Tropospheric ozone profiles from a ground-based
ultraviolet spectrometer: a new retrieval method

Xiong Liu, Kelly Chance, Christopher E. Sioris, Michael J. Newchurch, and Thomas P. Kurosu

We present, to the best of our knowledge, a new method to retrieve tropospheric ozone (Os) profiles from
ground-based ultraviolet spectroscopic measurements. This method utilizes radiance spectra in the
Huggins bands (i.e., 300-340 nm) measured at three off-axis angles (e.g., 45°, 75°, and 85°) normalized
to direct-Sun irradiances or zenith-sky radiances with the total column O derived from direct-Sun or
zenith-sky measurements as a constraint. The vertical resolution of the retrieved O; values ranges from
~3 km near the surface to ~12 km at 20 km altitude. This method can be used to measure diurnal
variation of tropospheric O; profiles and is complementary to the Umkehr method that mainly measures

ozone profiles in the stratosphere.

OCIS codes:

1. Introduction

Ozone (O;) plays a key role in the chemical processes
and energy budget of the troposphere.l-2 Currently,
ozonesonde, airborne in situ instruments, and light
detection and ranging (lidar) are the main ap-
proaches to measure tropospheric O; at high vertical
resolution. In addition, limited tropospheric O5 can be
measured from satellite-based instruments such as
the Global Ozone Monitoring Experiment?-7 (GOME)
or ground-based measurements through the Umkehr
method®® but with coarser vertical resolutions of
10-15 km. Retrieving tropospheric O; from these
passive remote sensing observations is a great chal-
lenge, because almost 90% of the total column O,
(TCO) is in the stratosphere.

The first method for measuring O; profiles from
ground-based measurements in the ultraviolet (UV)
is the Umkehr method,°:11 which is currently being
used for routine observations of O; trends from both
Dobson and Brewer instruments. In this method, ra-
tios of zenith-sky radiances at two wavelengths in the
UV, one strongly and the other weakly absorbed by
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03, are measured with the solar zenith angle (SZA)
varying from 60° to 90° during morning and evening
twilight.8 Measured TCO from Dobson or Brewer
measurements is used to constrain the ozone profile
retrieval.® The Umkehr method mainly contains in-
formation about the vertical distribution of O; in the
stratosphere, with about four independent pieces
of information (i.e., significant eigenvectors) at 20—
40 km.12 Petropavlovskikh et al.? stated that approx-
imately 1/4 of the information is actually below
20 km due to the TCO measurement, which was not
considered in the information analysis of previous
studies. Besides having limited information in the
troposphere, the Umkehr observation lasts approxi-
mately 2 h and is restricted to the sunset and sunrise
periods. Similar methods have been applied to mea-
sured NO, profiles from ground-based measurements
along with photochemical models to model the tem-
poral variation of this chemically active species.13-16

Jiang et al.l7 performed a theoretical study to
derive tropospheric O; from ground-based measure-
ments in the Huggins bands. Stratospheric O; con-
tributes to direct irradiances and diffuse (including
zenith and off-axis) radiances mainly by single scat-
tering, while tropospheric O; contributes to direct
irradiances by single scattering and to diffuse radi-
ances mainly by multiple scattering. The ratios of
diffuse radiances to direct irradiances provide a way
to discriminate between tropospheric and strato-
spheric Os. Zenith-sky, off-axis, and multiaxis differ-
ential optical absorption spectroscopy (MAXDOAS)
techniques from ground-based UV-visible measure-
ments have been used to measure trace gases (e.g.,



