios are shown only at 303/320. Qualitatively similar results were obtained at the other wavelengths.
(a) Residuals in N values (estimated as N(w-AC) � N(w/o-AC)), and (b) residuals in radiance ratios
(estimated as Ratio(w-AC) � Ratio(w/o-AC)) correspond to two aerosol models with different AOT
(AOT(320) = 0.4, solid squares, and AOT(320) = 0.54, open circles). (c) The O3 profiles retrieved for the
two different aerosol corrections. (d) Difference in retrieved O3 values. (e–h) Similar to Figures 8a–8d
but here the two aerosol models had different SSA (SSA = 0.96, solid squares, and SSA = 0.92, open
circles). (i– l) Similar to Figures 8a–8d but here the two aerosol models had different aerosol particle
size distribution (coarser particles, solid squares, and finer particles, open circles). (m–p) Similar to
Figures 8a–8d but here the two aerosol models had different aerosol plume heights. One aerosol
correction was estimated for maximum aerosol amount at the surface (open circles) and the other for
maximum aerosol amount at 2 km (solid squares).
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Brewer data, since the Brewer spectrometer also obtains sun
and sky radiances near 340 nm that are less affected by O3

absorption. Including these measurements in the retrieval
would allow solving simultaneously for aerosol parameters
and O3 distribution for each retrieved O3 profile.

4. Summary and Conclusions

[47] A new practical method is described for retrieving
accurate stratospheric and tropospheric O3 profiles from
measured UV-B sky radiances in the presence of aerosols.
The O3 retrieval method is based on an optimal estimation
technique that minimizes residuals between measured and
calculated sky radiances constrained by measured total
column O3 amount and stabilized by using a climatological
set of a priori O3 profiles. Stratospheric O3 profiles are
obtained at large SZAs (>75�), when the averaging kernels
show sensitivity to the stratospheric ozone. The retrieved

stratospheric profile shape is then used to constrain retriev-
als of tropospheric O3 profiles at smaller SZAs, when the
averaging kernels show increased sensitivity to the tropo-
spheric ozone. The retrieval is performed under the assump-
tion that the stratospheric profile shape remains constant
throughout the day. The averaging kernels show that at least
two to three ozone values can be retrieved in the tropo-
sphere for every Brewer spectral measurement (typically
every 30 min) throughout a substantial portion of each day.
The method was tested using both simulated and measured
sky radiances.
[48] Measurements of sky radiances were made with a

modified Brewer double spectrometer that eliminates
instrumental polarization sensitivity. This is essential, since
aerosols modify the polarization state of the atmosphere and
the absolute values of measured sky radiances. Improperly
corrected measured sky radiances in the presence of aero-
sols lead to a systematic angular dependence in the retrieved
N value residuals and an incorrect O3 profile retrieval.
[49] The results of this study suggest that it is critical to

include the effects of aerosols in the retrieval algorithm. The
O3 retrieval was mostly sensitive to AOT, which can be
estimated at a high accuracy (1-sigma error of 0.02) from
nearly simultaneous Brewer direct-sun measurements. The
best current method of obtaining an aerosol correction, as
needed for reliable tropospheric O3 profile retrievals, is
based on colocated aerosol measurements (e.g., using the
Brewer direct-sun AOT, AERONET-derived PSD, MPL
measurements of aerosol vertical distribution, and UV-
MFRSR-derived SSA). Sensitivity studies have shown that
the total error due to uncertainties in aerosol model param-
eters (estimated as the square root of the sum of the squares
of individual errors due to uncertainties in AOT, SSA, and
PSD) is ±2 DU in Umkehr layers 0 to 5 with no significant
error at higher altitudes. Near the O3 maximum (e.g.,
Umkehr layer 4), the profile accuracy is controlled by the
retrieved total column O3 (measured at an accuracy of
0.5%) and the large SZA retrievals of stratospheric ozone.
Future work will be directed toward more extensive vali-
dation of the O3 retrieval and additional comparisons
between retrieved O3 profiles, balloon ozonesondes and
ozone lidar measurements. Ongoing efforts include extend-
ing this technique to longer wavelengths (e.g., Brewer sky
radiances at 340 nm) for simultaneous retrieval of O3

vertical distribution and aerosol parameters.
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