NO,, 05, OCIO, BrO, SO,, 10, NO;) since the early
1990s.18 Honninger et al.'® demonstrated that verti-
cal profile information of these trace gases in the
lower troposphere can be retrieved from MAXDOAS
measurements. Schofield et al.192° combined both
zenith-sky and direct-Sun measurements to measure
both tropospheric and stratospheric BrO from
ground-based instruments under various low-Sun
conditions. In addition, off-axis measurements with
an airborne UV-visible spectrometer have been used
to retrieve trace gas concentrations. Petritoli et al.2!
measured O; concentrations near flight altitude from
the measured UV spectra at three angles (one near
zenith and two near horizon). An airborne version of
the MAXDOAS (AMAXDOAS) instrument has been
deployed to take UV-visible measurements in both
down-looking and up-looking directions.?2 Bruns et
al.?3 performed a theoretical study to show that pro-
file information for NO, can be obtained from this
instrument. Liu et al.2* proposed mapping tropo-
spheric O4 profiles at high spatial resolutions (2 km
X 2 km) and moderate vertical resolutions (2—6 km)
from airborne UV—visible off-axis measurements nor-
malized by direct irradiances or zenith-sky radiances
at only two up-looking angles close to the horizon
(e.g., 75° and 85°) and any down-looking angle. The
up-looking measurements provide profiling informa-
tion for O; above the aircraft and could be similarly
taken from ground observations to derive height-
resolved information above the ground. Jiang et al.2>
also demonstrated the possibility of retrieving tropo-
spheric O; from both ground-based and spaceborne
polarization measurements of scattered sunlight
because the degree of linear polarization is ten times
more sensitive to tropospheric O, than to stratospheric
0;. Hasekamp and Landgraf2¢é showed that polariza-
tion measurements in addition to the reflection mea-
surements significantly improve the vertical
resolutions of retrieved tropospheric Oj.

This paper presents to our knowledge, a new
method for retrieving tropospheric O5 profiles from
ground-based UV spectra in the Huggins bands
(300—340 nm) at three viewing zenith angles (VZAs)
using optimal estimation. This method refines the
idea of using diffuse radiances and direct irradiances
by Jiang et al.17 to derive tropospheric O5 profiles in
the troposphere and extends the method of Liu et al.2¢
from airborne UV spectra to ground-based UV spectra.
TCO, simultaneously measured using the Dobson or
Brewer method, is used to constrain the profile re-
trieval. This method can be used to measure O in the
troposphere and lower stratosphere with moderate
vertical resolutions and is complementary to the
Umkehr method, which mainly measures O; in the
stratosphere. The focus of this study is to show the
optimal performance of the O; profile retrieval using
simulated radiance spectra under clear-sky condi-
tions. We only consider ozone and background aero-
sols in the radiative transfer simulations and
retrievals. Interferences due to the ring effect, under-
sampling, and other minor species (e.g.,
NO, and SO,) are not considered; atmospheric condi-

tions (e.g., temperature and aerosols) other than the
O, profile are assumed to be known.

2. Methodology

O; profile retrieval from scattered or backscattered
UV measurements is an ill-conditioned problem, i.e.,
there are no unique solutions for the measurements.
Therefore we use the optimal estimation approach,2?
which uses climatological a priori information to sta-
bilize the retrievals, to invert measurements, and to
derive O profiles. A simple description of the optimal
estimation approach relevant to this study has been
provided in Liu et al.?2* Readers are referred to
Rodgers?? for more details. The linearized discrete
ordinate radiative transfer (LIDORT) model28-29 is
used as a forward model to simulate ground-based
measurements and weighting functions. The version
of LIDORT used here implements the pseudospheri-
cal approximation and neglects the effect of polariza-
tion on radiances. Although neglecting polarization
can cause radiance errors of up to 10% in a pure
Rayleigh atmosphere,3° it does not affect the infor-
mation analysis and retrievals from simulated mea-
surements because polarization is neglected in both
the simulation and the retrieval.

As a base case, simulations are performed using
clear-sky conditions and the 1976 U.S. Standard At-
mosphere. The O; profile for this atmosphere, which
has a TCO of 345 Dobson units (1 DU= 2.687 X 10'¢
molecules cm~?), is shown in Fig. 1. Tropospheric aero-
sols corresponding to a visibility of 50 km and back-
ground stratospheric aerosols from LOWTRAN?3! are
used; the aerosol optical thickness is ~0.14 at 550 nm.
A surface albedo of 0.1 is assumed. A SZA of 45° and
arelative azimuth zenith angle (AZA) of 90° are used.
The proposed measurements of irradiances and dif-
fuse radiances are taken in the ozone Huggins bands
(e.g., 300-340 nm), in which the temperature-
dependent O; absorption structure provides tropo-
spheric O5 information.32 The slit function is assumed
to have a Gaussian shape with a full width at half-
maximum (FWHM) of 1.0 nm (i.e., spectral resolu-
tion), and a spectral sampling of 0.5 nm/pixel. The
signal-to-noise ratios (SNR) in the simulated mea-
surements are based on current detector technol-
ogy, from ~160 at 300 nm to 2000 at 340 nm for the
above conditions. Random noise measurement errors,
which depend on the simulated radiances, are added
to the measurements before the inversions. The at-
mosphere is modeled on an Umkehr-type grid with
22 layers from 0 to ~60 km, in steps of ~2.5 km for
each of the bottom 20 layers and ~5 km for the top
two layers. The tropopause height in the U.S. Stan-
dard Atmosphere, applied to the World Meteorologi-
cal Organization (WMO) definition,33 is 12 km.
However, for convenient analysis, we assume that
the tropopause is at 12.51 km (i.e., on the top of the
fifth retrieval layer). The tropospheric column O,
(TRCO) is 40.9 DU.

The a priori O profile used in the retrievals and its
standard deviations, shown in Fig. 1, are extracted
from the Total Ozone Mapping Spectrometer (TOMS)
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Fig. 1. Simulated (1976 U.S. Standard Atmosphere), a priori, and

retrieved O; profiles for the base case. The a priori standard deviations
are plotted as dashed error bars and the retrieval errors (instrument
random noise + smoothing) are plotted as solid error bars. For clarity,
the a priori profile is shifted upward by 0.5 km. The inset shows the
relative difference between the retrieved and the simulated profiles.
The TCO for the simulated and a priori profiles is indicated and the bias
and retrieval error in the TCO are indicated for the retrieved profile.

version-8 climatology34 in mid-latitude winter with
the following modification. To show the strong sensi-
tivity of our method to O; in the troposphere and
lower stratosphere, we move the a priori profile far
away from the simulated O profile in those altitude
regions. To extract more available information from
the measurements, we relax the a priori constraint
by increasing the original a priori standard devia-
tions in the troposphere. A correlation length of 5 km
is used to construct the a priori covariance matrix for
the whole atmosphere.

The concept of the air mass factor (AMF) has been
widely used for interpreting scattered-light DOAS
observations.!8:35 The AMF is usually defined as the
ratio of the slant column density to the vertical col-
umn density, or the average photon path length in
the atmosphere to the vertical thickness of the atmo-
sphere. We similarly apply the AMF concept for each
layer to interpret the measurements, so the AMF
used here is defined as the ratio of the average photon
path length in a particular atmospheric layer of all
photons detected by the spectrometer to the vertical
thickness of that layer. The AMF is derived from
LIDORT weighting functions using the approach de-
scribed in Liu et al.24 Figure 2(a) shows the AMF's for
direct irradiances and radiances at several VZAs and
at 310 and 340 nm for the base case. The AMF for the
direct irradiance is just the geometric AMF, i.e., con-
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Fig.2. (a) AMFs for radiances at 310 and 340 nm for zenith and three

VZAs (45°, 75°, and 85°) and direct-Sun irradiance. (b) AMFs for nor-
malized radiances at 300, 310, 320, 330, and 340 nm for VZAs of 45°,
75°, and 85°. (¢) Profiles of DF'S using radiance spectra at VZAs of 0°,
30°, 45°, 60°, 75°, 85°, and 88°. The total DF'S is also shown in paren-
theses. Surface albedo is assumed to be 0.1 and the SZA is 45°.

stant with altitude. At altitudes greater than
~20-25 km, the AMF's for zenith-sky radiances are
close to the geometric AMF, indicating that those
photons tend to traverse these layers as part of
the direct solar radiation. With decreasing altitude,
those photons experience multiple scattering events
and the AMF increases until the extinction along the
path prevents them from reaching the detector. The
peaking altitude in AMF for zenith sky is at 5.5 km
for both 310 and 340 nm, suggesting that the zenith-
sky measurement is most sensitive to O4 at this alti-
tude. Below the peaking altitude, only photons that
experience fewer scattering events can reach the de-
tector from the zenith-sky direction because of the
strong Rayleigh and aerosol scattering near the sur-



face and therefore the AMF decreases. With increas-
ing VZA, the peaking altitude decreases (e.g.,
3.5 and 4.5 km for a VZA of 45° at 310 and 340 nm,
respectively) because of the increasing extinction
along the longer path in the line of sight; the peak
magnitude increases also because of the longer path
in the line of sight. At VZAs of 75° and 85°, the AMFs
peak at the bottom layer. At longer wavelengths,
there is usually less extinction along the path, and
photons experience more multiple scattering at
higher altitudes. Both the peaking magnitude and
altitude increase. Therefore measurements at
smaller VZAs and longer wavelengths (i.e., less ab-
sorption) provide more sensitivity to O; at higher
altitudes.

Remote sensing of O; and other species typically
requires a solar reference spectrum to normalize the
radiances. Similar to Liu et al.,24 the direct irradiance
or the zenith-sky radiance can serve this purpose. We
can see from Fig. 2(a) that using a direct-Sun refer-
ence increases sensitivity to O; and to O at higher
altitudes. Therefore we use the direct-irradiance ref-
erence in the base case. However, using normaliza-
tion removes the sensitivity to O3 at higher altitudes,
so the retrieval is insensitive to ozone at those alti-
tudes and TCO. In the Dobson or Brewer measure-
ments, TCO is derived from zenith-sky or direct-Sun
measurements at one or several wavelength pairs.36
In our method the measurements needed for TCO
retrieval are available from either the zenith-sky
radiance or direct-Sun irradiance spectrum after per-
forming absolute radiance calibration. Similar to the
Umkehr method,8 we use the derived TCO to constrain
the ozone profile retrieval and to provide sensitivity to
Oj; at high altitudes. It is treated as one element of the
measurement vector; the measurement error in TCO
is assumed to be 3 DU following Mateer and Deluisi.8
The difference between the integrated TCO from the
O, profile and the constrained TCO is then minimized
in the retrievals simultaneously with those between
measured and simulated radiances.

Figure 2(b) shows the AMFs at VZAs of 45°,
75° and 85° for radiances normalized by direct irra-
diances at five selected wavelengths. As in Liu et
al.,2* AMFs are wavelength and altitude dependent
at all VZAs, therefore showing O; profiling informa-
tion in the troposphere and lower stratosphere. If the
zenith-sky reference is used, the normalized radi-
ances will contain less profiling information because
the normalized AMF's are smaller. To compare the
available information content at different VZAs, we
perform the retrievals from ground-based UV spectra
under different VZAs. Figure 2(c) compares the de-
grees of freedom for signal [(DFS), i.e., the number of
pieces of information in the measurements] at each
retrieval layer. The differences in total DFS are
within 0.2 over the VZA range. For the first layer
near the surface, the DFS is larger for larger VZAs.
At higher layers, the DFS is usually slightly worse for
larger VZAs. The variation in DFS versus VZA is
consistent with the analysis in Figs. 2(a) and 2(b).
The differences suggest that we could combine mea-

surements at different VZAs to improve the retrievals.
Different combinations of VZAs are tested and we find
that the combination of 45°, 75°, and 85° gives the
best retrieval, with a total DFS of 5.6. Using addi-
tional measurements from other VZAs improves the
retrieval minimally. In the base case we combine
measurements taken at VZAs of 45°, 75°, and 85°.

3. Results and Discussion

Figure 3 shows the retrieval averaging kernels (AKSs)
for four cases. To show how the constraint contributes
to the retrieval, we show the AKs for the base case
except without the TCO constraint (“no TCO con-
straint”) in Fig. 3(a). Figure 3(b) shows the AKs for the
base case. To compare the height-resolved O3 informa-
tion from this method with that of the Umkehr
method, Fig. 3(c) shows the AKs for the standard
Umkehr method, which takes measurements at 12
SZAs ranging from 60° to 90°. Although the measure-
ment random errors increase with SZA,® we assume
them to be 0.7 N value (i.e., relative logarithmic atten-
uation for the wavelength pair in 100 log units) in the
normalized N values and to be independent of SZA, as
was used in Petropavlovskikh et al.® Because LIDORT
cannot calculate radiances at a SZA of 90°, we use
89.9°. Furthermore, we show in Fig. 3(d) the AKs of
combining our proposed and Umkehr measurements
(“combined”) to demonstrate how the information in
the Umkehr and our proposed method is complemen-
tary.

For the “no TCO constraint” case, the total DFS
is 4.9 with 3.3 in the troposphere and 4.5 below
20.3 km, suggesting the retrieval is particularly sen-
sitive to tropospheric O; and to a lesser degree to
lower stratospheric O;. For the bottom three layers,
the individual DFS is greater than 0.6; the kernels are
sharply peaked with vertical resolutions of 2.8,
2.9, and 4.3 km FWHM at 1.4, 4.2, and 6.8 km, re-
spectively. With increasing altitude to 20.3 km, the
peaking altitudes of AKs usually agree with the actual
altitudes, but some shift to adjacent altitudes because
of broad peaks, and the vertical resolution decreases
(e.g., 11.5 km at 20.3 km). Above 22.5 km the peaks
of the AKs largely shift to 20.3 or 22.5 km and the
peak magnitudes decrease with increasing altitudes.
There is hardly any sensitivity to O; above 30 km.
After adding the TCO constraint (base case), the AKs
are almost the same, with the same DFS in the tropo-
sphere [Fig. 3(b)]. The major change occurs at altitudes
greater than ~22.5 km where the AKs appear to be
flat, indicating there is no profiling information, but
only column O, information above that altitude. Cor-
respondingly, the increase in total DF'S by 0.7 mostly
comes from altitudes above 22.5 km.

For the Umkehr method [Fig. 3(c)], the vertical
resolutions are in the range of 10—15 km from surface
to ~35 km. Above 35 km, the AKs are flatter because
of less height-resolved information and mainly the
TCO information. AKs for the bottom four layers that
peak near the surface are also mainly due to the TCO
constraint. The retrievals are most sensitive to O; at
22-35 km with vertical resolutions of ~10 km. The
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total DF'S is 4.3, of which 3.2 is in the stratosphere.
Note that the AKs are slightly different from those in
the operational algorithms because of different mea-
surement errors and the a priori covariance matrix.
The operational Umkehr method uses the uniform a
priori covariance matrix (25% uncertainty at each
level) for the purpose of trend analysis.8

For the combined case [Fig. 3(d)], we can clearly see
the improvement in the information content. The ver-
tical resolutions from surface to ~35 km are within
11 km and the AKs usually peak at their own
altitudes. The total DF'S is 7.2 with the same tropo-
spheric DFS of 3.3 as Fig. 3(a), suggesting that tro-
pospheric O3 information is mostly provided from our
new method. Compared to the Umkehr retrieval, the
improvement occurs not only in the troposphere but
also in the stratosphere, with stratospheric DFS in-
creasing from 3.2 to 3.9.

Although the Umkehr method takes approximately
2 h and is restricted to sunset and sunrise periods, it
is mainly sensitive to O; in the stratosphere, where
O; has less variability during the day. Our proposed
method is mainly sensitive to O5 in the troposphere,
where O; has more variability, and the measurements
can be taken within a short time period relative to the
Umkehr method, so the diurnal variation of the tropo-
spheric O can be captured. However, the information
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tivity of retrieved O at the layer indicated in the
legend to the perturbed O4 at each layer.

in the stratosphere is relatively poor. Therefore our
proposed method and the Umkehr method are comple-
mentary by providing information on different altitude
regions. Furthermore, when we take the measure-
ments using our proposed method during the day
(including zenith-sky radiances), we will have the mea-
surements required for Umkehr retrieval. In practice,
we can use the retrieved O; profile from the Umkehr
method as a priori for our proposed method, but as-
sign smaller a priori standard deviations to altitude
ranges where O; information is mostly contributed
from the Umkehr technique.

Figure 1 shows the retrieved profile and retrieval
errors resulting from instrument random noise (i.e.,
precision) and smoothing for the base case using the
proposed method [i.e., Fig. 3(b)]. The inset to Fig. 1
shows the relative biases between retrieved and sim-
ulated values. Table 1 shows the biases and retrieval
errors in the TCO, TRCO, and stratospheric column
O; (SCO) and the DFS in the whole atmosphere and
troposphere for the base case. The retrieval errors are
based on the formulation in Rodgers.2” We derive
smoothing errors with a real covariance matrix27 (dif-
ferent from the a priori covariance matrix), which
is derived from 23 years (1980-2002) of ozonesonde
measurements at Hohenpeissenberg in January
(for 0-30 km) and from SAGE data (for 30—60 km).
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Fig. 4. Similar to Fig. 1 but for retrievals under two modified
scenarios, representing low and high tropospheric O; conditions,
respectively.

Retrieved Oj values agree well with the simulated
values; within 2 DU at each layer. There are large
alternating negative or positive relative biases of up
to 25% in layers 2-5 from the bottom because the
partial column O; at those layers is small, and the
vertical resolution of 3—8 km is not adequate to re-
solve each individual layer. There are large system-
atic positive biases of 6%—13% above 31.5 km due to
limited information above this altitude. The fraction
of retrieval errors to a priori errors is <1% for the
first layer, <10% for the second layer, and increasing
to >40% at altitude 20 km, suggesting that this
method provides reliable information mainly below
20 km. Above 20 km, the information is mainly from
the TCO constraint and the a priori profile shape.
The bias in TRCO is less than 0.5 DU (1.5%) and its
retrieval error is 2.3 DU (5.6%). The bias in SCO
is within 1 DU (0.3%) with a retrieval error of
3.6 DU (1.2%).

Table 1 also shows the retrievals for the other three
cases in Fig. 3. Without the TCO constraint, there are
large biases and retrieval errors in the TCO and SCO,
consistent with the analysis in Fig. 3. However,
TRCO is still well retrieved as in the base case. When
the Umkehr method is used, the retrieval errors in
the troposphere and stratosphere are larger than
those for the base case because the information in the
Umkehr method is relatively weak in the upper tro-
posphere and lower stratosphere region. With com-
bined measurements, the retrieval uncertainties in
TCO, SCO, and TRCO are reduced.

Figure 4 shows the retrieved profiles for two sce-
narios having low and high amounts of tropospheric

O3, respectively, using our method. These simulated
profiles are only modified from the simulated profile
in the base case in the lowest seven layers. The low
tropospheric O5 scenario has a TRCO of 22.5 DU and
has an average O; mixing ratio of ~10 parts/billion
by volume (ppbv) in the near-surface layer; the high
tropospheric O3 scenario has a TRCO of 90.0 DU and
has an average O; mixing ratio of ~125 ppbv in the
near-surface layer. The retrieved profiles agree well
with the simulated profiles for both scenarios. Al-
though a priori values are very different from the
actual values near the surface, the retrieved values
are within 3 DU (30%) of the simulated values in the
troposphere. The good agreement demonstrates the
strong sensitivity of this method to tropospheric Os.
The biases in TRCO are within 2 DU (2%) and the
retrieval errors are within 3.4 DU (11%). The biases
in SCO are within 3 DU (1%) and the retrieval un-
certainties are less than 3.6 DU (1.3%).

We have carried out sensitivity studies of this ap-
proach to reference normalization, spectral resolution,
wavelength range, measurement error, surface albedo,
and viewing geometry on the base case (Table 1). When
the zenith-sky reference is used, the retrieved infor-
mation is slightly reduced in both the stratosphere and
the troposphere as expected from Fig. 2(a). In practice,
the zenith-sky reference has certain advantages over
the direct-Sun reference since the information is only
slightly reduced. Zenith-sky radiances can be mea-
sured together with other off-axis scattered measure-
ments using the exact same optical devices and hence
no Sun tracker, diffuser plate, and rotating shadow-
band devices are needed. In addition, normalization to
the zenith-sky reference will provide better radiomet-
ric calibration without the need to calibrate additional
optical components such as a diffuser plate. Unlike the
previous airborne method,?* using an external solar
reference spectrum measured at the top of the atmo-
sphere only slightly improves the retrieval because the
solar irradiance mainly provides the TCO information,
which is already utilized in the retrieval from the TCO
constraint. This method does not require very high
spectral resolution; increasing the spectral resolution
from 1.0 to 0.2 nm FWHM and increasing the spec-
tral sampling from 0.5 to 0.1 nm/pixel increases the
DFS only by ~0.2 in both the troposphere and the
stratosphere. Including measurements in the Chap-
puis bands only slightly improves the retrieval. Tro-
pospheric ozone can still be well retrieved when the
shortest wavelength is changed from 300 to 310
or 320 nm, although the retrieval uncertainties
increase and the DFS in the troposphere and stra-
tosphere decrease by ~0.2 each for using fitting
window 310-340 nm, and by ~0.6 and ~0.4, re-
spectively, for using fitting window 320-340 nm. If
the SNR is reduced by a factor of 10, the DFS is
reduced by 0.7 and 0.8 in the stratosphere and tro-
posphere, respectively, and tropospheric O; can still
be measured at moderate vertical resolution, with
a tropospheric DFS of 2.5. The method performs
slightly better for high surface albedo. At large SZA,
the performance of the method strongly depends on
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Table 1. Column O Biases and Retrieval Errors®

Biases and Retrieval Errors (DU) DFS
Cases® Total Tropospheric Stratospheric Total / Tropospheric
Base case 03=*29 -0.3£23 0.6 = 3.6 5.6/3.3
No TCO constraint 8.4 = 10.7 0.2=*+25 8.2 +10.1 4.9/3.3
Umkehr¢ 04 =29 —24+6.2 29=*54 4.3/1.1
Combined 14+ 1.7 0.0 =22 14 27 7.2/3.3
High tropospheric O4 0.2=*29 1925 -1.7*+36 5.2/3.0
Low tropospheric O5 04 =*29 0.5+23 -0.1+35 5.7/3.3
Zenith reference 03+29 0.1=3.1 02+43 5.0/3.1
Solar reference 06 =05 -1.6 =23 23+25 5.7/3.2
0.2-nm FWHM, 0.1 nm/pixel 0.1+29 -0.3 + 2.2 0.4 +34 6.0/3.5
Include Chappuis bands? 04 =*29 -0.2=*+23 0.7*+35 5.8/3.4
Wavelength range 310-340 nm 0.5*+29 -09=+23 1.3+ 3.6 5.2/3.1
Wavelength range 320-340 nm 0.2=*29 24+ 38 —-22*+48 4.6/2.7
Ten times worse SNR 0.0 = 3.0 25 4.0 —-2.5+5.0 4.1/2.5
Surface albedo 0.6 0.3 =29 -0.6 = 2.3 0.2 +35 5.7/3.3
SZA 0° 0.4 +29 -0.6 = 2.3 1.0 £ 3.5 5.8/3.4
SZA 75° 0.0 =19 0.2=*53 -0.2+56 4.7/2.3
SZA 85° -0.2+19 -1.2+40 0.9 +4.7 4.5/2.1
AZA 0° (i.e., solar side) 0.3 =29 -02+24 0.5 + 3.6 5.5/3.2
AZA 180° (i.e., antisolar side) 03=29 -0.3 =24 0.6 +3.6 5.6/3.3

“Due to measurement random noise and smoothing in total, tropospheric, and stratospheric column O, and total and tropospheric DFS
for different atmospheric scenarios and instrument designs. The biases are the differences between retrieved and simulated values.

®The descriptions in this first column list the difference compared to the base case unless specified.

°The Umkehr method is used with the same a priori profile and covariance matrix.

91.1 nm FWHM spectral resolution and 3 nm/pixel sampling rate from 530 to 650 nm.

°Only 310-340 nm is used because measurements below 310 nm have large measurement errors and do not contribute to the retrieval.

SZA. The performance at SZAs of 0° and 45° does not
differ much. However, when the SZA increases from
45° to 75° or 85°, the DFS decreases by ~1, most of
which occurs in the troposphere, and retrieval uncer-
tainties in TRCO and SCO increase. The method
works almost equally well under different AZAs, and
the DFS and the retrieval uncertainties are similar
for different AZAs.

4. Conclusions

We describe to our knowledge, a new retrieval method for
measuring tropospheric O; profiles from ground-based
ultraviolet spectrometer measurements. The profile
retrieval uses radiance spectra at three viewing ze-
nith angles (e.g., 45°, 75°, and 85°) normalized to the
direct-Sun irradiances or zenith-sky radiances with
the TCO derived from zenith-sky radiances or direct-
Sun irradiances as a constraint. The profiling takes
advantage of the wavelength-dependent and altitude-
dependent photon path lengths, which is in turn
caused by the complex interplay between scattering
and extinction, and the temperature-dependent O
absorption structure in the Huggins bands. The ver-
tical resolution of retrieved O3 ranges from ~3 km
near the surface to ~12 km at 20 km. The height-
resolved O; information at higher altitudes is weak;
column O; information can mainly be measured
through the simultaneously retrieved TCO. This
method can be used to measure the diurnal variation
of tropospheric O3 and lower stratospheric Oz at mod-
erate vertical resolution. It is complementary to the
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Umkehr method by providing O; profile information
in the troposphere.
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